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Abstract

Thiosulphate (SSOs%) and tetrathionate (Ss06>) are found in environments where numerous
bacterial species livel. Some of these bacteria express di-heme thiosulphate dehydrogenase

(TsdA)? enzymes that catalyse the interconversion of these sulphur compounds:
2 SS03% ¢ S406% + 2 e (Em = +198 mV)?

Electrons originate or terminate in this redox couple during respiration or photosynthesis in these
bacteria. This is likely to give them a niche competitive advantage against other organisms lacking
this enzyme in environments where these compounds are present. The catalytic site of TsdA
enzymes is heme | which has the unusual axial ligand pairing His/Cys". Heme Il is an electron
transfer site which has His/Met ligation in most TsdA enzymes (eg. Campylobacter jejuni (Cj)
TsdA%), but which has a redox-driven switch between His/Lys and His/Met ligation in two known

TsdA enzymes (eg. Allochromatium vinosum (Av) TsdA?).

This work uses magnetic circular dichroism (MCD) to identify the heme ligation states for
recombinant TsdA enzymes Cj TsdA and Av TsdA in solution and several variants where these
ligands are substituted. Protein film electrochemistry (PFE) also characterised the electroactivity
of the TsdA hemes in these proteins. This, in combination with electrochemically-poised MCD
samples, was used to determine the mid-point potentials of native and variant hemes. Additionaly
these techniques confirmed the Av TsdA heme Il ligand switch and permitted investigation of its
kinetics. Remarkably, the number of electrons transferred by Cj TsdA heme | in PFE is different to
the number transferred by heme Il. In comparison, the number of electrons transferred by the
Av TsdA hemes are equal, although introducing Cj TsdA-like heme Il ligation, introduces unequal
electron transfer. Replacing the heme | cysteine ligand with methionine in Cj TsdA causes both
hemes to have equal electron transfer. Liquid chromatography mass spectrometry (LC-MS)-
resolved native covalent adducts to the heme | cysteine ligand, which modulate the electroactivity

of heme I.

A catalytic mechanism proposed for TsdA enzymes features covalent modification of the
heme | cysteine ligand®. Chemical treatments, substrates and substrate analogues have been used
to change these modifications in a predictable manner, allowing for the characterisation of TsdA
with defined heme | cysteine modifications. Combining data from PFE, MCD and LC-MS the
previously-proposed catalytic mechanism is expanded further. Evidence suggests that the
substrate-augmented site has adducts to the heme | cysteine which also control electron transfer
to the TsdA hemes. This electron transfer is not adequately explained by conventional theory of
redox centres in proteins® suggesting that the reality in TsdA enzymes is more complex than this

typically assumed model.
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All potentials throughout this thesis are quoted versus the standard hydrogen electrode (SHE)

A
AC
Ae
Av
CT
g
cv
DC
E
En
Ep
Ecat

ESI

10-ITO

fmax
Ka
Kwm
K

kcat

Abbreviations

absorbance

alternating current

geometric electrode area
Allochromatium vinosum

charge transfer

Campylobacter jejuni

cyclic voltammetry

direct current

sample potential

mid-point potential

peak potential

catalytic potential

electrospray ionisation

the Faraday constant, 96485.3 C mol™
Gibbs free energy

magnetic field strength

Planck’s constant, 6.62607004 x 1034 m? kg s
inverse-opal indium tin oxide

current

maximum current

binding constant

Michaelis constant

heterogenous electron transfer rate constant
maximum turnover frequency

oxidative equilibrium rate constant
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Kred
LCMS
LCP
Mp
MCD

Nmol

nIR
ox
PFE
PGE

pH*

RCP
red
RF
SAM
SHE

Sl

TCEP
TCEPO
TCO
TOF
TsdA

TsdBA

reductive equilibrium rate constant

liquid chromatography mass spectrometry
left-handed circularly-polarised light
Marichromatium purpuratum

magnetic circular dichroism

numbers of moles of electrons

electron stoichiometry

near infra-red

oxidised

protein film electrochemistry

pyrolytic graphite edge

the apparent, measured pH of a solution in D;0O
charge

the gas constant, 8.31446 J molt K
right-handed circularly-polarised light
reduced

radio frequency

self-assembled monolayer

standard hydrogen electrode
Sideroxydans lithotrophicus

absolute temperature

time

tris (2-carboxyethyl) phosphine

tris (2-carboxyethyl) phosphine oxide
transparent conducting metal oxide
time-of-flight

thiosulphate dehydrogenase

thiosulphonate dehydrogenase fusion protein



uv

Vmax

Ws

WT

Mo*

ultraviolet

velocity

maximum velocity
scan rate

Wolinella succinogenes
wild-type

amplitude

electron transfer coefficient
electroactive surface population
peak half-height width
extinction coefficient

optical rotation

wavelength

frequency
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1. Introduction

Cytochromes are a family of metalloproteins, ubiquitous in living organisms, which have

diverse functionality thanks to the presence of the heme cofactor. Hemes can act as electron
relays or provide a site for the binding or catalytic transformation of substrate molecules. The
biogeochemical oxygen’ and nitrogen® cycles are possible thanks to many well-studied
cytochromes which commonly feature His/His and His/Met ligated hemes or hemes with an
accessable co-ordination site. Fewer details are known about the contribution of cytochromes
towards the sulphur cycle; a case in point is the recently discovered thiosulphate dehydrogenase
(TsdA) bacterial enzyme family? that forms the subject of this thesis. TsdA enzymes contain c-type

hemes and catalyse the following interconversion:
2 SS03* ¢ S406% + 2 e (Em = +198 mV)?

The active site for this catalysis is a heme with unusual His/Cys’ ligation>°. A second heme
with His/Met ligation is thought to facilitate electron transfer, however in some TsdA enzymes
this heme switches to His/Lys ligation® upon oxidation. This chapter introduces TsdA enzymes and
the techniques of optical spectroscopies and electrochemistry as they relate to the study of
cytochromes. Chapter 3 reports the use of these techniques to characterise TsdA enzymes from
Allochromatium vinosum (Av) and Campylobacter jejuni (Cj). Chapters 4 & 5 explore the
consequences of post-translational Cys® modifications in TsdA which parallel mechanistic
intermediates found in another sulphur cycle enzyme system. All findings are then brought

together in Chapter 6, where a catalytic mechanism for Av and Cj TsdA is proposed.

1.1. Cytochromes: Defining Features

The discovery of cytochromes was largely the work of David Keilin who first observed these
cellular pigments in the mitochondrial respiratory chain. Keilin observed that different
cytochromes could be distinguished by their electronic absorbance spectra (see below 1.3.1) and
assigned them letters of the alphabet in decreasing order based on their longest wavelength
absorbance bands under reducing conditions, hence cytochromes a, b and c. Keilin went on to
observe more cytochromes in bacteria, analogous to those in mitochondrial®. The naming
convention he initiated has since been expanded to better distinguish similar cytochromes by the
position of their longest wavelength electronic absorbance bands when reduced, for example
cytochrome css:'! and cytochrome bsex'?. Alternatively some cytochromes, such as P450% and
P460%* are named for the wavelength of their most intense electronic absorbance band when
reduced and incubated with carbon monoxide. Over time, it has become apparent that heme-

binding metalloproteins and metalloenzymes are widespread in biology and have a variety of in

15



vivo functions. As a result, cytochromes are now often named according to their function, such as
cytochrome cd; nitrite reductase®® and hydroxylamine oxidoreductase?®. The International Union
of Biochemistry and Molecular Biology Enzyme Commission (EC) classification can also be used for
cytochromes which are enzymes. The TsdA enzymes for example would typically have the
designation EC 1.2.8, denoting oxidoreductases that act on sulphur donors with a cytochrome as

an acceptor.

Both the colour of cytochromes and much of their redox activity is the result of the heme
prosthetic group. This cofactor is found in virtually all organisms and consists of an iron ion bound
in a tetradentate manner by an equatorial porphyrin ring via its four nitrogen heteroatoms. The
central iron also has two axial coordination sites, giving an octahedral geometry when these are
occupied. In folded proteins, the proximal axial site is almost exclusively occupied by the side
chain of an amino acid residue, typically histidine. P450s differ in that they invariably have
cysteinate!’ as their proximal ligand. The distal axial site can be vacant as with peroxidases'®
although mostly it is occupied by a sixth ligand. This ligand is either the side chain of an amino
acid residue, typically methionine or histidine, or an exogenous molecule, as with solvents or
substrates binding to globins and P450s. The distal ligand can also be the amine group of the N-

terminus of a peptide chain such as with cytochrome f1°, but such instances are rare.

Several different hemes exist which are classified based on Keilin’s original nomenclature®®
according to the structure of their porphyrin rings and how they attach to their corresponding
apoprotein. Heme b is the simplest of these, being an iron ion in protoporphyrin IX attached to a
host protein by non-covalent interactions (Figure 1.1, Left). Heme c is similar but is covalently
linked to cysteine residues in the host protein via thioether bonds from two vinyl groups on the
porphyrin ring (Figure 1.1, Right). Such cysteine residues are often found in the structural motif

CXXCH where the histidine residue typically serves as the proximal heme ligand®.

Cys
S\

Figure 1.1 — Structures of heme b (left) and heme c (right).
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Hemes display a diverse range of chemical activities depending on their environment. They

can be classified as:

i) catalytic centres for the redox transformation of molecules or ions
ii) sites for the reversible binding of small molecules or ions

iii) electron transfer centres

Proteins often contain multiple hemes, with axial ligation appropriate to their function
within that protein. One example of this is Nitrosomonas europaea hydroxylamine oxidoreductase
where six His/His ligated ¢ hemes (Figure 1.2, blue) accompany a His/H,O ligated P460 heme?!
(Figure 1.2, red). P460 hemes are similar to ¢ hemes but have an additional residue covalently
bound to the porphyrin ring, which is tyrosine in the N. europaea enzyme??. Catalytic oxidation of
hydroxylamine to nitrite is believed to occur with hydroxylamine binding to the P460 heme,
displacing and consuming a water molecule to produce nitrite, five protons and four electrons.
Nitrite is then released from the P460 heme, while the four liberated electrons are relayed across

a bifurcated chain of His/His ligated hemes.

H E V)= ‘ [

eme E,, (mV) \'/'\ZU /

N © Tosk
( { N e 2 +11
’\v- 265 )

-10
% 162 (
N .

e

NH,OH + H,0 » N°z"4+ SH™+
&

electron transfer hemes /A& catalytic heme
|

Figure 1.2 — Catalytic and electron transfer hemes within a multiheme cytochrome, Nitrosomonas
europaea hydroxylamine oxidoreductase. Protein structure as resolved by X-ray crystallography??
(PDB: 4N4N). Electron transfer hemes (blue) and catalytic heme (red) are shown for one monomer of
the homotrimeric enzyme, three smaller subunits omitted for clarity. Inset: Details of coordination
and reactivity of electron transfer hemes (blue) and catalytic heme (red). Structure rendered using
UCSF Chimera 1.10.2%,
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As with the P460 heme in hydroxylamine reductase, most hemes that bind exogenous
species or which serve as catalytic sites have a labile sixth ligand easily displaced by substrates. In
contrast, the ligands to hemes involved in electron transfer are typically not displaced; common
ligand pairings are His/His and His/Met. The iron centre in such hemes can cycle between the
ferric (Fe") and ferrous (Fe") oxidation states in order to act as an electron relay. The heme
environment and the chemical identity of the axial ligands define the midpoint potential (Em) of
the Fe'"/Fe" couple which in turn defines the driving force for electron transfer to other redox
centres. Knowledge of the axial ligands provides some indication of the likely Ex value of a given
heme; examples of His/Met heme potentials range from +20 to +370 mV, whilst examples of

His/His ligated hemes have potentials between -412 and +130 mV?>.

From the information above it should be apparent that when characterising a novel heme
enzyme, the role of each heme can often be inferred from the identity of the axial ligands. This
information can be resolved using X-ray diffraction of the crystallised protein. However, even if
this is possible at atomic resolution, the process of crystallising a protein is complex and time
consuming; over this time proteins may become modified by oxygen or additives necessary for
efficient crystallisation?. In addition, as a synchrotron X-ray source is often necessary to collect
high quality diffraction data, proteins can be subjected to intense radiation in crystallo which may
photolyse bonds or photoreduce metal-containing cofactors?’. As such there is a concern that the
structure of a protein crystal might differ from the natural protein in solution?®. In this context it is
significant that (magneto-) optical spectroscopy can be used to assign heme ligation as well as
oxidation and spin states as presented in Section 1.3. These spectroscopies can be combined with
potentiometric titration to resolve heme reduction potentials as described in Section 1.4. That
section also introduces protein film electrochemistry as a complementary tool for studying redox
proteins. In the following section (1.2) the heme-containing TsdA enzymes are introduced along
with justification for using magneto-optical and multiple electrochemical approaches to gain new

insights into enzyme structure-fuction.

1.2. TsdA: A Novel Family of Hemoproteins

TsdA enzymes are found in the periplasm of several species of bacteria. In many species,
thiosulphate is oxidised by TsdA to provide a source of electrons for aerobic respiration (Figure
1.3, right). Also, photosynthetic bacteria use TsdA-catalysed thiosulphate oxidation to provide
electrons during anaerobic photosynthesis, possibly to offset electrons leaving the quinone pool
to fuel the Calvin cycle (Figure 1.3, centre). The purple sulphur bacteria Allochromatium vinosum

)30

(Av)® and Marichromatium purpuratum (Mp)*° feature both of these activities. Microaerophilic

gut bacteria of the order Campylobacteriales, such as the human pathogen Campylobacter jejuni
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(Cj), instead employ TsdA so that tetrathionate can be used as an alternative terminal electron

acceptor during anaerobic respiration® (Figure 1.3, left).

ANAEROBIC RESPIRATION ANAEROBIC PHOTOSYNTHESIS AEROBIC RESPIRATION
(Campylobacter jejuni) (Allochromatium vinosum, (Allochromatium vinosum,
Marichromatium purpuratum) Marichromatium purpuratum)

Tsd(BJA -2 5205%"

5,052~

HCO,~ €O, +H*

periplasm |
periplasmic
membrane
cytoplasm
ZH 2H
- —~ Calvin Cycle
©Heme © Bacteriochlorophyll {3 Quinone binding site

> [4Fed4S] cluster (@ Bacteriopheophytin wﬁgamngstopterin
<> Rieske cluster O CoppertypeB guanine dinucleotide

Figure 1.3 - TsdA enzymes in bacterial metabolism. (Left) In Campylobacter jejuni, TsdA receives
electrons from cytochrome bci which are used to reduce tetrathionate?. (Right) In Allochromatium
vinosum and Marichromatium purpuratum, Tsd(B)A oxidises thiosulphate to provide electrons to
cytochrome cbbs for the reduction of oxygen via a high-potential iron-sulphur protein (HiPiP) during
aerobic respiration3. (Centre) Alternatively electrons from HiPiP are transferred to the photosystem
P870 to be photoexcited during anaerobic photosynthesis.

1.2.1. Catalytic Activity of TsdA Enzymes

Ferric cytochrome ¢ or ferricyanide act as both electron acceptor and chromophore for
thiosulphate oxidation by purified TsdA, permitting spectrophotometric monitoring of the course
of this reaction in vitro. Tetrathionate reduction by purified TsdA has been assayed in a similar
manner, using the methyl viologen cation radical as both a chromophore and an electron donor.
From these assays, the maximum turnover number (kc.t) and Michaelis constant (Ku) of TsdA from
several organisms have been reported>®3¥%2, k.. represents the maximum number of substrate
molecules each enzyme molecule can convert per second during catalysis and K is the substrate
concentration where half of the active sites in a sample are bound, giving a measure of the affinity
an enzyme has for its substrate. Use of these parameters enables comparison of TsdA from

different source organisms.

Regardless of their proposed in vivo role, purified recombinant wild-type (WT) TsdA

enzymes catalyse both thiosulphate oxidation and tetrathionate reduction at measurable rates in
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vitro. To date, the ket for thiosulphate oxidation (Figure 1.4, middle panel, blue bars) does not
vary by more than one order of magnitude across organisms. However, for tetrathionate
reduction (Figure 1.4, middle panel, red bars) TsdA enzymes from Av and the iron-oxidising
autotroph Sideroxydans lithotrophicus (SI) have k. values approximately 40-fold lower than TsdA
from Gj and the related microaerophile Wolinella succinogenes (Ws). Similar experiments have
also been performed using catalytic voltammetry of Av and G WT enzymes and the trends in
activity are consistent with solution experiments3. The ratio k.t/Kw, often termed the specificity
constant, often reflects catalytic activity in cellular conditions. Specificity constant values for
thiosulphate oxidation (Figure 1.4, right panel, blue bars) by wild-type enzymes fall within an
order of magnitude with the exception of Ws WT which is approximately 20-fold lower. For
tetrathionate reduction (Figure 1.4, right panel, red bars) kct/Km is similar for Ws WT and G WT,
but 200-fold less for S/ WT and 1000-fold less for Av WT.
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Figure 1.4 — Kinetic parameters for thiosulphate oxidation (blue) and tetrathionate reduction (red)
in TsdA enzymes and variants. ket and Kw for thiosulphate oxidation was determined by in vitro
spectrophotometric enzyme activity assays, ‘n.d.” denotes no measurable activity. Allochromatium
vinosum (Av) and variants pH 5.0, T = 303 K>°; Sideroxydans lithotrophicus (SI) pH 5.0, T = 293 K3%;
Wolinella succinogenes (Ws) pH 5.5 (ox.) 6.5 (red.), T = 312 K3%; Campylobacter jejuni (Cj) and
variants pH 6.5 (ox.) 5.0 (red.), T = 315 K. Donor/acceptor is 1 mm ferricyanide (thiosulphate
oxidation) or 80 um cytochrome ¢ (G and variants) or 300 um methyl viologen (tetrathionate
reduction).

Similarly, the Ku values for thiosulphate oxidation (Figure 1.4, left panel, blue bars) all fall
within an order of magnitude of one another, except for Ws WT which is more than 20-fold
higher. The Kv values for tetrathionate reduction (Figure 1.4, left panel, red bars) are comparable
for GG WT and Ws WT but are approximately 4-fold higher and 30-fold higher for S/ WT and Av WT,
respectively. This suggests that whilst only Ws WT has a different (decreased) affinity for
thiosulphate, the affinity for tetrathionate between TsdA enzymes is more varied. Overall, kinetic
parameters from in vitro activity assays suggest that there are differences in the catalytic activity
of recombinant TsdA enzymes from different organisms which are more pronounced in the
direction of tetrathionate reduction. It is therefore of interest to investigate the molecular basis of

these differences.
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1.2.2. Structures of TsdA Enzymes

TsdA monomers have a molecular mass of ~30 kDa and possess two domains, each of which
features a CXXCH motif that binds a ¢ type heme. The best characterised member of the family to
date is Av WT for which X-ray crystallography has resolved the structure along with several
variants under a variety of conditions>®33, The structure of the di-ferric form of Av WT as-purified
(Figure 1.5, left) resolves the two heme cofactors with an edge-to-edge distance of 8.1 A, implying
facile electron transfer can occur between them®. One heme (1) binds to the first CXXCH motif in
the Av WT sequence, with His-53 from the motif providing the proximal heme ligand and Cys-96
providing the distal heme ligand (Figure 1.6, A). A solvent channel lined by positively charged
arginine residues surrounds Cys-96. Two of these surrounding residues, Arg-82 and Arg-92 are
implicated in binding negatively charged substrate molecules® together with the hydrogen bond
donor Ser-100 (Figure 1.5, brown residues). Heme | is proposed to be the active site for
catalysis>®. Consistent with this, electron density modelled as sulphite (Figure 1.6, B) or
thiosulphate (Figure 1.6, C) molecules is present near to the sulphur of Cys-96 in sulphite and
dithionite-soaked crystal structures respectively®. Additionally, in both structures the sidechains
of Arg-82, Arg-92 and Ser-100 are orientated towards these molecules in a manner consistent

with electrostatic binding.

Mp WT

::,..VHeme/e W TsdB

W Heme
Hemell o
2 g b

) TsdA

Figure 1.5 — 1.98 A resolution structure of Av WT as-isolated ° (left, PDB 4WQ7) and 2.75 A
structure of Mp WT as-isolated® (right, PDB 5L09) resolved by X-ray diffraction. Heme | cofactors in
red, domains in beige. Heme Il cofactors in black, domains in grey. Mp TsdB, a fused redox partner
with two His/Met ligated hemes, shown in white. Structures rendered using UCSF Chimera 1.10.2%4,
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The second heme (ll) in the di-ferric Av WT structure is bound to the second CXXCH motif in
the polypeptide sequence, with His-164 in the motif providing a proximal heme ligand and Lys-
209 providing the distal heme ligand (Figure 1.6, E). It is proposed that this heme functions as an
electron transfer site, so that the two hemes can each accept or donate one of the two electrons

for interconversion of thiosulphate and tetrathionate>°.

Heme | Heme Il

P

i Met-209

His-164

Figure 1.6 - Details of Heme Ligation in TsdA structures resolved by X-ray diffraction®*, A) Av WT
‘as isolated’ (4WQ7) heme | with His-53/Cys-96 ligation B) ‘sulphite soak’ (4WQB) with cysteine
persulphide ligation and bound sulphite C) ‘dithionite soak’ (4WQ9) with sulphide ligation, bound
thiosulphate and cysteine sulphenic acid, D) Mp WT ‘as isolated’ heme | with His-291/- ligation and
Cys-330 modelled as cysteine thiosulphonate. E) Av WT ‘as isolated’ heme Il with His-164/Lys-208

ligation. F) Av WT ‘dithionite soak’ heme Il with His-164/Met-209 ligation. Structures rendered using
UCSF Chimera 1.10.2%,

The heme | binding motif and distal cysteine ligand are conserved in all known and putative
TsdA enzymes (Figure 1.7, blue shading). The heme Il binding motif is also conserved, however the
lysine ligand is only present in Av TsdA and predicted in the TsdA of permafrost-dwelling
bacterium Psychrobacter arcticus (Figure 1.7, orange shading). All other TsdA enzymes have non-

ligating residues in this position making the prediction of heme Il ligands from sequence

alignments ambiguous.
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Parachlamydia acanthamoebae |-—-GMSSSNDTQEWRTTLLDPEMAPENTIKPLVMOGFRILFDTKK———————— HAPQYAGDE| 53
Campylobacter jejuni  |-——————————— GTIDETKMPKNSEY SKMVILGNKILNETSKYVGPQAKDPKKRFAGNN| 77
Wolinella succinogenes QYALPKFEGDVFWDT INAKPVVPDSIYGEFVQYGYELFVNTQAVIGPEVADPNMRYSGNN| 95
Marichromatium purpuratum ——PAGRAEAAS-RFTPPSRDALPEGPLGEMVRLGARLFRHTNTD————— PRSAPHVGND| 286
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Thiomonas intermedia LSCVNCHTDAG————RMAGSAPLWAAYVSYPAYRGKNKKVNTFEERLQGCFKFSQNG———| 113
Sideroxydans lithotrophicus |LNCVNCHLASG————-RKENSSPLWAAYVRYPAYRAKNNKVNTYEERIQGCFKYSING-——| 106
Pseudomonas stutzeri MNCTNCHLEQG————RKANSAPLWGAY PMYPAYRKKNDKVNSYAERVQGCFQFSMNG———| 115
Allochromatium vinosum LACRHCHPGRDGEVGTEANAAPFVGVVGRFPQY SARHGRLITLEQRIGDCFERSING———| 103
Psychrobacter arcticus LNCTSCHLGNG————SEAYAAPWNNTPSVYPNY SKRTGRINTIQERTINGCFERSLNG———| 148
Parachlamydia acanthamoebae |-——KPVPLKSKEMKAMIAYTLEWISKGVSNQA-—-PWLGLKKLRS--—-HATPNAEKGNATL| 159
Campylobacter jejuni ———KRMPSDTPEMKAML TYMOWL SQGVPVGA-KIEGQGLKKIDF-——ISRAADPKKGKATI| 183
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Marichromatium purpuratum VSGQVPETNGLVLDALQSY ITFWLATGRAPTGDTAMSGRGY PRLOP-——PAEGFDRTRGAAT| 399
Thiomonas intermedia ———KAPPLGSKTLVALESYSYWLSKGLPVDE -KVAGRGY PNLPE-——PQQAPDYVRGQKV| 166
Sideroxydans lithotrophicus |-——KAPAVDSPEMVALVTYSYWLATGRAPVGA-KLKGAGYPEVPK--—-PGLIPDANRGKTV| 159
Pseudomonas stutzeri ———TPPAADSHVINALTAYSYWLSTGAPTGQ-ELPGRAYPEVPQ-——PQGGFDIAKGKQI| 168
Allochromatium vinosum ———RATATDHPALIDMLAYMSWLSQGVPVGA-VVAGHGI PTLTL-—E-REPDGVHGEAL| 155
Psychrobacter arcticus ———KALDLNSDDMNAMVSYMSWLSQDMPFGV-SPEGSGFVKVDK—-——T-LEPNTDNGKKL| 200
— Heme Il
Parachlamydia acanthamoebae |YQQHCAACHGKDGEGQLRPD—————— NLKYPPLWGN-HSFNQAAGMNDLPTLAAFIYDNM| 212
Campylobacter jejuni YMDKCAVCHQENGLGLENEDSA--GAYYLYPPLWGD-DSYNTGAGMYRLIKAASYIKENM| 240
Wolinella succinogenes YARDCASCHGAEGEGLRRE SKDGKPAGYE FPPLWGSDDTYNTGAGMYRTLKAADFIKSTM| 264
Marichromatium purpuratum YAEHCALCHGAEGEGLL-VD————— GEVVFPPLWGP-RSYNWGAGMHRVDTARAFIAANM| 452
Thiomonas intermedia YEAKCILCHAANGEGQY -VN————— GETVFPPLWGP-KSFNWGAGMGSYKNARKFIYANM| 219
Sideroxydans lithotrophicus |FVENCQVCHGSNGEGKK-VD————— GKYIFPPLWGS-ESFNWGAGMHRINTARAFIKANM| 212
Pseudomonas stutzeri YAEQCAVCHGDDGQGQK-AG———-——GGYVFPPLWGK-DSFNWGAGMHRINTAARAFIKESM| 221
Allochromatium vinosum YOARCTIACHGADGSGTLDAD————— GRYLFPPLWGP-RSFNTGAGMNRQATARGFIKHEM| 209
Psychrobacter arcticus FAERKCSVCHGATGEGQYNDD——— GTYVYPATAGD-KSFNDGAGMARTYTAASFIKGEM| 254
Parachlamydia acanthamoebae|PYQEP-RLTVEEVLDIAARYITSQ-——PRPIEIRTP————————————————————————— 243
Campylobacter jejuni PQGAP-DLSLEDAYDVAAYMNSQ——ARPTKANRDKDF PDRKVK—-PLDMD———VGPYDL| 291
Wolinella succinogenes PKGAP-TLSDKDAYDVAAFINDY SHYRTVKLNRQNDFVDPKVR—-VPDHDQ——PGPYGE 318
Marichromatium purpuratum PLLDTVRLTPQEAWDVAAY INAH-——ERPQDPRF————DG-SVERTAARFHASP-FDLYGE| 504
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Figure 1.7 — Sequence alignments of known and putative TsdA enzymes. Heme | and Il binding
motif and corresponding ligands in blue or orange, respectively®. Residues implicated in substrate
binding in yellow>.



An example is the enzyme TsdBA from Mp for which a crystal structure is available3®
(Figure 1.5, right). This enzyme is a fusion with a diheme redox partner TsdB which features two
domains with clear sequence (Figure 1.7) and structural homology to the diheme Av TsdA. The
residue equivalent to Av TsdA Lys-208 that ligates heme Il is the non-ligating residue Asn-449 in
Mp TsdBA. Instead, in Mp TsdBA the heme Il ligands are His-406 of the CXXCH motif and Met-450.
The flexible nature of the distal ligand in heme Il is significant given the apparent conservation of
Met and not Lys in the sequences of all known TsdA enzymes (Figure 1.7, orange shading).
Furthermore the crystal structure of the presumed diferrous Av TsdA prepared by dithionite
soaking has Lys-208 replaced by Met-209 as the distal heme Il ligand (Figure 1.6, F). The
significance of the Lys to Met ligand switch in heme Il of Av TsdA is not clear. There is precedent
for similar behaviour in the alkaline form of cytochrome ¢** and an analogous His/His to His/Met
switch is proposed for the c-type electron transfer heme of the diheme cd; nitrite reductase®. A
further feature of interest in the Mp TsdBA structure is modification of the conserved Cys-330
that is resolved as a Heme | ligand in Av TsdA (Figure 1.6, D). In Mp TsdBA this cysteine is present
as cysteine thiosulphonate. The closest iron to sulphur distance is 2.9 A and there is no
intervening electron density, suggesting that heme | has no distal ligand. Possible implications of

these observations for the catalytic mechanism of TsdA are discussed below.

There is a second diheme TsdA enzyme described in the literature, that from C*3?, however
there are currently no published crystal structures of this. At present, studies of Cj TsdA have
focused on catalytic activity and electronic absorbance spectroscopy of the purified enzyme.
Based on sequence alignments (Figure 1.7), His-98/Cys-138 are proposed as heme | ligands and
His-207/Met-255 as heme Il ligands for this enzyme (equivalent to Lys-208 in Av WT is non-ligating
Asn-254). Consistent with this, the electronic absorbance spectrum of Cj WT confirms only high
field strength heme ligands (eg. His, Cys or Met) are present, whereas this is not the case for
variants where Cys-138 or Met-255 are replaced by non-ligating glycine32. Section 1.3.1 has more

detail on electronic absorbance spectroscopy of hemes.

1.2.3. Cysteine Conjugations and Catalysis by TsdA Enzymes
The heme irons in the majority of Av TsdA structures are six co-ordinate; this is typical for
electron transfer hemes, but does not reveal an obvious site for catalysis. In the catalytic
mechanism proposed by Grabarczyk et al., one molecule of thiosulphate (Figure 1.8, red) binds
near to Cys-96 of the fully oxidised enzyme, stabilised by hydrogen bonds from Arg-82 and Arg-92
(Figure 1.8, top left). A covalent bond then forms between the sulphane sulphur of thiosulphate
and the thiolate of Cys-96, releasing two electrons which reduce both hemes. An electron

acceptor reoxidises the hemes before a second molecule of thiosulphate binds (Figure 1.8, blue),
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stabilised by a hydrogen bond from Ser-100. The thiosulphonate group bound to Cys-96 is then
transferred to the sulphane sulphur of the second thiosulphate molecule, forming a molecule of

tetrathionate, which is released leaving an empty active site.

Variants of Av TsdA® and Cj TsdA32 where Cys-96 or Cys-138 have been substituted by His or
Met are all but inactive in thiosulphate oxidation or tetrathionate reduction activity assays
(Figure 1.4) consistent with the proposal that interconversion of thiosulphate and tetrathionate
proceeds via covalent modification of the heme | cysteine ligand, rather than binding to a vacant

heme | iron co-ordination site.
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Figure 1.8 — TsdA catalytic mechanism for thiosulphate oxidation proposed by Grabarczyk et al.®
Residue numbers apply to Av TsdA.

As proposed for the first and last steps of this reversible mechanism, Av WT incubated with
thiosulphate or tetrathionate shows a mass increase detected by mass spectrometry consistent
with the formation of a covalent bond between Cys-96 and one thiosulphonate moiety>. This
modification does not inhibit catalysis, but is not further modified by substrate without the
presence of an electron acceptor. Electronic absorbance (see below, 1.3.1) of thiosulphate
incubated protein also shows reduction of the Av WT hemes and spectral features consistent with
the removal of one of the heme ligands®. This is consistent with the formation of a cysteine

adduct, releasing electrons to the hemes and causing Cys-96 to be displaced as a heme ligand by
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solvent. The structure of Mp WT similarly has Cys-330 covalently thiosulphonated (Figure 1.6, D)
and not ligating heme 1. The reactivity of the heme | cysteine ligand is further revealed in other
Av TsdA structures where Cys-98 is displaced or post-translationally modified (see below, 4.1) in
ways that do not feature in the Grabarczyk mechanism>® (Figure 1.6, B, C). However, the
relevance of any of these species to catalysis remains to be established. Cysteine modifications
could also have occurred during the crystallisation process as the result of oxidative® damage or X-

ray cleavage of bonds®®.

The axial ligands of heme Il are not specified in the mechanism proposed by Grabarczyk
et al’, however in most TsdA enzymes including Cj WT32 these are inferred to be His/Met as with
Mp WT30, The presence of an additional heme Il ligand in Av WT could therefore be a mechanistic
feature specific to that organism’s enzyme, possibly contributing to its low rate of tetrathionate
reduction (Figure 1.4). As a counterpoint, when Lys-208 is replaced by Asn in Av K208N or S/ WT,
ket for thiosulphate oxidation is approximately 5-fold less, but tetrathionate reduction is
unaffected®? (Figure 1.4). Likewise a Cj TsdA variant introducing Lys in an equivalent position in Cj
N254K decreases ket for thiosulphate oxidation modestly, but does not change the rate of
tetrathionate reduction. Further investigation of Av TsdA in solution is therefore necessary to
determine if this unusual ligation state is artefactual, or if it serves a mechanistic or regulatory

role not required by other members of the TsdA enzyme family.

To gain greater insight into the properties of these enzymes and to complement
crystallographic data, it is necessary to resolve the heme | and Il ligands with defined oxidation
states and with defined cysteine modifications. Much of this can be achieved for samples in

solution using (magneto) optical spectroscopy, which is detailed in the following section.

1.3. Optical Spectroscopy of Hemes for Assignment of Ligation, Oxidation and Spin
States

1.3.1. Electronic Absorbance Spectroscopy of Hemes

Electronic absorbance occurs when a chromophore absorbs a photon with the correct
energy to raise the ground state of that species to an excited state. Each optical transition gives
rise to a peak in electronic absorbance centred on the wavelength (A) of light corresponding to
the transition energy; such peaks have a Gaussian shape and positive intensity. The spectra of
hemes are dominated by m - m* transitions, from the heavily conjugated porphyrin macrocycle,
and ligand-to-metal charge transfer (CT) transitions. The intense red-brown colours of hemes b
and c in solution are predominately due to the former transitions which occur in two separate

wavelength regions®”® referred to as the Soret (~400 nm) and the a8 band (~550 nm) (Figure 1.9,
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lower panels). Variations in these bands can often be used to distinguish heme spin- and oxidation

state in electronic absorbance spectra.

In a strictly octahedral environment, iron d orbitals have ez and t;; symmetry. In hemes,
these are tetragonally distorted causing further splitting (Figure 1.9, upper panels). The electrons
occupying these orbitals can either overcome the pairing energy to occupy only the three lowest
energy d orbitals (Figure 1.9, left) or otherwise occupy all five d orbitals to minimise pairing
(Figure 1.9, right). These are the low- and high-spin states respectively. Spin states in hemes are
dictated by the field strength of the axial ligands as described by the spectrochemical series.
Strong ligands include imidazole, histidine and methionine and hemes with two of these ligands
are typically low-spin. Weak ligands include fluoride and water and hemes with one or more of
these ligands are typically high-spin. It is therefore possible to derive information on heme axial

ligation from the spin state.
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Figure 1.9 — The effect of spin and oxidation state on the UV/visible electronic absorbance spectra
of b and c hemes. (Top) d orbital occupancy by electrons (arrows) in low-spin (left), high spin (right),
ferric (blue) and ferrous (red) hemes. (Bottom) Spectra of 30 um horse-heart cytochrome c before
(low-spin ferric, blue line) and after (low-spin ferrous, red line) incubation with excess sodium
dithionite. (Right) Spectra of 140 um horse-heart myoglobin before (high spin ferric, blue line) and
after (high-spin ferrous, red line) incubation with excess sodium dithionite.
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The spectra of low-spin ferric hemes feature broad, low-intensity of§ bands which become
sharper upon reduction to the ferrous state with a simultaneous red-shift and increase in intensity
of the Soret peak (Figure 1.9, bottom left). Subtle differences in heme environment can modify
the energy of these electronic transitions, hence Keilin’s original differentiation between b and ¢
hemes based on their shifted of bands in the low-spin ferrous statel®. Cysteinate-ligated ferric
hemes are unusual in that they exist in a resonant state with a cysteinyl-radical-ligated ferrous
heme with the unpaired electron on sulphur 30-40% of the time3. This influences the porphyrin
7 - ¥ transitions such that both the Soret and af bands are broader and of lower intensity than

for other ligand sets.

CT transitions can occur between the p orbitals of axial heme ligands and the d orbitals of
iron when there is a vacancy in the dx or d,, orbitals for a promoted electron, jie. not low-spin
ferrous hemes (Figure 1.10, left). Where the axial ligand contains oxygen or nitrogen, these bands
appear in the UV or visible region and are usually obscured by the more intense Soret or o peaks
(Figure 1.10, right). However axial ligands containing sulphur have higher energy p orbitals,
reducing this energy gap so that bands for these species occur at ~700 nm. It is often possible to
infer the nature of a sulphur heme ligand from the Amax and shape of this band, such as the
695 nm ‘Methionine band’ (Figure 1.9, bottom left inset) typical in spectra of cytochrome ¢* or

the ~750 nm bis-Met band in bacterioferritin*..

CT transitions can also occur between the porphyrin 1 orbitals and the d orbitals of iron. In
high-spin hemes there are two transitions which give rise to the CT; band in the ~900-1600 nm
region and the CT; band in the ~600-680 nm region. Low spin hemes give rise to a single CTs band
in the 900-2500 nm (nIR) region. CT transitions are highly sensitive to the nature of the heme axial
ligands, however the absorbance features that arise from these are broad due to vibrational
contributions and have low-intensity. H,O also has broad bands at 1450 nm and 2000 nm*, so
electronic absorbance is unable to detect CT; and CTis bands in aqueous solution as these are

obscured by absorbance from the solvent.

Electronic absorbance spectroscopy has previously been used to identify the presence and
number of heme cofactors in some TsdA enzymes and can go some way towards distinguishing
heme spin- and oxidation states>®32, However, to resolve the individual contributions of multiple
hemes reliably and to identify heme axial ligands from nIR CT bands requires magnetic circular

dichroism (MCD) spectroscopy.

28



HaC j 0 4 1 1000-

S 2500 nm
hv

~700 nm

hv /

N ~400 nm _}_ T
\” hv

\__N —}— Pe Py porphyrin

_/l(_/p,, p, sulphur

nitrogen

A
\J
energy

Figure 1.10 - Charge transfer (CT) transitions in hemes relevant to (magneto-) optical
spectroscopy. Example illustrates bands present for a low-spin ferric heme with His/Met
coordination.

1.3.2. Magnetic Circular Dichroism (MCD) of Hemes
MCD spectroscopy involves recording the apparent circular dichroism (CD) spectra of
samples in the presence of a longitudinal magnetic field (H). MCD signals arise from the same
optical transitions as electronic absorbance spectra, however the intensities of different MCD
signals can vary by orders of magnitude between spin- and oxidation-state and many signals have
a signed nature, often making it possible to distinguish between chemically different hemes in

one sample.

In the classical Buckingham and Stephens model there are three possible sources of MCD
intensity, the A, B and C terms*. The major contributor to heme spectra at room temperature is
the A term. This arises when excited energy states lose their degeneracy in the presence of the
applied magnetic field due to the Zeeman Effect so that now there is a small difference in the
photon energy required to excite transitions into these states (Figure 1.11, left). This difference in
energy may be such that circularly polarised light can preferentially cause one of the two
transitions and the extinction coefficients for left- (eicp) (Figure 1.11, red dashed line) and right-
handed (ercp) (Figure 1.11, blue dashed line) circularly polarised light peak at different

wavelengths (A). Circular dichroism (4e) is defined as:
A€ = €1cp — Ercp

In the simplest case LCP will excite one transition and RCP will excite the other. When H=0

and excited levels are degenerate, A = 0. When H # 0, Ae will have a positively-signed peak at Amax
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for e.cp and a negatively signed peak at Amax for ercp giving rise to a bisignate feature with 4e =0

between these points (Figure 1.11, thick black line).

The B term can also influence the appearance of room-temperature heme MCD spectra and
arises when excited energy levels mix in the presence of a magnetic field, so that previously
disallowed transitions become allowed. Unlike the A and B terms, the C term is temperature

dependent and so is not a significant contributor to the room-temperature spectra featured in

this thesis.
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Figure 1.11 - Signals in (Magneto) Optical Spectra. Gaussian peaks (right, grey line) arise from
optical transitions (left, grey arrow) in electronic absorbance spectroscopy. When the A-term
dominates, the same transitions (left, red and blue arrows) in the presence of an external magnetic
field (H) have shifted absorbances of left- (ewce) and right-handed (erce) circularly-polarised light,
giving rise to bisignate signals (Ag, right, black line) when monitored by magnetic circular dichroism
(MCD).

MCD of low-spin ferric hemes (Figure 1.12, upper black lines, 350-450 nm) has a bisignate
Soret feature with equal positive and negative intensity, for ferrous hemes this is red-shifted with
more positive than negative intensity (Figure 1.12, red lines, 350-450 nm). High-spin ferric hemes
have Soret features almost 10-fold less intense than these, so it is often possible to quantify low-
spin heme content from the peak-to-trough intensity of this feature and to estimate oxidation
state from its shape. High-spin ferrous hemes give rise to intense Soret features with mostly
positive intensity even further red-shifted compared to low-spin ferrous hemes. The af signals of
ferric hemes are of low intensity, but the bisignate a feature of low-spin ferrous heme is sharp
and intense, permitting clear resolution of even trace reduction in a low-spin heme sample (Figure

1.12, red lines, 450-600 nm).
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As with electronic absorbance, the MCD of cysteinate-ligated ferric hemes give rise to
slightly red-shifted signals which are broader and less intense due to their hybrid oxidation
state3®44 To a lesser extent, the same is true for methionine-ligated hemes. Overall the
combination of a signed spectrum and significant intensity variations afforded by MCD allows for
better deconvolution of multiple heme species and a more reliable diagnosis of spin- or oxidation-
state. Furthermore, as described below, axial heme ligands can also be resolved using near infra-
red (nIR) MCD of samples prepared in D,0 to minimise the 1450 nm and 2000 nm absorbance

bands from water*?.

rrr 1T rrvyvrrvrryvyrrr| [ r v Tr [ v T T [ T T 7%

+% /4\/\ Low-S.pin +0.9
Ferric

-80 -10
A B S B e S e  H e e S B S e B O
+80 +270 Low-Spin
—_ Ferrous
= b
T v
£
- 40 270
2 R e S
T +4 High-Spin +0.4
W +10 Ferric
< —— /\ A AN AN A\
N/ \/ VV\/ V
1003 4 /04
s
+12 + High-Spin +0.6
Ferrous
~7
=0 & r—_
PRI R U S S S [ N ST A T N T TN U S (S NN SR S U NS S S NS T
300 400 500 600 700 800 1200 1600 2000

Wavelength (nm)

Figure 1.12 — Example Room Temperature MCD Spectra of Hemes. Spectra of cytochrome ¢
(low-spin) or myoglobin (high-spin) in the ferric or ferrous states as annotated. Signals recorded in
the UV/visible (left) and near infra-red (right) regions annotated with typical intensities in extinction
coefficients per tesla.
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Low-spin ferrous hemes do not give rise to CTis bands as there is no hole available for a
promoted electron in the appropriate d. or dy orbitals (Figure 1.9, top left). The CT bands of
hemes in other spin- and oxidation states occur in the visible and nIR regions (Figure 1.12,
600-2000 nm). MCD-resolved CTs bands for ferric hemes are broad, positively signed and have
low intensity (Figure 1.12, black lines, 700-2000 nm). Bands are often accompanied by one (or
more) vibrational side-band(s) visible as a lower-wavelength shoulder on the main band. High-
spin hemes typically have bisignate CT; bands at shorter nIR wavelengths (Figure 1.13, bottom
right) and corresponding CT, signals in the ~600-680 nm region (Figure 1.13, bottom left)*®4’, The

wavelengths at which CT transitions occur is often diagnostic of heme axial ligation (Figure 1.13).

Met/Met Low-spin CT

His/Met
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His/-
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. Met/H,0
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Figure 1.13 — Representative MCD of Ferric CT bands. Wavelengths of these bands are often
diagnostic of Heme axial ligation as annotated.

As explained above, MCD spectroscopy allows identification of heme axial ligation in
addition to spin- and oxidation-state. In combination with potentiometry (see below, 1.4.1) this
can be used to investigate the redox activity of heme proteins*®*°, such as TsdA and to identify

any conformational changes that occur in response to changes in heme oxidation state.

1.4. Electrochemistry for Resolution of Heme Redox Behaviour

Protein cofactors, such as hemes can function as redox centres, exchanging electrons with

5152 or small redox active molecules®. Facile electron

other cofactors3®*°, amino acid sidechains
transfer to, or from, biological redox centres typically occurs over <14 A distances® and the

relative mid-point potential (Em) value of each centre defines the thermodynamic driving force. Em
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describes the potential at which a redox couple has equal concentrations of oxidised and reduced
species. Knowledge of heme Enm values is therefore desirable for predicting favourable electron
transfer or the driving force for oxidation or reduction of a substrate®. With the exception of
peroxidases® and P450sY, it is typically the Fe"/Fe" couple which is of biological relevance in

hemes and all references to heme Ey values in this thesis refer to this redox transition.

1.4.1. Potentiometry
When a heme (or other redox centre) is equilibrated at an electrochemical potential (E) the
Ewm value can be calculated from the resulting concentrations of reduced ([red]) and oxidised ([ox])

species using the Nernst equation:

RT [red]
E=Ey— Eln ( [roex] ) Equation 1.1

where R is the gas constant, T is absolute temperature, n is the number of electrons involved in
the redox transition and F is the Faraday constant. The Nernst equation applies when electron
transfer to a redox centre is facile in both directions (i.e. reversible) relative to the experimental
measurement time so that a thermodynamic equilibrium is reached. Experimentally, chemical
oxidants or reductants can be added to a sample to define the potential; often with soluble redox
mediator(s) active over the potential range studied to ensure facile equilibration. If known
concentrations of a redox agent with a well-defined Ew close to the Ew of interest is used, there is
no need to monitor potential independently®. Typically, however potential is monitored relative
to an internal reference couple (such as Ag/AgCl) using a combination electrode, or a working
electrode is used to define a potential instead of using chemical agents. Either [0x] or [red] must
be measurable at each defined potential, for example optical spectroscopy can be used to
monitor heme oxidation state (see 1.3.1). Appropriate re-arrangement of the Nernst Equation,
noting that for a simple redox couple [ox] + [red] = 100%, allows plots of [ox] (or [red]) versus E to

be fit to quantify Em and n for the corresponding half-reaction (Figure 1.14).

Potentiometric determination of Ey becomes challenging when the sample has multiple
redox centres with similar spectroscopic properties, as is the case for diheme cytochromes such
as TsdA®, In this case, Ew is readily determined only if [ox] and/or [red] can be independently
quantified for each chromophore or if the Ey values are separated enough that each transition is
resolved discretely and there is some method to assign each Eu value to a specific centre. If a
precise Ev is not determined for a centre, it is still possible to identify a potential window of redox

activity based on potential values that cause oxidation or reduction of that centre.
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Figure 1.14 — Behaviour predicted for Nernstian process with the indicated properties®. Resolution
of these data requires an experimental method of determining [ox] and/or [red] at defined E values.

Electronic absorbance spectroscopy was previously used to monitor Av WT adsorbed on an
optically transparent SnO; working electrode. The change in absorbance at 418 nm was used as
an estimate of total low-spin ferrous heme concentration (see above, 1.3.1). As the thiolate-
ligated and non-thiolate ligated hemes in Av WT have different Ae values in this region, the
contribution of each heme to this overall absorbance change could be deconvoluted. Based on
these assignments, a -350 to -100 mV range was identified for the reversible redox activity of the
His/Cys™ ligated heme I. Heme redox activity over -100 to +150 mV was assigned to the His/Lys
ligated heme II°°. However, non-reversibility of electron transfer was observed, preventing the
use of the Nernst equation to determine Ev values for the Av WT hemes as equilibrium was not
reached in this study. It is possible that the heme Il ligand switch to His/Met ligation seen in Av
WT crystals® rationalises the slow electron transfer observed upon reoxidation in this study, as

hemes with this ligation state typically have high Ev values®.

One method suited to dynamic investigation of redox centres is protein film
electrochemistry (PFE). With PFE, [ox] and [red] can be directly calculated from the flow of
current between a redox centre and a working electrode without the need for a chromophore.
The E values over which this current flows can then be used to determine Em and n for each

centre.

1.4.2. Dynamic Protein Film Electrochemistry
When the electroactive centres of a protein are in direct communication with a working
electrode, oxidation or reduction cause a current flow that can be measured in real-time. Such
experiments can be performed using a standard three-electrode cell (Figure 1.15) where a

potentiostat is used to set the potential at a working electrode, relative to the standard potential
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of a reference electrode. Protein electroactive centres within 14 A of the working electrode® can
undergo redox transformations with the electrode acting as an electron donor and/or acceptor.
This in turn causes measurable current flow between the working and counter electrodes.
Proteins investigated by these experiments may be freely diffusing in solution®?, alternatively they
may exist as an electroactive film adsorbed on the surface of the working electrode®. It can be
argued that the latter experiment, often termed protein film electrochemistry (PFE) offers several

advantages over the former. For example:

i) economy of sample; protein films can provide measurable current with <nmol of
protein®

ii) instant dialysis; with a stable adsorbed protein film on a solid electrode it is
possible to replace the buffer-electrolyte with ease. This way a single protein film can
be examined as pH or temperature are varied, possibly identifying chemical changes
in the environments of the electroactive cofactors under these conditions®*¢

iii) ease of analysis; contributions due to diffusion are eliminated making analysis of
multiple signals easier and electron transfer with the protein is not limited by the
typically much slower rate of diffusion®

iv) access to extreme conditions; a protein film may be more stable to conditions that
would denature the same protein in solution®4%°

v) in vivo-like conditions; electrode surfaces may be tailored to mimic the crowded

conditions inside a living cell®®.

In an ideal case, an adsorbed protein would retain its native conformation and functionality
on the surface of a working electrode (Figure 1.15, inset bottom). Cyclic voltammetry (CV) is a
simple, but highly informative experiment that can then be used to visualise its redox activity. In
CV, the potential at a working electrode is varied in a linear/saw tooth manner between set upper
and lower values at a user defined scan rate (v) (Figure 1.15, inset left). The resulting current (i) is
recorded and output as a voltammogram which plots i vs. E. When all protein redox centres are
capable of identical, rapid and independent electrical transfer with the electrode, a Nernstian

equilibrium can be attained at each applied potential. For a reversible redox transformation of the

type:

Em
Ox + ne” < Red
there are a pair of peaks in the voltammogram in addition to any baseline current that
results from charging and discharging the electrode. One peak has a positive current and
one has a negative current corresponding to oxidation or reduction respectively (Figure,

inset right).
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Figure 1.15 — Schematic of a metalloprotein adsorbed onto the working electrode of a standard 3-
electrode assembly.(Inset bottom) Protein molecules (green) are adsorbed onto the working
electrode surface, possibly with a coadsorbent molecule (blue triangles) to stabilise the protein film.
Exchange of electrons is then possible between a redox-active cofactor (M) and the working
electrode. (Left) Saw-tooth excitation profile of cyclic voltammetry (Right) Form of the resulting
voltammogram showing peak potentials (Ep) and half-height width (3).

Under ideal conditions with facile, fully reversible electron transfer, these peaks have maximum
current (Epa for oxidation, E,c for reduction) when E= Eym = Epa = Epc. The symmetrical peaks

observed in this case are described by the equation:

* F
_ n2p2vAThexp((7r) E-En))

RT  (1+ exp((ms) (E—En))?

Equation 1.2

where o* is the surface population (mol cm2) of adsorbed redox active species at time 0 and Ae is

the electrode area (cm?).

The width in volts of the peak at half its height () (Figure 1.15, right) defines n through the

relationship:

0 = 3.53 (:—;) Equation 1.3

If the potential axis is converted to time (t) using the relationship:

AE

At = > Equation 1.4
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the area of each peak quantifies the charge (Q) exchanged between electrode and redox cofactor.
Knowledge of Q can then be used to calculate the number of moles of electrons (Nmoi) passed to

or from the electrode according to the formula:

Q

Nmol = F Equation 1.5

Knowledge of the electron stoichiometry (Equation 1.3) can then be used to determine exactly

the amount of redox active cofactor present on the electrode.

Cyclic voltammetry under conditions where the adsorbed centre behaves in a Nernstian
manner at all values of E will give rise to a pair of symmetrical peaks with Em = Epa = Epc as
described above (Figure 1.15). However, above a certain value of scan rate the rate of interfacial
electron transfer will be too slow to allow equilibration of all electroactive centres with the
applied potential. Under these conditions the electrochemical response becomes smeared along
the potential axis such that Epa> Em and Epc < Ew, (Figure 1.16). This results in a peak separation (E,
— Em) that becomes bigger in magnitude as scan rate increases. The Ew is given by the average of
the peak potentials. The values of the interfacial electron transfer coefficients (kox and kreq) that
describe electron transfer between electrode and redox cofactor during oxidation and reduction

respectively, are given by the Butler-Volmer equations®”:

kox = k* exp[-0(F/RT)(E-Ewm)]

krea = k° exp[(1-a)(F/RT)(E-Em)] Equation 1.6

In these equations, k° is the interfacial electron transfer rate constant when E = Ey and o is
the electron transfer coefficient describing the reversibility of the system, often assumed to be
0.5 representing full reversibility®. The effect of k° can be visualised by plotting E, vs. v, often
termed a ‘Trumpet’ plot (Figure 1.16, right) however obtaining a value for k° is not
straightforward and generally requires the algorithmic simulation of theoretical lineshapes which

are fitted to experimental data as part of an iterative process *.
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Figure 1.16 — Scan rate dependence of CV response for adsorbed species. (Left) CVs simulated for
scan rates of 0.01, 0.1, 1, 10 and 100 V s for an n = 1 half-reaction with k° = 200 s (Right) Variation
of Ep with v for the system described in the left panel.
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Achieving stable electroactive protein films, where cofactors are close enough to the
electrode to allow direct electron transfer, can often be achieved by spontaneous adsorption®®,
This process relies on serendipitous hydrophobic and electrostatic interactions between the
protein and the electrode surface. As a result, much prior work has gone into identifying optimal

electrode materials for various experimental applications.

Graphite (Figure 1.17, A) is a standard biocompatible electrode material which can be
condensed from hydrocarbon vapour to create a highly regular structure and then abraded
perpendicular to the plane of the stacked graphene layers to form pyrolytic graphite edge (PGE)
electrodes. Freshly abraded PGE surfaces have a range of oxygen-containing functional groups
thought to be complementary to protein surfaces and electroactive pores and clefts between
damaged layers where adsorption can take place®. Although PGE electrodes can certainly adsorb
protein films where non-turnover signals are detectable®?7%73, electroactive coverage is generally
thought to be sub-monolayer and confined to pores and clefts. As a result these electrodes are
well suited for catalytic experiments where sparse electroactive coverage allowing hemispherical
diffusion is advantageous. Coverage of PGE electrodes and others may be improved by using a
coadsorbate, such as the amino sugar neomycin. These small molecules are electrochemically
inactive, but positively charged at neutral pH and are thought to make an electrode surface less
repulsive to negatively-charged proteins®. Electroactive surface area can be increased and direct
electron transfer to less accessible redox centres improved by using graphite structures
(Figure 1.17, B) with dimensions closer to those of proteins; nanomaterials, such as single-walled
nanotubes are popular electrode materials’, alternatively, compacted porous carbon’ has the

added benefit of protecting deeply buried oxygen-sensitive protein from an aerobic atmosphere.

A. B. C. D.
graphite or nanoparticle SAM-coated hierarchical
TCO aggregates Auor Ag TCO

Figure 1.17 - Some electrode materials suitable for PFE. Spontaneous protein film (green)
adsorption is possible on (A) pyrolitic graphite or transparent conducting metal oxides, (B)
nanoparticles of gold or carbon, (C) Gold or silver coated with w-terminated alkane thiols or (D)
Heirarchichally-structured ITO.
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Gold and silver have good conductive properties, but are highly hydrophobic and can
denature proteins at their surface. Coating a gold or silver electrode (Figure 1.17, C) with a self-
assembled monolayer (SAM) of thiol-functionalised organic compounds” mitigates against this
and the exact composition of the SAM can be tailored to create an optimised surface for protein
adsorption. The main advantage of these electrodes is their amenability to other techniques that
can be used to quantify adsorbed protein such as atomic force microscopy, quartz crystalline
microbalance or surface plasmon resonance’®78. These techniques provide measurements for
total protein adsorption, which can be a useful comparison to the amount of electroactive protein

present on an electrode.

Transparent conducting oxides (TCO) such as (antimony doped) tin oxide, titanium oxide
and indium tin oxide (ITO) can be deposited on conductive glass to make electrodes where in-situ
optical spectroscopy is possible3®7%777° As with porous and nanostructured carbon, TCO
electrodes can be made with a three-dimensional structure to improve surface area. Highly
periodic architectures are possible and pore dimensions in the order of nm to um can be
formed®. Good non-turnover signals and catalytic currents proportional to electrode thickness
are possible on hierarchically-structured inverse-opal ITO (I0-ITO) (Figure 1.17, D)”° and the
optical transparency of these materials allows adsorbed photosystems to generate measurable
photocurrent when illuminated’®®82, Such electrodes have macro-scale pores to allow for
diffusion through the electrode material and micro-scale pores to increase the surface area for
protein adsorption. Thicker electrodes can adsorb more protein for larger Faradaic currents at the

expense of increased opacity; the electrodes used in Chapters 3-5 are of this type.

From the above discussion it is apparent that potentiometry in combination with (magneto)
optical spectroscopy offers the opportunity to determine oxidation- spin- and ligand states of the
TsdA hemes at defined potential. Complemented by PFE on a suitable electrode material, the
electroactivity and Ey values of the hemes in TsdA can also be determined. The following section
details the specific questions about TsdA enzymes that these techniques may go some way

towards answering, as addressed in this thesis.
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1.5. Aim of Study

The work presented in this thesis aims to do the following:

Determine the axial ligands to the hemes in Av TsdA and Cj TsdA in solution. The hemes
are the major part of TsdA enzymes that are likely to be responsible for its catalytic activity. The
axial ligands of hemes define much of their chemistry, so this knowledge may give a good initial
idea of the function of each heme. The major difference between Av TsdA and Cj TsdA so far
appears to be in the ligation state of one of the hemes, so confirming this difference is an

important first step in knowing why these enzymes are different.

Investigate the redox chemistry of the TsdA hemes. The hemes are also the part of TsdA
enzymes likely to exchange or carry electrons. They will need to do this so that TsdA can catalyse
the two-electron interconversion of thiosulphate and tetrathionate. Being able to define the
oxidation states of the hemes will be essential in determining if there is any redox-linked
conformational change in the TsdA structure. Determining the Em values for each heme within
TsdA will give thermodynamic information for how electrons travel between these hemes and to

redox partners.

Investigate the chemistry of the active site heme I cysteine ligand. This ligand is unusual in
that it directly reacts with substrate molecules when typically most heme ligands either stay
bound to the heme or are displaced so that substrate molecules can bind to the heme iron. All
TsdA enzymes to date need this ligand for catalytic activity to occur, so it is likely to be central to

the reaction mechanism of these enzymes.

Determine the reaction mechanism of TsdA enzymes. Consideration of the above points in
combination may start to give some idea of how TsdA might work. Experiments to test this further
can then be performed to gradually develop a model for the TsdA mechanism. Performing key
experiments with Av TsdA as well may help to identify if this enzyme has a different mechanism

compared to its counterparts that would account for its different rate of tetrathionate reduction.
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2. Materials and Methods

The following Chapter details the materials and methods used for experiments presented in

Chapters 3-6 of this thesis. In addition, details are given of the instrumentation employed for MCD

spectroscopy and for the mass spectrometry experiments introduced in Chapters 4 & 5.

2.1. Reagents

Buffer-electrolyte solutions were prepared by dissolving the required mass of reagents in
an appropriate volume of deionised water (resistivity = 18.2 MQ-cm, Milli-Q) or D,O (Aldrich).
Solution pH was measured using an Accumet AE 150 electrode (Fisher) and microlitre additions of
5 M NaOH/HCI (Sigma-Aldrich) were used to adjust this. The buffer-electrolyte used at pH 7 was
50 mm HEPES (Fisher), 50 mm NaCl (Fisher). Where an anaerobic chamber (Belle Technology) was
used, this was filled with N, and kept under positive pressure. The chamber atmosphere was
maintained at <10 ppm O; at all times by circulation through metal oxide filled O,-reactive
columns. Buffer-electrolyte solutions (typically 200 mL) were sparged with N, gas for >20 minutes
before being transferred to the anaerobic chamber and typically left overnight to equilibrate with
the chamber atmosphere prior to use. Stock solutions of sodium ascorbate (Fluka), potassium
ferricyanide (Aldrich), sodium iodoacetate, sodium sulphite, sodium thiosulphate and sodium
tetrathionate dihydrate (Sigma-Aldrich) were all prepared by transfer of the desired mass to an
anaerobic chamber where they were dissolved in anaerobic buffer-electrolyte to make 100 mm
stock solutions. These were prepared fresh for each day of experimentation. Sodium dithionite
(Sigma-Aldrich, 20 mg/mL = 100 mm) and europium (II) chloride (Sigma) were handled similarly
with the exception that these were stored in the anaerobic chamber as solids and aliquots were
transferred to N»-filled vessels and then sealed to limit O, exposure prior to weighing. Tris (2,-
carboxyethyl) phosphine (TCEP) hydrochloride (Sigma) was purchased as a 0.5 M aqueous
solution adjusted to pH 7 with ammonium hydroxide, stored in sealed ampules under argon gas.
Ampoules were opened in an anaerobic chamber and aliquots were either stored within the
chamber or flash-frozen in liquid N2 to limit O, exposure. Neomycin sulphate (Sigma) was

prepared as a 5 mM stock in deionised water and frozen between uses.

2.2. Proteins

TsdA enzymes and variants were prepared and provided by Julia M. Kurth, Sebastian van
Helmont and Linda Brandt from Christiane Dahl’s group at the Rheinische Friedrich Wilhelms
Universitat Bonn, Germany using the method described in Brito et al. 2015 for Av TsdA enzymes

and Kurth et al. 2016 for Cj TsdA enzymes. Gel electrophoresis was used to assess the purity of
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purified TsdA (data not shown). The appearance of gels was consistent with previously published
data for Av WT? and Cj WT and variants®.. Recombinant Av TsdA enzyme® overexpressed in
Escherichia coli contains the 243 amino acids predicted from the Alvin_0091 gene without a signal
peptide and with a single residue linking the C-terminus to a Strep Il tag. The predicted mass of
the Av WT monomer with two c-hemes is 28,141 Da. Throughout this thesis amino acids are
numbered from the first residue of the mature protein (Figure 2.1, lower). Recombinant Gj TsdA
enzyme3? overexpressed in E. coli contains the 309 residues predicted from c8j_0815 without a
signal peptide and with a four-residue linker to a Strep Il tag followed by three more residues at
the N-terminus. The predicted mass of the G WT monomer with two c-hemes is 37,103 Da.

Throughout this thesis amino acids are numbered from the first of the three residues prior to the

Strep tag on the predicted N-terminus of the mature protein (Figure 2.1, upper).

G TsdA WT

10 40 60 70

ASWSHPQFE
NETSKYVGPQ
RSMNGKRM%}
GLGLKNEDSA
TKANRDKDEFP

Av TsdAWT

10
EEPPTVALTY
GVVGRFPQYS
LTLEREPDCY

\JGGSLDPNL
AKDPKKRFAG
DTPEMKAMLT

30
GAYYLYPPLW

DRKVKPLDMD

20
PARALLPDGA
ARHGRLITLE
HGEALYQAR®

EKTKSATGID LPTAKWNLPK ALNEDGTIDE TKMPKNSEYS KMVILGNKIL
NNLSC A NGGSVQNQSG FVGIWARFPQ YNARGDKVIT LADRING FE
YMQWLSQGVPUVGAKIEGQGL:KKIDFISRAA DPKKGKAIYMWDK JQEN
GDDSYNTGAG MYRLIKAASY IKEN[PQGAP DLSLEDAYDV AAYMNSQARP
VGPYDDSFST TQHRYGPYTN MIKK

30 40 50 60 70
LGESIVRGRR YLSDTPAQLP DFVGNGLACE HCHPGRDGEV GTEANAAPFV
QRIGDCFERS LNGRALALDH PALIDMLAYM SWLSQGVPVG AVVAGHGIPT
L2CcHGADGSE TLDADGRYLE PPLWGPRSFN. TGAGMNROAT  ArGFTRHEKME

220 230 240 . 20 252
LGADDSLSDE EAWDVAGFVL THPRPLFQEP TGDAWSHPQF EK

Figure 2.1 — Sequences of Cj (above) and Av (below) TsdA wild-type enzymes. Ochre residues are
linkers, purple residues are Strep tags and green residues are heme binding motifs and proposed
heme ligands.

The concentration of TsdA in solution was determined from the intensity of the heme Soret
peak in oxidised proteins using electronic absorbance (see above, 1.3.1) and extinction
coefficients (&) (Table 2.1) calculated from pyridine hemochrome experiments®3? and comparison
of MCD and absorbance intensities. Proteins were stored frozen at -80 °C, thawed before use and
afterwards flash-frozen in liquid N, before being returned to -80 °C storage. Proteins provided as
80-150 um solutions in various buffers were transferred to the desired buffer-electrolyte using
10,000 MWCO spin concentrators (Thermo Fisher) and a Spectrafuge mini-centrifuge (Sigma-
Aldrich) or an AccuSpin micro 17 centrifuge (Thermo Fisher). Prior to electrochemical

measurements, exchange of the original buffer was repeated extensively until >0.1% remained.
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Table 2.1 - Soret peak wavelengths (A) and extinction coefficients (g) of fully oxidised TsdA
enzymes and variants featured in this thesis. * Denotes estimates based on other TsdA variants.

Variant Asoret (M) E€soret (Mt cm™)
G WT 415 190,000
Cj C138M 413 210,000
Cj C138H 411 230,000
Cj N254K 408 200,000
Av WT 407 208,000
Av K208N 409 200,000
Av C96M 412 210,000*
Av C96H 411 210,000*

2.3. Optical spectroscopy
2.3.1. Electronic Absorbance

UV-visible electronic absorbance spectra of protein samples were recorded using a model
4100 UV-visible-nIR spectrophotometer (Hitachi) or a model V-650 UV-visible spectrophotometer
(JASCO). Samples were exchanged into 50 mm HEPES, 50 mm NaCl at pH 7.0 and then transferred
to an anaerobic chamber. Sample concentrations are indicated in figure legends and all spectra
were recorded using sealed type 21 quartz cuvettes with an optical pathlength (/) of 0.1 cm.
Electronic absorbance spectra were also recorded for all samples prior to MCD measurements to
determine heme concentration and sample quality. Where traces of autoreduction were
apparent, sub-stoichiometric quantities of potassium ferricyanide were added to the sample until

the spectrum indicated full oxidation.

2.3.2. Magnetic Circular Dichroism
Samples were exchanged into 50 mm HEPES, 50 mm NaCl at pH 7.0 for spectra in the range
250-800 nm and pH* 7.0 for spectra in the range 800-2000 nm (pH* being the apparent pH
recorded using a glass electrode for a solution in D,0). Samples were transferred to an anaerobic
chamber (unless fully oxidised) and spectra were recorded using sealed (or open) quartz cells with

/= 0.1 cm. Typical sample concentrations were 90-150 um for spectra in the range 450-2000 nm,
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or 10-50 um dilutions of these for spectra of oxidised (reduced) samples in the range 250-450 nm

(250-800 nm). Full details of sample concentrations are indicated in corresponding figure legends.

MCD spectra were recorded using JASCO spectropolarimeters; model J810 for the
wavelength range 250-800 nm and model J730 for the range 800-2000 nm. An 8T magnetic field
was generated using a Special Spectromag 1000 split coil superconducting solenoid (Oxford
Instruments) with a 50 mm ambient temperature bore. Instrumental control of the slit width to
achieve a spectral band width of 2 nm was used for spectra in the range 250-480 nm. A set slit

width of 120 um (90 um) was used for oxidised (reduced) samples in the range 480-800 nm.

2.3.3. MICD Instrumentation

In MCD a circular dichroism spectropolarimeter is used to pass oscillating left- and right-
handed circularly-polarised light through a sample where there is an external magnetic field
parallel to the path of incident light (Figure 2.2). Linearly-polarised light is converted to circularly-
polarised light using a photoelastic modulator consisting of two crystalline quartz prisms held
together by a flexible adhesive. Regular piezoelectric vibration in response to an applied
alternating current (AC) is stimulated by electrodes attached to one crystal. This vibration is
transferred through to the second crystal, compressing across one crystalline plane and causing
birefringence. Linearly-polarised light travelling through this prism at a 45 ° incident angle
experiences a different refractive index when travelling through one plane compared to the other,
resulting in circular polarisation. This polarity is reversed with a regular frequency as it passes
through the sample to a detector. The detector records the peak-to-trough difference of the
photomultiplier voltage or photodiode current, either of which are proportional to the difference

in absorbance of left- and right-handed circularly-polarised light.

magnetic field

—

photoelastic
modulator

7, detector

right

lamp monochromator photomultiplier

I:Oég?gég

linear

polariser circularly-

polarised light

sample

Figure 2.2 - Schematic of a typical MCD experiment. A tungsten deuterium arc lamp (UV/visible
region) or a tungsten halogen bulb (nIR region) is used as a broad-emission light source; specific
wavelengths are then selected using a monochromator. A photoelastic modulator polarises light in
an oscillating circular left/right manner which passes through a sample mounted in a quartz cell
before being registered by a photomultiplier or photodiode detector which is effective over the
wavelength range being used.
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The amplitude of room-temperature MCD signals is proportional to the strength of the
external magnetic field (H), so a superconducting electromagnet is used to obtain a good signal-
to-noise ratio (Figure 2.3). To maintain superconductive temperatures, the magnet coils are
cooled by liquid helium. In addition, a split coil design allows for the positioning of samples in a
bore between the coils where the direction of the forward magnetic field is collinear with light
passing along the bore. Typical MCD spectra are recorded with the magnetic field in both the
forward and reverse directions, resulting in two identical spectra with opposite-signed intensities.
The difference between forward and reverse signals is then halved to give a spectrum of optical
rotation () in millidegrees, which is converted to a change in extinction coefficient (A&) using the

following manipulation of the Beer-Lambert Law:

0

Ae = 35580-Hcl

where H is the external magnetic field strength in tesla, ¢ is concentration and / is the optical

pathlength.
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Figure 2.3 - Simplified schematic of a split-coil superconducting electromagnet suitable for room-
temperature MCD experiments. Magnetic field is shown in a forward direction; measurements for a
single sample are typically recorded in both the forward and reverse directions.
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2.4. Potentiometry

Aliquots from a freshly-prepared ascorbate stock solution were added to protein solutions
within an anaerobic chamber to achieve the desired ascorbate concentration (1.5 mM). A
combination electrode (Metrohm) placed in an equivalent solution with no protein under an
argon atmosphere recorded a potential of +59 = 12 mV. This solution also contained a mediator
cocktail (2 um each) of 3,6 —diaminodurene (DAD) (Em = +276 mV), 2-((3-(3,6-dichloro-9H-
carbazol-9-yl)-2-hydroxypropyl)amino)-2-(hydroxymethyl)propane-1,3-diol  (DCAP) (Em=+217
mV), 2,6-dichloroindophenol sodium salt hydrate (DCPIP) (Em=+217 mV), phenazine
methosulphate (PMS) (Em=+80 mV), phenazine ethosulphate (PES) (Em=+55 mV), juglone
(Em =+30 mV), methylene blue (Em=+11 mV), duraquinone (Em=+5 mV), menadione (Em =-
70 mV), indigo carmine (Em = -125 mV), anthraquinone-2,6-disulphonic acid disodium salt (ADQS)
(Em = -185 mV), anthraquinone-2-sulphonic acid sodium salt monohydrate (AQS) (Em =-225 mV),
phenosafranine (Em = -252 mV), safranine-O (Em = -280 mV), benzyl viologen (Em = -350 mV) and
methyl viologen (Em = -440 mV). A saturated aerobic solution of quinhydrone (Em = +295 mV) was

used for calibration of solution potential.

Complete reduction of the protein samples used sodium dithionite (0.3 mg/mL,
approximately 1.5 mM) titrated from a stock solution under anaerobic conditions monitored
initially by electronic absorbance, then by MCD. Samples of Cj N254K and the Av K208N prepared
in this way had residual signals from ferric heme in their MCD spectra which were absent after

increasing the dithionite concentration to 1 mg/mL.

2.5. Protein Film Voltammetry

Voltammetric measurements were performed inside a Faraday cage within an anaerobic
chamber using a PGSTAT12 or 30 (Autolab) connected to a thermostated electrochemical cell with
a standard 3 electrode configuration® (Figure 2.4). The electrodes used were a Ag/AgCl reference
electrode in saturated KCl solution (Radiometer Analytical), a platinum counter electrode and
working electrodes comprised of 10-ITO3 (A = 0.25 cm?, 20 um thickness, 750 nm pore diameter)
on fluoride-doped tin oxide glass provided by Katarzyna Sokdét and Erwin Reisner from the
University of Cambridge. Concentrated (60-120 pm) purified TsdA enzyme in 50 mm HEPES, 50
mm NaCl, pH 7 with 1.25 mM neomycin sulphate was applied to a fresh I0-ITO electrode to form
the protein film for each set of experiments. This was left in an aerobic atmosphere on ice for ~40
minutes before being transferred to an anaerobic chamber, rinsed with anaerobic buffer to

remove loosely-bound materials and transferred to the electrochemical cell.
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Figure 2.4 — Typical arrangement of an 10-ITO electrode in a standard 3-electrode cell.

For each enzyme, multiple cyclic voltammograms were recorded at scan rates of 5, 7, 10,
30, 50, 70, 100 mV s in an arbitrary, non-sequential order to distinguish signals changing over
time from signals changing with scan rate. Before the first scan at each scan rate the electrode
was poised at £ = +500 mV for 5 minutes to fully oxidise the protein film. Experiments were
performed in 50 mm HEPES, 50 mm NaCl, pH 7 buffer-electrolyte and a new electrode was used
for each film of each enzyme. Potentials recorded using the Ag/AgCl reference electrode were
converted to potentials versus standard hydrogen electrode (SHE) by adding +0.197 mV.
Baselines were drawn manually on raw voltammograms using Nova 1.11 software (Autolab) using
voltammograms recorded with a neomycin-coated electrode as a guide. Baseline-subtracted
Faradaic currents were then analysed for Nernstian redox behaviour (Equation 1.2) as fully

described in Chapters 3, 4 and 5.

2.6. Liquid Chromatography Mass Spectrometry

Protein samples (~30 um) in 50 mm HEPES, 50 mm NaCl, pH 7 were transferred to an
anaerobic chamber and incubated with substrates or chemical agents where indicated, typically
for 10 minutes. All samples except i C138H/M and Av C96H/M were subsequently incubated
with 20 mm sodium iodoacetate for 2 minutes to alkylate free thiols so they are unable to react
further during denaturation and liquid chromatography mass spectrometry (LC-MS) analysis.
Samples containing excess sulphite or ferricyanide were then buffer exchanged using 10,000
MW(CO spin concentrators (Thermo Fisher) and an AccuSpin micro 17 centifuge (Thermo Fisher).
Samples were then diluted 10-fold in 2% acetonitrile (MS grade, Honeywell), 0.1% formic acid
(Fluka) in water (MS grade, VWR) and transferred into 2 mL chromatography vials with 250 pL

inserts (Agilent).
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For LC-MS of protein recovered from 10-ITO electrodes, the electrode was removed from its
buffer-electrolyte following voltammetry and kept within the anaerobic chamber. A 5 ulL drop of
100 mm sodium iodoacetate was placed on the I0-ITO surface and left to incubate for 2 minutes.
Following this 200 puL of 2% acetonitrile, 0.1% formic acid was dropped onto the electrode surface
with a gas-tight syringe (Hamilton), and the syringe tip was used to remove the 10-ITO coating
forming a suspension in the solvent drop. This suspension was transferred to an Eppendorf tube
and allowed to sediment under gravity for 5 minutes, after which the supernatant containing
desorbed protein but no ITO particles was transferred into a 2 mL chromatography vial with a

250 plL insert.

For LC-MS measurement, 8 pL of a sample was robotically loaded into a Dionex Ultimate
3000 (Thermo) liquid chromatography system feeding into the electrospray ionisation (ESI) source
of a MicroTOF-QlIl (Bruker) mass spectrometer controlled by HyStar 3.11 software (Bruker). LC-
MS measurements to detect ions over a 50-3000 m/z range were made in positive ion mode with
capillary (end plate) potentials of -4500 V (-4000 V). Nebuliser gas pressure was 0.8 Bar, dry gas
(8 L mint) was heated to 240 °C, funnels 1 and 2 had a radio frequency (RF) potential of 400 V per
plate with no in-source collision induced dissociation (isCID) energy. The hexapole RF potential
was 600 V per plate, the analytical quadrupole had an ion energy of 5 eV, neutral gas collision
energy was set to 10 eV, the collision cell RF potential was 650 V per plate, transfer time to the
time-of-flight (TOF) chamber was 143 us and pre-pulse storage time was 1 ps. The ESI-TOF was
calibrated using ESI-L low concentration tuning mix (Agilent) which in positive ion mode has m/z

peaks from 118-2722.

The m/z peaks of intact TsdA proteins were selected using Compass Data Analysis 4.1
(Bruker) software from chromatograms monitored by total mass intensity and absorbance at 280
nm. These peaks were smoothed using a Gaussian algorithm over a 0.1 m/z window then the ESI
Compass 1.3 Maximum Entropy Deconvolution algorithm was used to deconvolute the m/z data
into mass spectra over a 35,000 — 40,000 Da range (Gj TsdA) or a 25,000 — 35,000 Da range
(Av TsdA).

2.6.1. LC-MS Instrumentation
In time-of-flight (TOF) mass spectrometry (MS) a charged molecule is electrostatically
propelled through vacuum to a detector. If the kinetic energy of propulsion and the distance of
travel are constant, the time of travel can be related to the mass and the charge of the
molecule®. There are many methods used to ionise MS samples so that they have charge, the
method used in this study is electrospray ionisation (ESI), a ‘soft” method suitable for use on

proteins®®. The presence of small, easily ionised molecules such as buffers and salts can often
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make the ionisation of proteins difficult, so prior to ESI-MS, liquid chromatography (LC) was used

to remove these for the work presented here®,

After LC removal of unwanted ions, proteins in solution are pumped at high pressure
through a nebuliser (Figure 2.5), consisting of a very fine needle, sheathed in a neutral gas such as
N,. At the tip of the needle, a fine spray of solution is produced, which is spread and desolvated
by gas pressure within a sealed electrospray chamber. The nebuliser is electrically grounded,
spraying towards an end plate/spray shield which has an extremely low potential (-4000 V). This
potential difference causes many of the sample molecules to gain positive charge, making them
repel each other once desolvation has reached a critical point (Rayleigh limit). These positive ions
are attracted to the spray shield which has a central hole, behind which there is a capillary with an
even lower potential (-4500 V) which draws in the ions. Heated gas pumped in the opposite
direction serves to repel neutral molecules and prevent them from entering the capillary. All
chambers of the instrument behind the capillary are evacuated, so pressure difference and

electromagnetic attraction draw positive ions along the capillary into the first of two funnels.

Funnel 1 consists of stacked metal plates with consecutively narrower concentric holes to
which a radio frequency (RF) potential is applied. This rapidly oscillating current both attracts and
repels the positive ions, with the net effect that they are constrained to the central axis of the
funnel. A positive direct current (DC) potential bias is applied to the first (widest) plate, propelling
the ions further into the funnel, a lower potential bias at the last plate and the funnel base
focuses the ions. Funnel 1 is offset from the capillary axis, so that neutral species will be propelled
onto the sides of the funnel or drawn away by vacuum rather than travelling further into the
instrument. Funnel 2 is similarly constructed, and guides the positive ions through a RF hexapole

with a gating lens and a focusing lens at the end, which combine to shape a narrow ion beam.

The ion beam then passes through an analytical quadrupole into a collision cell filled with a
pressure of neutral gas such as N,. A gate lens halts the path of the ions for a matter of us before
transfer and focussing lenses propel an ion pulse into the TOF chamber. A small percentage (>5%)
of the pulsed ion beam entering the TOF chamber strikes a secondary electron multiplier (SEM)
and detector which is used for monitoring and calibration purposes rather than mass
determination. The remaining ions are electromagnetically accelerated by a stack of concentric
electrodes positioned orthogonally to the ion beam. This acceleration stage applies a set kinetic
energy to the ions, which travel towards a second stack of electrodes, the reflector. The reflector
then propels the ions back towards a detector, minimising any variations in kinetic energy applied
to each molecule. The time it takes for the electrons to reach the detector from the acceleration
stage is recorded and then digitised as m/z peaks which can be monitored in real-time and

subsequently analysed using the Compass (Bruker) software suite.
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3. MCD and PFE of WT Gj and Av TsdA Proteins and their Variants

The structure of Av WT (Figure 1.5) identifies the binding of two c-hemes to the conserved

CXXCH motifs in the amino acid sequence>®3* (Figure 1.7, blue and orange shading). Heme | is
ligated by His-53 and Cys-96 in oxidised crystals, however Cys-96 is modified and/or occupies a
position where it can no longer ligate the heme iron in crystal structures where sulphur oxyanions
are present® (Figure 1.6, B, C). Heme Il is proximally ligated by His-164 but the distal ligand is
either Lys-208 or Met-209 depending on the inferred heme iron oxidation state of the crystalline
protein®®. It is therefore of interest to resolve the axial ligands of the Av WT hemes in solution
and in defined oxidation states. Sequence alignments (Figure 1.7, orange shading) indicate the Lys
ligand (208 in Av WT) is not conserved in the majority of di-heme TsdA enzymes, for which no
crystal structures exist. Consequently it is also of interest to resolve the heme axial ligands of a
representative of these more numerous family members. G WT is the best characterised of this
latter group of enzymes and it is proposed to have His-98/Cys-138 heme | ligation and

His-207/Met-255 heme Il ligation32.

This chapter presents data from MCD spectroscopy that has been used to identify the heme
ligation states of Av and Cj WT in solution where the hemes are in defined oxidation states. PFE is
presented which complements MCD to define Em values for hemes with defined ligation states in
both proteins. PFE was performed with proteins adsorbed on 10-ITO electrodes (see above, 2.5).
Both PFE and MCD were performed in 50 mm HEPES, 50 mm NacCl, pH 7 or the same buffer in D,0,
pH* 7 for nIR MCD. Similar data is presented for Av and Cj variants in which the proposed Cys
ligand of heme | is replaced by His or Met and Av and Cj variants where the proposed Lys ligand of
heme Il is replaced or introduced respectively. Together these results allow full description of the

redox chemistry in these purified TsdA proteins.

3.1. Wild-Type TsdAs
3.1.1. MCD of Oxidised TsdAs.

The MCD spectrum of oxidised ¢ WT in the nIR region has two clear CTs bands indicating
the presence of two chemically-distinct low-spin ferric hemes (Figure 3.1, top right). The band
with a maximum at 1830 nm accompanied by a vibrational shoulder at 1560 nm can be
unambiguously assigned as arising from heme with His/Met axial ligation based on previous
examples of His/Met hemes®***’. With an intensity of 0.8 Mlcm?T! it is likely that this band
represents one heme per monomer of the G WT protein. Another band with a maximum at

1210 nm appears in the region where signals from His/Cys™ co-ordinated hemes have previously
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s likely to represent the second heme

been observed*28; with an intensity of 0.6 Mlcm™T? this

per G WT monomer.
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Figure 3.1 — MCD of oxidised Cj and Av WT. Room-temperature (left) UV/visible and (right) nIR MCD
spectra of 17.6 um (250-450 nm), 163 um (450-700 nm) and 123 um (700-2000 nm) Cj WT and
33.4 pum (250-450 nm) and 175 um (700-2000 nm) Av WT. Samples have been fully oxidised by sub-
stoichiometric potassium ferricyanide. All data recorded at room temperature in 50 mm HEPES,
50 mm NaCl, pH 7 or the same buffer in D20 pH* 7 for nIR MCD.

The UV/visible MCD of oxidised Cj WT has a Soret feature centred on 415 nm with
approximately equal positive and negative intensity. This is consistent with only low-spin ferric
hemes being present (Figure 3.1, top left). The peak-to-trough intensity of 200 Mlcm™T? for the
protein is lower than would be expected for two low-spin hemes, which typically have intensities
of 150 Mlem™T?! per heme when ligated by some combination of His, Lys or Met. This value is
consistent with there being one thiolate-ligated heme with a peak-to-trough intensity of
50 Mtem T 4489 together with one ‘typical’ heme?’. The aff region has two overlaying low-spin
ferric signals and the negatively-signed features of each of these are resolved. The trough at
566 nm corresponds to the ‘typical’ ligation heme species and the red-shifted broader, lower-

intensity trough at 580 nm arises from thiolate-ligated heme?®*%°.

In the MCD there are broad, low-intensity negative signals at 635 nm and 720 nm, the latter
of which appears in both UV/visible and nIR MCD spectra. These bands could tentatively be

assigned as arising from the His/Cys™ and His/Met S(p) — Fe(d) transitions respectively®, although
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the former could also represent the CT, band of a trace (<10%) population of high-spin His/H,0
ligated heme with the positive shoulder at 940 nm being part of the corresponding CT; band®.
The assignment of these minor features is unnecessary as the rest of the MCD spectrum in both
regions is entirely consistent with oxidised Cj WT in solution having His/Cys’ ligation at heme | and
His/Met ligation at heme I, confirming the previous inferences made from site-directed

mutagenesis and electronic absorbance spectroscopy®.

The nIR MCD of Av WT has a CTs band at 1250 nm consistent with His/Cys™ ligated heme
(Figure 3.1, bottom right) consistent with the structure of the oxidised protein®®3. However there
is no band at 1830 nm, ruling out His/Met ligation. Instead, there is a CTs band at 1510 nm in a
region where examples of bis-nitrogen ligation have been previously observed®’; this 1510 nm
band can be specifically assigned as His/Lys due to the absence of a plausible distal histidine
ligand in crystallographic data® and the sharp appearance of the band**. The intensity of this
feature is 1.7 Mtem™*T?, consistent with one His/Lys heme per Av WT monomer. Although the
His/Cys band is more intense than would be expected for a single heme, this is likely due to
overlapping intensity from the vibrational shoulder of the His/Lys band and so His/Cys heme

cannot be unambiguously quantified from the oxidised nIR MCD.

The Av WT Soret feature has a peak-to-trough intensity of 280 Mcm™T?, more intense
than from Gj WT consistent with His/Lys in the place of His/Met ligation (Figure 3.1, bottom left).
Although this signal has greater positive than negative intensity, it is likely that this is due to
unresolved ferric signals rather than ferrous heme. There is a negative shoulder at 430 nm, likely
to be the separately resolved negative lobe of a red-shifted, lower intensity thiolate-ligated Soret
feature. Unlike for Gj WT, there is no clear resolution of two separate signals in the of8 region and
no indication of a His/Met S(p) - Fe(d) CT band. There is also a broad, low-intensity feature at
633 nm which could either be a trace (<10%) population of high-spin heme or the S(p) — Fe(d) CT
band for His/Cys ligated heme. Again, the assignment of this minor feature is not critical as the
rest of the spectrum accounts for >90% of the sample. MCD is entirely consistent with His/Cys
ligation at heme | and His/Lys ligation at heme Il in agreement with crystallography of the as-
isolated (oxidised) enzyme®. Table 3.1 presents a summary of spectroscopic features for G WT, Av

WT and all proteins studied in this work.

Based on previously reported examples of hemes with His/Cys ligation; human
cystathione-B synthase (Ew = -350 mV)®!, the novel cyanobacterial cytochrome TI0287
(Em = -255 mV)®? and the bacterial thiosulphate oxidase SoxA (Em =-432 to -340 mV)**3 it is likely
that heme | in both enzymes has Em < -250 mV. With His/Met ligation, heme Il in Gj WT is likely to
have a higher Ev value as previously reported examples of these hemes range from Ey = +20 to

+390 mV4%>, Whilst there are few examples of hemes with His/Lys ligation in both ferric and
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ferrous states, that in the Thiobacillus versutus cytochrome csso M100K variant also has a lower
Em value (Em=-77 mV)®® than most His/Met hemes. It is therefore predicted that Cj WT with
His/Cys and His/Met hemes will be electroactive over a larger potential range than Av WT with
His/Cys™ and His/Lys hemes. If the proposed His/Lys to His/Met heme Il ligand switch® does occur
in the latter protein it is likely that both enzymes will be electroactive over a similar potential
window. To investigate the redox properties of the hemes and assign Em values, PFE has been

employed.

Table 3.1 — (Magneto) optical bands for TsdA enzymes and variants. Data recorded at pH 7, 293 K.
Soret, CTis, bands were resolved at the wavelengths (Asoret, Ats) and intensities (€, Ag) indicated.
* = inferred heme ligands, ¥ = heme Il assumed to be identical to ¢j WT, heme | calculated by
subtraction, * = calculated by subtraction.

Heme I CTs Heme Il CTys
Variant Asoret (€) Ligation s (Ae) Ligation s (Ag)
nm (mMm1cm?) nm (mvmlcm1T1) nm (mm1cm1T1)
G WT 415 (190) His/Cys 1215 (0.50) His/Met 1825 (0.74)
Gj C138M 413 (210) His/Met 1735" (0.51) His/Met 1825* (0.74)
Cj C138H 411 (230) His/His 1480 (1.03) His/Met 1820 (0.82)
His/Lys 15307 (0.64)
Cj N254K 407 (200) His/Cys 1250 (0.40) or
His/Met 1830 (0.47)
His/Lys 1505 (1.6)
AvWT 407 (208) His/Cys 1240 (0.42) or
His/Met -
His/Lys* -
Av C96M 412 (210) His/Met* - or
His/Met* -
Av C96H 411 (210) His/His* - His/Lys* -
Av K208N 407 (190) His/Cys 1140 (0.45) His/Met 1790 (0.83)

3.1.2. PFE of TsdAs.

In the following sections PFE of Av and Cj WT proteins is presented as black lines. The
behaviour predicted by a single, reversible, Nernstian n = 1 redox process (Equation 1.2) is
indicated by coloured lines and assigned as either X, Y or Y’ to aid their description. The sum of
modelled contributions is presented as black circles. A similar format is used throughout this

thesis and all potentials are quoted versus the standard hydrogen electrode (SHE).
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Representative PFE of Cj WT on an I0-ITO electrode is presented in the upper panel of
Figure 3.2. In the absence of protein the CV shows only current from charging and discharging the
electrode and no peaks. Although the charging current recorded in the first voltammogram differs
from subsequent scans, the signals assigned to Faradaic processes do not change over >20 cycles.
At v=10mV s? two pairs of peaks (X and Y) are observed which are well described by the
theoretical response for two independent, reversible n= 1 processes. Taking the average of Ep,
and Epc for each process gives Em=-186 mV and Ey = +172 mV for X and Y respectively. MCD has
identified two hemes (Figure 3.1, upper panel) with different chemical environments in the
oxidised protein, consistent with two centres having different Ev values. If all hemes were to
exchange electrons with the electrode equally, the areas of each pair of signals would be equal.
However this is not the case and the areas of the lower potential peaks (X) are only approximately
25% those of the higher potential peaks (Y). This feature of the voltammetry is considered further

below.

Current (pA)

-0.4 -0.2 0 0.2 0.4
Potential vs. SHE (V)

Figure 3.2 — Representative CV of wild-type Cj and Av TsdA adsorbed on 10-ITO. Raw data (outer
black line) with baselines (dashed line) used to prepare baseline-subtracted CVs (inner black line) of
TsdA enzymes in 50 mm HEPES, 50 mm NaCl, pH 7, v =10 mV s}, T= 277 K. Each peak has been fitted
to predicted n=1 theoretical responses (red and blue lines). The sum of these contributions is also
shown (black circles).

PFE of Av WT is also unchanged over >20 cycles once the initial charging currents have
stabilised. A representative CV recorded at v =10 mV s* (Figure 3.2, lower panel) features a more
complex Faradaic response than Cj WT. For Av WT there is a pair of peaks at high potential which

is well described as an n = 1 redox centre with Em = +266 mV (Y). However, for Y the area of the
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oxidative peak is much larger than the reductive peak. There is also a signal at low potential which
is too broad to be a single n = 1 process and there is structure in the reductive current suggestive
of two overlapping peaks. This signal is well-described as the sum of an n = 1 process with
Em=-181 mV (X) having equal oxidative and reductive areas and an n = 1 redox centre with
Em=-129 mV (Y’) where the area of the reductive peak is much larger than the area of the
oxidative peak. The total area of X is approximately equal to the sum of Y and Y’. This suggests the
latter two signals arise from the same redox centre and consequently equal electroactive

populations of centres give rise to X and (Y + Y’).

The Faradaic response of the Av WT film is rationalised as arising from two redox centres.
One redox centre, i.e. heme, undergoes reversible, Nernstian oxidation and reduction centred on
Em = -181 mV giving rise to peaks X. The second redox centre, i.e. heme, has most of its
electroactive population reduced at -129 mV (Y’) and then oxidised at +266 mV (Y). This indicates

a redox-driven change in chemical environment at the Av WT heme which gives rise to Yand Y’.

Voltammetry was also recorded using Av and Cj WT coated |O-ITO electrodes in
100 mmMm Ammonium Acetate, 50 mm NaCl, pH 5; 50 mm MES, 50 mm NaCl, pH 6 and 50 mm TAPS,
50 mm NaCl, pH 8 (data not shown). Although Faradaic peaks were centred on different Ev values,
the overall appearance of voltammograms and the relative areas of X, Y (and Y’ for Av WT) were

unchanged from pH 7, suggesting that the ligation of the TsdA hemes does not vary over pH 5-8.

It will be seen in Chapter 5 that thiosulphate (tetrathionate) added to electrodes coated
with Av and Cj WT results in positive (negative) catalytic currents due to substrate oxidation
(reduction) (Figure 5.2). This suggests that adsorption onto |0-ITO does not significantly perturb
the TsdAs from their native form and that both MCD and PFE are interrogating the same form of
the enzyme. To assign peaks in the PFE to redox activity of the hemes I (ll) with a specific ligand
set, solutions of the enzymes were chemically poised at potentials that PFE suggests will reduce
only one of the TsdA hemes. MCD was then recorded to identify the ligand set of the heme that
remains oxidised, as described below. This potentiometric interrogation also served to identify
the chemical change in Av WT heme environment upon reduction that can account for the peaks

YandY'.

3.1.3. MICD of Semi- and Fully Reduced TsdAs.
In the following sections, MCD of TsdA fully oxidised by ferricyanide is presented as black
lines, MCD of samples poised at £ = +60 mV with ascorbate (see above, 2.4) is presented as red
lines and that of samples poised at E = -500 mV*’ by subsequent incubation with dithionite is

presented as grey lines. A similar format is used throughout this thesis.
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MCD of Cj WT incubated with ascorbate shows no trace of the 1830 nm His/Met CT.s band
showing that low-spin ferric His/Met heme is no longer present (Figure 3.3, top right). The
1210 nm CTs band is largely unaffected in intensity, but there is now clear resolution of its
vibrational sideband at 1060 nm which may be diagnostic of a subtle change in the chemical
environment of heme |. In the UV/visible spectrum the ferric Soret feature is broader and less
intense than in the fully oxidised enzyme (Figure 3.3, top left), consistent with only thiolate-
ligated heme remaining in the ferric state. A more intense red-shifted Soret with greater positive
than negative intensity has appeared and there is a sharp o band at 552 nm, both of which
indicate the presence of low-spin ferrous heme. The peak-to-trough intensity of the a band is
370 Mlem™T?, consistent with one His/Met heme per Cj WT monomer being reduced to the

ferrous state at £ =+60 mV.
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Figure 3.3 - MCD spectra of oxidised, semi-reduced and reduced Cj and Av WT. Room-temperature
(left) UV/visible and (right) nIR MCD spectra of 17.6 um (250-450 nm or 250-700 nm reduced), 163
pUM (450-700 nm) and 123 um (700-2000 nm) Cj WT or 30 um (250-700 nm) and 170 um (700-2000
nm) Av WT. Samples have been fully oxidised by sub-stoichiometric potassium ferricyanide (black),
poised at +60 mV with 1.5 mm sodium ascorbate (red) or poised at <-300 mV with 1.5 mm sodium
dithionite (grey). All data recorded at room temperature in 50 mm HEPES, 50 mm NaCl, pH 7 or the
same buffer in D20 pH* 7 for nIR MCD.

The addition of dithionite removes all traces of low-spin ferric signals in the UV/visible MCD
spectrum and increases the intensity of the low-spin ferrous signals. The peak-to-trough intensity

of the 552 nm feature is now 470 mMlcm?Tl The 100 Mlcm™T? increase compared to the

57



ascorbate-treated sample is unusually high for one population of thiolate-ligated low-spin ferrous

heme, so may indicate the presence of some thiol®® or (bi)sulphide ligation (Figure 1.6, C).

Taken together the MCD spectra of oxidised and ascorbate-incubated Cj WT indicate that at
E = +60 mV the His/Met heme Il of this enzyme is fully reduced and the His/Cys heme | fully
oxidised. At E = -500 mV both hemes are fully reduced. Therefore the high potential signals in PFE
(Y, Figure 3.2, top panel) represent the electroactivity of heme Il and the low potential signals
(X, Figure 3.2, top panel) relate to the electroactivity of heme I. In addition, it is concluded that no
heme has electroactivity outside of the potential window chosen for PFE experiments and PFE
and MCD experiments provide consistent data. The assignments of Eu and ligand sets for GG WT

are summarised in Table 3.2 together with those for all proteins studied in this work.

Table 3.2 — Heme ligation states and Ew values for TsdA enzymes and variants. Data recorded at
pH 7, 277 K, v = 10 mVs. Average of oxidative and reductive Er values from baseline-subtracted
voltammograms have been used to calculate Em. Fitted n = 1 areas of oxidative (Qox) and reductive
(Qred) peaks are presented as pmol of electrons. * = inferred heme ligands.

Hemell Heme Il
Variant Ligation Em Qox(Qred) Ligation Em Qox(Qred)
mV pmol mV pmol
G WT His/Cys -186 27 (38) His/Met +172 145 (122)
G C138M | His/Met +94 177 (170) His/Met +174 177 (145)
Cj C138H His/His -100 123 (110) His/Met +160 220 (220)
e — His/Lys 171 16 (45)
J i His/Cys’ 115 45 (55) or
seans His/Met +205 120 (45)
scan 1 His/Cys’ -115 50 (35) His/Met +203 125 (103)
His/Lys -129 27 (87)
AvWT His/Cys’ -181 115 (138) or
His/Met +266 95 (27)
His/Lys* ~-172 ~100 (~130)
Av C96M His/Met* +94 160 (135) or
His/Met* +270 95 (9)
Av C96H His/His* -211 85 (85) His/Lys* -158 85 (85)
AvK208N | His/Cys -173 55 (55) His/Met +264 168 (140)
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In the MCD of the ascorbate-incubated Av WT sample, the 1510 nm His/Lys CTs band has
diminished to only ~10% of the intensity in the di-ferric form (Figure 3.3, bottom right); this now
permits clear resolution of the His/Cys™ CTis band at 1230 nm with an intensity of 0.5 Mecm™T?,
similar to the band in ¢ WT and consistent with one ferric His/Cys" heme per monomer. In the
UV/visible region a broad, low-intensity Soret feature typical of thiolate-ligated low-spin ferric
heme is present with a peak-to-trough intensity of 110 Mecm™T? (Figure 3.3, bottom left),
consistent with a small (~10%) population of non-thiolate ligated low-spin ferric heme in addition
to one thiolate-ligated heme. A red-shifted, asymmetric Soret peak has appeared along with a
sharp o band at 553 nm indicating low-spin ferrous heme. This a band has a broader appearance
than is typical for hemes with bis-nitrogenous ligation, but is explained if there has been a switch
to His/Met ligation. Consistent with this proposal, the a peaks of ascorbate-incubated Av WT and
Cj WT have a similar appearance. From the peak-to-trough intensity of this band (348 Mlcm™T?)
ascorbate-incubated Av WT is therefore assigned as having ~90% of one heme population both

ferrous and His/Met ligated.

At 830 nm there is a low-intensity bisignate CT; band indicating that the previously-
detected minor (<10%) high-spin ferric heme population is unaffected by ascorbate. Incubation
with dithionite removes all trace of low-spin ferric heme in both the Soret and af} regions and
increases the intensity of the low-spin ferrous signals. The peak-to-trough intensity of the o band
is now 490 Mlem™T?, consistent with one thiolate-ligated ferrous heme and one methionine-

ligated ferrous heme.

The MCD of semi-reduced (E = +60 mV) Av WT shows ~90% His/Lys heme Il is reduced and
switches to His/Met ligation, while His/Cys heme | remains fully oxidised. All hemes are reduced
by excess dithionite (Em = -500 mV). The low potential signals (X, Figure 3.2, bottom panel) in PFE
are therefore assigned to the redox activity of heme | as their electroactivity is entirely below
+60 mV. The remaining signals (Y and Y’, Figure 3.2, bottom panel) are assigned as both arising
from the redox activity of heme Il, with the following rationalisation. His/Lys ligated ferric heme Il
is reduced to the ferrous state (Y’), Met-209 then displaces Lys-208 as a heme Il ligand in much of
the protein as suggested by crystallography®. This ligand switch increases the Ey of this heme
(Figure 3.4, top left grey arrow) so that this ferrous His/Met ligated heme Il population is oxidised
at a higer potential (Y). Met-209 is then displaced by Lys-208 in ferric heme I, lowering the Ey of
this heme again (Figure 3.4, bottom right grey arrow). This behaviour is consistent with Av WT

/.33

crystallography data and confirms that the heme Il ligand switch proposed by Brito et al.>> occurs

in an 10-ITO adsorbed enzyme film.

When Ey is known for a heme, the change in Gibbs free energy (4G) for that redox

transition can be calculated from the following relationship:

59



AG = —nFEy Equation 3.1

The binding constant (Ki) for Lys or Met as heme ligands can also be described in terms of free

energy change:

AG = —RTInK, Equation 3.2

Each of the four possible transitions between heme Il ligand sets and oxidation states can then be
arranged as a square scheme (Figure 3.4) and the sum of AG in a clockwise direction calculated.
Rearranging the resultant expression gives the ratio of the His/Lys to His/Met binding constants
for ferrous heme (K4™¢) and ferric heme (Ks). The ratio (K4%/ K = 5 x 10°) is positive for Av WT
emphasising that at heme I, this enzyme has a thermodynamic preference for His/Lys ligation in

the ferric state and His/Met ligation in the ferrous state.

Lys
@D oy D
His His
=-nFE,,=%12 ki mol-
1
AG =-RTIn (1/ K 9 AG = -RT In (K4°¥)
Met
@D = -

-266 mV
AG = -nFE =26 k) mol!

Figure 3.4 — Heme Il ligation in Av WT. Oxidation of the heme Il iron causes displacement of
methionine by lysine as a heme ligand, the reverse occurs upon reduction. The ratio of binding
constants (Kda"/Ks®) can be calculated for the Lys-208 = Met-209 ligand switch. Grey outlined
arrows show redox-driven events resolved by PFE.

As described above, fully reduced Av and G WT were prepared using dithionite as it has a
suitably low potential®, is the same agent used in crystallographic studies previously® and has
absorbance only at 314 nm, unlikely to obscure any heme signals. However dithionite (S,04%) is
also a substrate mimic for TsdA enzymes, so electronic absorbance spectroscopy was used to
investigate evidence of any change in heme environment caused by dithionite other than
reduction of the hemes.
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The electronic absorbance spectrum of Av WT incubated with excess dithionite was
compared to that of the same enzyme incubated with europium (ll) chloride in complex with
ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) (Em = -880 mV)®.
Similarly, the electronic absorbance spectrum of G WT with excess dithionite was compared to
that of G WT incubated with excess europium (1) chloride (Em = -350 to -430 mV®®). The heme
peaks in the two Av WT spectra are virtually identical and the same is true for G WT (Figure 3.5).
This suggests that the presence of dithionite or its sulphur-containing breakdown products is not

modifying the TsdA enzymes in any way other than acting as a reducing agent.
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Figure 3.5 — Electronic absorbance spectra of fully reduced Cj and Av WT. Samples incubated with
excess sodium dithionite (grey lines) or excess EuCl2 (Cj WT, top black line) or EuChL-EGTA (Av WT,
bottom black line) in 50 mm HEPES, 50 mm NaCl, pH 7.

3.2. MCD and PFE of TsdA Variants.

The combination of MCD and PFE data used to characterise Av and Cj WT has lead to a
proposal for heme ligation states and Em values. For Av WT it has provided evidence for redox-
driven ligand switching at heme Il. For Cj WT it has also provided evidence of unequal
electroactive populations of hemeslandll. To test the validity of these proposals and shed
greater insight into the redox chemistry of these enzymes, variants of both proteins were studied

by the same approach; the results from these investigations are described below.

3.2.1. G TsdA Heme | Environment Cys-138 = Met and His Variants.
Cj TsdA variants were investigated where the heme | cysteine ligand is substituted by the

coordinating residues histidine or methionine3 that are unlikely to be modified by sulphur
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chemistry and which typically give rise to low or high Ey hemes respectively?®. These variants are
catalytically inactive in solution assays®? (Figure 1.4) and also on IO-ITO electrodes (data not
shown), consistent with an essential mechanistic role for the heme I cysteine®. MCD spectra were
recorded for both fully oxidised variants (Figure 3.6). In the nIR region, both have a ~1800 nm CT;s
band indicative of low-spin ferric heme with His/Met ligation similar to that observed for ¢ WT
(Figure 3.1, top panels). As with the wild-type enzyme, these bands disappear when the sample is

incubated with ascorbate (E = +60 mV).
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Figure 3.6 — MCD spectra of Cj TsdA heme | variants. Room-temperature (left) UV/visible and (right)
nIR MCD spectra of 17.6 um (250-450 nm or 250-700 nm reduced), 163 um (450-700 nm) and 123 um
(700-2000 nm) Cj WT; 160 um (700 nm — 2000 nm) and 40 pum (250 — 700 nm) or 25 pum (250 — 700 nm
dithionite) Cj C138M; 170 um (450 — 2000 nm) and 18 um (250 - 450 nm or 250 — 700 nm reduced)
Cj C138H. Samples are oxidised by sub-stoichiometric potassium ferricyanide (black) or reduced by
1.5 mMm sodium ascorbate (red) or 1.5 mM sodium dithionite (grey). All data recorded in 50 mm HEPES,
50 mm NaCl, pH 7 or the same buffer in D20 pH* 7 for nIR MCD.
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Representative voltammograms recorded at v=10 mVs? for both ¢j C138M and C138H
(Figure 3.7, left) feature a pair of peaks (Y) with Em = +200 mV which are well described by the
theoretical response for a reversible n = 1 process (Equation 1.2). These are largely identical to the
peaks assigned to heme Il in i WT (Figure 3.2, top panel) confirming that these variants have
retained wild-type His/Met ligation at heme Il, as expected when only a predicted heme | ligand

has been substituted (Table 3.2).

The His/Met CTs band for the C138M variant (Figure 3.6, middle panel) has Amax at 1750 nm
and a vibrational shoulder at 1460 nm and is the only signal resolved in the nIR region. The broad
appearance of this feature and intensity of 1.13 M'cmT? suggests two non-identical His/Met
heme populations give rise to largely overlapped CTis bands. The UV/visible MCD is consistent
with this, resolving only signals for low-spin ferric heme. The Soret has a peak-to-trough intensity
of 337 MmlemT? consistent with two ferric methionine-ligated hemes per TsdA monomer. When
this sample is incubated with ascorbate, all signals disappear from the nIR region and a sharp
o band appears at 552 nm in the UV/visible region. This band has a peak-to-trough intensity of
378 Mlem™T! consistent with two low-spin methionine-ligated ferrous hemes. Further incubation
with dithionite does not change the spectrum any further suggesting a lack of redox activity at
E < +60 mV and implying no electroactivity below +60 mV in PFE. Voltammetry of the C138M film
(Figure 3.7, centre left) features two pairs of peaks; Y as described above is overlapped by peaks
(X) with a similar area, centred on a slightly lower potential (Em = +94 mV) well described by n=1
processes. Assuming Heme Il is unchanged from Cj WT, the C138M variant is therefore assigned

as having His/Met ligation and Ey = +94 mV at heme | (Table 3.2).

MCD of the C138H variant (Figure 3.6, bottom panel) has a prominent CT;s band at
1480 nm, with a vibrational shoulder at 1220 nm typical of low-spin ferric heme | with bis-
nitrogenous co-ordination. Some of the apparent intensity of this band is likely to arise from
overlap with the vibrational shoulder of the 1820 nm His/Met CTs band. In the UV/visible region
only low-spin ferric heme signals are present and the Soret feature has a peak-to-trough intensity
of 320 Mem™T? consistent with two non-thiolate ligated hemes. Incubation with ascorbate
eliminates all trace of the His/Met CTs band and the bis-nitrogenous CTs band is clearly resolved
at 1480 nm, with an intensity of 0.96 Mlcm™T? consistent with a single remaining ferric heme
population. The UV/visible region of the spectrum features a sharp o band at 552 nm with a peak-
to-trough intensity of 212 Mlem™T? consistent with a single low-spin ferrous heme population
with His/Met ligation. Incubation with dithionite eliminates all signals indicative of ferric heme
and increases the size of the ferrous o band to 622 mlcm™T?, consistent with the presence of one
additional nitrogen-ligated ferrous heme population. In the crystal structures of Av and Mp WT

there are no nitrogenous residues that would commonly be considered as heme ligands in the
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1%, Assuming the folding of this region is similar in G C138H, from sequence

vicinity of heme
comparisons (Figure 1.7) the only nitrogenous ligand present would be the introduced His-138.

Therefore, heme | can be assigned as having His/His ligation.
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Figure 3.7 — Representative CV of Cj TsdA heme I variants. (Left) Raw data (outer black line) with
baselines (dashed line) used to prepare baseline-subtracted CVs (inner black line) of G WT and
C138M/H variants on |0-ITO electrodes. v = 10 mV s, T= 277 K. Each peak has been fitted to two
predicted n=1 theoretical responses (red and blue lines) and the sum of these contributions (black
circles). (Right) Representative cyclic voltammograms recorded at v = 5 (grey line, shaded area), 10,
50 and 100 mV s (black line) normalised by scan rate. All data recorded in 50 mm HEPES, 50 mm
NaCl, pH 7, T =277 K.

Voltammetry of Cj C138H (Figure 3.7, bottom left) has a pair of peaks (X) with
approximately 50% of the area of the Ey = +160 mV His/Met peaks (Y). The signals X are well
described by a reversible n = 1 process with Em= -100 mV and can be assigned as the

electroactivity of His/His ligated heme | which is not reduced by ascorbate (Table 3.2).
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For both Cj C138M and C138H the MCD signals and PFE peaks which were assigned to
heme | with His/Cys  ligation in G WT are absent. Those features are replaced by signals and peaks
arising from heme ligated by the introduced ligands. MCD signals and peaks assigned to the
unmodified His/Met ligated heme Il in Cj WT are retained, giving further confidence in the ligation

states and Emvalues proposed for the G WT hemes (Table 3.2).

To be certain the scan rate chosen for experiments allows communication of all redox
centres with the electrode, voltammograms were recorded over a range of scan rates. For surface
adsorbed species current is directly proportional to scan rate®. However, peak area expressed as
the moles of electrons (Nmoi) transferred in the corresponding process is independent of scan rate
if total redox activity is the same for the scan rates in question. As a consequence, peak areas
presented as current divided by scan rate (Figure 3.7, right panels) provide an immediate visual
impression of any change in total redox activity as a function of change in scan rate. For j WT,
although the total number of electrons transferred by heme | is always much less than heme ||,
these numbers remain constant for both hemes over the range of scan rates investigated. The
moles of electrons transferred by either heme of Cj C138M also changes very little with scan rate.
Contrastingly, for Cj C138H when the scan rate is lowered to 5 mV s the number of moles
transferred during oxidation of heme | (X) is equal to that of heme Il (Y). As scan rate increases the
moles of electrons transferred by heme Il does not change, however the moles of electrons

transferred by heme | decreases as scan rate increases for both oxidation and reduction.

For G WT and all TsdA enzymes featured in this Thesis, there is separation of E, values as
v>30 mV s?indicative of rate limiting interfacial electron transfer at higher scan rates®. This was
visualised in a manner that allows side-by-side comparison each peak for each enzyme, by
plotting the difference in peak separation (AE,) at each scan rate (Figure 3.8). Each of these
‘trumpet’ plots® has a similar shape and is well described by algorithmically predicted E, values
for a n = 1 process with k° = 1.0 +0.5 s’X. There is no evidence, therefore, that there is any
difference in the rate that electrons are transferred between any of the TsdA hemes and the
electrode, although there is clearly a discrepancy in the number of electrons transferred for G WT
and Cj C138H at v>5mV s, This suggests that for some molecules of Cj WT, heme | does not
exchange electrons with the electrode even when heme Il does. For Cj C138H, the electroactivity
of heme | is instead being progressively ‘tuned out’ at faster scan rates. This phenomenon will be

discussed further at the end of the following section (see below, 3.2.2).
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Figure 3.8 — Scan-rate dependency of peak potentials in TsdA voltammograms. Difference in peak
potentials (AEp) of low (Ep 10) and high (Ep ni) potential signals are shown for G WT (black circles),
Gj C138H (cyan squares), Cj C138M (purple crosses), G N254K (pink stars), Av WT (red triangles),
Av C96H (orange asterisks), Av C96M (blue triangles) and Av K208N (maroon diamonds). Positive
(negative) values are determined from peak oxidative (reductive) currents. Lines show Ep predictions
calculated from the Butler-Volmer equations (Equation 1.6) with k° = 1 s using Jellyfit v2.1, Lars
Jeuken, University of Leeds. All data recorded in 50 mm HEPES, 50 mm NaCl, pH 7, T =277 K.

3.2.2. Av TsdA Heme | Environment Cys-96 = Met and His Variants.

Variants were also investigated where the proposed heme | cysteine ligand of Av WT is
substituted by histidine or methionine®. As with Cj C138M/H these variants are unlikely to
participate in sulphur chemistry and are catalytically inactive both in solution assays® (Figure 1.4)
and on I0-ITO electrodes (data not shown). There was no opportunity to record MCD of these
variants, so electronic absorbance spectroscopy and PFE have been used to infer information
about heme spin- and oxidation states in these variants together with characterising their redox

activity.

The electronic absorbance spectrum of as-isolated Av C96M (Figure 3.9, centre panel) has a
Soret peak at 412 nm and a broad, low intensity of band indicating low-spin ferric heme. The
absence of high-spin signals is consistent with a strong field ligand binding to the heme | iron in
place of the removed Cys-96. This is inferred to be the introduced Met-96 as this is likely to be the
only suitable ligand within binding distance of the heme | iron, assuming the folding of this variant
is not substantially changed from Av WT®. Incubation with ascorbate leads to the appearance of
sharp aff bands and a more intense, red-shifted Soret arising from low-spin ferrous heme.

Dithionite incubation increases the intensity of these features.
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Figure 3.9 - Electronic absorbance spectra of Av TsdA Heme | variants. 17.6 um Av WT,
62 uMm Av C96M and 82 pum Av C96H as prepared (black line) or 17.6 um Av WT, 4 um Av C96M and 4
UM Av C96H incubated with 1.5 mm sodium ascorbate (red line) or 1.5 mm sodium dithionite (grey
line). All samples in 50 mM HEPES, 50 mM NaCl, pH 7

It is assumed that this variant is fully reduced by dithionite as MCD of dithionite incubated
Av WT (Figure 3.3, top panel) shows no trace of ferrous heme and the electronic absorbance of
this sample has af§ bands identical to those for dithionite incubated Av C96M (Figure 3.9, top
panel). Comparing the intensity of the o peak after ascorbate incubation to that of dithionite-
fully-reduced protein indicates ~70% reduction of the total heme population at £=+60mV,
suggesting that the majority of Av C96M heme electroactivity occurs at potentials above this. This
observation is consistent with the Ey of heme | being raised by replacement of His/Cys with

His/Met ligation.

A typical voltammogram recorded at v = 10 mV s* for Av C96M shows complex signals with
a clear difference between oxidation and reduction (Figure 3.10, centre left). There is one clear,

reversible signal well described by an n = 1 process with Em = +94 mV (X). No other variants have
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peaks similar to this, so this signal is assigned as the electroactivity of His/Met ligated heme I.
There is also a signal at higher potential with a larger oxidative than reductive area and a broad
signal at lower potential with a larger reductive than oxidative area. Although the high potential
signal is well described by a single n = 1 process with Em = +270 mV (Y), the low potential signal is
broader than one n = 1 process with Ey =-173 mV (Y’). The sum of the oxidative areas of Y and Y’
is approximately equal to the sum of their reductive areas, so Y and Y’ are assigned as His/Met
and His/Lys ligated heme Il respectively (Table 3.2). This assumes that the heme Il electroactivity
of Av C96M is similar to Av WT, as only the heme | environment has been intentionally modified.
The broad appearance of Y’ is rationalised if a dynamic Lys-208 to Met-209 ligand switch gives rise
to non-reversible signals which are not appropriately described by the waveshapes presented in

Chapter 1 (Equation 1.2) used for peak modelling.

The electronic absorbance of as-provided Av C96H (Figure 3.9, bottom panel) also has only
low-spin heme bands, consistent with the introduced His-96 ligand coordinating heme I. The Soret
band Amax is 411 nm and there is a broad of3 band, both consistent with only low-spin ferric heme
being present. The Soret peak is sharper than the same feature in Av WT and does not have the
higher wavelength shoulder. This appearance is consistent with substituting thiolate ligation at
heme | with a non-thiolate heme ligand, so that both hemes now give rise to similar features

which are sharper than those arising from thiolate-ligated hemes.

Ascorbate incubation causes some heme reduction indicated by a small increase (~20%) of
the a band intensity and a red shift of the Soret peak (Figure 3.9, red line). The Soret band of
ascorbate-incubated Av C96H is narrower and sharper than ascorbate-incubated Av WT and
Av C96M consistent with a (greater) population of bis-nitrogen-ligated ferrous heme in this
variant. Dithionite incubated Av C96H (Figure 3.9, grey line) has similar intensity o3 bands to
ascorbate-incubated Av WT and C96M suggesting that this variant is also fully reduced at
E= -500 mV. Unlike AvC96M, Av C96H is expected to be mostly electroactive at £ <60 mV

consistent with the presence of a typically low Eyv His/His heme in the latter protein.

A representative voltammogram for Av C96H (Figure 3.10, centre left) has one pair of broad
signals at a low potential. The broad signals are well described as the sum of two pairs of
reversible n = 1 contributions with equal areas and Ey = -211 mV (X) and -158 mV (Y). Assuming
that the potential of His/Lys ligated heme Il does not change significantly in this variant compared
to Av WT, it can be inferred that Y arises from His/Lys ligated heme II. Unlike Av WT this signal has
equal oxidative and reductive areas and there is no detectable electroactivity at £>0mV
consistent with minimal reduction by ascorbate (E = +60 mV) in solution. There is therefore no
evidence of a Lys-208 to Met-209 ligand switch at heme Il in this variant. Assuming the Ey for

heme | does not change substantially when Cys-96 is replaced by His-96 as a heme ligand, as is
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observed in Cj C138H, it is possible to assign X as the electroactivity of His/His ligated heme |
(Table 3.2).
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Figure 3.10 — Representative CV of Av TsdA heme | variants. (Left) Raw data (outer black line) with
baselines (dashed line) used to prepare baseline-subtracted CVs (inner black line) of Av WT and
C96M/H variants on 10-ITO electrodes. v = 10 mV s, T= 277 K. Each peak has been fitted to two
predicted n=1 theoretical responses (red and blue lines) and the sum of these contributions (black
circles). (Right) Representative cyclic voltammograms recorded at v = 5 (grey line, shaded area), 10,
50 and 100 mV s (black line) normalised by scan rate. All data recorded in 50 mm HEPES,
50 mm NaCl, pH 7, T=277 K.

As scan rate is varied from v =5 mV s to 100 mV s, the number of electrons transferred
by the hemes of Av C96H remains constant (Figure 3.10, bottom right) in a similar way to the
Cj C138M variant. Contrastingly, the number of electrons transferred by heme | in Av C96M
decreases as scan rate increases above 5 mV s (Figure 3.10, centre right) whereas the total area
of heme Il signals remains constant. This behaviour is comparable to j C138H and may relate to
both of these variants having a ~200 mV difference between their heme | and Il Eyv values, even
considering the two possible heme Il ligation states in Av C96M. The decreased thermodynamic
driving force for inter-heme electron transfer due to this difference in Em may therefore be one

factor limiting electron transfer to heme | in these variants at v>5mV s,
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Voltammetry for Av TsdA enzymes and variants was recorded over a range of scan rates
(5 to 100 mV s1) in a similar way to Cj TsdA enzymes and variants. In Av WT, as scan rate increases
the area of the oxidative peak for His/Met ligated heme Il becomes smaller relative to the low
potential oxidative peak(s). This implies that less of heme Il is being oxidised with His/Met ligation
at higher scan rates, rationalised if heme Il is reduced (Figure 3.4, top blue arrow) faster than Lys-
208 is displaced by Met-209 (Figure 3.4, right red arrow). Consistent with this, the area of the

reductive peaks remains constant over the same range of scan rates.

Quantative analysis of peak areas was used for greater insight into the information in the
cyclic voltammograms. The dependence of all TsdA heme electroactive populations on scan rate
was visualised by plotting the ratio of peak areas (Ny/Ny.y) assigned to the electroactivity of

heme | (X) and heme Il (Y and Y’) at each measured scan rate (Figure 3.11, bottom panel).
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Figure 3.11 — Scan rate dependence of relative heme electroactive populations in TsdA variants.
(Top) Total electroactivity (Qwot) calculated from voltammetry peak areas normalised to v =10 mV s
for G WT (black circles), Cj C138H (cyan squares), Av K208N (maroon diamonds), Av C96M
(blue triangles). (Bottom) Average ratio of peak areas assigned to heme | (Qx) to peak areas assigned
to heme Il (Qy+y) calculated from signal integration. All data recorded in 50 mm HEPES, 50 mm NaCl,
pH7, T=277K.

For comparative purposes the total electroactive population normalised to v = 10 mV s?
(Ntot/Ny=10) is also presented (Figure 3.11, top panel) and this does not change substantially with
scan rate other than at v>50 mV s where the total electroactive population decreases modestly
for Gj C138H (cyan squares) and Av C96M (blue triangles). For Cj WT (black circles) Ny/Ny., remains
approximately constant at < 0.5 over scan rates of 5 to 100 mV s, however for Cj C138H and Av

C96M this ratio decreases with scan rate from~1 atv=5mV s'to~0.5atv =100 mV s™.

The ligation state of electroactive populations at heme Il is visualised by plotting the ratio

of peak areas for the lowest potential signals in voltammograms (Y’ plus X when X is constant with
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scan rate) (Ni) to the highest (Y) potential signals in voltammograms (Nhi). For Av WT this ratio for
reduction (Figure 3.12, open red triangles) does not change over v = 5 to 100 mV s however for
oxidation (closed red triangles) it increases with scan rate from ~1 at v=5mV s to ~3 at v=100
mV s, When Nio/Nn = 1 at 5mVs?, ligand switching from His/Lys and His/Met is essentially
complete in the time it takes to scan from E = -129 mV to +266 mV which is 227 s given the E = -
500 mV to +500 mV potential window. This gives a lower limit on the Lys-208 to Met-209
switching rate of 0.004 s. However, as switching His/Met to His/Lys is complete in the 8.6 s it
takes to scan from E = +266 mV to -129 mV at v=100 mV s, the Met-209 to Lys-208 switching

rate is at least two orders of magnitude faster at > 0.2 s,
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Figure 3.12 — Scan rate dependency of heme Il electroactive populations in TsdA variants. (Top)
Total electroactivity (Qwt) calculated from voltammetry peak areas normalised to v = 10 mV s for
Cj WT (black circles), Gj C138H (cyan squares), Gj N254K (pink stars), Av WT (red triangles), Av K208N
(maroon diamonds), Av C96M (blue triangles). (Bottom) Oxidative (filled symbols) or reductive (open
symbols) low potential peak area (Qio) divided by low potential peak area (Qni). All data recorded in
50 mm HEPES, 50 mm NaCl, pH 7, T =277 K.

For Av C96M Nio/Np; for reduction (Figure 3.12, open blue triangles) is the same as Av WT
over v =5 to 100 mV s}; the ferrous heme Lys-208 to Met-209 switching rate is > 0.1 s and the
ferric heme Met-208 to Lys-209 switching rate is > 0.08 s. For Av C96H, Ni,/Ny for oxidation
(closed blue triangles) is ~1, the same as Av WT at v=5 mV s™. However, this ratio remains at ~1
and does not increase with scan rate as it does for Av WT (closed red triangles). For Av WT the
frequency of the switch from His/Lys to His/Met ligation (0.004 s1) is 108- or 10°%-fold less than the
turnover frequency for thiosulphate oxidation (ket = 2010 s?) or tetrathionate reduction
(keat= 37 s) respectively. Even considering the difference in temperature and pH between the

non-turnover voltammetry recorded in this study and previous solution activity assays, these
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observations alone would suggest that heme Il in Av WT has exclusively His/Lys ligation during
catalysis. Alternatively, the presence of substrate could have an effect on the frequency of the

Lys = Met ligand switch.

3.2.3. Av TsdA Heme Il Environment Lys-208 = Asn Variant.

A variant where the Av WT heme Il ligand Lys-208 is substituted by non-ligating Asn® was
investigated by MCD and PFE, to determine if this variant lacks the electroactivity assigned to
heme Il ligand switching or displays Cj WT-like unequal heme electroactivity in an Av TsdA protein.
Av K208N is catalytically active in solution assays® (Figure 1.4) and on |O-ITO electrodes (Figure
5.2), suggesting that some of the protein film adsorbed on the latter is present in a native-like

form.

MCD of oxidised Av K208N (Figure 3.13, bottom panel) shows two CTs bands in the nIR
region consistent with there being two distinct heme chemical environments in this variant. One
band has Amax at 1140 nm with a vibrational feature at ~990 nm consistent with His/Cys ligation,
the second band has Amax at 1800 nm with a vibrational sideband at 1520 nm indicating His/Met
ligation. In the UV/visible region signals indicative of only low-spin ferric heme are present
consistent with these assighments. The Soret feature (140 Mlcm™T?) has a peak-to-trough
intensity much less than Av WT (277 Mlem™T?) but closer to Gj WT (204 mtem™T?), consistent
with one thiolate-ligated heme and one methionine-ligated heme as deduced from the nIR MCD.
Unlike Gj WT, there is no clear resolution of two separate af} signals, however there is a broad

low-intensity negative peak at 720 nm assigned as a S(p) — Fe(d) CT band for His/Met ligation.

Incubation with ascorbate eliminates all intensity of the His/Met CTis band without
modifying the His/Cys CT.s band. There is also the appearance of a sharp o band at 552 nm with a
peak-to-trough intensity of 283 Mmecm™T?! and a red-shifted Soret band with a greater positive
than negative intensity; both of these features are consistent with the presence of one ferrous
heme per TsdA with methionine ligation. A lower wavelength shoulder on the Soret band
indicates an overlapping broad signal from thiolate-ligated ferric heme. Incubation with dithionite
eliminates all ferric heme signals and increases the intensity of the of8 signal by 50 Mcm™T?!
consistent with one methionine- and one thiolate-ligated ferrous heme per TsdA. These
observations are consistent with Av K208N having His/Cys’ ligation at heme | and His/Met ligation
at heme Il as with Gj WT. Similarly, both hemes have electroactivity above -500 mV*’; heme | has

an Em < +60 mV and heme Il has an Ey > +60 mV.
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Figure 3.13 - MCD spectrum Av K208N. Room-temperature (left) UV/visible and (right) nIR MCD
spectra of 17.6 um (250-450 nm or 250-700 nm reduced), 163 pum (450-700 nm) and 123 pm (700-
2000 nm) G WT; 35 um (250-700 nm) and 350 pum (700-2000 nm) Av K208N. Samples are oxidised by
sub-stoichiometric potassium ferricyanide (black) or reduced by 1.5 mm sodium ascorbate (red) or
1.5 mm sodium dithionite (5.0 mm for Av K208N) (grey). All data recorded in 50 mm HEPES, 50 mm
NaCl, pH 7 or the same buffer in D20 pH* 7 for nIR MCD.

A representative voltammogram recorded at v = 10 mVs™ for Av K208N features two pairs
of peaks well described by two reversible n = 1 processes with Ey = -173 mV (X) and +264 mV (Y).
X is assigned to electroactivity of the non-ascorbate-reducible His/Cys heme | and Y is assigned to
the ascorbate-reducible His/Met heme Il. With Lys-208 replaced by Asn, there is now no evidence
of any change in chemical environment between oxidation and reduction at heme Il. Significantly,
the area of X is much less (36%) that of Y in a similar manner to G WT. As the scan rate is varied
(v=5 - 100 mV s1), the number of electrons transferred by each Av K208N heme does not
noticeably change despite the disparity in heme | and heme Il electroactive populations, there is

peak separation and broadening at v>30 mV s indicating slow interfacial electron transfer at
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these rates, similar to G WT. Thus in all aspects, the behaviour of G WT is introduced into Av TsdA
when Lys-208 is substituted by Asn.
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Figure 3.14 — Representative CV of Av K208N. (Left) Raw data (outer black line) with baselines
(dashed line) used to prepare baseline-subtracted CVs (inner black line) of G WT and Av K208N on
|O-ITO electrodes. v = 10 mV s, T= 277 K. Each peak has been fitted to multiple predicted n=1
theoretical responses (red and blue lines) and the sum of these contributions (black circles). (Right)
Representative cyclic voltammograms recorded at v = 5 (grey line, shaded area), 10, 50 and
100 mVs? (black line) are shown normalised by scan rate. All data recorded in 50 mm HEPES, 50 mm
NaCl, pH 7, T=277 K.

3.2.4. G TsdA Heme Il Asn-254 = Lys Variant.
A Cj TsdA variant where Asn-254 is substituted for Lys® was also investigated, to see if an
Av TsdA-like ligand switch can be introduced in a j TsdA enzyme. Cj N254K is catalytically active
in solution assays® (Figure 1.4) and on 10-ITO electrodes (Figure 5.2), suggesting that some

enzyme is present in a native-like conformation on the electrode.
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The nIR MCD of oxidised Cj N254K has three overlapping contributions (Figure 3.15, bottom
panel); all have only positive intensity indicating low-spin ferric heme with three different
chemical environments. The CTis bands have Amax values of 1250 nm consistent with His/Cys
ligation, 1530 nm consistent with bis-nitrogenous ligation and 1820 nm consistent with His/Met

ligation.
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Figure 3.15 - MCD spectrum of Cj N254K. Room-temperature (left) UV/visible and (right) nIR MCD
spectra of 30 um (250-700 nm) and 170 um (700-2000 nm) Av WT; 325 um (700 nm — 2000 nm) and
47 um (250 — 700 nm or 250 — 700 nm reduced) Gj N254K. Samples are oxidised by sub-stoichiometric
potassium ferricyanide (black) or reduced by 1.5 mm sodium ascorbate (red) or 1.5 mm sodium
dithionite (5.0 mm for Cj N254K) (grey). All data recorded in 50 mm HEPES, 50 mm NaCl, pH 7 or the
same buffer in D20 pH* 7 for nIR MCD.

As it is unlikely that His/Cys™ ligation at heme | has been displaced in this variant, the bis-
nitrogenous species is assigned as His/Lys from the partial displacement of Met-255 as a ligand at
heme |l. Based on the intensities of these signals compared to the CT.s bands in oxidised G WT
and ascorbate-incubated Av WT (Table 3.2), there is an approximately 40:60 mixed
His/Lys:His/Met ligation state at heme Il. In the UV/visible region the Soret has a broad,

asymmetric appearance, however this is likely to be due to three unresolved ferric signals rather
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than ferrous heme as any presence of the latter would be clearly indicated by sharp signal(s) in
the af} region. As with Cj WT, the negative intensity features of thiolate-ligated and non-thiolate-
ligated low-spin ferric a3 bands resolve at different wavelengths and there is a broad low-
intensity negative peak at 720 nm likely to be the S(p) — Fe(d) CT band of a methionine heme

ligand.

Incubation with ascorbate eliminates all of the intensity of the His/Met CTs band and all
but ~25% of the His/Lys CT.s band. Although there is an apparent decrease in the intensity of the
His/Cys CT.s band, this intensity is likely to have arisen from overlapping bands as the remaining
signal has an intensity of 0.4 MlcmT? consistent with one heme per TsdA monomer. In the
UV/visible region a sharp a band has appeared at 552 nm with a peak-to-trough intensity of
253 mlem™T? consistent with ~75% of a heme population of methionine-ligated low-spin ferrous
heme. Incubation with dithionite eliminates all remaining low-spin ferric signals, and increases the
peak-to-trough intensity of the 552 nm band to 460 Mlcm™T?, almost identical to ¢ WT and
consistent with one thiol(ate)-ligated ferrous heme and one methionine-ligated ferrous heme.
MCD data are therefore consistent with j N254K having His/Cys™ ligation at heme | with an Ey
between -500 and +60 mV and a mixed His/Met:His/Lys ligation at ferric heme Il which becomes

exclusively His/Met ligated in the ferrous state.

Unlike all other TsdA variants featured in this thesis, the Faradaic peaks for voltammetry of
Cj N254K have a different appearance on the first scan recorded with a fresh film; in the second
and subsequent scans, these peaks do not change substantially. Voltammetry representative of
the settled film at v = 10 mV s (Figure 3.16) features two pairs of peaks which are well described
by the theoretical responses of n =1 processes with Ey = -115 mV (X) and +203 mV (Y). As with
Gj WT, the area of X is smaller (~40%) than Y. In the first scan the reductive peak of signal Y is
smaller than the oxidative peak and there is an additional signal with a peak potential of -177 mV
(Y’) with a smaller oxidative than reductive peak. Voltammograms of Cj N254K, like G WT, do not
vary across the range of scan rates recorded, except for some peak separation at v>30mV st

There is no evidence of Y’ in any scans other than the first.

Ascorbate incubation reduces all His/Met ligated heme Il population in this variant leaving
only His/Lys ligated ferric heme. This suggests a possible explanation for the redox behaviour of
this variant seen by PFE; on the first reductive scan, heme Il has mixed His/Met:His/Lys ligation
which will reduce at a high and a low potential respectively. Once heme Il is reduced, it then
retains or switches to His/Met ligation for as long as redox cycling persists. From scan 2 onwards,
Y can be assigned as exclusively His/Met ligated heme Il and X is assigned as His/Cys™ ligated
heme | with a Gj WT-like smaller electroactive population. The signal Y’ only present on the first

scan is therefore assigned as heme Il with His/Lys ligation.
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Figure 3.16 — Representative CV of Cj N254K. (Left) Raw data (outer black line) with baselines
(dashed line) used to prepare baseline-subtracted CVs (inner black line) of Av WT and G N254K on
IO-ITO electrodes. v = 10 mV s, T= 277 K. Each peak has been fitted to multiple predicted n=1
theoretical responses (red and blue lines) and the sum of these contributions (black circles). The first
scan for Cj N254K is shown above a scan which is representative of subsequent cycles and includes
an additional fitted area (Y’) which describes a single redox centre in combination with Y. (Right)
Representative cyclic voltammograms recorded at v = 5 (grey line, shaded area), 10, 50 and 100
(black line) are shown normalised by scan rate. All data recorded in 50 mm HEPES, 50 mm NaCl, pH
7, T=277K.

Voltammetry described above was recorded at T = 277 K to help preserve protein films,
however Av WT has optimal catalytic activity at 303 K>?° and MCD and electronic absorbance
spectroscopy were recorded at 293 K. To investigate the effect of temperature on the heme I
ligand switch, similar PFE experiments were performed at T = 293 K using the same Av WT and Cj
N254K coated I0-ITO electrodes used previously. A representative non-turnover voltammogram
of Av WT recorded at v =10 mV s* (Figure 3.16, left) has a very similar appearance at T =293 K as
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277 K, the only difference being a small (~15%) increase in overall electroactive area. This implies

that there is little change in the electroactivity or rate of heme Il ligand switching between these

temperatures.
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Figure 3.17 — Temperature dependence of Av WT and Cj N254K. Baseline-subtracted CVs (black line)
of Av WT and Gj N254K on 10-ITO electrodes. v =10 mV s, T= 277, 293 or 333 K as annotated. Each
peak has been fitted to multiple predicted n =1 theoretical responses (red and blue lines) and the
sum of these contributions (black circles). All data recorded in 50 mm HEPES, 50 mm NacCl, pH 7.

Another Av WT coated 10-ITO electrode with greater electroactive coverage (~200%) giving
rise to voltammograms with a similar appearance at T = 277 K was used to record CVs whilst
temperature was increased. There are no significant changes in the appearance of the
voltammogram until T = 333 K when the signal Y assigned to His/Met heme disappeared and Y’
now has equal oxidative and reductive areas. The total areas of X and Y’ are equal and the total
area of the film increases by ~25% between T =277 and 333 K. When subsequently cooled, the
appearance of the non-turnover peaks does not return to its previous appearance, although the
film still has some catalytic activity (data not shown) implying that even if some of the protein film

has been damaged or permanently modified, it has not been entirely denatured.

A representative voltammogram of Cj N254K recorded at T = 293 K (Figure 3.17, right) still
has two pairs of signals, however the low potential peak now has a broad appearance with more

reductive than oxidative area. Similar to the first scan recorded with a fresh film at T = 277 K, the
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low potential peak is well described by a reversible n = 1 signal with Em =-99 mV (X) andann=1
signal with a larger reductive than oxidative area and Ey = -148 (Y’). The high potential peak can
be described by an n = 1 signal (Y) with Em =+173 mV and a larger area for oxidation than
reduction. The Faradaic response of the film does not change significantly over >30 scans,
implying that at T=293 K a small amount (¥30%) of heme Il becomes His/Lys ligated when
oxidised during every cycle at v = 10 mV s*. Despite evidence of some Av WT-like ligand switching,

the area of the heme | signal is still smaller (~25%) than the area of heme Il like G WT.

3.3. Discussion

MCD and PFE have been used to investigate Av WT, G WT and several variants of both
TsdAs. Heme axial ligands and Eyn values have been assigned in many cases (Table 3.2). The
ferrous/ferric heme Il ligand switch proposed for Av TsdA from crystallographic® and
potentiometric®® data has been confirmed by PFE and is sensitive to changes to both heme Il and
heme | environments. Furthermore, unequal heme electroactive populations have been identified
in G WT that are not apparent in Av WT. These populations can be equal in Cj TsdA variants
where the heme | environment is modified. Unequal heme electroactive populations are
introduced in an Av TsdA variant where the heme Il environment is modified. Each of these

aspects is considered in more detail below.

3.3.1. Heme Ligation States and En Values.

Using MCD and PFE, the ligation states and Em values of both hemes have been determined
for Av and G WT and several variants where the heme | and heme Il ligands have been substituted
(Table 3.2). Both wild-type enzymes and the Gj N254K and Av K208N variants where only heme |l
ligands have been modified, are confirmed to have His/Cys" ligation at heme I. Ey values for these
hemes are between -100 and -200 mV (Figure 3.18, black triangles). Previously reported Em values
for His/Cys” hemes, including those for the structurally similar SoxAX proteins (discussed further in
Chapter 4) are more negative, ranging between -250 and -500 mV4#391-931% (Figyre 3.18, black
circles). There is evidence to suggest that the SoxAX heme with the lowest potential is ligated by
cysteine persulphide® rather than cysteine, so this modification or modifications like it in the
active site pocket may contribute to defining the lower Ey values of this enzyme. This difference
in catalytic heme Ey values between enzymes could tailor each enzyme to the specific reaction it
catalyses>'°l, Consequences on Em of cysteine modifications in TsdA are explored in the work

described in Chapter 4.
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Figure 3.18 — TsdA Heme Em values compared to previously reported examples. Reported heme Em
values are from Starkeya novella (Sn)*®, Paracoccus pantotrophus (Pp)*® and Rhodovulum
sulfidophilum (Rs)* SoxAX and variants, human Cystathione-B-synthase (CBS)®!, Thermosynecoccus
elongatus TI10287°%, Hydrogenobacter thermophilus (Ht) cytochrome (Cyt) ¢ M61A%?, Paracoccus
versitus Cyt csso M100K®® and Equus ferus Cyt ¢34,

With the exception of Av C96H, all TsdA variants investigated in this work feature His/Met
ligation at heme Il. For Av WT and C96M, His/Met ligation only predominates when heme Il is in
the ferrous state. The Ey values of all TsdA His/Met ligated hemes Il range between +150 and
+250 mV (Figure 3.18, pink triangles), consistent with Ey values reported for the His/Met hemes
in SOXAX*931% and for His/Met ligated monoheme ¢ cytochromes3*1% (Figure 3.18, pink circles).
Av WT, C96H, C96M (and Cj N254K) show evidence of (partial) His/Lys ligation at ferric heme II,
this ligation state is entirely retained at ferrous heme Il only in Av C96H. The Em values for these
His/Lys ligated hemes range from -130 to -170 mV (Figure 3.18, cyan triangles). There are few
reported Em values for His/Lys hemes which are not average values for hemes which switch to
another ligation state when ferrous. The Cytochrome csso M100K variant from Paracoccus versitus
is His/Lys ligated regardless of oxidation state and has an Ew of -81 mV® close to the observed
range in TsdA proteins. Cytochrome ¢ M61A from Hydrogenobacter thermophilus has an Ey within

this range (-163 mV) and is proposed to have His/Lys ligation'® (Figure 3.18, cyan circles).
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Where cysteine has been substituted by histidine at the active site of ¢ C138H and
Av C96H, a His/His ligated heme | with Ey = -100 or -211 mV is present respectively. This
difference in Em values is unlikely to be due to variation in heme | environment as the Ew values
for the wild-type His/Cys” hemes are the same. One possibility is that the Ev of heme | is
influenced by the heme Il environment, which has His/Met ligation in Cj C138H and His/Lys
ligation in Av C96H. Consistent with this, Starkeya novella SoxXA C236H has a His/His heme
(Em =-137 mV) equivalent to heme | in (j C138H and a heme |l equivalent (Em = +148 mV) with
His/Met ligation.

Consequently there is nothing unusual about Ey values of TsdA hemes for each ligand set.
However the thiosulphate/tetrathionate couple proposed to be catalysed has an Ey ~380 mV
higher than heme | in both enzymes. This would suggest suitable thermodynamics for
tetrathionate reduction, but little driving force for thiosulphate oxidation. This may be explained if
the form of heme | being interrogated by PFE is not the same as is present during catalysis. One
possibility is that the covalent modification of cysteine proposed by Grabarczyk et al. as the first
step in the TsdA catalytic mechanism® also causes an increase in heme | Ew. Experiments that

investigated this possibility are described in Chapter 5.

3.3.2. Ligand switch at heme |I.

PFE provides compelling evidence that a His/Lys to His/Met heme Il ligand switch does
occur in Av WT as proposed by Brito et al.° and MCD-monitored solution potentiometry is
consistent with this. The signals present in Av WT and Av C96M assigned as evidence of ligand
switching at heme Il are absent in Av K208N, giving confidence in this assignment and confirming
that Lys-208 is necessary for this behaviour. Introducing an Av WT-like heme Il environment in
Cj N254K introduces a mixed His/Met:His/Lys ligation at heme Il, however Lys-254 is readily
displaced by Met-255 upon reduction and the switch back does not occur during redox cycling at
T = 277 K. Increasing the experimental temperature to 293 K does result in some (~25%) of
heme Il switching back to His/Lys upon oxidation, however it is clear that introducing an Av WT-

like ligand switch in Cj TsdA requires more than just the introduction of a suitable Lys residue.

The results presented in this chapter suggest that the presence or absence of Lys at heme Il
is not simply an artefact of protein purification suggesting it is a feature of AvTsdA that
differentiates it from the majority of TsdA enzymes. Ligand switching in Av WT occurs simply
when heme Il is redox cycled due to the affinity of methionine for ferrous heme and lysine for
ferric heme, evidenced by the positive ratio of binding constants for these ligands
(Ka/Ks® =5 x 10°). It is apparent from the scan-rate dependency of peak areas that the switch
from His/Met to His/Lys (0.2 s!) is faster than the switch from His/Lys to His/Met (0.004 s). As a
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result, the switch from His/Lys to His/Met ligation is unlikely to be fast enough for His/Met ligated
heme Il to be present during catalysis in both directions unless ligand switching is also influenced
by other factors. Substituting Cys-96 with Met increases the rates of the His/Lys to His/Met ligand
switch (> 0.1 s!) and the His/Met to His/Lys ligand switch (= 0.08 s!) so that the lower limit for all
scan rates measured is the same. There is no evidence of His/Met ligation at heme Il at all in
Av C96H, even when the film is poised at a low potential for an hour or more (data not shown). It
is therefore unlikely that the differences in the voltammetry of Av C96H compared to Av WT can
be rationalised by a change in ligand switching rates; instead something more fundamental must
have changed preventing the switch from occurring entirely. Similar behaviour is also observed in
Av WT after temperature has been increased to 333 K, perhaps indicating some form of

conformational change in the heme Il environment is possible which prevents Met-209 ligation.

3.3.3. Unequal Electroactive Populations between Heme | and Heme |l

Electron transfer between biological redox centres is typically thought to be dependent
only on proximity and facile electron transfer is possible for any centres within 14 A of each
other®. Hemes | and Il are within this distance in Av and Mp WT structures®3%33 and this is not
anticipated to be different in Gj WT. If facile electron transfer was possible as this inter-heme
distance predicts, the number of electrons transferred by both hemes in voltammograms would
be equal and this is seen for Av WT even though heme Il has a redox-driven ligand switch.
However, this is clearly not the case for Cj WT, so electron transfer between the TsdA hemes must
either be controlled by more factors than distance alone, or the form of (some) Cj WT on the
electrode is perturbed from the native conformation despite detectable catalytic activity. It is also
clear that, while i WT heme Il seemingly has reversible electron transfer with the 10-ITO
electrode, heme | must not, otherwise when E = -500 mV in voltammograms, heme | would show
more than trace reduction. The possibility that G WT heme | simply has Ey < -500 mV can be ruled
out as samples poised chemically at this potential in solution become fully reduced. Furthermore,
previous spectroelectrochemical experiments with ¢ WT films on optically transparent SnO,

electrodes also show full heme reduction at -600 mV%.

One rationalisation of this behaviour is the idea that Cj TsdA adsorbs with a preferential
orientation on the electroactive surfaces of the 10-ITO structure, such that only heme ll is in
the <14 A range for direct electron transfer. All electrons passing to heme | would therefore have
to be transferred via heme Il (Figure 3.19). In this initial model, electrons may well pass with ease
from heme | to heme IlI, the direction they would be expected to travel during thiosulphate
oxidation, but they are somehow prevented from passing from heme Il to heme | in 75% of the

enzyme by more than just relative Ey values. Substitution of single, buried residues in Cj C138M/H
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is unlikely to change the protein surface to the extent that this preferential electrode orientation
would change, however facile inter-heme electron transfer is fully restored in both variants at

slow scan rates (v=5mVs?).

5mvs? 100 mv s?
Heme Il

electrode Heme |

Cj C138H

e

Gj C138M

e

Figure 3.19 —Initial model of preferential orientation of Cj TsdA on an electrode surface that may
rationalise electroactive behaviour. Blue arrows show redox events resolved by PFE, black-outlined
hemes are electroactive in voltammetry and annotated with Em values, positive (red) or negative
(blue). Grey hemes are not electroactive in voltammograms. Fig. 4.12 presents a refined version of
this model.

Since in Av WT the peak area for heme | signals is equal to the sum of peak areas assigned
to both heme Il environments, whatever prevents electron transfer to heme | of GG WT is not
present in Av WT. Despite some evidence of ligand switching in Cj N254K, the electroactive
population of heme | is still smaller than for heme II. This implies that whatever prevents facile
electron transfer to heme | in G WT s still present in Gj N254K and introducing an Av WT-like
heme Il environment into G WT does not replicate Av-like electroactivity. Conversely, in Av K208N
the number of moles of electrons transferred by heme | is less than that of heme I, like G WT, so
the absence of an Av WT-like heme Il environment in Av K208N does appear to have replicated

Cj WT-like redox properties in Av TsdA.

One rationalisation for this behaviour is that inter-heme electron transfer is highly

dependent on the relative Ev values of heme | and Il. In Gj C138M the heme Em values are 80 mV
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apart and in Av C96H these values are 53 mV apart and both of these variants show full
electroactivity of both hemes which is not dependent on scan rate. For G WT the heme Em values
are 358 mV apart so inter-heme electron transfer could be largely prevented even at slow scan
rates. Cj C138H has hemes with Ey values 260 mV apart and inter-heme electron transfer is now
highly dependent on scan rate, ‘tuning out’ as this increases. Av C96M has similar ‘tuning’ and the
heme Ev values are 176 to 266 mV apart depending on ligation, similar to the difference in values
for Gj C138H. This model does not account for the observation that the number of electrons

passed by heme | in Gj WT is unaffected by scan rate however (Figure 3.7).

Explaining these observations may be easier if there are differences in the heme |
environment of Av and G WT which are also sensitive to the heme Il environment. Although MCD
confirms Av and G WT hemes as having His/Cys ligation it may be that modified forms of cysteine
still competent as heme ligands, such as cysteine persulphide, are present. These may be
chemically similar enough that the CTs of hemes ligated by these would resolve at the same
wavelength as His/Cys™ giving similar MCD spectra and the appearance of homogeneity without
eliminating the possibility that sub-populations are present with different electroactive
properties. The explanation detailed above is therefore only one possible model of explaining the
unequal electroactive heme populations observed in PFE, others, for example where cysteine

modifications can affect Em or electron transfer by heme | are discussed in subsequent chapters.
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4. Cysteine Modifications of G WT and their Contributions to Spectroscopy
and Electrochemistry

The first step of the mechanism proposed by Grabarczyk et al. for TsdA catalysis (Figure 1.8)

involves modification of the heme | chemical environment. Specifically it is proposed that the
heme | cysteine ligand covalently bonds a molecule of thiosulphate to form cysteine
thiosulphonate® which is unlikely to remain as a heme ligand. Chemical modification of cysteine is
not unusual; arguably the most common modification is the condensation of two cysteines to

form a disulphide bond:
RSH + R’SH > RSSR’ + 2H* +2¢”

Cysteine disulphides, or cystines, typically contribute to the structural stability of a protein. For
example, the triple helix of animal collagen is stabilised by ‘knots’ of inter-helical cystines®. Also
significant is the thiol-disulphide redox activity of many proteins where the corresponding
reaction (typically Em =-200 mV>%1%) contributes to maintenance of cellular redox homeostasis

107 “including c-heme insertion into proteins®%° However, a large number of

and metabolism
post-translational modifications of cysteine are possible, many arising from the nucleophilicity of

the cysteine thiol. Modifications most relevant to this thesis are summarised in Table 4.1.

Modification(s) of Cj WT Cys-138 could result in heterogeneity in the heme | environment.
In turn this heterogeneity may contribute to the much smaller electroactive population assigned
to heme | compared to heme Il in PFE (see above, 3.3.3) or influence the heme | (Il) Ev values. This
chapter begins by describing methods that identify cysteine modifications, followed by a brief
review of previously reported post-translational cysteine modifications relevant to this work.
Finally studies of Cj TsdA enzymes employing mass spectrometry, (magneto) optical spectroscopy
and PFE are presented together with a hypothesis for the origin of the different peak areas

resolved by PFE.

4.1. An Overview of Post-Translational Cysteine Modifications
4.1.1. Methods that Identify Cysteine Modifications
Ellman’s reagent has long been used as part of a colorimetric assay to detect the presence
or absence of free thiol(ate) groups®, however this technique does not reveal the nature of any
chemical modifications that may be present which would prevent conventional reactivity of these
residues. As a result, more informative methods are required. Post-translationally modified
cysteine species can be detected and identified using several techniques. It is also possible to

exploit the reactivity of thiols to manipulate these modifications in situ with chemical agents.

85



Table 4.1 —Cysteine modifications. Where multiple naming conventions exist, the terminology used
in this thesis is marked in bold. Coloured text indicates modifications assigned in TsdA proteins
based on mass changes detected by mass spectrometry. The same colour coding is used throughout
this thesis.

Amino Acid Sidechain Name (pKa) +Mass (Da)
g S_( H+) Cysteine (8.4)
%S—S_< H+> Cysteine persulphide, cysteine sulphydride | +32
(6.2111)
§—S—S—§ Cystine, cysteine disulphide
% S—N=—0 S-Nitrosocysteine +30
E;S_O*( H+) Cysteine sulphenic acid (6.6%?) +16
0 Cysteine sulphinic acid, sulphinoalanine +32
|| _ R (.;2113)
—s—0 (H)
(|3| Cysteine sulphonic acid +48
o ()
O
(‘T Cysteine sulphonate +80
%ss',o( H')
@]
@) Cysteine thiosulphonate +112

O Cysteine thioperoxosulphonate +144

i Cysteine thiosulphinate ester (7.3, 7.9%%4) +16
S—S‘i
” Cysteine thiosulphonate ester +32
ﬁ—S%
0]
o Cysteine carboxymethylate +57
g S\A
(0]
o~ Cysteine persulphide carboxymethylate +89




Additional electron density adjacent to a cysteine sulphur in a protein structure resolved by
X-ray crystallography can often indicate post-translational modification of that residue®.
Chemically plausible adducts can be modelled to this electron density in order to identify the
modification, although most experiments do not have sufficient resolution to determine
protonation states. During protein crystallisation, samples often experience prolonged exposure
to oxygen leading to adventitious formation of cysteine sulphinic and sulphonic acids®. Equally,
high energy synchrotron X-rays can photoreduce disulphide bonds®, potentially removing or
damaging cysteine adducts during X-ray diffraction. As such, there can be ambiguity when relating
a crystallographically-resolved protein structure to the same protein in solution when cysteine is

present (Figure 1.6, C).

Post-translationally modified cysteine can also be detected from the mass increase versus
unmodified cysteine. When other chemical adducts can be discounted, determining the intact
mass of a protein can identify adducts present on one or more free cysteines. A popular
technique for this is electrospray ionisation mass spectrometry (ESI-MS)®® where
(macro)molecules in solution are desolvated into gas-phase ions by spraying charged liquid into
neutral gas at high pressure to create an ion beam*®. This ion beam can then be electrostatically
guided towards a mass/charge detector, such as a time-of-flight (TOF) chamber. This ‘soft’
ionisation technique is well-suited to large macromolecules, such as proteins!!®. Liquid
chromatography mass spectrometry (LC-MS)¥” involves initial separation of proteins from salt or
buffer molecules which might interfere with protein ionisation or form adventitious adducts. If
multiple free cysteines are present in a single molecule, identification of individual modifications
is ambiguous. One approach to resolving this ambiguity is tandem mass spectrometry (MS-MS),
where proteins are proteolytically cleaved into multiple polypeptides prior to analysis and then
fragmented further by high energy collisions within the instrument!?’. Sections of the protein
sequence can then be identified from their fragmentation patterns, presenting the possibility of

identifying sections of the protein where mass increases are present*,

Unambiguous identification of sulphur-based cysteine adducts from electron density or
increases in mass is also possible if these species undergo detectable sulphur-specific chemistry.
Disulphide bonds in proteins have traditionally been reduced using dithiothreitol, however, water
soluble organophosphines, particularly tris(2-carboxyethyl)phosphine (TCEP) have recently gained
popularity!1%120, TCEP stoichiometrically and irreversibly reduces disulphide bonds to give two
thiols and tris(2-carboxyethyl)phosphine oxide (TCEPO) (Figure 4.1, A). Alkylating agents such as
iodoacetate (and iodoacetamide) can also be used to cause irreversible and stoichiometric
oxidation of free cystein(at)es and cysteine persulphides'?, ‘trapping’ them as an alkylated

species (Figure 4.1, B). The rate of this reaction has also been used as part of high-throughput
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proteomics studies to identify hyperreactive cysteines, employing a iodoacetate-derived label

tailored for high-throughput identification???,

/
— P mn gi‘ — E’/O — |u
H
(o] 0 o o O 0O o (@]
3 HO
HO” o o Yo HO” o © Hoo Yo
TCEP TCEPO

lodoacetate

Figure 4.1 — Reactions used to interrogate cysteine residues. (A) Organophosphines (TCEP shown) in
protic solvents irreversibly reduce and protonate disulphide bonds driven by the formation of a
strong phosphorous-oxygen bond!*®. (B) Alkylating agents (iodoacetate shown) irreversibly oxidise
cysteine and cysteine persulphide preventing further modifications from forming.

4.1.2. Cysteine Reactivity

Typically, cysteine reactivity features the formation of covalent bonds by the sulphur atom
of the nucleophilic thiol group. Thiolates have even greater nucleophilicity, so cysteines with
important mechanistic functions in proteins such the active sites of enzymes are often present in
a protein environment that stabilises negative charge, lowering pK, to a value where
deprotonation is favoured under biological (neutral) conditions!?2. The pK, of the thiol group of
free cysteine in solution is 8.4, but protein environments can modify this substantially; values as
low as 212% and as high as 122 have been reported. When cysteine is a heme ligand, ferric iron
stabilises negative charge, so cysteinate forms a stronger bond to ferric heme compared to

ferrous® and deprotonation of cysteine often accompanies heme oxidation®8,

The nucleophilicity of cysteine can also result in the formation of covalent adducts, many of
which have biological relevance. Cysteine sulphenic acid is a highly reactive, often transient

species, formed in vivo from cysteine by reactive oxygen species such as hydrogen peroxide!?:
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RSH + H,0, = RSOH + H,0

A stabilised cysteine sulphenic acid residue is formed by analogous reactions at the active site of
peroxiredoxins, an ubiquitous family of enzymes that reduce cytotoxic reactive oxygen species'??,
It is suggested that cysteine sulphenic acid is also a precursor for the sulphydration of cysteine by

hydrogen sulphide:
RSOH +H,S = RSSH +H,0

The product of this reaction is cysteine persulphide. Cysteine persulphide (pK. = 6.2)'*! and
cysteine sulphenic acid (pK. = 6.6)'*? are largely deprotonated at neutral pH, increasing their
nucleophilicity and the presence of lone pairs adjacent to the a-S or O, increases this further?®,
Cysteine persulphide is more stable than cysteine sulphenic acid, and high concentrations of this
species (>100 um) are thought to be maintained in mammalian systems'?’. In addition to
facilitating non-enzymatic cystine formation, sulphydration can also increase!?®% or inhibit!26:13!
activity in enzymes with mechanistically-important cysteines. In this way, hydrogen sulphide is
thought to act as a signalling molecule in higher organisms, similar to the more thoroughly

characterised ‘gasotransmitter’ nitric oxide!?. Nitric oxide reacts directly with cysteine to form S-

nitrosocysteine as a two-step process:
RSH + *°NO = RSN°OH
RSN°OH + O, = RSNO +HO,*

S-nitrosocysteine formation regulates a multitude of processes in mammalian systems, from
neurotransmission, to DNA repair32. This modification, and therefore the nitric oxide ‘signal’, can
be transferred to cysteines in glutathione or thioredoxin by disulphide exchange;
S-nitrosoglutathione reductases or thioredoxin reductases then reverse this ‘signal’ by reducing

S-nitrosocysteine back to cysteine®,

As well as forming reversible modifications with well-characterised biological relevance,
cysteine undergoes adventitious oxidation by reactive oxygen species which result in irreversible
cysteine modifications. Cysteine sulphenic acid can be further oxidised to the more stable

cysteine sulphinic acid, which in turn can be oxidised to cysteine sulphonic acid:
RSOH + HzOz -> RSOzH + Hzo
RSO;H + H,0, = RSOsH + H,0

In mammalian systems undergoing ischemia, these species can arise when mitochondrial
dysfunction produces excess reactive oxygen species'®*. Analogous reactions with cystine form

cysteine thiosulphinate and thiosulphonate esters'*:
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RSSR’ + H,0, = RS(O)SR’ + H,0
RS(O)SR' + HzOz -> RS(Oz)SR' + Hzo

Cysteine thiosulphinate esters can react with cysteine to form cystine and cysteine sulphenic acid,
adventitious occurrence of the reverse of this reaction is one rationalisation for the short-lived

nature of sulphenic acids in biology*'.

4.1.3. Cysteine Chemistry of Sulphur-Cycle Enzymes

The bacterial sulphur oxidation (Sox) enzyme cycle, also known as the thiosulphate
oxidising multi-enzyme system (TOMES), is a cascade of enzymes which oxidise thiosulphate and
other reduced sulphur compounds to sulphate or elemental sulphur depending on the organism
(Figure 4.2). Central to this process is SoxYZ, a carrier protein which is the in vivo substrate for the
other enzymes in the cascade®. SoxYZ features a cysteine residue on a flexible loop which is only
presented to the active sites of the other enzymes, limiting adventitious sulphur chemistry. In the
first reaction of the Sox cycle, this cysteine is post-translationally modified by the cytochrome
SoxAX. SoxAX has two or three hemes depending on organism and shares many structural
similarities with TsdA>*’, In the active form of SoxYZ, the cysteine has already been modified to
cysteine persulphide and the first step of the catalytic cycle is the thiosulphonation of this residue
by SoxAX to form cysteine thioperoxosulphonate!®l. The active site heme of the SoxA subunit
crystallises with His/CysS™ ligation, believed to be an off-pathway catalytic intermediate!* and one
proposed catalytic step is the displacement and thiosulphonation of the unmodified cysteine
heme ligand®. Thiosulphate oxidation by TsdA was initially investigated as an amenable analogue

of SoxAX>, due to practical difficulties in the mechanistic analysis of the latter enzyme.

SoxAX

CysS CysS-SS0,%
6o &4

2H* +S0,*
SoxB ] SoxB
2H* + SO,

CysS-SO,% ysS S

77

6H* + 6e- 3H,0
SoxCD

Figure 4.2 — Main bacterial Sox enzyme cycle proposed by Grabarczyk et al.®! The carrier protein
SoxYZ has a cysteine persulphide residue on a flexible loop to which is further modified by SoxAX,
SoxB and SoxCD. The eight total electrons released by each cycle enter the bacterial electron transfer
chain via a c-type cytochrome.
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When Av WT is incubated with thiosulphate or tetrathionate, the mass of the protein
increases by 112 Da, consistent with cysteine thiosulphonate (Table 4.1) forming from Cys-96°.
High-spin heme is detected in the electronic absorbance spectrum of cysteine thiosulphonate
containing protein, consistent with the loss of Cys-96 as a heme ligand, however there is no loss
of catalytic activity in this species versus the unmodified enzyme. Contrastingly, iodoacetate
incubated Av WT also has high-spin heme with an appearance similar to tetrathionate treated
protein, however catalytic activity is abolished. Based on this evidence, Grabarczyk et al.
proposed a TsdA reaction mechanism® where the formation of cysteine thiosulphonate is the first

step (Figure 1.8).

Grabarczyk et al. also identified some forms of Av TsdA with a mass increase of 32 Da,
proposed to be cysteine persulphide (Table 4.1) formed from the breakdown of cysteine
thiosulphonate. No mechanism for this process has been proposed, however thiosulphate in
aqueous solution is dismuted by water to form sulphuric acid and bisulphide*. An analogous
process is the dismutation of cysteine thiosulphate to cysteine persulphide, which would release a
molecule of sulphuric acid. Alternatively, in TsdA electrons from the nearby ferrous hemes could
reduce the S,-Sg disulphide bond of an active site cysteine thiosulphate to form cysteine
persulphide and one molecule of sulphite as a side-reaction of the Grabarczyk mechanism. An
Av WT crystal soaked in sulphite resolves with cysteine persulphide ligating heme | and there is a
molecule of sulphite modelled nearby® (Figure 1.6, B). This observation is consistent with what
would be expected from heme reduction of the S.-Sg disulphide bond of an active site cysteine
thiosulphonate, or X-ray photoreduction of the same. Other Av WT structures have Cys-96 present
as cysteine sulphinic acid (Figure 1.6, C), most likely resulting from oxidative damage. TCEP is
reported to remove or prevent the formation of all cysteine adducts in Av TsdA protein crystals®,

although to date these structures have not been published.

4.2. LC-MS Reveals Multiple Cys-138 Modifications in G WT as Prepared, which are
Removed by TCEP Treatment

LC-MS was used to detect and identify cysteine modifications of TsdA proteins. All samples
were handled anaerobically (02 < 10 ppm) up to the point of denaturation by 10-fold dilution in
2% Acetonitrile, 0.1% Formic Acid. Mass spectra were deconvoluted from the mass/charge data
(e.g. Figure 4.3). For clear visualisation of sample composition the relative intensities of the mass
peaks are normalised, so the sum of their relative abundances is 100% for peaks obtained within
37,000 — 37,500 Da for Gj TsdA or 28,000 — 28,500 Da for Av TsdA. Therefore the intensity of a
given peak corresponds with the relative abundance of that species in the sample. All spectra are

annotated (grey font) to indicate the predicted mass of the protein containing two hemes, as
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described below. Additional masses (coloured font) indicate species with a larger mass indicative
of covalent cysteine modification (Table 4.1). A similar format is used for all mass spectra

presented in this thesis.

LC-MS of G WT is more complex (see below), but LC-MS of Cj C138M and C138H revealed
samples both comprised of a single species (Figure 4.2, right inset panels) consistent with there
being no heterogeneity in the absence of cysteine. The difference in mass of these samples (10
Da) is similar to the difference in mass between methionine and histidine (6 Da). However, for
each protein the observed mass is 99 Da larger than expected from the sequence of the diheme
containing protein with an N-terminal Step Il tag and four linker residues®2. This additional mass
was noted in the LC-MS of all Gj proteins analysed to date and could be a feature resulting from
overexpression in Escherichia coli. The possible origin of this additional mass is suggested by the
properties of minor peaks (<10% relative abundance) in some samples. These peaks had masses
equal to those predicted for the diheme containing protein lacking 8 of the N-terminal residues.
Thus, the additional 99 Da mass is assigned to a covalent adduct bound to the Strep Il tag. This
adduct is unlikely to be relevant to the chemistry of Cys-138 or the activity of TsdA and will

therefore be regarded as a typical part of the unmodified mass of TsdA when rationalising mass

increases.
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Figure 4.3 —Mass Spectra of Cj C138M/H variants. 30-50 um TsdA in pH 7 50 mm HEPES, 50 mm NaCl
denatured for LC-MS by 10-fold dilution in 2% Acetonitrile, 0.1% Formic Acid.
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The mass spectrum of Cj WT has multiple peaks (Figure 4.4, right inset). All of the peaks
have a mass equal or greater to that predicted for the diheme containing protein with an N-
terminal Strep Il tag and a standard 99 Da adduct described above. Thus, the LC-MS provides
compelling evidence for cysteine modification of some protein within the G WT sample. A peak at
37,202 Da represents 52% of the sample which has the mass predicted for the protein with
unmodified Cys-138. One additional S or two additional O are predicted in 40% of the sample that
displays a mass increase of +31 Da, which would correspond to the presence of cysteine
persulphide or cysteine sulphinic acid respectively (Table 4.1). The remaining 10% of the sample
has a mass increase of +110 Da, consistent with a sub-population of enzyme where Cys-138 has
bound a thiosulphonate group. This adduct corresponds to that previously detected in
thiosulphate or tetrathionate incubated Av WT®. Although no substrates were added during
growth and overexpression3?, the presence of this proposed catalytic intermediate may indicate

Cj WT has adventitiously encountered sulphur compounds during or prior to purification.
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Figure 4.4 —Mass Spectrum of Cj WT. 30-50 um TsdA in 50 mm HEPES, 50 mm NacCl, pH 7, denatured
for LC-MS by 10-fold dilution in 2% Acetonitrile, 0.1% Formic Acid. Mass increases are consistent
with a percentage of the original sample has unmodified cysteine (grey) cysteine persulphide (red) or
cysteine thiosulphonate (blue).

To be confident that the cysteine modifications proposed above were not formed by the
denaturation and ionisation required by LC-MS, samples were analysed (Figure 4.5) after
treatment with chemicals that should produce defined change in status of (modified) cysteine
residues. Treatment with TCEP prior to iodoacetate should reduce all S-S bonds to produce a
sample which only contains one unmodified cysteine that can then react with iodoacetate so that

a single peak with a mass increase of 57 Da relative to prediction will be observed. In fact, G WT
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incubated with TCEP and then iodoacetate displays two clear mass peaks (Figure 4.5, lower left).
80% of the sample has a mass +57 consistent with carboxymethlated Cys-138 while 20% of the
sample has the mass predicted for unmodified Cys-138. Consistent with this proposal, it can be
inferred that the reaction with TCEP has converted the sample to a homogenous state, containing
only unmodified Cys-138, which has then partially reacted with iodoacetate to give the
carboxymethylated enzyme. It is also possible that residual TCEP has acted as a modest inhibitor

of the reaction with iodoacetate®.

LC-MS of the sample reacted directly with iodoacetate reveals multiple species (Figure 4.5,
upper left). As expected all of these species have a mass greater than predicted for the protein
with unmodified Cys-138. The predominant peak (50% of the sample) has the mass predicted for
protein with carboxymethylated Cys-138. Additional peaks represent 30% of the sample with
carboxymethylated cysteine persulphide (+87 Da = +32 +57 Da) and 20% of the sample having

cysteine thiosulphonate (+112 Da) which is unlikely to react with iodoacetate.

Predicted Mass (Da)

37202 +57 +87+110 37216 +57 +112

48 CiWT 60 Cj N254K 38
+ICH,CO, +ICH,CO,

19

Cj WT +TCEP Cj N254K +TCEP Av WT +TCEP
76 / +ICH,CO, 50 +ICH,CO, 761 +ICH,CO,
381

251+ 38

Relative Abundance (%)

Figure 4.5 — Deconvoluted Mass Spectra of Av WT, Cj WT and N254K treated with TCEP. 30-50 um TsdA
in pH 7 50 mm HEPES, 50 mm NaCl incubated for 1 hour with 75 um TCEP followed by incubation with
15 mm sodium iodoacetate. Samples were denatured for LC-MS by 10-fold dilution in 2% Acetonitrile,
0.1% Formic Acid. Mass increases are consistent with a percentage of the original sample has
unmodified cysteine (grey) cysteine persulphide (red), cysteine thiosulphonate (blue) or cysteine
thioperoxosulphonate (purple).

Cysteine sulphinic acid was a possible origin of the +32 Da species in G WT samples
(Figure 4.3). However, this species is unlikely to react with iodoacetate and the absence of the
+32 Da species in the iodoacetate treated sample makes it unlikely that cysteine sulphenic acid
was present in the original sample. The proposed composition of as-provided samples of G WT

and other proteins studied here is summarised in (Table 5.2).
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Table 4.2 — Composition of cysteine modifications in TsdA samples as-provided and after TCEP
treatment. Samples were prepared as indicated in pH 7 50 mm HEPES, 50 mm NaCl before
incubation in 15 mm sodium iodoacetate and denaturation in 10-fold dilution in 2% Acetonitrile,
0.1% Formic Acid. Cysteine (persulphide) carboxymethylate and unmodified cysteine (persulphide)
are proposed to originate from the same species in solution.

Relative Abundance (%)
Sample
Cys Cys-$ Cys-SSOs Cys-SSSOs
Mass Increase (Da) | +0, +57 +32, +89 +112 +144

G WT 50 30 20
Cj WT +TCEP 100 - -

Gj N254K 60 - 40
Cj N254K +TCEP 80 - 20
Av WT 38 36 16
Av WT +TCEP 100 - -

In order to assess the status of cysteine in other TsdA samples, those of Cj N254K and
Av WT were studied (Figure 4.5, centre and right). It was expected that these samples, unlike
Cj C138M/H would also display evidence for cysteine modification. Indeed, when incubated with
TCEP, LC-MS is simpler and peaks at lower mass values are seen for both proteins. The
predominant peak for Gj N254K treated with TCEP and iodoacetate indicates 60% of the sample
has the mass predicted for protein where Cys-138 is entirely unmodified (+0 Da). There is a broad
feature with a peak at +53 Da indicating ~25% of the sample has mass increase(s) that could
indicate Cys-138 is carboxymethylated (or oxidised to cysteine sulphonic acid which is less likely).
Unlike Gj WT there is still a peak with a mass +111 Da, (20% of the sample) indicating protein with
cysteine thiosulphonate, for Cj N254K, TCEP incubation is inferred to only have homogenised
cysteine in as much as 80% of the sample. Gj N254K incubated with iodoacetate (Figure 4.5, upper
centre) has a mass peak equal to the predicted mass of the variant +57 Da, consistent with
carboxymethylation of unmodified Cys-138 in 60% of the sample. The single additional peak (40%
of the sample) has a +112 Da mass, indicating thiosulphonation of Cys-138. Cj N254K has catalytic
activity comparable to Cj WT32 and has presumably undergone similar reactivity with adventitious
sulphur compounds present during growth as Cj WT. Some His/Lys ligation at ferric heme Il could
increase the stability of the thiosulphonated form of Cys-138, explaining the absence of cysteine

persulphide and the slower rate of TCEP reaction of this variant compared to G WT. His/Lys rather
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than His/Met ligation at heme Il lowers Ey and decreases the thermodynamic driving force for

breaking disulphide bonds at Cys-138, consistent with this proposal.

Av WT incubated with TCEP and iodoacetate (Figure 4.5, bottom right) has one clearly
resolved peak (76% of the sample) with a mass equal to the predicted mass of the unmodified
protein (without the +100 Da mass increase present in Cj TsdA proteins). An additional peak with
a mass +59 Da shows the remaining 36% of the sample has been carboxymethylated after all
other modifications were removed. Av WT incubated with only iodoacetate has a mass peak (38%
of the sample) equal to the predicted mass +59 Da indicating carboxymethylation of unmodified
Cys-96. There is also a mass peak (36% of the sample) with +91 Da indicating persulphuration of
Cys-96 prior to carboxymethylation. Two smaller mass peaks (16% and 8% of the sample
respectively) with mass increases of +113 Da and +147 Da, assigned as enzyme where Cys-96 is
respectively modified to cysteine thiosulphonate or thioperoxosulphonate. The technique used
to detect cysteine modifications in Cj WT as purified has also detected similar modifications in Av
WT consistent with similar cysteine chemistry occurring in both TsdA enzymes. TCEP incubation
removes the majority of cysteine adducts like in G WT, but inhibits carboxymethylation, similarly
to Gj N254K. This suggests that the presence of His/Lys ligation at heme Il is not the only influence

on the stability of disulphide bonds at the heme | cysteine.

4.3. (Magneto) Optical Spectroscopy of G WT with no Cys-138 Modifications

Having established that TCEP treatment of Cj WT produces a homogenous sample
containing only unmodified cysteine, it was of interest to resolve the spectroscopic and
electrochemical properties of this enzyme. Initial spectroscopic resolution of the consequences of
TCEP reaction was provided by electronic absorbance (Figure 4.6, upper). For this experiment a
2000-fold molar excess of TCEP was introduced to an anaerobic sample of Cj WT in 50 mm HEPES,
50 mM NacCl, pH 7. Over 90 minutes spectroscopic changes consistent with heme reduction were
monitored, namely the intensity of the o band centred on 552 nm. Spectra recorded at 2.5
minute intervals during this time show a clean transition from low-spin ferric to ferrous heme
with no evidence of any detectable intermediates. The heme features of the spectrum recorded
after this time are of a similar appearance to that of ascorbate treated Cj WT, suggesting that a
single heme is being reduced in each TsdA monomer. Reduction of TsdA hemes by TCEP was not

expected from the mechanism of cysteine reduction (Figure 4.1, A).
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Figure 4.6 — Electronic absorbance spectrum of TCEP-treated Cj WT and C138H. 12 um G WT or
15 um Cj C138H before (thin black line) and after (thick black line) incubation with 30 mm TCEP for
120 minutes. 123 um G WT or 168 um Gj C138H incubated with 1.5 mm sodium ascorbate (thin red
line) is shown for comparison. Insets — Intensity change at 552 nm over time after addition of TCEP.
All samples in 50 mm HEPES, 50 mm NaCl, pH 7.

A possible origin is from products of the TCEP disulphide reaction, predicted to be
bisulphide or thiosulphate, reforming disulphide bonds with Cys-138 in the oxidised protein. Each
disulphide bond re-formed would release two electrons which could then reduce the TsdA hemes
in di-ferric enzyme. Over time inter-monomer electron transfer in the bulk sample would result in
electrons ultimately remaining on the higher Ex His/Met hemes only. No cysteine chemistry is
possible for Cj C138H, however this variant is still reduced to ~50% the extent that Cj WT is by
TCEP (Figure 4.6, lower). This suggests the reactivity of TCEP is more complex and direct reduction

of hemes can occur when this agent is in excess.

To characterise the difference between Cj WT as prepared, which is predicted to have
predominantly His/CysS™ heme | ligation and Gj WT +TCEP, which is predicted to have entirely
His/Cys™ ligation, MCD was recorded of Cj WT treated anaerobically with TCEP and then re-
oxidised with ferricyanide to permit resolution of CT;s bands. In the nIR region the CT.s band
(Figure 4.7) previously assigned as arising from His/Cys" ligation is slightly red-shifted to 1250 nm,
has a lower intensity (0.4 M cm™ T?) and there is now clear resolution of a vibrational shoulder
at 1080 nm similar to that observed after ascorbate incubation (Figure 3.3). There is no change to

the His/Met CTs band at 1830 nm, except for an apparent increase in the intensity of the
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vibrational shoulder due to overlapping intensity from the red-shifted His/Cys band. In the
UV/visible region, the Soret band of the treated species is broader and less intense, and the
trough at 579 nm assigned to thiolate-ligated low-spin ferric heme in untreated Gj WT in the of
region is now no longer clearly resolved. A small peak has appeared at 547 nm, which could

indicate that a trace of low-spin ferrous heme is present from incomplete reoxidation of the

hemes.

_ 100

=

=

é o

T

3

-100
| L 1 " 1 L 1 1 1 1 1 1 L 1 1
300 400 500 600 700 1,000 1,500 2,000

Wavelength (nm) Wavelength (nm)

Figure 4.7 — MCD of oxidised TCEP-treated (black line) and as prepared (dashed grey line) CGj WT.
Room-temperature (left) UV/visible and (right) nIR MCD spectra of 15 uMm (250-450 nm) and 130 um
(450-2000 nm) Cj WT incubated with 80 um TCEP and 17.6 um (250-450 nm), 163 um (450-700 nm)
and 123 um (700-2000 nm) Cj WT without TCEP. Both samples were fully oxidised with potassium
ferricyanide after treatment. All data recorded at room temperature in 50 mm HEPES, 50 mm NaCl,
pH 7 or the same buffer in D20 pH* 7 for nIR MCD.

On the basis of LC-MS above, the bulk population of as-provided G WT is expected to have
mixed His/Cys and His/CysS  ligation at heme | and His/Met ligation at heme II. TCEP-treated (j
WT by contrast is expected to have homogenous His/Cys heme | ligation and identical His/Met
ligation at heme Il. MCD of oxidised TCEP-treated Cj WT is only subtly different from Cj as
prepared, consistent with His/Cys and His/CysS  ligated hemes having similar chemical properties.
From comparing the two samples it appears that the GG WT heme | with His/CysS ligation has a
very slightly blue-shifted CTs band, a slightly narrower and more intense Soret, but a clearly
distinctive negative aff feature at 579 nm that could be used to fingerprint this species given

more examples of hemes with this ligation state.

4.4. PFE of G WT with no Cys-138 Modifications
The results presented above demonstrate how samples of i WT are heterogenous at the
level of Cys-138 modifications. That heterogeneity can be removed by reaction with TCEP to

produce samples containing only unmodified cysteine. As a consequence it was of interest to
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assess the PFE of Cj WT containing only unmodified Cys-138. For these experiments PFE and
LC-MS measurements were performed with the aim of providing detailed knowledge of cysteine
status in samples used for PFE. PFE experiments were recorded with assistance from visiting

researcher, Zuzana Babkova.

The protocol used was as follows. An anaerobic sample of G WT (~100 um) in 50 mm
HEPES, 50 mM NaCl, pH 7 was incubated with TCEP (30 mm) for 10 minutes at room temperature.
Excess TCEP was removed by spin concentration against anaerobic 50 mm HEPES, 50 mM NaCl, pH
7. An aliquot of the sample was removed, treated with iodoacetate to trap reactive thiols, and
analysed by LC-MS. The remainder of the sample was used to coat an IO-ITO electrode in
anaerobic conditions and studied by PFE (5 to 100 mV s). The adsorbed protein was then
recovered from the electrode by applying a drop of iodoacetate solution (100 mm) to the
electrode surface for 2 minutes, then scraping the entire mesoporous ITO layer into
2% acetonitrile, 0.1% formic acid. This suspension was then transferred to a container and
allowed to sediment under gravity (typically ~5 minutes) so that ITO particles settle and permit
extraction of only the liquid portion of the sample, which was then analysed by LC-MS. The

corresponding LC-MS and PFE are presented in Figure 4.8.

LC-MS of Cj WT +TCEP used to coat the I0-ITO electrode shows the major species (50%)
present in the sample was unmodified prior to carboxymethylation, with non-carboxylated
protein and other sulphur adducts individually accounting for <20% of the sample. There is no
indication for a significant change of Cys-138 status in the protein film recovered from the
electrode. Representative voltammetry shows two pairs of peaks well described by n = 1
processes with Ey =-83 mV (X) and +195 mV (Y). The areas of X are now ~50% larger than for Y,
respectively exchanging 210 (220) pmol electrons compared to 133 (115) pmol during the

oxidative (reductive) scan.

The data presented above suggest that cysteine modification does indeed contribute to the
electroactivity of G WT as revealed by PFE. A further experiment probed the properties of protein
without TCEP treatment (Figure 4.8, B). The sample was treated as above but without the
inclusion of TCEP. PFE showed behaviour consistent with that described in Chapter 3, where the
peak area of X is smaller than that of Y, respectively exchanging 35 (45) pmol electrons compared
to 140 (113) pmol during the oxidative (reductive) scan, which does not change as scan rate is
varied. Importantly LC-MS of the protein as-adsorbed shows multiple mass peaks and after
desorption the major species present (40%) in the sample is now cysteine persulphide, showing a

clear link between the status of Cys-138 and the relative areas of signals in voltammetry.
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Figure 4.8 — Representative CV of Cj WT after TCEP incubation (A) and as prepared (B). (Left) Raw
data (outer black line) with baselines (dashed line) used to prepare baseline-subtracted CVs (inner
black line) of a Cj WT coated I0-ITO electrode either as prepared (top) or incubated with 75 um TCEP
and transferred to fresh buffer-electrolyte prior to adsorption (bottom). Each peak has been fitted to
two predicted n=1 theoretical responses (red and blue lines) and the sum of these contributions
(black circles). All data recorded in 50 mm HEPES, 50 mm NaCl, pH 7, v = 10 mVs?, T= 293 K. (Right)
Mass spectra of stock solutions for voltammetry (upper panels) and desorbed protein (lower panels)
incubated with 15 mm sodium iodoacetate. Samples were denatured for LC-MS by 10-fold dilution in
2% Acetonitrile, 0.1% Formic Acid. PFE recorded by Zuzana Babkova.

For LC-MS of the applied sample, 28% of Cys-138 was unmodified before
carboxymethylation (+59 Da), 27% was persulphurated before carboxymethylation (+92 Da), 28%
is thiosulphurated (+115 Da) and 17% is thioperoxosulphurated (+148 Da). This observation is
consistent with cysteine thio(peroxo)sulphonate breaking down to cysteine persulphide, either
during adsorption or redox cycling as electrons transferred from the (charged) electrode break
disulphide bonds in the larger cysteine adducts, possibly via the TsdA hemes. Although PFE is
largely identical, more heterogeneity is now visible in LC-MS (Figure 4.5, top left). There are more
peaks at higher masses suggesting that more cysteine thio(peroxo)sulphonate is present in this
sample and less cysteine persulphide, although this is rapidly reversed during adsorption and

oxidation of the film. As this sample was taken at a later date from the same protein stock as the
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first, it is likely that sulphur adducts have accumulated slowly over time in the purified protein,
possibly originating from adventitious sulphur compounds present during growth which have

bound non-covalently to the protein. This phenomenon is discussed further in Chapter 5.

To investigate if the link between cysteine modifications and electroactive heme
populations is unique to G WT or is a general feature of TsdA enzymes, 400 um TCEP was titrated
into the buffer-electrolyte of the cyclic voltammetry experiments with 10-ITO electrodes coated
with Cj WT, G N254K, Av WT and Av N254K. All of these films had previously displayed catalytic
activity (Figure 5.2) giving confidence that they were in a native-like state. Catalytic activity was
also detected after TCEP treatment (data not shown). To eliminate signals arising from direct
oxidation of TCEP by the 10-ITO electrode, the experimental buffer-electrolyte was exchanged for

fresh 50 mm HEPES, 50 mm NacCl, pH 7, before and after TCEP addition.

Representative baseline-subtracted voltammograms for TCEP-treated G WT, N254K and
Av WT and K208N of all feature two pairs of peaks, where the lower potential peaks have a larger

area than in voltammograms recorded prior to TCEP treatment (Figure 4.9).
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Figure 4.9 — Representitive CV of TsdA enzymes after TCEP incubation. Raw data (outer black line)
with baselines (dashed line) used to prepare baseline-subtracted CVs (inner black line) of TsdA
coated 10-ITO electrodes titrated with 400 um TCEP and transferred to fresh buffer-electrolyte.
T=293 K. Each peak has been fitted to predicted n=1 theoretical responses (red and blue lines) and
the sum of these contributions (black circles). Also shown (grey, shaded area) is the response prior to
TCEP incubation.
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All voltammograms are well-described by theoretical n = 1 processes (X, Y and Y’) centred
on Ev values similar to those describing the electroactivity of the untreated enzymes, albeit with
different areas indicating that the only change caused by TCEP is in the amounts of electrons
passed by the TsdA hemes. For all enzymes the area of X is larger, indicating that heme | now
transfers more electrons than it did prior to TCEP treatment. For Av K208N and to a lesser extent
for Gj WT the area of Y is smaller, consistent with previous Cj WT voltammetry (Figure 4.8) and
indicating heme Il now transfers less electrons. Both Av WT and Cj N254K still have signals (Y and
Y’) consistent with His/Lys to His/Met ligand switching at heme Il. The areas of these signals are
larger after TCEP treatment, indicating that unlike G WT and Av K208N, heme Il also transfers
more electrons with the electrode. All TsdA enzymes investigated which have cysteine as a ligand
to heme | therefore feature electroactivity which changes in the presence or absence of cysteine

adducts.

4.5. Correlating Electroactivity and Cys Modification in GWT

The work presented above shows that in samples of G WT as prepared, Cys-138 has
multiple post-translational modifications. Similar, but not identical modifications are found in the
Cj N254K variant and Av WT, so it is proposed that they form in any TsdA enzyme with a heme |
cysteine ligand. After redox cycling, the major species present in G WT is cysteine persulphide.
Incubation with TCEP removes this and all other adducts, resulting in homogenous Cj WT where
Cys-138 is unmodified. This species has a subtly different MCD spectrum to the as prepared
enzyme. More striking is the difference in the number of electrons transferred by heme | (and
possibly heme 1) in PFE experiments comparing TCEP-treated and as-provided Cj WT. It is
proposed that His/CysS ligated heme | does not readily transfer electrons with an 10-ITO
electrode and His/Cys™ ligated heme |, by contrast, has reversible electron transfer. Heme Il is
unaffected by His/CysS ligation at heme |, however there is evidence that heme Il transfers fewer

electrons with an electrode than heme | when the latter has predominately His/Cys" ligation.

If this observation is representative of a trend, it should be possible to correlate the relative
abundance of post-translational modifications detected at Cys-138 using LC-MS with the areas of
one or both pairs of peaks in voltammograms. To test this, G WT samples with different
abundances of Cys-138 modifications were prepared with the assistance of Zuzana Babkova. In a
number of experiments (examples given in Figure 4.10) Cj WT was incubated with TCEP to remove
adducts, substrates to form adducts (see Chapter 5) or combinations of these. In some
experiments chemical treatments were applied to the protein in solution prior to adsorption on
I0-ITO electrodes, in which case an aliquot of this was incubated with iodoacetate and analysed

by LC-MS as a control.
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Alternatively, GG WT was applied as-provided to the I0-ITO electrode and chemical
treatments were applied to the enzyme film. PFE was then recorded in 50 mm HEPES, 50 mm

NaCl, pH 7, typically over a range of scan rates (5 mV s to 100 mV s%).

The enzyme film was then treated with iodoacetate, recovered (see above, 4.4) and then
analysed by LC-MS. Each voltammogram recorded featured two pairs of peaks centred on Ewm
values similar to those observed for all previous Cj WT coated electrodes. The notable difference
between the voltammetry of each experiment was the areas of the low potential (N)) and high
potential (Nn) peaks, proportionate to the electroactivity of hemes | and Il respectively. The
theoretical lineshape for n = 1 processes (equation 1.2) was fitted to representative baseline-
subtracted voltammograms (v = 10 mV s?) for each experiment and the average of the oxidative
and reductive fitted areas for each pair of peaks was used as a measure of the heme | and heme Il

electroactive populations.

LC-MS mass peaks were then normalised so that the sum of the relative intensities of all
peaks equalled 100% and each peak intensity represents the percentage of the bulk G WT
population with that mass. These masses correspond to Cys-138 adducts as previously assigned
(Table 4.1). For simplicity of analysis adducts were grouped into unmodified cysteine (Cys™, with
or without carboxymethylation), cysteine persulphide (CysS’, with or without carboxymethylation)
and higher mass cysteine adducts (CysSSX) namely cysteine thiosulphonate and cysteine
thioperoxosulphate (Table 4.1). A simple assumption is that depending on the status of Cys-138,
each Cj WT monomer is either entirely electroactive, so that the area of the heme | voltammetric
peak is proportional to the amount of that Cys-138 species present, or entirely inactive, so that no

heme | signals can be assigned to the presence of that species at all.
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Figure 4.10 — Representative CVs and corresponding LC-MS of Cj WT films prepared with chemical
agents. Baseline-subtracted CVs (black line) of Cj WT coated IO-ITO electrodes prepared as
annotated. Each peak has been fitted to two predicted n=1 theoretical responses (red and blue lines)
and the sum of these contributions (black circles). All data recorded in 50 mm HEPES, 50 mm Nacl,
pH 7, v=10 mV s?, T= 293 K. (Right) Mass spectra of stock solutions for voltammetry (upper panels)
and desorbed protein (lower panels) incubated with 15 mm sodium iodoacetate. Samples were
denatured for LC-MS by 10-fold dilution in 2% Acetonitrile, 0.1% Formic Acid. PFE recorded by

Zuzana Babkova
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Each permutation of each modification giving rise to active or inactive heme | was then
plotted against the electroactivity of the film as follows. Electroactivity of modified forms of G WT
was modelled from voltammograms in two ways. Both models assume there are two
contributions to voltammograms giving rise to the two pairs of peaks (X and Y) observed
(Figure 4.10). Method A assumes that when all of heme | (X) is active and gives rise to signals in
voltammograms, none of heme Il (Y) is active and vice versa. This model allows for the
experimental observation that the peaks for heme | (X) can have a larger area than those of heme
I1 (Y) (Figure 4.8, top). For method A, the electroactivity of heme | is expressed as the fitted area of
heme | signals (Ny) divided by the total fitted electroactive area of the voltammogram (Niot)
expressed as a percentage. Method B assumes heme Il is electroactive in both populations and
the only difference is whether heme | is electroactive or not. Therefore, when heme | is fully
electroactive, both hemes are active as with Cj C138M (Figure 3.6) and peaks in voltammograms
are equal. For method B, the electroactivity of heme | is calculated from Ny divided by the area of

heme Il (N,) expressed as a percentage.

Electroactive Heme | Inactive Heme |
MOdE' N, /Ny, = 100% N,/N,; = 0%
A :
E E
N,/N, = 100% N,/N, = 0%
B :
E E

Figure 4.11 — Hypothetical models for the cysteine modification dependent electroactivity of G WT
on 10-ITO electrodes. A) Assumes either heme | or heme I, but never both transfers electrons with
an electrode for a given form of the enzyme. B) Assumes only electrons transferred by heme | are
affected by cysteine modifications.

The percentage of electroactive heme | calculated from PFE using model A or B was then
plotted against the LC-MS-determined percentage of each permutation of Cys-138 species
present. The latter was either determined using LC-MS of the sample used to coat the I0-ITO
electrode (Figure 4.12, right panels) or LC-MS of the desorbed enzyme (Figure 4.12, left panels).

The strongest correlation between percentage of electroactivity and percentage of Cys-138
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modification(s) is observed using method A, LC-MS of desorbed protein and with unmodified Cys-
as the only electroactive species (Figure 4.12, top left panel, red stars) with all other modifications

resulting in inactive protein.

A

Desorbed Applied
LR 1 — iz \ T L I
100 F “w e e * - ”» e * —
X r o i
o o
< 80} X0 o - ° ]
~ 0 x o ¥
é ° g‘ x | Xt * * |
o 60} * - * —
E 1oL koo o /S
=3 ° “ r * Electroactive Species |
o s  ¥i e H & * oys
£ v & % ° ® CysS
[ H * ¥ CysSSX-
] vir v , g
5\ 20k v L O Cys & CysS
v Y M v v v * Cys & CysSSX-
* [ X CysS & CysSSX-
ok v L + All Species
L 1 1 L | L 1 !
0 20 40 60 20 40 60 80 100
B N /N, (%) Ny Ny (%)
Desorbed Applied
100} . oo " L . o T g
L x L R i
S:Us ¥ o e . ° _
~ X o *
c L L _
g o Xé, & x *
< 60r- * X = x =
3 g x. ° x ° x
Q. B ° * r T
0] x *
o 40+ L . bad - s 7 R .
.% I v L % 4
"i * v Y
v
O 20F ) v " v I
L * 1L v |
0F v el f
| | 1 1 | I | 1 | | 1 | 1 | ! | L | L |
0 20 40 60 80 100 O 20 40 60 80 100
N/N, (%) N,/N, (%)

Figure 4.12 — Correlation of Cys-138 Modifications in ¢ WT and heme | electroactivity. G WT
samples were subject to chemical treatments intended to produce a range of Cys-138 modifications.
The identity of these is calculated from relative intensity of LC-MS peaks from (Left) desorbed
protein from 10-ITO electrodes following voltammetry or (Right) protein solutions used to coat
electrodes. A) Heme | electroactive area (Nx) calculated as a percentage of total electroactive area
(Ntot) from representative voltammograms B) Heme | electroactive area calculated as a percentage of
heme Il area (Ny). PFE recorded in 50 mm HEPES, 50 mm NaCl, pH 7,v=10mV s1, T=293 K.

This suggests that when G WT has His/Cys ligation at heme |, heme | transfers electrons
and heme Il does not. When heme | has His/CysS™ or any other form of ligation, heme | does not

transfer electrons and heme Il does. Furthermore, this gives confidence that LC-MS of Cj WT
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desorbed from the electrode is representative of the status of the enzyme film in PFE

experiments.

4.6. Discussion

Correlating LC-MS and PFE data of chemically-treated Cj WT films supports the hypothesis
that Cys-138 modifications affect electron transfer in i WT. Specifically only one heme transfers
electrons with an 10-ITO electrode; when Cys-138 is unmodified, this is heme I, when Cys-138 is
modified, this is heme Il. By this model there is no inter-heme electron transfer in either form of
the wild-type enzyme, despite the presumed close proximity of the TsdA hemes®3%33, All forms of
Cji WT hemes present in the enzyme as-isolated are reduced by dithionite (E = -500 mV)*’ in
solution, eliminating the possibility that a His/CysS™ ligated heme | simply has an Ey lower than the
potential window for PFE, as is the case for SoxAX hemes proposed to have this ligation
state?®931% There is now clear evidence that both Cj WT hemes are capable of facile electron
transfer with an 10-ITO electrode, even though this electroactivity is apparently mutually
exclusive. It is therefore unlikely that heme | electron transfer is prevented simply by preferential
orientation on the electrode surface (Figure 3.19) as it is unlikely that TCEP treatment would
modify the surface of G WT and cause a large conformational change reversing the enzyme
orientation. It is more likely that electron transfer to the TsdA hemes is instead controlled by
factors other than distance. One rationalisation is that amino acid sidechains with partially
unoccupied or conjugated orbitals within Gj WT, for example the conserved residues Tyr-161 and
Trp-164, combine to provide a defined pathway for electron transfer through the protein
(Figure 4.13). If Cys-138 thiol(ate) features in this pathway, it is possible to imagine a situation
where the presence or absence of an additional sulphane sulphur atom, perhaps in combination
with the flexibility of the cysteine sidechain, might somehow act as a switch for electron transfer
through the protein depending on the size and orientation of this ligand and its interactions with
surrounding residues. In variants where methionine or histidine replaces Cys-138, this path-
limited electron transfer could either have been bypassed, or these larger residues might permit

electron transfer to both hemes at once through perturbation of nearby residues.

In this model, dithionite or other chemical agents can still reduce both hemes regardless of
the status of Cys-138 by diffusing directly to the hemes, bypassing the electron transfer path.
Substrates would instead be expected to bind to the positively charged pocket® in the vicinity of
Cys-138 and only donate or accept electrons there. In this case, only His/Cys™ and not His/CysS
ligated heme | is expected to participate in thiosulphate oxidation as the active site heme | is not
available as an electron acceptor in the latter. This highly controlled electron transfer may have

evolved in Gj TsdA to specifically limit or otherwise fine-tune the reactivity of heme |, similar to

107



how catalytic intermediates within the Sox enzyme cycle are bound to a persulphurated

cysteinel®l,

electrode

Heme |

Heme ll

Figure 4.13 — Refined model for Cj WT electron transfer where persulphuration of Cys-138 could
feature in a strictly controlled electron transfer path. Blue arrows show direction of electron
transfer, black circles represent amino acid sidechains that provide a pathway for electron transfer.
Hemes outlined in black are electroactive in voltammetry, grey hemes are not.

For the purpose of correlating Cys-138 modifications to heme | electroactivity, the analysis
detailed above considers cysteine thio(peroxo)sulphonate identically to cysteine persulphide.
Using this model it is difficult to reconcile how the cysteine thiosulphonate form of Cj WT has only
one electroactive heme but can still act as a catalytic intermediate for a two-electron reaction.
None of the desorbed Cj WT films have a large population of cysteine thio(peroxo)sulphonate, so
one possibility is that this species has different electroactivity and simply breaks down to cysteine
persulphide during redox cycling too rapidly have been accurately characterised in the
experiments reported above. The above models also assume that Ev values for heme | (or Il) are
unaffected by cysteine modifications. Alternative descriptions are therefore possible such as the
Em of a modified form of heme | increasing to be equal or similar to that of heme Il so that the

signal Y in voltammograms features the electroactivity of more than one heme.
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The following chapter reports on how substrates and substrate mimics were used in an
attempt to prepare and characterise samples with larger populations of catalytically relevant or
analogous Cys-138 adducts not expected to be competent as heme ligands which may give rise to

more varied heme | environments.
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5. Preparing and Characterising Catalytic Intermediates of G WT

PFE data recorded for G WT with and without the cysteine modifications found in the as-
purified enzyme suggest that only one heme transfers electrons with 10-ITO electrodes at a time
and inter-heme electron transfer is impossible, despite the <14 A distance between the hemes. If
a two-electron reaction is catalysed by Cj WT, this suggests there must also be a form of the
enzyme where electron transfer is possible to both hemes at once which has not been detected
so-far. Replacing Cys-138 with methionine, or histidine at low scan rates, achieves this raising the
possibility that the cysteine thiosulphonate catalytic intermediate proposed by Grabarczyk et al.®
might have similar electron transfer properties. As shown by the LC-MS presented in Chapter 4,
some of Cys-138 is present as cysteine thiosulphonate in Cj WT as prepared, although this species
only features in a small sub-population of monomers and readily decays to cysteine persulphide
on an electrode. As such, experiments so-far are unlikely to feature enough of this species to
accurately characterise its electroactive properties. One alternative to preparing Cj WT with more
of this seemingly unstable species is to instead use an inhibitor of TsdA to form more stable
analogous forms. If such a Cys-138 modification can be prepared in sufficient quantities, then this

can be characterised to give insight into true catalytic intermediate(s).

Sulphite is a known inhibitor of TsdA enzymes!*, has a clear structural similarity to
thiosulphate and has been resolved binding close to heme | in structures of Av TsdA®. This
chapter presents mass spectrometry data which identified cysteine modifications formed in TsdA
exposed to sulphite. Sulphite-reacted Cj WT was analysed by (magneto) optical spectroscopy and
electrochemistry, these data are presented and it is proposed that this form of the enzyme is
analogous to mechanistic intermediate(s). Similar experiments are then reported where cysteine
modifications are formed by the presence of substrates. The data are discussed in terms of their
effect on the TsdA hemes and their electroactivity. The appearance of previous voltammetry is

then re-analysed with regards to the new findings of this chapter.

5.1. Catalytic Activity of TsdA.
Previous reports of the catalytic properties of TsdA proteins (Figure 1.4) are predominantly

5,9,31,32

based on spectrophotometrically monitored solution activity assays although catalysis has

also been investigated using PFE®°. The latter technique was also used to identify sulphite as an

inhibitor of TsdA enzymes4®

and this section presents this unpublished work by Julia Kurth. To
have confidence that TsdA films on 10-ITO electrodes are representative of the native-like protein,
the results of catalytic PFE experiments using these are also reported. Following this, data from
spectrophotometrically-monitored solution assays of TCEP-incubated TsdA enzymes are
presented that provide evidence that cysteine modifications and the different relative
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electroactive heme populations detected in PFE experiments have some relation to the catalytic

activity of these enzymes.

5.1.1. PFE Investigations of G WT Catalysis and Sulphite Inhibition
The catalytic activity of G WT has been previously investigated using cyclic voltammetry of
protein films adsorbed on pyrolytic graphite edge (PGE) electrodes®. Thiosulphate and
tetrathionate independently added to seperate protein films give rise to catalytic currents
(Figure 5.1). A rotating disc electrode (RDE) system was used to provide constant convection of
buffer-electrolyte across the protein-coated electrode surface to eliminate the effects of

diffusion®’.
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Figure 5.1 — Sulphite inhibition of tetrathionate reduction (top) and thiosulphate oxidation
(bottom) in Cj WT. Left) Cyclic voltammograms of Cj WT films on PGE electrodes in the presence of
0.3 mMm tetrathionate (red line) or 8 mm thiosulphate (blue line) and indicated concentrations of
sulphite. Right) Similar PFE experiments performed in the indicated sulphite concentrations and
varying tetrathionate (red crosses) or thiosulphate (blue crosses) concentrations indicate Kwm
increases with increasing sulphite concentration without affecting imax and therefore inhibition is
competitive. All experiments performed by Julia Kurth using Cj WT-coated PGE electrodes in 100 mm
ammonium acetate, 50 mm NaCl, pH 5, w =500 rpm, v=10 mV s, T=315K.

This catalytic current (icat), is proportional to the reaction velocity and was used to obtain a
Michaelis constant for tetrathionate reduction (Km = 72 + 1 um), comparable to that observed for
solution assays and 10-fold less (Km = 2.5 + 0.3 mMm) in the case of thiosulphate oxidation32.
Sulphite (S0s%) is a mimic of thiosulphate (550s%) and lowers catalytic currents to a similar extent

for both thiosulphate oxidation (Ki = 1 + 0.1 mmMm, Figure 5.1, upper left) and tetrathionate
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reduction (Ki=4+0.8 mmMm, Figure 5.1, lower left), consistent with sulphite inhibition of both
reactions. Experiments performed using varying substrate and sulphite concentrations
(Figure 5.1, right) determined that sulphite raises the Ku for the interconversion of thiosulphate
and tetrathionate in either direction without affecting imax (proportionate to vmax). Sulphite is
therefore a competitive inhibitor of both thiosulphate oxidation and tetrathionate reduction in
WT. Based on this observation, it is likely sulphite may binds in an analogous way to thiosulphate
in the TsdA active site, but does not progress any further through the catalytic cycle. As such, it
may be possible to prepare a sulphite-bound species which is stable for a long enough time that

spectroscopy and electrochemistry can be used to characterise this form.

5.1.2. Catalytic Activity of TsdA-Coated IO-ITO Electrodes.

Catalytic activity of TsdA enzymes is only expected when these are in a native-like form, so
to have confidence that TsdA films on 10-ITO electrodes are not perturbed or denatured, aliquots
of thiosulphate were titrated into the buffer-electrolyte during cyclic voltammetry experiments
(Figure 5.2, blue lines). With the first thiosulphate addition a signal characteristic of a diffusing
redox couple centred on Em = +200 mV in solution appeared, which became more intense with
each subsequent addition. This suggests the catalytic potential for thiosulphate oxidation on 10-

ITO is equivalent to that previously detected on PGE electrodes®.
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Figure 5.2 — Catalytic activity of TsdA on 10-ITO electrodes. Representative cyclic voltammograms of
TsdA enzymes and variants as annotated in the absence of substrate (black line) or in the presence of
1.2 mMm thiosulphate (blue line) or 1.2 mm tetrathionate (red line). All data recorded in 50 mm
HEPES, 50 mm NaCl, pH 7, v=10 mVs, T=293 K.
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At higher potentials, the current does not return to baseline values, instead this oxidative
current becomes more positive as more thiosulphate is added. These observations are consistent
with catalytic thiosulphate oxidation by Cj WT. The negative peak centred on the Eum of the
thiosulphate/tetrathionate couple (+198 mV)3? indicates re-reduction of some tetrathionate
produced at the electrode, suggesting this product is not completely diffusing from the electrode
over the timescale of the experiment. Overcoming the rate of diffusion would result in a sigmoidal
voltammogram typical of a two-electron process*! (e.g. red and blue lines in the left panel of
Figure 5.1), however this does not seem possible under the experimental conditions employed.
Diffusion limitation may result from using a stationary electrode with only modest stirring or
limited substrate access to a dense electroactive film on through a porous electrode material®.
The rate of substrate diffusion through mesoporous IO-ITO is likely to be slower than in solution,
limiting the availability of substrate and resulting in the clearly diffusion-limited catalytic currents.
There is also the possibility that only the enzyme molecules closest to the surface of the electrode
undergo catalysis, converting all molecules of substrate and preventing them from diffusing any
further into the electrode*. Catalytic signals also appear when the buffer-electrolyte is changed
and tetrathionate is introduced into fresh buffer-electrolyte (Figure 5.2, red lines). In this case
there is a negative current at potentials lower than Ey = +200 mV consistent with diffusion-limited

tetrathionate reduction.

Over the range of substrate concentrations used vmax is never reached (Figure 5.3, black
circles). Although the accurate determination of Ky values is not possible, it is clear that these are
higher on the 10-ITO electrodes than in solution. From solution assays the Kw for thiosulphate
oxidation is 0.3 mm and tetrathionate reduction is Ky = 0.1 mm*. The maximum turnover
recorded in the presence of 1.2 mm thiosulphate is 8 s, 100-fold less than k. determined by
solution assays. In the presence of 1.2 mm tetrathionate there is a turnover of 23 s, also ~100-
fold less than ket It is difficult to interpret these values due to likely diffusion limitations noted
above. In addition catalytic activity is likely to be lower than in previously reported solution assays
as the latter were conducted at pH values (pH 5.0 for Av TsdA, pH 6.5 or 5.0 for Cj TsdA) and
temperatures (T = 303 K for Av TsdA, T = 315 K for G WT) optimal for catalytic activity>*32,
whereas all catalysis measured here has been conducted at pH 7, T = 293 K for consistency and to

preserve protein films. Nevertheless, the presence of measurable catalysis is clear.

The same experiments were performed with Av WT, Cj N254K and Av K208N. All enzymes
gave rise to clear, diffusion-limited catalytic currents in the presence of thiosulphate and
tetrathionate. G N254K and Av K208N both have decreased thiosulphate oxidation activity
relative to G WT, similar to their behaviour in solution assays. Av WT has a turnover of 2 stin the

presence of 1.2 mMm thiosulphate, 1000-fold less than kca: in solution® consistent with much lower
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activity observed for this enzyme at the experimental pH 7 compared to pH 5 in previously
reported solution assays® and unpublished PFE experiments®®. Tetrathionate reduction by Cj
N254K, Av K208N and Av WT on IO-ITO is approximately 10-fold less than ke in solution,

suggesting the activity of these variants is limited in a similar way to that observed for Cj WT.
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Figure 5.3 -—Catalytic turnover for TsdA-coated 10-ITO electrodes. Catalytic turnover for
thiosulphate oxidation (left) and tetrathionate reduction (right) by Cj WT (black circles), Cj N254K
(pink stars), Av WT (red triangles), Av K208N (maroon diamonds) on IO-ITO electrodes calculated
from peak catalytic currents, using half total moles of electrons transferred from integrated peak
areas of voltammograms to indicate total moles of TsdA. All data recorded in 50 mm HEPES, 50 mm
NaCl, pH 7, v=10 mVs™, T=293 K.

All TsdA enzymes featured in this thesis which are active in solution assays®*? also display catalytic
currents when adsorbed to |0-ITO electrodes. This gives confidence that some of the 10-ITO
adsorbed enzyme is present in a native-like form. Unless this native-like population is too small to
give rise to Faradaic currents in the absence of substrates, non-turnover voltammetry of TsdA-
coated I0-ITO electrodes is reporting on the electroactivity of this native-like form and where
signals are heterogenous, it is likely that the enzyme population is also. The diffusion limitation
observed also implies that chemical treatments (eg. TCEP or sulphite incubation) are not able to
access all of the adsorbed enzyme molecules. Therefore, such treatments are likely to be more
effective when performed on a sample of TsdA in solution which is subsequently used for

electrode coating.

5.1.3. The Effect of Cysteine Adducts on TsdA Catalytic Activity.
LC-MS of wild-type TsdA enzymes suggests that these exist in solution with multiple sub-
populations with different cysteine modifications. If all of these can be interconverted in the
presence of substrate it would be expected that as prepared enzymes with adducts and TCEP

treated enzymes without them would feature identical catalytic activity. Alternatively, PFE
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suggests that cysteine modifications are linked to the electroactivity of the TsdA hemes. If this is a
feature of the native enzyme and is not just a consequence of adsorbing to 10-ITO, it would be
expected that as prepared and TCEP-treated enzymes would have some difference in catalytic
activity. To investigate this, spectrophotometrically-monitored solution assays were performed to
monitor thiosulphate oxidation by TsdA with the assistance of visiting researcher Martin Zenka
and Erasmus student Fabien Chappert. Gj and Av TsdA were assayed either as prepared or in the
presence of equimolar TCEP, expected to remove any initial cysteine adducts present and become
oxidised to inactive TCEPO in the process (Figure 4.1, A). PFE was not used as insufficient TsdA
adsorbs to PGE electrodes for non-turnover currents that could be used to quantify electroactive

TsdA population® and the 10-ITO catalytic response is not free of mass transport limitation.

Activity of as-provided and TCEP-treated TsdA was assayed under anaerobic conditions
using ferricyanide as a chromophore and electron acceptor. Catalytic turnover (Figure 5.4) for
thiosulphate oxidation was calculated from the initial change in absorbance at 420 nm where
ferricyanide, but not ferrocyanide, absorbs. Initial concentrations were 1 mm ferricyanide and
100 nmMm TsdA in 50 mm HEPES, 50 mM NaCl, pH 5 at T= 297 K to which varying concentrations
(0.0675 to 18 mm) of substrate were added. Turnover at each thiosulphate concentration for
Av WT is well-described by the Michaelis-Menten equation which has been normalised to TsdA
concentration ([TsdA]):

kcat [TSdA]

TOF = (Kp+[TsdA)])

Equation 5

where TOF denotes turnover frequency in s?, ket is the maximum turnover frequency and Ky is
the Michaelis constant representative of the affinity of the enzyme for substrate. G WT and (j
N254K data show evidence of substrate inhibition and the data for these is well-described the

variant Michaelis-Menten equation featuring a dissociation constant for inhibition (K)):

kcat [TSdA]

TOF = N Equation 5.2
K

(Kp+[TsdA](

Lines describing the recorded data (Figure 5.4, solid and dashed lines) have Ku, kcat and where
relevant K, values summarised in Table 5.1. Ky falls within an order of magnitude for thiosulphate
oxidation in all enzymes as-provided (0.4 to 0.7 mm) as expected from previous reports (0.1 mm
to 0.3 mm)>932, G WT (130 s) and Av K208N (160 s!) also have similar values for ke, consistent

with the similar heme electroactivity observed for these in PFE (Figure 3.14).
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Figure 5.4 — Solution thiosulphate oxidation assays of TsdA enzymes as prepared (open symbols)
or following TCEP treatment (closed symbols). Cj WT (left panel, black circles), Av WT (right panel,
red triangles) and Av K208N (right panel, maroon diamonds) were assayed without (open symbols)
or with (closed symbols) 100 nM TCEP by monitoring AAs20 of 1 mm potassium ferricyanide after the
addition of 0.0675 to 18 mm thiosulphate to 100 nm TsdA in 50 mm HEPES, 50 mm NaCl, pH 7, T =
293 K. Lines indicate the Michaelis-Menten equation with or without substrate inhibition fitted to
data for as-provided enzymes (solid lines) or TCEP-treated enzymes (dashed lines) in QTI plot
summarised in Table 5.1. Turnover data are also shown for ‘fresh’ Cj WT (left panel, grey crosses)
and G WT after incubation with sulphite and ferricyanide (left panel, black stars). Cj TsdA
experiments performed with assistance from Martin Zenka, Av TsdA experiments performed by

Fabien Chappert.

Av WT (30 s?) has a ket value 4 to 5 times lower than G WT and Av K208N consistent with

this enzyme being much less active at pH 7, T = 293 K than under optimised catalytic conditions,

where it has a 10 to 100-fold greater ke for thiosulphate oxidation>*°. Unlike Av WT, Cj WT

(Ki=7.1 mm) and Av K208N (K; = 57 mM) show previously unreported evidence of substrate

inhibition, although in the latter variant this is very modest and in neither case is K| < K.

Table 5.1 - Catalytic parameters for thiosulphate oxidation by TsdA variants. Calculated from
spectrophotometrically-monitored enzyme activity assays. AAa20 of 1 mMm potassium ferricyanide was
monitored after the addition of 0.0675 to 18 mm thiosulphate to 100 nm TsdA in 50 mm HEPES,

50 mm NaCl, pH 7, T=293 K.

Variant Kv (mm) Keat (s2) Ki (mm)
Ci WT 0.4+0.1 130+ 10 7.1+0.1
Cj WT +TCEP 16+0.1 560+ 10 04+0.1
Av WT 0.7+x04 302 -

Av WT +TCEP 20+£03 65+3 -

Av K208N 04+0.1 160+ 10 57+2
Av K208N +TCEP 1.3+05 290+ 10 8t4

116




In the presence of TCEP, K increases slightly (3-4 times) however ket also doubles for
Av WT and K208N and quadruples for Cj WT. This is consistent with there being an increase in the
concentration of catalytically active enzyme in the presence of TCEP, which for the wild-type
enzymes correlates approximately to the proportion of Cys-138 or Cys-96 expected to be present
in these samples before and after TCEP treatment (Figure 4.5, right panels, Figure 4.8 lower right
panels). TCEP incubation also causes a 7-fold decrease in K, for Av K208N or a 18-fold decrease in
K, for Cj WT, which in the latter enzyme now makes K, < Km. TCEP treatment of all TsdA enzymes
investigated therefore increases activity, but also increases substrate inhibition. During
thiosulphate oxidation assays of Cj WT it was also apparent that enzyme assayed shortly after
thawing from an aliquot of the as-purified protein has much greater activity (Figure 5.4, grey
crosses) than the same protein stock assayed after 60+ minutes. Previous observations suggest
purified protein samples accumulate cysteine modifications over time (see above, 4.4). It may be
possible that immediately-thawed enzyme is initially free of all modifications and is therefore
more active. It may alternatively be possible that some optimal proportion of cysteine
modifications in the bulk enzyme population provides both high activity and protection from

substrate inhibition.

Activity assays were also performed using Cj WT which had been incubated with excess
sulphite and ferricyanide before being buffer exchanged extensively to remove unbound sulphite
(Figure 5.4, black stars). This form of the enzyme has negligible catalytic activity, so it is likely that
in addition to the competitive inhibition observed previously, extensively sulphite-treated G WT is
incapable of further reaction with thiosulphate. This is rationalised if sulphite incubation of Cj WT

modifies Cys-138 in a stable manner and the following section explores this possibility.

5.2. LC-MS of G WT Reveals Cys-138 Covalent Modification by Sulphite.

LC-MS of Cj WT incubated with two equivalents of sulphite (Figure 5.5, A) was recorded
using the methodology detailed previously (see above, 4.2). The mass spectrum has two clear
peaks, the more intense (60% of the sample) has a mass +113 Da greater than predicted,
consistent with Cys-138 modified to cysteine thiosulphonate. The remaining peak (40% of the
sample) has a mass +57 Da greater than the predicted, consistent with unmodified cysteine after
carboxymethylation. Cysteine thiosulphonate is expected if persulphurated Cys-138 forms a
covalent bond to one molecule of sulphite and the fact that this is the only obvious species that is
likely to have formed from reaction with sulphite is consistent with cysteine persulphide being
more nucleophilic than unmodified cysteine. When ferricyanide was included to fully oxidise a
parallel sample in the presence of excess sulphite, the mass spectrum has one major peak (70% of

the sample) at +81 Da, consistent with Cys-138 modified to cysteine sulphonate. The latter
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species is expected if unmodified Cys-138 forms a covalent bond with one molecule of sulphite in
an analogous manner to cysteine thiosulphonate formation observed after thiosulphate
incubation of Av WT°. This species may also displace other Cys-138 modifications through

disulphide exchange to explain how cysteine thiosulphonate is now no longer present.
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Figure 5.5 — Deconvoluted Mass Spectra of TsdA proteins with sulphite. 30-50 um TsdA or cyt c in
pH 7 50 mm HEPES, 50 mm NaCl incubated for 1 hour with sodium sulphite (as annotated) followed
by incubation with 15 mm sodium iodoacetate. Samples were denatured for LC-MS by 10-fold
dilution in 2% Acetonitrile, 0.1% Formic Acid.

When Cj WT is first incubated with TCEP to remove all pre-existing cysteine modifications and is
then incubated with excess sulphite (Figure 5.5, C), the mass spectrum has two major peaks of

approximately equal intensity (each 46% of the sample). One peak has a mass increase of +57 Da
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indicating unmodified protein which has been carboxymethylated and the other peak has a +79
Da mass increase consistent with sulphonation of Cys-138. The mass increases resulting from Cj
WT incubation with sulphite as well as all other proteins and substrates investigated in this

chapter are summarised in Table 5.2.

Table 5.2 — Composition of cysteine modifications in TsdA samples as-provided and after
treatment with substrates and inhibitors. Samples were prepared as indicated in pH 7 50 mm
HEPES, 50 mm NaCl before incubation in 15 mm sodium iodoacetate and denaturation in 10-fold
dilution in 2% Acetonitrile, 0.1% Formic Acid. Cysteine (persulphide) carboxymethylate and
unmodified cysteine (persulphide) are proposed to originate from the same species in solution.

Relative Abundance (%)
Sample
Cys Cys-S Cys-SOs3° Cys-SSOs5 Cys-SSS0Os5°
Mass Increase (Da) +0, +57 +32, +89 +80 +112 +144
G WT 50 30 - 20 -
Cj WT +S05% 40 - - 60 -
Cj WT +SS03* - 100 - - -
Cj WT +S5406* - 6 - 44 50
Cj WT +TCEP 100 - - - -
Cj WT +TCEP +S03* 54 - 46 - -
Cj WT +TCEP +550s* | 56 44 - - -
Cj WT +TCEP +5,06> | 54 46 - - -
Av WT 38 36 - 16 8
Av WT +S05* 20 20 60 - -
Av WT +SS03* 16 62 - 22 -
Av WT +5,06% 14 24 - 62 -

To be confident that all mass increases in the presence of sulphite are due to modification
of Cys-138 or Cys-96, Cj C138H which is lacking free cysteines, was also incubated with excess
sulphite (Figure 5.5, D). There was no detectable change in the mass of the single peak
deconvoluted before or after sulphite incubation, ruling out the adventitious formation of adducts
with other residues. Similarly, Saccharomyces cerevisiae cytochrome c (Sc cyt ¢) which has a single

free cysteine far from the single ¢ heme in this protein!*3, was also incubated with excess sulphite
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(Figure 5.5, E). There is no detectable mass change in the single peak for this protein, suggesting
that the formation of cysteine adducts is due to the reactivity of TsdA enzymes and is not simply
sulphur chemistry that would occur at any free cysteine residue. Av WT was also incubated with
excess sulphite (Figure 5.5, B) and the resulting sample has a single major peak (60% of the
sample) with a +81 Da mass increase, consistent with sulphonation also occurring at Cys-96 in this
enzyme and confirming that covalent modification of the heme | cysteine ligand is not unique to

Gj TsdA.

5.2.1. (Magneto) Optical Spectroscopy of Sulphite-Bound G WT.

LC-MS data is consistent with the reaction of both G WT and Av WT with sulphite forming
cysteine (thio)sulphonate at their heme | cysteine ligands. To investigate the effects of this
reaction on the TsdA hemes, samples of G WT and Av WT were incubated with excess sulphite in
solution and the electronic absorbance was monitored over time (Figure 5.6). After 1 hour, sharp,
intense aff bands consistent with low-spin ferrous heme are visible in the spectrum of both
proteins and there is a broad low-intensity band now present at ~“630 nm consistent with high-
spin ferric heme. The intensity at 552 nm was monitored over the incubation time as an
approximation of overall heme reduction. The final intensity of the off peaks for sulphite-
incubated G WT (Av WT) is ~80% (~70%) of that of ascorbate-reduced protein, implying that less
than one heme has been reduced, although hemes| and Il are unlikely to have similar
contributions to the extinction coefficient, so unambiguous assignment is not possible from

electronic absorbance alone.

The change in extinction coefficient over time at 552 nm has a good fit to two exponential
equations, suggesting that two first-order processes are occurring, for G WT there is one ‘fast’
(k1 =3 s1) and one ‘slow’ (k, = 440 s). For Av WT, there is no ‘fast’ process, one of the first-order
processes occurs at a similar ‘slow’ rate (ki = 350 s?) and there is a slower process still
(k2 = 2500 s1). Reduction of the TsdA hemes is consistent with the formation of a disulphide bond
between the active site cysteine and sulphite, releasing two electrons and forming a cysteine
(thio)sulphonate. This modified cysteine is likely to be displaced as a heme ligand by solvent and
this could explain the appearance of high-spin ferric heme in the spectra of both proteins after 1
hour. Although this reaction is expected to release two electrons, full reduction of the protein is

not observed, this feature of the results is discussed below.
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Figure 5.6 — Electronic absorbance spectra of TsdA before and after sulphite incubation.
66 UM G WT or 131 um Av WT as prepared (grey line) was incubated with 1.5 mm sodium sulphite for
60 minutes (black line) under anaerobic conditions (<10 ppm 02). G WT or Av WT incubated with
1.5 mm sodium ascorbate (dotted red line) is shown for comparison. (Inset) Change in extinction
coefficient of 552 nm monitored over time fitted to two first order processes with X = 2.6 m* cm™,
ki= 3 st and X = 3.6 M! cm?, k2 = 440 s for GG WT and X = 2.6 M* cm™, k1 = 350 s and
X=2.0Mtcm?, k2 = 2500 st for Av WT. Samples are in 50 mm HEPES, 50 mm NaCl pH* 7 in D20,
T=293K.

To interrogate the sulphite-incubated form of TsdA further, MCD spectra were recorded of
Cj WT samples prepared in the same way. The UV/visible MCD spectrum of Cj WT incubated
anaerobically with excess sulphite (Figure 5.7, black lines, upper panels) features a sharp
derivative signal at 551 nm characteristic of low-spin ferrous heme. The peak-to-trough intensity
of this feature is 320 M cm™ T ! indicating that ~80% of one heme has been reduced. Consistent
with this, the His/Met CT.s band at 1820 nm present in oxidised G WT is now absent. The His/Cys
CTs band which resolves at 1230 nm in G WT now only has 50% of the intensity it had prior to
sulphite incubation. From the intensity of the 551 nm band it is clear that this heme population
has not been reduced; however there is a high-spin ferric CT, band present at 636 nm consistent
with His/H,0 ligated heme?*. The corresponding His/H,0 CT; band in the nIR region coincides with
the His/Cys™ CT band and is not clearly resolved. A low-intensity band is also present at 1530 nm,
which is typical of low-spin, ferric heme with bis-nitrogenous co-ordination. As there are no
obvious nitrogenous residues likely to provide this ligand in the pocket of hemes | or |l this band is

left unassigned.
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Sulphite incubated Cj WT was then reoxidised with ferricyanide and from the UV/visible
MCD it is clear that all traces of ferrous heme have now been eliminated (Figure 5.7, black lines,
lower panels). In the nIR region, the ferrous His/Met band at 1820 nm has reappeared at the
same intensity as the oxidised protein without sulphite incubation. The 1230 nm His/Cys™ CTs
band is completely absent, replaced by a bisignate feature at 1120 nm consistent with the CT;
band of high-spin, ferric heme with His/H,0 ligation*’. The corresponding CT, band is present at
636 nm and the trough at 580 nm assigned to low-spin, ferric heme with cysteine persulphide

ligation (Figure 4.7) is absent.
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Figure 5.7 — MCD of sulphite-treated Cj WT. Room-temperature (left) UV/visible and (right) nIR MCD
spectra of (Top) 34 um (250-700 nm) and 104 um (450-2000 nm) G WT incubated with 1.5 mm
sodium sulphite (thick line) and 17.6 um (250-450 nm), 163 um (450-700 nm) and 123 um (700-
2000 nm) Gj WT incubated with 1.5 mm sodium ascorbate (red dashed line). (Bottom) 46 um (250-
450 nm), 144 um (450-700 nm) and 109 um (450-2000 nm) G WT incubated with 1.5 mm sodium
sulphite and then fully oxidised with potassium ferricyanide and and 17.6 um (250-700 nm) and
123 pum (700-2000 nm) G WT (grey dashed line). All data recorded at room temperature in 50 mm
HEPES, 50 mm NaCl, pH 7 or the same buffer in D20 pH* 7 for nIR MCD.

These observations are consistent with sulphite incubation causing the reduction of the
His/Met ligated heme Il in the majority of the bulk population and the displacement of cysteine
(persulphide) as a heme ligand by water in ~50% of heme I. In the presence of an oxidising agent,
heme Il is unaffected by the presence of sulphite, but now all of heme | becomes His/H,0 ligated,

suggesting that now all of Cys-138 is a poor heme ligand. By comparison, MCD of Cj C138H
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incubated with sulphite for 1 hour (Figure 5.8), shows little change, except the appearance of a
bisighate feature at 552 nm with a peak-to-trough intensity of 32 M?* cm™ T? consistent with a
trace (~15%) of low-spin ferrous heme. This trace reduction is consistent with the protonated
form of sulphite, bisulphite, acting as a mild reducing agent (Ew = +0.170 mV!*) and being
oxidised to sulphate in agueous solution in the presence of a high potential His/Met ligated heme.
Extensive reduction and displacement of the heme | ligand therefore only occurs when Cys-138 is

present.
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Figure 5.8 — MCD of sulphite-treated Cj C138H. Room-temperature UV/visible MCD spectra of 90 um
Cj C138H incubated with 1.5 mm sodium sulphite (thick black line) and 18 um oxidised Cj C138H
(grey dashed line). All data recorded at room temperature in 50 mm HEPES, 50 mm NacCl, pH 7.

5.2.2. Mechanism of Sulphite Binding to G WT.

To rationalise the observations from spectroscopy and mass spectrometry, the following
mechanism is proposed: when Cj WT is incubated with sulphite, Cys-138 present as cysteine or
cysteine persulphide forms a covalent bond to one molecule of sulphite to make cysteine
(thio)sulphonate (Figure 5.9) which has a mass increase of ~80 Da (Figure 5.5, A, C). This reaction
releases two electrons which reduce the TsdA hemes (Figure 5.6). Rapid inter-molecular electron
exchange then results in an equilibrium being reached when the higher potential His/Met ligated
heme Il is reduced in all of the the bulk TsdA population (Figure 5.7). Monomers where the
His/Met heme is reduced are also logically prevented from participating in further two-electron
reactions, even where Cys-138 is unmodified. As such, each molecule of sulphite reduces two
His/Met hemes, but only modifies one Cys-138 residue, explaining how ~50% of a sample gains
the ~80 Da mass in mass spectra and there is 50% of a His/Cys” heme CT.s band in MCD of
sulphite-incubated samples. When an electron acceptor is present, all hemes will be oxidised,

allowing unreacted monomers to react with sulphite. This will result in a sample where all of Cys-
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138 is modified and displaced as heme | ligand by water, consistent with reoxidised LC-MS
samples where the majority of the sample has a ~¥80 Da mass increase (Figure 5.5) and MCD
where high-spin His/H,O heme signals entirely replace those assigned to low-spin His/Cys™ ligated

heme (Figure 5.7, bottom panels).
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Figure 5.9 — Covalent modification of Cys-138 in Cj WT by sulphite. Ferric (ferrous) hemes shown in
white (black). Red dashed box shows the form of the enzyme expected for samples incubated with
excess sulphite. Blue box shows samples incubated with sulphite and ferricyanide or other high Em
electron acceptor (Acc). Analogous reactivity between sulphite and CysS-138 could form cysteine
thiosulphonate.

If sulphite reacts preferentially with cysteine persulphide in GG WT to form cysteine
thiosulphonate, this proposed catalytic intermediate is unlikely to inhibit catalysis® consistent with
the competitive inhibition shown in catalytic voltammetry'*°. This would also rationalise fitting
two first-order processes (Figure 5.6) to the reduction of Cj WT by sulphite. The ‘slow’ phase
(k2=4405s1) may be sulphite forming a covalent bond to cysteinate with the ‘fast’ phase
(k1 =3 1) being sulphite reacting with cysteine persulphide. Conversely, Av WT reacts more

slowly with sulphite, possibly due to the lower Ey of His/Lys ligated ferric heme II.

5.3. Electroactivity of Sulphite-Bound G WT.

To explore the electrochemical consequences of an analogue of a reaction intermediate
present in the TsdA active site, Cj WT was incubated with excess sulphite and ferricyanide with
the intent of producing a homogenous sample where Cys-138 is modified to cysteine sulphonate.
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This sample was analysed with LC-MS and PFE using the same methodology used to interrogate
TCEP-incubated enzyme (see above, 4.4). A representative voltammogram (v =10 mV s?) of an 10-
ITO electrode coated with this sample has two pairs of broad peaks with an asymmetric
appearance. These signals are broader than a single n = 1 lineshape at 293 K, but are a good fit to
two reversible n = 1 processes with Ey =+75 mV (X) and +154 mV (Y). Both pairs of signals are

similar in area, with X being approximately 80% that of Y.
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Figure 5.10 — Representative CV of Cj WT before and after sulphite incubation. (Left) Raw data
(outer black line) with baselines (dashed line) used to prepare baseline-subtracted CVs (inner black
line) of a Gj WT coated 10-ITO electrode either as prepared (top) or incubated with 20 mm sodium
sulphite and 10 mMm potassium ferricyanide, transferred to fresh buffer-electrolyte prior to
adsorption (bottom). Each peak has been fitted to two predicted n=1 theoretical responses (red and
blue lines) and the sum of these contributions (black circles). All data recorded in 50 mm HEPES, 50
mm NaCl, pH 7, v =10 mVs?, T= 293 K. (Right) Mass spectra of stock solutions for voltammetry (thick
grey lines) and desorbed protein (thick black lines) incubated with 15 mm sodium iodoacetate (G WT
as prepared). LC-MS data corresponding to the ¢j WT +S0s? voltammetry shown incubated with
15 mm sodium iodoacetate had poor ionisation giving rise to a noisy mass spectrum (thin lines).
Clearly-resolved LC-MS of repeat experiment without iodoacetate also shown (thick lines). Samples
were denatured for LC-MS by 10-fold dilution in 2% Acetonitrile, 0.1% Formic Acid.
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The centre giving rise to Y has electroactivity at a similar Ev to heme Il in G WT as-provided.
The CTis band of the His/Met ligated heme is unchanged in MCD spectra of a similarly-treated
sample (Figure 5.7) so this species is assigned as His/Met ligated heme II. The mass spectrum of
the sample used to coat the electrode has a maximum intensity at +80 Da, consistent with
sulphonation, but the appearance is broad and noisy (Figure 5.10, lower right, thin lines), which
may be due to poor ionisation of the protein if the LC method used is not separating protein from
charged small molecules such as iodoacetate and any remaining sulphur oxyanions. The mass
spectrum of desorbed protein is largely identical. The experiment was repeated with a 10-fold
lower concentration of sulphite and ferricyanide and no iodoacetate. Electrode coverage was
poor, leading to ambiguous voltammetry (data not shown), however mass spectra resolved clearly
(Figure 5.10, lower right, thick lines) and the most abundant species in the solution applied (34%
of the sample) has a mass increase of +111 Da indicating protein with cysteine thiosulphate, with
the next most abundant (23% of the sample) being protein with cysteine sulphonate. After redox
cycling, there is less cysteine thiosulphonate (23% of the sample) and now cysteine sulphonate is
the most abundant species (34% of the sample), consistent with the latter, inhibited species being

more stable than the former.

The majority of the enzyme film on the electrode is therefore expected to have Cys-138
modified to cysteine (thio)sulphonate, so X is assigned as the electroactivity of high-spin His/H,0-
ligated Heme I. Unlike Gj WT as prepared or treated with TCEP, both hemes now give rise to
signals of approximately equal area suggesting that both hemes are transferring electrons with
the electrode at once when Cys-138 is modified to cysteine (thio)sulphonate. Furthermore, the Ewy
of heme | has increased by 168 mV and is now much closer to that of the
thiosulphate/tetrathionate couple (+198 mV3). Assuming cysteine sulphonate and thiosulphonate
are analogous in this sense, this rationalises how heme | acts as the catalytic site during
tetrathionate reduction and thiosulphate oxidation by Cj TsdA and supports the catalytic

mechanism proposed by Grabarczyk et al.

5.4. LC-MS and MCD of G WT Reveals Modification of Cys-138 by Substrates.

Given the significant changes affected upon the Ewv and ligation state of heme | by sulphite
it was of interest to see if reaction products with natural substrates could be generated and
characterised by a similar methodology. Firstly, LC-MS was recorded of TsdA samples incubated
with substrates under anaerobic conditions to investigate any effect these had on the status of
the active site cysteine. The mass spectrum of Cj WT incubated with thiosulphate for 1 minute
followed by iodoacetate (Figure 5.11, A, black lines) has one clear peak with a mass +89 Da,

indicating Cys-138 was entirely present as cysteine persulphide before carboxymethylation. This is
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consistent with previous reports of Cys-96 in Av WT binding one molecule of thiosulphate to form
cysteine thiosulphonate, which then breaks down to cysteine persulphide over time>. A repeat of
this experiment using Av WT under the same conditions (Figure 5.11, B, black lines) results in a
mass spectrum with one major peak (62% of the sample) which also has a mass increase of +91 Da
indicating cysteine persulphide that has been carboxymethylated, giving further confidence that
both TsdA proteins react similarly with thiosulphate over the timescale of the experiment.
Cj WT +TCEP incubated with thiosulphate, then iodoacetate has two major peaks in the mass
spectrum (Figure 5.11, C, black lines). One peak (44% of the sample) has a mass increase of +88
Da consistent with cysteine persulphide after carboxymethylation, whereas the other major peak
(36% of the sample) has a mass increase of +57 Da indicating Cys-138 was unmodified before
carboxymethylation. Modification of only ~50% of the sample is expected if thiosulphate binds to

cysteine by a mechanism analogous to that of sulphite (Figure 5.9).
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Figure 5.11 — Deconvoluted Mass Spectra of TsdA proteins with thiosulphate or tetrathionate (red
lines). 30-50 um TsdA or cyt ¢ in pH 7 50 mm HEPES, 50 mm NaCl incubated under anaerobic
conditions (<10 ppm 02) for 10 minutes with sodium thiosulphate or tetrathionate (as annotated)
followed by incubation with 15 mm sodium iodoacetate. Samples were denatured for LC-MS by 10-
fold dilution in 2% Acetonitrile, 0.1% Formic Acid.

LC-MS of Cj WT incubated with excess tetrathionate shows two major peaks (Figure 5.11, A,

red line), the most intense of which (50% of the sample) has the predicted mass +148 Da,
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consistent with Cys-138 present as cysteine thioperoxosulphonate. The other major peak (44% of
the sample) has a mass +111 Da, indicating Cys-138 is modified to cysteine thiosulphate. Cysteine
thio(peroxo)sulphonate is likely to form if one molecule of tetrathionate undergoes nucleophilic
attack from the Cys-138 (per)thiolate, breaking the central disulphide bond and releasing one
molecule of thiosulphate. It is not expected that this process would involve any exchange of
electrons, and therefore is expected to occur at any cysteine regardless of the electron transfer
properties of the TsdA hemes. Consistent with this, Sc cyt ¢ which has one free cysteine but no
adjacent redox centre, incubated with tetrathionate (Figure 5.11, D) has a mass increase of
+112 Da indicating thiosulphonation, whereas a parallel sample incubated with thiosulphate does
not. Consistent with previous reports®, LC-MS of Av WT incubated with excess tetrathionate
followed by iodoacetate (Figure 5.11, B, red line) results in a mass spectrum with one major peak
(62% of the sample) with a mass +111 Da indicating the majority of Cys-138 has been modified to
cysteine thiosulphonate. G WT +TCEP incubated with thiosulphate has a similar mass spectrum to
TCEP and thiosulphate-incubated enzyme (Figure 5.11, C, red line). There are two major peaks,
the most intense (46% of the sample) has a mass increase of +88 Da, consistent with Cys-138
being persulphurated and carboxymethlated. The other peak (35% of the sample) has a mass

increase of +57 Da indicating only carboxymethylation.

For consistency and reflecting the focus on Cj-type TsdA%, all experiments in this thesis
have been performed at pH 7. The catalytic activity of Av WT is, however, reported to be much
greater at pH 5 (Brito), than under these standard pH 7 conditions. Therefore, two key LC-MS
experiments (Figure 5.5, Figure 5.11, B) were repeated with Av WT samples exchanged into
50 mMm sodium citrate, pH 5 (Figure 5.12) to identify any changes in catalytically or mechanistically

relevant cysteine modifications at this lower pH value.
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Figure 5.12 —Deconvoluted Mass Spectra of Av WT with thiosulphate or sulphite at pH 7 or pH 5
(blue lines). 30-50 um TsdA or cyt ¢ in 50 mm HEPES, 50 mm NaCl, pH 7 or 50 mM sodium citrate,
pH 5, incubated for 10 minutes with sodium thiosulphate or sulphite (as annotated) followed by
incubation with 15 mm sodium iodoacetate. Samples were denatured for LC-MS by 10-fold dilution
in 2% Acetonitrile, 0.1% Formic Acid.
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Unlike the mass spectrum of Av WT recorded at pH 7 which has two major peaks, the pH 5
spectrum has only one (38% of the sample) indicative of enzyme where Cys-96 is persulphurated
and then carboxymethylated. A parallel sample incubated with excess thiosulphate instead has
two major peaks, one indicating thiosulphonated enzyme (62% of the sample) and one indicating

persulphurated and carboxymethylated protein (38% of the sample).

Unlike G WT, there is therefore evidence that cysteine persulphide in Av WT can be
displaced by thiosulphate. LC-MS of Av WT incubated with excess sulphite at pH 5 also features
two clearly-resolved peaks, one indicating that 58% of the sample was persulphurated before
carboxymethylation, the second indicating that 42% of the sample is carboxymethylated. At pH 5
there is no evidence for any formation of cysteine sulphonate which is the major species formed
at pH 7. This suggests that, like G WT, Av WT under these conditions can form thiosulphate from
cysteine persulphide and sulphite which may protect the enzyme from inactivation. Alternatively,
sulphite at pH 5 is likely to be largely protonated and the reactivity of this species, bisulphite, may
be different rendering the pH 5 and pH 7 experiments incomparable, but still of mechanistic

interest.

MCD was also recorded of TsdA incubated with thiosulphate to investigate the effects of
Cys-138 modification on the hemes (Figure 5.13). The spectrum of i WT incubated with
thiosulphate has a sharp derivative feature at 552 nm indicating low-spin ferrous heme. The peak-
to-trough intensity of this signal is 430 M cm™ T 2, slightly more intense than the same signal in
ascorbate-incubated enzyme consistent with the reduction of one methionine-ligated heme and

perhaps a trace of thiol(ate) ligated heme.
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Figure 5.13 — MCD of thiosulphate-treated Cj WT. Room-temperature UV/visible MCD spectra of
(Top) 34 um (250-700 nm) and 104 um (450-2000 nm) Gj WT incubated with 1.5 mm sodium sulphite
(black line) and 17.6 um (250-450 nm), 163 um (450-700 nm) and 123 um (700-2000 nm) Cj WT
incubated with 1.5 mm sodium ascorbate (red dashed line). All data recorded at room temperature
in 50 mm HEPES, 50 mm NacCl, pH 7 or the same buffer in D20 pH* 7 for nIR MCD.
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The trough of the of3 580 nm signal assigned to ferric persulphide-ligated heme in oxidised
Cj WT is still clearly resolved, consistent with heme | having a significant proportion of His/CysS
ligation, despite the reduction of some His/Cys™ heme. The major difference with sulphite and
thiosulphate-treated Gj WT is that there are no features indicating the presence of any high-spin
heme in the latter, unlike with the former. This is consistent with LC-MS data that suggests Cys-
138 is modified to cysteine persulphide, expected to be a high field strength ligand to heme |

giving rise to low-spin signals.

LC-MS and MCD data suggest that the active site cysteine ligand of TsdA initially reacts with
thiosulphate in a manner analogous to the proposed mechanism for sulphite (Figure 5.9). The
cysteine thiol forms a disulphide bond to the sulphane sulphur of a thiosulphate molecule,
releasing two electrons to the TsdA hemes, reducing them both to the ferrous state. Inter-
monomer electron exchange then results in mostly higher Ey His/Met ligated hemes Il in the bulk

population being ferrous, with hemes | mostly becoming reoxidised to the ferric state over time.

The active site of Cj WT has a higher affinity for thiosulphate (Km = 0.3 mm3?) than for
sulphite (Ki = 1 mm?*°) so whilst rapid inter-monomer electron exchange may reduce one heme of
~50% of the unreacted sample at a significant rate compared to the binding of sulphite preventing
further binding and reduction, thiosulphate binding is likely to be faster, resulting in a slightly
greater overall population of ferrous heme. Furthermore, the reaction between cysteine and
thiosulphate logically forms cysteine thiosulphonate, however only cysteine persulphide is
detected on the timescale of LC-MS experiments. Thiosulphate reacting with cysteine also forms
cysteine thiosulphonate, however this modification is seemingly more stable despite being
chemically identical. The only difference between TsdA incubated with the two substrates is that
tetrathionate incubation is unlikely to release electrons and tetrathionate treated TsdA will
remain in the di-ferric state. It therefore follows that cysteine thiosulphonate only breaks down to
cysteine persulphide in proximity to ferrous TsdA. The di-ferric hemes could reduce the B—y
disulphide bond via heme |, releasing one molecule of sulphite and leaving cysteine persulphide.
Consistent with this, the only tetrathionate-incubated species where cysteine persulphide is
present in a large proportion of a TsdA population is Cj WT pre-treated with TCEP, which has been

demonstrated to reduce the TsdA hemes (Figure 4.6).

Consistent with the idea that GG WT heme | does not participate in electron transfer when
heme | is His/Cys- rather than His/CysS- ligated, there is no evidence that thiosulphate reacts with
cysteine persulphide to form cysteine thioperoxosulphonate. Conversely, persulphuration in
Av WT is displaced by thiosulphate, but only at pH 5, suggesting this form of the enzyme may still
be active in a pH-dependent manner which could explain its higher thiosulphate oxidation activity

at pH 5°. Tetrathionate reacts by a disulphide exchange mechanism and there is evidence of

130



cysteine thioperoxosulphonate formation in ¢ WT, but not in Av WT. It is not known, however if
this species has any catalytic relevance, but could indicate that the persulphurated forms of both
enzymes provide a molecular basis for their differences in catalytic activity>>32. This idea is

discussed further along with the mechanistic proposals in Chapter 6.

5.5. PFE used to Characterise Substrate-Bound G WT.

LC-MS data suggests that cysteine thiosulphonate is stable as long as the TsdA hemes are
ferric. G WT was therefore incubated with tetrathionate to produce a sample with a large
population of this proposed catalytic intermediate. This sample was then interrogated by a
combination of LC-MS and PFE as previously used to characterise TCEP-incubated G WT
(see above, 4.4) with the exception that the iodoacetate incubation step was omitted to limit the
concentration of small charged molecules present in samples. Signals due to the redox activity of
the enzyme film on 10-ITO electrodes change with each scan, so only four voltammograms were
recorded at v = 10 mV s before the film was recovered. The second baseline-subtracted
voltammogram shows redox activity only between 0 and 400 mV. Oxidative signals are broader

than an n =1 process and there is structure suggestive of two peaks.

The reductive peak has maximum current at ~200 mV with a broad shoulder at ~100 mV
and resolution of a second peak at ~300 mV. The signals are well described by a reversible n=1
process with Ey = 205 mV (Y) and an n = 1 process with Em = 318 mV (X), which has a reductive
peak area 50% the size of the oxidative peak. An additional n = 1 signal with only reductive area is
modelled E, = 115 mV (X’). The reductive areas of X + X’ equal the oxidative area of X, consistent
with these features arising from the electroactivity of the same redox centre. Y is assigned to the
redox activity of His/Met ligated heme Il as it is identical to the peaks assigned to this species in
Cj WT as prepared. LC-MS of the sample used to coat the electrode has several peaks, but the
largest (26% of the sample) has a mass +148 Da indicating Cys-138 is present as cysteine
thioperoxosulphonate and the second largest (24% of the sample) has a mass +112 Da consistent
with cysteine thiosulphonate. Signals X and X' are therefore assigned as the redox activity of

heme | where Cys-138 is likely to be displaced as a heme ligand by solvent.

LC-MS of protein recovered from the electrode has an unchanged cysteine
thioperoxosulphonate peak, however the intensity of the cysteine thiosulphate peak is much less
(14% of the sample) and there is now a clearly resolved peak at the predicted unmodified mass of
the protein (13% of the sample) consistent with this species being reduced to unmodified cysteine
when heme | is ferric. One rationalisation for X’ is that some of heme | could be reduced at a

lower potential during the (partial) reduction of cysteine thiosulphonate.
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Figure 5.14 — Representative CV of Cj TsdA after tetrathionate incubation. (Left) Raw data (outer
black line) with baselines (dashed line) used to prepare baseline-subtracted CVs (inner black line) of
a Cj TsdA WT coated 10-ITO electrode incubated with 1.2 mm tetrathionate for 1 hour and then
transferred to fresh buffer-electrolyte. T= 293 K. Each peak has been fitted to two predicted n=1
theoretical responses (red and blue lines) and the sum of these contributions (black circles). Also
shown (grey, shaded area) is the response prior to tetrathionate incubation.

Similarly to when Cys-138 is modified to cysteine sulphonate, the areas of X plus X’ are
approximately equal to Y suggesting that cysteine thio(peroxo)sulphonate modification also
enables electron transfer to both hemes at once. Furthermore the En of the majority of heme I is
now higher than the Ey for the thiosulphate/tetrathionate couple (+198 mV3) suggesting this form
of the enzyme would have a suitable thermodynamic driving force for thiosulphate oxidation. This
is consistent with one or both of these modifications being a mechanistic intermediate for

catalysis by TsdA enzymes.

5.6. Re-Evaluation of the Origin of Gj TsdA PFE

As previously presented in Chapter 4, several samples of Cj WT were prepared with

chemical treatments to produce a range of Cys-138 modifications either before or after these
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were used to coat I0-ITO electrodes. PFE was recorded for each electrode (v=10mV s7?
T =297 K) and then the enzyme film was recovered and the LC-MS of this measured (Figure 4.10).
A simple comparison was made using these data that correlated moles of electrons transferred by
peaks assigned as the electroactivity of heme | or Il in PFE and the intensity of cysteine
modifications determined by LC-MS. This analysis identified that when Cys-138 is unmodified,
only heme | transfers electrons and when Cys-138 is persulphurated, only heme Il transfers
electrons (Figure 4.10). This simple model is now expanded with the observation that both G WT
hemes appear to transfer electrons when Cys-138 is modified to cysteine sulphonate,
thiosulphonate or thioperoxosulphonate (Figure 5.7, Figure 5.10). For samples with these
modifications, the Ey of heme | also increases to be closer to that of heme Il. Consequently, some
of the electroactivity previously assigned to heme Il in the simplified model, may actually

originate from modified heme I.

Based on the results presented in this chapter, unmodified Cys-138 is expected to
contribute one electroactive heme to the low potential peak observed in voltammograms,
cysteine persulphide and cysteine sulphonate contribute one electroactive heme (see below) to
the high potential peak and cysteine thio(peroxo)sulphonate contributes two hemes to the high
potential peak. To test how well this revised model describes the effect of cysteine modifications
on Cj WT heme electroactivity compared to the simpler description in Chapter 4, the ratio of
electrons transferred at low potentials in voltammograms (now N, , previously N,) was plotted
against the LC-MS derived relative abundance of cysteine species expected to have electroactivity
at high or low potentials by the previous method (Figure 5.15, red stars) and the revised method
(open black stars). Both methodologies have a similar correlation, suggesting the complex

description is at least as good a model.

Previously presented representative voltammograms for fourteen Cj WT PFE experiments
recorded at v = 10 mV s were therefore fitted to revised theoretical n = 1 lineshapes. The
number of n = 1 lineshapes and the potentials over which these were fitted were based the
hypothetical electroactivity of Cys-138 modifications present informed by experiments where
films have one predominant modification (Figure 4.8, Figure 5.7, Figure 5.10). The rules for these
fittings are summarised in Figure 5.16. The total relative area for each set of n = 1 lineshapes
fitted to each voltammogram, representing moles of electrons transferred by enzyme with that
modification, is based on the LC-MS determined percentage of that film with the modification in

question.
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Figure 5.15 — Comparison of Chapter 4 Model (red stars) and Chapter 5 Model (open black stars)
for the Correlation of Cys-138 Modifications in (j WT with voltammetric signals. G WT samples
were subject to chemical treatments intended to produce a range of Cys-138 modifications. The
identity of these is calculated from relative intensity of LC-MS peaks from desorbed protein from 10-
ITO electrodes following voltammetry. Low potential electroactive area (Nio) calculated as a
percentage of total electroactive area (Niwt) from representative voltammograms.Chapter 4 model
assumes either heme | is active at low potential when Cys-138 is unmodified or heme Il at high
potential if Cys-138 is modified in any way. Chapter 5 model has both hemes at high potential in
Cys-SS0s?% or Cys-SSSOs% species. PFE recorded in 50 mm HEPES, 50 mm NaCl, pH 7, v =10 mV s,
T=293K.

Species  Mass Change (Da)  Electroactivity = Heme I ligation (Ey,){mV) Heme Il ligation (Ey;)(mV)

5 +0, (+57) </\— His/Cys™(-127 £30) His/Met (inactive)
E

02
C)_SS, 132,(+90)  § /\ His/CysS  (inactive) His/Met (+192 +22)
_—\/
Y
@-55032- 280 - His/H,0 (+77 £30) His/Met (inactive)
E
CD—sssogZ' +112 j His/H,0 (+208 +50) His/Met (+192 +22)
E
®-555503l' +144 i His/H,0 (+258 +60) His/Met (+192 £22)
E

Figure 5.16 — Hypothetical electroactivity of Cys-138 modifications in Cj WT. Used as a guideline to
fit theoretical n = 1 lineshapes to recorded voltammograms. LC-MS assignment of cysteine adducts is
based on mass increases as stated, with carboxymethylated forms shown in parentheses. Average Ewm
values for all fitted lineshapes representing the electrons transferred by heme | (l1) are given.
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For the majority of experiments analysed this way, the electroactivity of unmodified
His/Cys-138 ligated heme | is the only lineshape fitted to signals with Em < 0. In most cases the
observed peaks in voltammetry are well-described by the percentage unmodified cysteine
present (Figure 5.17, dark blue lines). There are two conditions of samples which are exceptions
to this. Firstly, both experiments using as-provided Cj WT coated electrodes treated with
thiosulphate (Figure 5.17, lowest panels, dark blue lines). In the first experiment the area of the
recorded signal is ~¥35% of the area of the fitted signal, in the second experiment the fitted signal
is ~50% of the area of the recorded signal. The latter PFE film was recovered when the scan was
stopped at E=-500 mV, for all other experiments scans were stopped at £ = +500 mV. This
difference suggests a rationale for the lack of correlation between unmodified Cys-138 and the
area of the low potential signal as follows. Although the appearance of voltammograms treated
with thiosulphate does not change over multiple scans in these experiments, the position of
equilibrium between cysteine thiosulphate and cysteinate plus thiosulphate depends on the
applied potential in the voltammogram. In this case the protein film recovered at the upper or
lower limit of the potential window does not accurately describe the average bulk population of

Cys-138 modifications over the entire scan in the same way that the voltammogram would.

Consistent with this, an average of the mass spectra recorded under these conditions
predicts percentages of cysteine modifications which when translated into theoretical signals
better describe the recorded data in both experiments (data not shown). The other outliers to this
model are two experiments where GG WT was incubated with TCEP prior to adsorption on
electrodes. For these voltammograms, lineshapes based on the percentage of unmodified Cys-138
have less area than recorded signals. If, however, the population of Cys-138 present as cysteine
thiosulphonate is also added to this, fitted lineshapes describe the recorded voltammograms
more closely (Figure 5.17, third row from top). Based on previous solution LC-MS experiments
(Figure 4.5) cysteine thiosulphonate is not expected to be present in TCEP-treated Cj WT, so it is
possible that this species formed adventitiously during the recovery of these films from the
electrode. In this case the LC-MS of the applied protein, rather than the recovered protein, more

accurately describes Cys-138 species present during voltammetry (data not shown).

The His/Met ligated heme Il is modelled as transferring electrons (Figure 5.17, red lines)
with Em = 190 for all Cys-138 modifications except for unmodified cysteine (and possibly cysteine
sulphonate) and it is the only signal modelled when Cys-138 is persulphurated. For all
experiments the fitted signal well-describes the recorded voltammetry. If hemes | and Il transfer
the same number of electrons when Cys-138 is modified to cysteine sulphonate as hypothesised

(see above, 5.2), this does not result in a good fit to the recorded data.
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Figure 5.17 — Representative CVs and LC-MS (right of corresponding CVs) of Cj WT films prepared
with chemical agents. Baseline-subtracted CVs (black line) of Cj WT coated 10-ITO electrodes
prepared as annotated. Each PFE peak has been fitted to multiple predicted n=1 theoretical
responses. Theoretical response areas to correlate to relative intensities of Cys-138 modifications
detected by LC-MS (coloured lines correspond to coloured mass increases, fitting rules summarised
in Figure 5.16). The sum of all fittings shown as black circles. All data recorded in 50 mm HEPES, 50
mm NaCl, pH 7, v = 10 mVs-1, T=293 K. (Right) Mass spectra of stock solutions for voltammetry
(upper panels) and desorbed protein (lower panels) incubated with 15 mm sodium iodoacetate.
Samples were denatured for LC-MS by 10-fold dilution in 2% Acetonitrile, 0.1% Formic Acid.
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The electroactivity of the cysteine sulphonate form of Cj WT is instead modelled as one pair
of peaks with Ey = +80 mV which could arise from heme | or Il (Figure 5.17, dashed pink lines) but
which is assumed to be heme | as heme Il is generally unchanged in all other species where it is
electroactive. This proposal is consistent with this form of the enzyme irrecoverably losing all
catalytic activity (Figure 5.4, grey stars), both because Cys-138 is blocked and because only one
heme is active, preventing removal of cysteine sulphonate by reversal of its proposed mechanism

of formation (Figure 5.9).

With the exception of experiments where G WT was treated with TCEP and then used to
coat electrodes as mentioned previously, the electroactivity of Cys-138 modified to cysteine
thio(peroxo)sulphonate has been modelled with both hemes transferring electrons. The
behaviour of heme Il is modelled identically its behaviour in the persulphurated form of the
enzyme, whereas the behaviour of Heme | is modelled differently for the thiosulphonated and
thioperoxosulphonated forms. The His/H,0 heme for G WT where Cys-138 is present as cysteine
thioperoxosulphonate is modelled as an n = 1 lineshape with Ey = +260 mV (Figure 5.17, purple
lines). Where Cys-138 is instead present as cysteine thiosulphate, this electroactivity is modelled
centred on Eym = +210 mV but the reductive peak occurs at a potential up to ~200 mV less than
oxidation (Figure 5.17, blue lines). This difference is approximately proportional to the percentage
of cysteine thiosulphonate present and may be representative of a change in the heme |
environment depending on if the heme iron is ferric or ferrous, possibly through flexibility of the
sidechain or the nature of the ligand (likely water, hydroxide or nothing) that binds to the distal
site of heme I. Heme | in both cysteine thiosulphonate and cysteine thioperoxosulphonate forms
of the enzyme is oxidised at the same potential, but the former species reduces at a lower
potential. This model implies there is stronger thermodynamic driving force for the reduction of
the disulphide bond in cysteine thiosulphate to form thiosulphate than analogous reactions with
cysteine thioperoxosulphonate, consistent with the former being a proposed step in the

mechanism of tetrathionate reduction®.

5.7. Discussion

The results from PFE experiments and activity measurements suggest that electron transfer
in TsdA proteins is dependent on adducts to the heme | cysteine ligand. There is some suggestion
that this may be different in TsdA enzymes and variants with the possibility of His/Lys ligation at
heme I, but the following observations apply to Cj WT which is assumed to be representative of

the majority of TsdA enzymes which do not have this feature.
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When the heme | cysteine ligand is unmodified, heme | transfers electrons at an Em much
lower than the tetrathionate/thiosulphate couple and heme Il does not transfer electrons at all
with an electrode (Figure 4.11). This form of the enzyme is catalytically active, but shows evidence
of substrate inhibition at high thiosulphate concentrations. When unmodified cysteine is
incubated with thiosulphate, the cysteine thiolate binds one molecule of thiosulphate forming
cysteine thiosulphonate, which is displaced as a heme ligand (by solvent). The formation of this
adduct now raises the Em of heme | to be closer to the tetrathionate/thiosulphate couple and
allows electron transfer to both hemes, suitable for a two-electron reaction to take place at heme
I. Cysteine thiosulphonate bound to di-ferrous TsdA can also decay to cysteine persulphide, which
is inferred to release one molecule of sulphite. Sulphite could be the source of substrate inhibition
during thiosulphate oxidation as the unmodified heme | cysteine ligand can bind sulphite to form
cysteine sulphonate, which is stable to further modification, may feature inactivation of heme Il

and is therefore catalytically inactive.

The cysteine persulphide form of the enzyme allows electron transfer only to heme Il and
not to heme I. This prevents thiosulphate from binding to cysteine persulphide to form cysteine
thioperoxosulphonate. Therefore this form of the enzyme cannot oxidise thiosulphate and is
catalytically inactive in this direction. Tetrathionate can form this species, so it is possible that
catalytic activity may still occur in the reverse direction, otherwise this is may be a rationalisation
for substrate inhibition in this direction. The cysteine persulphide form of the enzyme can,
however, bind sulphite to form cysteine thiosulphonate which it does more readily than the
unmodified form of the enzyme. This would return TsdA to a catalytically active form, so the
presence of some TsdA with cysteine persulphide may be the reason that substrate inhibition is
less severe when some of this species is present. There is evidence that sulphite present in the
mammalian gut is harmful to bacterial growth®® so the presence of cysteine persulphide may
generally protect the bulk enzyme population from inhibition and provide a competitive
advantage against other microorganisms. The following Chapter combines the findings of this
Chapter, together with Chapters 3 and 4 to propose a revised catalytic mechanism for TsdA

enzymes.
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6. Conclusions and Implications for the Catalytic Mechanism of Cj TsdA

MCD spectroscopy has been used to confirm heme axial ligand assignments based on
crystallography apply to Av TsdA in solution. Axial ligands have also been confirmed for G TsdA
which is proposed to be more representative of the structure of the majority of this enzyme
family and for which no crystallographic data is currently published. Ligation states for both these
enzymes and several variants are summarised in Table 3.1. TsdA coated I0-ITO electrodes®
allowed for clear resolution of Faradaic currents from the TsdA hemes in the absence of
substrates such that Em values could be determined in combination with MCD of parallel
potentiometrically-poised samples. Em assignments for TsdA enzymes and variants are
summarised in Table 3.2. These experiments also confirmed a ligand switch in Av TsdA proposed
from crystallography® also occurs in solution, identifying a clear molecular basis for the difference
between Av TsdA and Cj TsdA and adding to the known heme proteins which feature this

phenomenon as part of their native activity®**.

Voltammetry of TsdA coated I0-ITO electrodes also identified differences in the number of
electrons transferred at low and high potentials, which are assigned by MCD as the electroactivity
of hemes | and Il respectively. This observation suggests electron transfer in this protein depends
much more on heme axial ligation than just the distance between redox centres®. Protein films on
the I0-ITO electrodes used are sufficient to allow clearly resolved LC-MS of desorbed enzyme
films. The native activity of TsdA features modulation of heme | ligation and therefore electron
transfer, through sulphur adducts to the active site heme cysteine ligand. These adducts are

101 and were detected and

analogous to those featured in the activity of the Sox enzyme cascade
identified by LC-MS and can be manipulated using chemical treatments, summarised in Table 5.2.
Chemical treatments, non-turnover PFE and LC-MS of desorbed enzyme films were used to map
the exquisitely controlled electroactivity of Cj-type TsdA. These insights allow a proposal for

expansion of the active site chemistry and redox properties of these enzymes.

6.1. The Catalytic Mechanism of G-Type TsdA
A variety of previously discussed Cys-138 modifications appear in as-provided samples of
Cj WT (Figure 4.8, B, upper right). This implies that G WT must be able to form each of these
during overexpression and purification of the enzyme3? which is likely to involve encountering
substrates that would also be present in the native cellular environment. LC-MS and MCD
experiments (see above, 5.3) suggest how these modifications form and PFE and LC-MS
experiments suggest which hemes are electroactive and their Eu values (Figure 5.16). It is
therefore possible to combine these observations into a unified mechanism for catalysis
expanding upon the proposal by Grabarczyk et al.®. The following is based on data from Cj WT but
139



is proposed to apply to all ‘Gj-type’ TsdA enzymes with G WT-like heme Il environments
(Figure 1.7). It is likely that Lys-208 in Av WT has an impact on this mechanism and this will be

discussed subsequently.

The catalytic cycle for thiosulphate oxidation begins with unmodified, di-ferric TsdA which
has His/Met ligation at heme Il and His/Cys™ ligation at heme I. In this species only heme |
transfers electrons (Figure 6.1, A, mechanism follows black arrows). One molecule of thiosulphate
binds to the heme | pocket and the sulphane sulphur of this molecule is nucleophilically attacked
by the thiolate of the heme | Cys™ ligand. This forms a disulphide bond releasing two electrons, the
first of which transfers to the adjacent heme | iron. The inactivity of heme Il prevents rapid inter-
heme electron transfer whilst the active site cysteine is unmodified, causing one electron to
remain assosciated with a transient cysteine thiosulphonyl radical species. This residue is no
longer competent as a heme | ligand and is displaced by solvent, raising the Em of heme | and
allowing both heme | and Il to transfer electrons (B). An electron can now transfer from ferrous
heme | to ferric heme Il and the radical from cysteine thiosulphonyl transfers to the now-ferric
heme | iron. TsdA is now di-ferrous and both hemes can still transfer electrons (C). An electron
acceptor (eg. ferricyanide, cytochrome ¢, TsdB) oxidises both hemes and a second molecule of
thiosulphate binds to the heme | pocket. The sulphane sulphur of the second thiosulphate
molecule attacks the thiosulphonate group of cysteine thiosulphonate (D), disulphide exchange
occurs forming tetrathionate and leaving unmodified cysteine which re-ligates heme |, returning

the enzyme to the start of the cycle.

In addition to the main catalytic cycle there are also off-pathway mechanistic steps that are
relevant to the role of TsdA within a cell. When the transient cysteine thiosulphonyl radical is
formed by the previous mechanism, heme | is ferrous, heme Il is ferric and both hemes can
transfer electrons (Figure 6.1, E, mechanism follows red arrows). Before ferrous heme | transfers
an electron to heme Il, possibly dependent on the rate of heme | ligand displacement, the sulphur
radical can break an adjacent disulphide bond in concert with the electron from the ferrous
heme Il iron. Depending on which bond is broken, this reaction could regenerate the starting
species, A, or it could produce cysteine persulphide and sulphite. If the latter occurs the now-
His/CysS" heme | of this species no-longer transfers electrons but heme Il does. This
persulphurated form of TsdA reacts with sulphite preferentially to unmodified cysteine,
protecting the bulk TsdA population from irreversible inhibition by sulphite (Figure 5.6). The
inactivity of heme | prevents this reaction occurring by analogous mechanism to thiosulphate
binding to unmodified cysteine, instead suggesting a mechanism of disulphide exchange that does

not release electrons to the hemes, forming thiosulphate and leaving TsdA with unmodified

140



cysteine. This would return the enzyme to the start of the catalytic cycle, most likely with a

molecule of thiosulphate in the active site pocket ready to resume on-pathway catalytic turnover.
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Figure 6.1 — Catalytic mechanism of Cj TsdA in the direction of thiosulphate oxidation (black
arrows) — Ferric hemes shown in white when electron exchange is permitted and grey when it is
prevented, ferrous hemes shown in black. Electroactive hemes show axial ligands and Ewm values.
Acc = Ferricyanide or other high Em electron acceptor. Red arrows show cysteine persulphide
formation and the mechanism by which it could prevent sulphite inhibition.

Unlike its reactivity with sulphite, di-ferric TsdA with His/CysS ligation at heme | is unlikely
to react further with thiosulphate as heme | will not act as an electron acceptor and an analogous
mechanism of disulphide exchange would produce disulphane monosulphonic acid, which is of
unknown stability and reactivity. It is possible however, for cysteine persulphide to
nucleophilically attack a molecule of tetrathionate and undergo disulphide exchange, forming
cysteine thioperoxosulphonate and releasing one molecule of thiosulphate (Figure 6.2, F,
blue arrows). Cysteine thioperoxosulphonate is no longer competent as a heme | ligand and is
likely to be displaced by solvent and both hemes now transfer electrons. If an electron donor
(eg. methyl viologen, physiological cytochrome donor) reduces both hemes to the ferrous state, it

may be possible for these electrons to reduce the central disulphide bond in the
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thioperoxosulphonate group to re-form cysteine persulphide and one molecule of thiosulphate
(Figure 6.1, G, blue arrows) although the high Eum of heme | (+258 mV) suggests the
thermodynamic driving force for this reaction will be low unless it is driven by a low Ew electron
donor. By this mechanism it may be possible for G WT to turnover tetrathionate, but not

thiosulphate in its persulphurated form.
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Figure 6.2 - Catalytic mechanism of Cj TsdA in the direction of tetrathionate reduction (black
arrows) — Ferric hemes shown in white when electron exchange is permitted and grey when it is
prevented, ferrous hemes shown in black. Electroactive hemes show axial ligands and Ewm values.
Don = Methyl viologen or other low Ewm electron donor. Cysteine persulphide formation (red arrows)

can lead to the formation of cysteine thioperoxosulphonate (blue arrows) which may also be
catalytically active.

The hemes in G WT incubated with excess thiosulphate (Figure 5.13) are reduced to a
greater extent than ascorbate. This is consistent with only the unmodified form of G WT (~50% of
the sample) reacting with thiosulphate and becoming fully reduced (Figure 6.1, A to C), before
electrons are re-arranged between monomers in the bulk sample such that all of the high
potential His/Met hemes are ferrous. There is also likely to be some re-oxidation of the sample
from the formation of cysteine persulphide (Figure 6.1, E) which can still form by this mechanism
in monomers with an unmodified cysteine but a ferrous heme Il. The prevalence of cysteine
persulphide ligated heme | explains the lack of high-spin heme in the MCD, expected if a
significant population of cysteine thiosulphonate is formed. Furthermore, cysteine persulphide is

the only species observed in LC-MS of thiosulphate-incubated enzyme (Figure 5.11), consistent
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with all of the sample eventually participating in this side-reaction when there is an excess of
thiosulphate and no electron acceptor present. Cj WT incubated with an excess of tetrathionate
forms cysteine thiosulphonate and thioperoxosulphonate (Figure 5.11) stable over the same
timescale, consistent with unmodified cysteine going from step A to D and cysteine persulphide
going from step E to F. G WT incubated with two equivalents of sulphite shows a mass change
consistent with going from step E to B (Figure 5.5, A) and in the presence of an electron acceptor
cysteine sulphonate is formed consistent with the enzyme going following the catalytic cycle
round from E to A before being irreversibly sulphonated (Figure 5.9). G WT is more active in the
thiosulphate oxidation direction after TCEP incubation to remove Cys-138 adducts (Figure 5.4,
closed black circles), but is more susceptible to substrate inhibition, consistent with the cysteine
persulphide side-reaction (step B to E) generating sulphite that can then irreversibly self-inhibit
the enzyme. Where there is already a significant population of cysteine persulphide, this can react
with sulphite to regenerate catalytic intermediates and therefore the enzyme as-provided is less
active (Figure 5.4, open black circles), but less susceptible to self-inhibition during thiosulphate

oxidation.

6.2. The Catalytic Mechanism of Av-Type TsdA

Although the majority of experiments reported in this thesis have focussed on elucidating
mechanistic information for Cj-type TsdA, a number of key experiments have also been performed
using Av TsdA which permit speculation on how the mechanism of Av-type TsdA is different. The
main structural difference between these enzymes and Cj WT is the presence of a second heme Il
ligand, Lys-208. Characterisation of the Av variant lacking this residue suggests that this variant
essentially re-creates Cj-like properties in Av TsdA (Figure 3.13, Figure 3.14). Any differences in
the mechanism of Av-type TsdA enzymes are therefore likely to be due to the possibility of having

a low Ey heme at heme |I.

Although the number of moles of electrons transferred by heme | in voltammograms
increases when an Av WT-coated (or Gj N254K) electrode is treated with TCEP (Figure 4.9), there is
also an increase in the number of electrons transferred by heme Il. This suggests that the form of
the Av WT enzyme where Cys-96 is unmodified may have both hemes active unlike the proposal
for Gj WT. If inter-heme electron transfer is influenced by relative heme Ew values, as G C138H/M
and Av C96H/M suggest (Figure 3.7, Figure 3.10), the low Em value of His/Lys ligated heme Il may
permit electron transfer to heme Il when Cys-96 is unmodified. Although this heme environment
does not imply a strong driving force for thiosulphate oxidation and the upper limits for ligand
switching in Av WT suggest that the ligand switch is much slower than the turnover of the

enzyme, data from Av C96M suggests that the rate of the ligand switch increases when the heme |
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Em becomes more positive (Figure 3.12). Therefore one possibility is that if the formation of
cysteine thiosulphonate at heme | raises the En of this heme in the same way that it does for Cj
WT, this will increase the rate of heme Il ligand switching so that Met-209 will ligate ferrous heme
Il in this form. Together these observations were used to propose a variant catalytic mechanism
for Av WT, which is assumed to apply to other TsdA enzymes which share its heme Il

environment.

The mechanism in the direction of thiosulphate oxidation begins with di-ferric TsdA where
heme | has His/Cys ligation, heme Il has His/Lys ligation and both hemes transfer electrons
(Figure 6.3, A). Thiosulphate forms a disulphide bond to the heme | cysteine ligand, releasing two
electrons which reduce both TsdA hemes via heme | (Figure 6.3, B). Cysteine thiosulphate is then
displaced by solvent as a heme | ligand, causing the Ew of this centre to become more positive,
permitting heme Il to switch from His/Lys to His/Met ligation (Figure 6.3, C). Electron transfer is
still possible at both ferrous hemes so an electron acceptor (eg. ferricyanide or high-potential
iron-sulphur protein®® can then oxidise these. A second molecule of thiosulphate then binds to the
heme | pocket and reacts with cysteine thiosulphonate to form tetrathionate and cysteine by
disulphide exchange (Figure 6.3, D). This step leaves di-ferric TsdA which returns to having
His/Cys ligation at heme | and may retain His/Met ligation at (now inactive) heme Il, binding
another molecule of thiosulphate to continue catalysis via a Cj TsdA-like mechanism (Figure 6.3, A’
to B’, green arrows). Alternatively heme Il ligation may switch from His/Met to His/Lys now that

this heme is oxidised, returning to the start of the catalytic cycle.

As in the (j-type mechanism, the di-ferrous enzyme where the active site is
thiosulphonated may undergo an off-pathway reaction to form cysteine persulphide and sulphite
(Figure 6.3, B to E). The low Em of His/Lys ligated heme Il increases the driving force for this
reaction and so this reaction is only likely to occur from this form. LC-MS suggests that this species
does not react with tetrathionate to form thioperoxosulphonate, but does form cysteine
thiosulphonate in the presence of thiosulphate (Figure 5.12). Heme | is also likely to be inactive in
this form. One molecule of thiosulphate could nucleophilically attack the B sulphur of cysteine
persulphide, forming cysteine thiosulphonate and releasing sulphide to the distal pocket of
heme | by disulphide exchange (Figure 6.3, E, blue arrows). As sulphide is likely to be unstable at
all but very basic pH values, it is likely that this species becomes (di-)protonated, forming
bisulphide (or hydrogen sulphide) rationalising how cysteine thiosulphonate is found as a greater
percentage of thiosulphate-incubated Av WT samples at pH 5 compared to pH 7 (Figure 5.12).

146 and the heme

There is evidence that bisulphide (or hydrogen sulphide) can bind to ferric hemes
| environment of dithionite-soaked Av WT crystals features such a species (although protonation

is not resolved)’. Water could subsequently displace this, returning the enzyme to the main
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catalytic cycle. The reason that this reaction does not occur in Cj-type TsdA and cysteine
thioperoxosulphonate is formed is unlikely to be due to the possibility of His/Lys ligation at heme
I, as it is likely that the inactive heme | prevents anything but disulphide exchange reactions.
Instead, it could be speculated that differences in the shape of the heme | binding pocket

between enzymes may sterically control which reactions are possible.

A Met B Met E Met G Met
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Figure 6.3 — Catalytic mechanism of Av TsdA in the direction of thiosulphate oxidation (black
arrows) — Ferric hemes shown in white when electron exchange is permitted and grey when it is
prevented, ferrous hemes shown in black. Electroactive hemes show axial ligands and Ewm values.
Acc = Ferricyanide or other high Em electron acceptor. Red arrows show cysteine persulphide
formation and the mechanism by which it could prevent sulphite inhibition. Blue arrows show
possible mechanism of persulphide displacement by thiosulphate. Green arrows show how His/Met
ligation may be retained at heme Il allowing catalysis to proceed via a Gj-TsdA-like mechanism

At pH 7, when proton-dependent steps E to D are likely to be slow, Av WT has poor thiosulphate
oxidation activity compared to Cj WT, however this activity increases after TCEP incubation
(Figure 5.14) expected to convert the ~50% cysteine persulphide population present to
unmodified cysteine, returning it to the main catalytic cycle. Unlike Cj WT, Av WT even after TCEP
treatment shows no evidence of substrate inhibition during thiosulphate oxidation, consistent
with a mechanism where sulphite is unlikely to be produced during constant turnover. The
thiosulphate oxidation activity of Av WT and Gj WT is comparable when these enzymes are at
optimum pH, consistent with them having essentially the same catalytic mechanism during rapid

turnover (if A’ to B’ is possible). The apparent absence of the ability to form cysteine
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thioperoxysulphonate in Av WT may mean that the persulphurated form of this enzyme is
catalytically inactive during tetrathionate reduction, whereas the same is not necessarily true for
Cj WT (Figure 6.2, G to E). This would explain the relatively low rate of tetrathionate reduction
observed in previous Av WT activity experiments compared to G WT>32, It is also consistent with
substrate inhibition observed for this reaction in both enzymes as the high Em of the
thioperoxosulphonated intermediate in Gj WT is still likely to mean that the persulphurated form

of Cj WT has a slower turnover.

6.3. Further Studies

The mechanisms above feature modification of the heme | cysteine ligand and rationalise
the purpose of strictly-controlled electron transfer to the TsdA hemes. Also proposed are a
number of apparent side-reactions in the TsdA mechanism which may help Cj TsdA to fulfil its
biological role and provide an evolutionary advantage over organisms which lack this enzyme.
Heme ligand switching in Av-type TsdA enzymes is also proposed to relate to the modulation of
electron transfer through the TsdA hemes and a variant of the ‘standard’ TsdA catalytic cycle has
been proposed which accounts for a number of the observed differences between Av TsdA and
Cj TsdA. To either support or dismiss these proposals, a number of further experiments could be

performed.

MCD could be used to confirm heme ligation in Av C96M and Av C96H which has currently
only been inferred from electronic absorbance. Unambiguous characterisation of these variants is
likely to be informative as both are proposed to have the same heme Il environment, but PFE
signals suggest the His/Lys to His/Met ligand switch that occurs in the former is not present in the
latter. The lack of a cysteine heme | ligand in both of these variants suggests that, like Gj C138H
(Figure 5.8), they are unlikely to be significantly reduced by sulphite (or substrates). As such,
resolution of ferrous CT bands by nIR MCD in sulphite or substrate incubated Av C96H/M should
be possible and may determine if the presence of these in the heme | binding pocket affects the

ligation at heme Il

Little MCD characterisation of cysteine-containing TsdA enzymes and variants has taken
place with defined cysteine modifications, so the techniques described in this thesis for preparing
samples with large populations of a given modification could valuably be used to begin setting
benchmarks for the MCD spectra of these species in combination with LC-MS to confirm
modifications. One issue with this is that if nIR MCD is to be recorded, samples would have to be
prepared in D,O which may lead to variable levels of isotope exchange with the protein, making

LC-MS of these samples more ambiguous. One benefit of LC-MS in D,0 is that the mass change for
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deuteration, rather than protonation of proteins is within the resolution limit of a mass
spectrometer comparable to the one used in this thesis. Knowledge of the deuteration state of

cysteine modifications could offer additional levels of information.

Currently the only evidence for a change in heme | Ev value when the TsdA active site
cysteine is sulphonated or thio(peroxo)sulphonated is from PFE. To confirm if high Em
electroactivity does arise from a likely His/H,O ligated high-spin heme, MCD or electronic
absorbance of potentiometrically poised Cj WT samples prepared with these modifications could
be recorded in combination with LC-MS of these samples to confirm cysteine status. It is expected
from LC-MS that tetrathionate incubated Cj WT would have one high-spin His/H,0 ligated heme
and one low-spin His/Met ligated heme (Figure 5.11). Both of these hemes would be substantially
reduced by ascorbate (+60 mV) if they have Em > +60 mV as predicted by PFE (Figure 5.17).
Although this species is expected to rapidly decay to cysteine persulphide, reoxidising both
hemes, removing all traces of high-spin heme and leaving two low-spin ferrous hemes with
His/CysS and His/Met ligation respectively. Monitoring a suitable spectral change over time could

even allow resolution of the kinetics of this process.

The enzyme activity assays performed in this thesis have been limited to thiosulphate
oxidation in as-prepared or TCEP cleaned samples. LC-MS resolution of cysteine modifications in
samples subsequently used in assays, especially if these were treated so that they feature one
major species, may allow specific kinetic characterisation of each modified form of TsdA in a
similar way to the characterisation of electroactivity by PFE and LC-MS. Tetrathionate reduction
assays using reduced methyl viologen as an electron donor would be necessary to complete this
characterisation and to prove or disprove the hypothesis that Av and Cj TsdA have different
activities for these due to their persulphurated forms. Further to this performing these
experiments at different pH values would also give more information on whether the proposed
mechanism for displacement of persulphide in Av TsdA (Figure 6.3, B to E) is plausible and if the

same occurs in Gj TsdA.

The combination of PFE and LC-MS analysis used to propose the electroactivity of forms
of G WT could be repeated using films of Av TsdA to see if similar proposals can be made for the
electroactivity of cysteine-modified forms of this enzyme. One complication of this is the variable
nature of heme Il signals which could lead to some ambiguity in modelling, especially if the extent

of heme | ligand switching is dependent on heme | cysteine modifications.

Possibly the most difficult, but most useful question to answer about TsdA enzymes is the
mechanism by which electron transfer to hemes is rendered active or inactive. Several conserved
inter-heme residues exist in Av TsdA® (Figure 1.7) that could plausibly provide a pathway for

electron transfer. Variants of these characterised by PFE may identify changes in heme
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electroactive populations which are not due to heme | Ey or cysteine modifications. It is also of
interest to see if the related enzyme, SoxAX has any evidence of different heme electroactive
populations or if this is just a feature of TsdA enzymes. If the molecular origin for such properties
could be identified, this might allow for the introduction of switch-like capability into engineered

proteins, which may have biotechnological applications.
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