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Abstract

Abstract

In an era marked by escalating concerns surrounding increasing pollution levels,
there is significant pressure on developing chemical processes which prioritise
sustainability, while not compromising on output efficiency and quality. Artificial
metalloenzymes (ArMs) represent an emerging field of biocatalysts, enabling
chemical transformations which go beyond the scope of natural enzymes to be
performed in mild conditions and aqueous environments with comparable activity
and selectivity. The recent development of an ArM, based on an iron periplasmic
binding protein and its cognate iron(lll) siderophore complex, for the first time
allowed redox-triggered disassembly. The chemical reduction of the iron(lll) centre
released the metal cofactor and facilitated the recycling of the protein scaffold.
This thesis details the efforts towards optimising the disassembly process and
transferring it onto a conductive surface to establish an immobilisation platform
which offers electrochemical control over the ArM disassembly without adverse

effects on the catalytic performance.

Initial work focused on the interrogation of the redox chemistry exhibited by the
iron(lll) siderophore complex at the centre of the redox-active anchor. The
structural and voltammetric characterisation revealed its uncommon preference
for the formation of the coordinatively unsaturated complex. The ArM was
immobilised onto gold electrodes functionalised with nitriloacetic acid (NTA)
through self-assembled monolayer (SAM) formation, exploiting the affinity
between the protein’s polyhistidine tag and nickel(ll) NTA complex resulting in
minimal non-specific binding. A direct electrochemical connection was not able to
be established with the immobilised ArM, thus multiple approaches for indirect
determination of the metal cofactor release were studied. A robust approach
utilising native ESI-MS was implemented to successfully distinguish between the
ArM and the corresponding apoprotein. The thesis concludes in preliminary work
towards artificially wiring the non-electrochemically active ArM; the approach is
envisioned to be of interest to the wider community for establishing a connection

with other electrochemically silent proteins.



Contents

Contents

ADSTIACT. ...ttt ettt s s et ettt ettt e e nnennennenneenne
CONTENTS .. sttt st st st st st st st s s b et ebe e sbeenbeenbeeneeneenre O
List of tables, figures, schemes, and equations............cc.ceeeeceevcceeecveeveceece e 7
ACKNOWIEAGMENTS......oocoeeeeeeeee ettt svsstens s ens e snne e sneennneneenees 20

DECIAIATION...... e e ettt ettt e e e s e eannenesennnnnnes 22

Chapter T = INtrOdUCTION.......ove ettt ettt sttt eneene 2D
1.1 The age of biocatalysis.....covcerrnesnrereceeeseeeereeeese e 25

1.2 Artificial metalloenzymes........cccoovivvieieieiiieeeeeceee e 28

1.3 Supramolecular anchoring strategies for artificial metalloenzyme
ASSEMDIIES.......eeic e,

1.3.1 Irreversibly bound ArMs based on the streptavidin-biotin

1.3.2  Reversibly bound ArMs based on the periplasmic binding
protein-siderophore motif...............ccoooooiiiiiiiiiie

1.4 Artificial metalloenzyme immobilisation..............ccccoocveveeiiiiiiiennn. 41
1.4.1 ArM immobilisation on non-conducting supports..................... 44
1.4.2  ArMimmobilisation on conducting supports............ccccoeevrnn..e. 48

1.5 Summary and CONCIUSIONS.........cuciiuerierieieeireneeneese et eve e eveeenes D3

1.6 PrOjECT @IMS.....ooiceieeee ettt ens e sesses s snsss e be e esnessveessveeennenns D2

Chapter 2 - Interrogating the redox chemistry of the iron(lll) azotochelin anchor.... 58
2.1 Preliminary protein electrochemistry experiments..........cccccecvevevenene 58

2.2 INrOAUCTION. ...ttt eeeeseaeeessnneesssnneesnnnes D0



Contents

2.2.1 The biological roles of siderophores............ccccooeeeeiiiiennene. 60

222 The reduction potential of iron(lll) catecholate

SIAEIOPNOIES. ... 62

2.2.3  Flexible speciation of coordinatively unsaturated iron(lll) 65
siderophore complexes.........ocooveeiiiiiinieeeee e

224  AIMIS ittt ettt et nae e e enneeens 67

2.3 Results and diSCUSSION.........c.ccovirieiriiiiseeee e 68

2.3.1 Investigating the suitability of the BDD electrode for detecting 68
the Fe(lll)/(ll) redox couple of iron(lll) siderophores..................

2.3.2  Electrochemical behaviour of iron(lll) azotochelin.................... 71

2.3.3  Structural characterisation of iron(lll) azotochelin.................... 77

2.3.4  Modulating the reduction potential of iron(lll) azotochelin....... 84

2.3.5 Extending the use of the BDD working electrode to other 91
SIAEIOPNOIES ...ttt

2.4 Summary and CONCIUSIONS..........ccooieieiiiee e 95

Chapter 3 — ArM immobilisation on gold electrodes modified with nitriloacetic 99

acid self-assembled MONOIAYErS...........cccocviiiiiiieieeeeee s

3T INErOAUCHION ... et e e eenneeeeeeeee 9O

3.1.1 Protein immobilisation via affinity polyhistidine tag................. 101
3.1.2  Self-assembled monolayer (SAM) formation............................ 104
3.1.3  Protein-surface characterisation methods............cccccccoovvieniene. 108
T4 AIMIS. ittt 110
3.2 Results and diSCUSSION.......c.ccceriieirinieiiecensee e 112

3.2.1 Lipoic acid-nitrilotriacetic acid conjugate: on-surface

112
synthesis and SAM characterisation.............cccccoeevveiieriieeennnne.

3.2.2  Lipoic acid-nitrilotriacetic acid conjugate: solution synthesis

121
and SAM characterisation...........cocovevieviiiceiieeeeeeceeee e



Contents

3.2.3  Efficiency of CeuE-6His immobilisation on lipoic acid-

nitrilotriacetic acid modified gold electrodes.............ccccueeu..... 125
3.3 Summary and CONCIUSIONS...........ccceoviiiieiicieeee e 130
Chapter 4 - Exploring the redox-triggered disassembly of an immobilised ArM....... 134

AT INTFOAUCTION ..ottt st st ssessste e esenneesssnneesneeee 135

4.2 Results and diSCUSSION.........eiiiiiiiiieieee et 137

4.2.1 Investigating the feasibility of DET for redox proteins

immobilised on LA NTA functionalised gold electrodes............ 137

4.2.2  Direct detection of SidCat release from the Fe-PBP ArM........... 146
4.2.3  Indirect detection of SidCat release from the Fe-PBP ArM........ 155
4.2.4  The design and development of a new electrochemical cell..... 162
4.2.5 Theredox ‘hedgehog’ variant of the Fe-PBP ArM....................... 164
4.3 Summary and CONCIUSIONS..........cceooieriiiieii e 166

Chapter 5 — Conclusions and future perspectives.........ccceecceececeeeceeceeenes. 172
5.1 Summary and CONCIUSIONS........cccccueriiiiiiiieie e 172

5.2 FUlUre PerSPECLIVES.......ooooeiieieceee e e 173

Chapter 6 = EXPEHMENTAL..........coiiveiveierieeeeeeeeeee ettt s s evesvesveesveenneens 178

6.7 SYNTNESIS...ciiiiieieeecee e e 178
6.1.1 MaAterialS. ... ..o 178
6.1.2  INStrumMeENtation.........coceevuiiieniiriiiieeeeeee e 178
6.1.3  Synthetic ProtoCoIlSs........ccoeeiiriiiiieieceeee e 180

6.2 Electrochemical apparatus and methods.............cccccoeevivieiiecieeneenen. 202



Contents

6.2.1 Instrumentation and SEt-UP.......ccocereiiririiiee e 203
6.2.2  Electrochemical Cell..........cocoriiiiiiineceee e 204
6.2.3  Reference electrode calibration...........ccccoceoeinininninicnenennn 204
6.2.4  Electrode preparation and modification protocols.................... 205
6.2.5  Cyclic voltammetry.........ccoooiiiiiiiiieeeeceeeee e 207
6.2.6  Electrochemical impedance spectroscopy.........ccccceeeeeereenuenenne 207
6.3 Protein related methods...........coooeiiiiiiii e 208
6.3.1 Expression and purification of proteins.............ccccucc...... e 208
6.3.2  Artificial metalloenzyme assembly..........ccccooreiiiiiininnne. 210
6.3.3 Dissociation constant measurements...........ccccceceevveeneencnnenne. 211
6.4 Chapter specific experimental procedures...........c.cccoeeeiecieeceeenennne. 212
6.4.1 Experimental procedures for chapter 2.............cccoooveveeenn. 212
6.4.1.1 Characterisation of the BDD working electrode................ 212
6.4.1.2 UV-vis measurements of iron(lll) azotochelin 213
COMPIEXES. ...t
6.4.1.3  Native ESI-MS of iron(lll) azotochelin complexes............ 214
ADDIEVIALIONS ... e e 216
Appendix — Supplementary figures..........cocvevveiiriieiiiceeeeee e 220

RETEIENCES....e. ettt eee e rseeesee s eseesee v s e e snnaesssnnessannesaninnees 223



Tables, figures, schemes and equations

List of tables, figures, schemes, and

equations

Table 1.1 Summary of characteristics exhibited by enzymes and small inorganic
catalysts; italicised properties are those conserved during the development of
artificial MetallOBNZYMES.........c.o ettt ens s esa s e

Table 1.2 Summary of most prevalent covalent (1 — 4) and non-covalent (5 = 7)
immobilisation strategies used in tethering enzymes to solid supports....................

Table 2.1 Tabulated values for the reduction potential (E;) and cathodic current
(+ipc) extracted from solution cyclic voltammetry experiments investigating
iron(Il1) azotochelin solution at different M:L ratios..........cccocvevvveinieienieeiiceee,

Table 2.2 The tabulated values of the iron(lll) azotochelin reduction potential (Ep)
measured in solutions comprising different buffer salts, which exhibit varying
iron(l11) chelation @bilities. ..........c.coviiiieieiiccecec e

Table 4.1 Dissociation constant (Kq) values measured by Dr A. Miller for different
protein complexes comprising the iron(lll) azotochelin motif. Additionally, the
concentration of reduced iron using ethyl viologen as the reducing agent is shown
fOr @ACN COMPIEX ...ttt e

Table 6.1 Electrochemical parameters extracted from cyclic voltammetry
measurements of Ks[Fe(CN)e] performed at two different scan rates (v), for the
comparison of electron transfer kinetics at boron-doped diamond (BDD) and
glassy carbon (GC) working electrodes.............c.coooeeveveeeeeeeeeeeeeeeeeee e

Table 6.2 Electrochemical parameters extracted from cyclic voltammetry
measurements of Ks[Fe(CN)¢] at a BDD working electrode, where the solution
composition was varied to evaluate the subsequent effect on the electrochemical
behaviour of the redoX SPECIES.........ceevuiiiiieiieecee s

Figure 1.1 A graphic illustrating the twelve principles of green chemistry. Created
WITh BIOTENAEI.COM....oeieeee et ettt st sst sttt enseneertent e essenseen

28

43

74

90

146

212

213

27



Contents

Figure 1.2 Schematic representation of the primary (1°) and secondary (2°)
coordination spheres of the inorganic metal complex situated within the protein
scaffold of the ArM. The 1° coordination sphere comprises atoms and ligands
directly bonded (solid black lines) to the metal centre (yellow sphere). The 2° 30
coordination sphere represents the interactions (dashed black line) between the
metal centre and the surrounding residues but may also include interactions of
the amino acids with the substrate...........cccoooiiiiiiiiice e

Figure 1.3 Crystal structures of prominent ArM examples developed through each
of the strategies and their corresponding target reactions; protein scaffolds are
depicted as grey ribbons and the metal cofactors as orange cylinders, with a
zoomed-in chemical catalyst structure adjacent. A rMb(Mn(lll)Pc), an artificial C-
H hydroxylase comprising reconstituted myoglobin with an artificial manganese
porphycene cofactor (PDB: 3WI8);*6 B [Hg(l)]s [Zn(11)(OH2)IN(TRILOCL23H)s;
a de novo artificial hydrolase based on a three-stranded coiled coil unit with a
catalytic zinc(ll) centre (PDB: 3PBJ);*’ C Fe(L4D) c NikA, an artificial oxygenase
constituting an abiotic iron metal cofactor incorporated inside the pocket of a
periplasmic nickel-binding protein (PDB: 419D).%8..............c.coiiieieieeeeeeee e

31

Figure 1.4 A summary of different methods for installing the metal cofactor within
a protein scaffold for the assembly of ArMs. A Dative coordination; B covalent
attachment; C supramolecular anchoring using high affinity-based pairing.
Created With BiOreNder.COM........coceiiiiiiirereieet ettt

34

Figure 1.5 A The crystal structure of an asymmetric transfer hydrogenase based
on the streptavidin scaffold (grey ribbon) with a biotinylated ruthenium(lIl)
catalyst (orange cylinders) (PDB: 2QCB); the chemical structure of the cofactoris 35
shown for clarity. B Example ketone reduction reaction catalysed by the
ATIMLES ettt ettt b e b et bt bttt eb s seseaens

Figure 1.6 A Cartoon representation of the ArM based on a homotetrameric
protein scaffold, highlighting the two symmetry-related residues, S112 and K121
and their location in relation to the biotinylated catalyst. B Schematic
representation of the ArM mutant composed of two single-chain dimeric 36
streptavidins, highlighting the two engineered linking units, the polypeptide linker
between Sav* and Sav® units and the disulfide bond between the two
ChAINS.8768, ettt ettt ettt ettt ettt ne

Figure 1.7 A The crystal structure of an asymmetric transfer hydrogenase based
on the complementary pairing between a PBP (grey ribbon) and iron(lil)
azotochelin, with the latter, conjugated to iridium(lll) Noyori-type catalyst (orange
cylinders) (PDB: 50D5); the chemical structure of the metal cofactor is shown for
clarity. B The benchmark imine reduction reaction used for validating the catalytic
ACHIVITY OF The ATML3% .ottt

40

Figure 1.8 Schematic illustration of the redox-triggered disassembly for an ArM
based on the reduction of the iron(lll) to iron(ll) and the recycling of the CeuE 41
protein scaffold to reassemble the ArM.>* Created with Biorender.com...................

Figure 1.9 Schematic representation of the immobilised Pd-CALB ArM on a
modified Sepabead resin through multi-point covalent linkages between aldehyde 46
functionalised support and lysine residues on the protein scaffold.'......................



Contents

Figure 1.10 Schematic diagram of an immobilised ArM arising from the
conjugation of the gold nanoparticle (Au NP) functionalised with a dithiol-based
bifunctional SAM linker and a ‘clickable’ ArM, an iron(lll) mimochrome tethered to 48
a PEG chain with a strained alkyne handle resulting in the formation of a
TAZOIE. 135, ettt

Figure 1.11 Stepwise methodology for the covalent tethering of an artificial haem
enzyme onto a gold electrode surface through the SAM formation of a lipoic acid 51
CONJUGATEA ATIMLTA7 .ottt

Figure 1.12 Comparison of two strategies for the immobilisation of a nickel(ll)
substituted rubredoxin, NiRd (PDB: 6NWO) on pyrolytic graphic electrodes.
A Electrostatic adsorption dependent on the interaction between negatively
charged carboxylates on the electrode surface and the complementarily polarised
surface of the protein; the electron density map is shown for information, where
the red regions correlate to a positively charged surface. B Covalent tethering of
the ArM onto the electrode through direct coupling of a carboxylate on the
electrode surface and a primary amine on the protein scaffold, either from a lysine,
asparagine, or glutamine residue; one of the surface lysine residues (orange
cylinder) is shown as an example. 1153, e

52

Figure 1.13 Schematic representation of the proposed ArM recycling platform
constituting a highly conductive surface, a heterobifunctional linker allowing
simultaneous attachment to the electrode and the proteins scaffold, and the Fe-
PBP ArM with the highlighted redox anchor. The components which have been
studied extensively within individual chapters of this thesis have been
31T ] 0] 1o |41 C=To TSR

55

Figure 2.1 Chemical structures of the bidentate chelating ligands for the three
most common families of siderophores, a-hydroxycarboxylates, hydroxamates
and catecholates. The donor oxygen atoms for each group are highlighted and the 60
pKa values are displayed; a higher pK, value indicates greater electron density on
the hydroxy oxygen atoms and a stronger chelating power............ccccooieieniienennne

Figure 2.2 The midpoint potentials (E1/2) of biological reducing agents (measured
vs NHE at pH 7.0) within the range of reduction potentials exhibited by iron(lll) 61
SiIderophore COMPIEXES. 0% .. ... ettt

Figure 2.3 Chemical structures of most widely studied catecholate siderophores
and the respective microorganisms they are secreted by; the chelating units of 63
each siderophore are highlighted.............cocooiiiiiiii e

Figure 2.4 Skeletal structure of the iron(lll) chelating catechol units in
catecholamide siderophores illustrating the switch between the two coordination
modes in response to the protonation of the phenolic meta oxygen in acidic
CONAITIONS. ...ttt ettt e et e et e be e beebeesbeesbeesseseenseensesnsenes e

63



Contents

Figure 2.5 Simplified representation of the ‘chelate scale’ describing the negative
linear relationship between the reduction potential (E;) of the Fe(lll)/(1l) redox
couple and the thermodynamic stability (log K) of iron(lll) complexes with natural

. 65
siderophore enterobactin (ent) and simple catechol (cat) ligands. The orange
solid line and the dotted lines illustrate the linear regression and the 95%
CONFIdENCE INTEIVAL....c.eiiiieiicecece e st be e s
Figure 2.6 Chemical structures of alcaligin and rhodotorulic acid, low denticity
dihydroxamate siderophores; the chelating groups have been highlighted in 66

orange. The model representations underneath represent the two stoichiometries,
M1:L; and M2:Ls observed for their iron(lll) complexes..........cccoceeveieinieenieieenenene,

Figure 2.7 A scheme adapted from Figure 1.13, illustrating the redox-active
anchor as the focus of the work described in Chapter 2 and where it is situated 67
Within the proposed SYSTEM.......cc.ooi i

Figure 2.8 Simplified molecular orbital diagram representing the reduction
process of a redox species in solution at the surface of an electrode. The energy
of the LUMO indicates the potential energy required for the transfer of the electron
from the electrode to the redox species, which is representative of the E, value.......

69

Figure 2.9 Cyclic voltammograms illustrating the in situ formation of an iron(lll)
catechol (orange solid line) complex after the addition of the catechol stock to a
FeCls (grey solid line) solution in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0
(grey dashed line). Final analyte concentrations [Fe] = 0.48 mM, [Fe] : [cat] = 70
0.42 : 1.25 mM; v = 50 mV s™; third scans are shown (Figure A.1 includes first
scans for reference). The inset depicts the two possible structures of the iron(lll)
catechol complex, either with an M+:Lz or an My:Lz stoichiometry.........c..cccooceene.

Figure 2.10 Cyclic voltammograms of an iron(lll) azotochelin solution prepared in
an equimolar ratio (orange solid line) and a blank buffer solution (grey dotted line).
Buffer composition comprises 5 mM Bis-TRIS and 100 mM NaCl at pH 7.0;v=10 73
mV s7; third scans are shown (Figure A.2 includes first scans for reference). The
structure of an My:Ly iron(lll) azotochelin complex is shown in the indent................

Figure 2.11 Cyclic voltammograms of iron(lll) azotochelin and iron(lll) bisDHBS
solutions prepared in an Ms:L, ratio. Experiments were performed in 5 mM Bis-
TRIS buffer, containing 100 mM NaCl at pH 7.0 with the final analyte
concentrations of [Fe] = 0.45 mM and [siderophore] = 0.45 mM; v =10 mV s™; third
scans are shown (Figure A.3 includes first scans for reference). The inset shows
the structure comparison between azotochelin and bisDHBS, two bis(catecholate)
siderophores, with the differences between the lysine and serine backbone,
respectively, being highlighted.............ccoooiiiiii e

75

Figure 2.12 Comparison of UV-vis absorption spectra of iron(lll) azotochelin at
varying M:L ratios; 1:1 (1), 1:2 (2), 1:3 (3) and 2:3 (4). All measurements were 78
obtained in 5 mM Bis-TRIS, 100 mM NaCl bufferat pH 7.0..........cccoviiiiiiieiieen.

10



Contents

Figure 2.13 Cyclic voltammograms of iron(lll) azotochelin solutions in two metal
(M) to ligand (L) ratios, 1:1 and 2:3 for comparison of the electrochemical
response in two different buffers, Bis-TRIS (electrochemistry buffer) and NH40Ac
(native ESI-MS buffer). All buffers contained 5 mM of the buffer salt and 100 mM
NaCl as the supporting electrolyte at pH 7.0; experiments were performed at v =
10 mV s7; third scans are shown (Figure A.4 includes first scans for reference).
Analyte concentrations at M:L, ratio, [Fe] = 0.45 mM and [Azoto] = 0.45 mM; at
Ma:Ls ratio, [Fe] = 0.80 MM and [AZoto] = 1.20 MM....oovioieeeeeeeeeeeeeeeeeeee e

80

Figure 2.14 Native ESI mass spectra measured in the negative ionisation mode
for iron(lll) azotochelin solutions prepared in NH4OAc buffer (pH 7.0) at two
different M:L ratios. A Mi:Ly, [Fe] = 0.5 mM, [Azoto] = 0.5 mM; B Mz:Ls, [Fe] = 81
1.0 mM, [Azoto] = 1.5 mM. In both spectra only the presence of the M1:L; complex,
[Fe3* AZOtO*] Was dtECTEM...........oeeeeeeeeeeeeee e

Figure 2.15 Native ESI mass spectra measured in the positive ionisation mode for
iron(l1l) azotochelin solutions prepared in NH4OAc buffer (pH 7.0) at two different
M:L ratios. A M1:L4, [Fe] = 0.5 mM, [Azoto] = 0.5 mM; B Mz:Ls, [Fe] = 1.0 mM, [Azoto] 82
= 1.5 mM. In both spectra only the presence of the Ms:L1 complex in a salicylate
coordination mode, [Fe3* HoAzoto?]* was detected .........oouveeeeeeeeeeeceeeeeeeeeeeeen.

Figure 2.16 Cyclic voltammograms of iron(lll) azotochelin solution prepared in an
equimolar M+:L, ratio at different pH values, pH 6.0 — 8.50 in either 0.25 or 0.5
increments. Buffer composition comprises 5 mM Bis-TRIS and 100 mM NaCl; v =
10 mV s™. third scans are shown (Figure A.5 includes first scans for reference)......

85

Figure 2.17 A plot illustrating the reduction potential (Ep) of iron(lll) azotochelin
solution prepared in an M1:L; ratio as a function of pH extracted from CVs shown
in Figure 2.16. Standard deviation bars are shown for values measured at pH 6.0,
6.5 @NA 7.0ttt ettt et eteeteene st et enaen aas

87

Figure 2.18 UV-vis absorption spectra acquired for an equimolar M:L solution of
iron(lll) azotochelin at varying pH levels; 6.0 (1), 6.5 (2) and 7.0 (3). All
measurements were obtained in 5 mM Bis-TRIS, 100 mM NaCl buffer at pH 7.0
with both analyte concentrations equalto 0.45MM........c.cccoveiiieiiiiiiceiceceee,

88

Figure 2.19 Cyclic voltammograms of ferricrocin (orange solid line) and a blank
buffer solution (grey dotted line). Buffer composition comprises 5 mM Bis-TRIS
and 100 mM NaCl at pH 7.0; [Ferricrocin] = 0.45 mM; v =10 mV s™; third scans are 94
shown (Figure A.6 includes first scans for reference). The structure of ferricrocin,
the iron(ll) complex of the tris(hydroxamate) siderophore is shown in the indent....

Figure 2.20 Crystal structure of the anchor binding pocket within the Fe-PBP ArM
(PDOB: 50D5) illustrating the direct coordination between the hydroxy group of
Y288 (orange cylinders) and the iron(lll) centre (orange sphere) of the anchor 97
motif (dark grey cylinder). The inset shows the structure of the tyrosine amino
acid with the coordinating hydroxy group highlighted for reference..........................

11



Contents

Figure 3.1 A schematic illustration of the interaction between the unsaturated
M?*-NTA complex and the imidazole rings of the 6His-tag. The attachment of the
NTA to a support is not defined in the figure, as depending on the application, the 101
support material may extensively vary; in IMAC applications the NTA ligand is
covalently attached to cross-linked agarose beads.............cccccoooiiiiieiiiicie

Figure 3.2 lllustrative representation of the metal(ll) ions available for use in
combination with NTA for the immobilisation of His-tagged proteins. The series
is arranged based on the binding strength to the chelating ligand (top arrow) and 103
selectivity towards His-tagged proteins which appear to have inversely
proportional relationShip.225226 ... ...

Figure 3.3 General scheme for the chemisorption of an alkyl thiol molecule onto
a gold surface, illustrating the preferred orientation of the molecule which ensures
a well-packed monolayer; the inset depicts the breadth of organosulfur
functionalities capable of monolayer formation on gold?*..............c.coocvevieiviveenne.

106

Figure 3.4 A schematic illustration of the typical plot acquired during the QCM
experiments which represents the decrease in the resonance frequency of the
sensor as the immobilised increases. The inset depicts the working principle of
the technique which is based on the application of an alternative voltage to the
quartz crystal causes it to oscillate in alternating directions; the change of the
oscillation frequency is the measured parameter in QCM............ccccevveviivieieieceennnns

109

Figure 3.5 A schematic illustration of the Nyquist plot acquired during EIS
measurements with a characteristic semicircle and a linear region. The size of the
semicircle is proportional to the resistance of the electron transfer (Rc)
experienced by the redox probe, [Fe(CN)e]®> which is the parameter of interest in
EIS measurements. More extensive modifications of the surface result in higher
Rct values. The inset represents the working principle of the technique where a
small amplitude potential perturbation at the E7/, of the redox probe for multiple
FTEQUENCIES. ...ttt et e b e et es eabeeteesaeebeesreesseens

110

Figure 3.6 A scheme adapted from Figure 1.13, illustrating the focus of the work
described in Chapter 3, the SAM modification of the surface and CeuE-6His
immobilisation via the 6His-tag, and where it fits within the proposed recycling
PIAtfOIMN ...ttt ettt ettt et e et et eete et e et e eraeeraen aens

111

Figure 3.7 Mass spectrum (EIS) of the crude product from the synthesis of

NGB-14 in a mixture of methanol and tetrahydrofuran..............cccccooveieviiiiniiicnne, s

Figure 3.8 A Nyquist plots obtained at each stage of functionalisation of a
polished Au disk electrode (bare Au) to yield an LA NTA capped (SAM-02) through
‘on surface’ synthesis from a LA NHS terminated surface (SAM-01). The
measurements were performed in the presence of 10 mM Ks[Fe(CN)g] in 100 mM
phosphate buffer, 233 mM NaCl at pH 7.0. tquilibrationy = 300 s, Eqc = 0.230 V,
Eac = 10 mV, f = 0.1 Hz — 10 kHz. The inset provides a zoomed in view of the
Nyquist plot of SAM-02. B A graphical representation of maximum phase angle
obtained for each surface modification step extracted from Bode plots, where the
maximum theoretical value is 90°. The two types of plots were obtained
simultaneously within a single measurement.............c.ccccooieiiiiicciccccieeee e

116

12



Contents

Figure 3.9 A Cyclic voltammogram (at 50 mV s7) indicative of a successful
formation of a NTA film on the electrode surface through the conjugation of
NTA-NH; to NHS ester terminated surface. Following the conjugation, the
electrode was immersed in a 10 mM NiCl; solution and placed for measurement
in a 100 mM phosphate, 250 mM NaCl buffer, pH 7.0 containing 1 uM of NGB-17
(orange solid line). The peaks associated with Faradaic current were extracted 119
through manual peak fitting (grey dashed line). B A linear plot (R, = 0.991) of peak
current (ipc) versus scan rate (v) illustrating the surface-confinement of NGB-17
on the SAM-02 electrode. The values were extracted from cyclic voltammograms
of a 1 uyM solution in 100 mM phosphate buffer, containing 250 mM NaCl at
PH 7.0 oottt ettt bttt et ae et et b et b aee seteebeneens

Figure 3.10 Comparison for two methods of functionalising Au electrodes with
NTA functionalities through SAM formation; A Nyquist plots, B phase angles
extracted from Bode plots. SAM-02 is prepared through on surface conjugation
of NTA molecule to NHS ester terminated surface (SAM-01); SAM-04 is prepared
through the incubation of Au electrode with NGB-14. The measurements were
performed in the presence of 10 mM Ks[Fe(CN)e] in 100 mM phosphate buffer,
233 mM NaCl at pH 7.0. t(equilibrationy = 300 s, Egc = 0.230 V, Eac = 10 mV, f =
ORI o A O 2SR

123

Figure 3.11 Cyclic voltammogram (at 50 mV s7) indicative of a successful
formation of a NTA film on the electrode surface through the incubation of the
electrode in a 1T mM solution of NGB-14. Following the SAM formation, the
electrode was immersed in a 10 mM NiCl; solution and placed for measurement
in a 100 mM phosphate, 250 mM NaCl buffer, pH 7.0 containing 1 uM of NGB-17
(orange solid line). The peaks associated with Faradaic current were extracted 124
through manual peak fitting (grey dashed line). B A linear plot (R? = 0.994) of peak
current (ipc) versus scan rate (v) illustrating the surface-confinement of NGB-17
on the SAM-05 electrode. The values were extracted from cyclic voltammograms
of a 1 yM solution in 100 mM phosphate buffer, containing 250 mM NaCl at
PH 7.0 ettt et e ettt e b e e ta e e ta e b e e e aaaeeabaeeatee e taeatbaees setbeanraens

Figure 3.12 EIS measurements obtained for each step of surface characterisation
to yield protein functionalised modified electrodes, with CeuE-6His (SAM-06) and
ArM (SAM-07) as outlined in Scheme 3.6. Following each measurement, the
surface was regenerated and further functionalised to minimise surface
degradation effect of the measurements. The measurements were performed in
the presence of 10 mM Ks[Fe(CN)g] in 100 mM phosphate buffer, 233 mM NaCl at
pH 7.0. tequilibration) = 300's, Eqc = 0.230 V, Eac = 10 mV, f = 0.1 Hz — 10 kHz. A Nyquist
plot representation; B Simplified Bode plot representation...............c..cccoeeeeeiene.
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Figure 3.13 The comparison of immobilisation CeuE-6His mass between two
NTA functionalised electrodes prepared via different approaches, SAM-02 and
SAM-04. The values were extracted from the raw QCM-D data (7th harmonic) and
calculated using the Sauerbrey equation. The change in mass during the
imidazole wash steps reflects the degree of non-specific adsorption. The nickel
chelation step has been performed in situ prior to protein immobilisation. Buffer
composition was 100 mM phosphate, 150 mM NaCl at pH 8.0; T = 21°C; flow rate
=70 pL min; [protein] =90 PG ML ..o
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Figure 4.1 A scheme adapted from Figure 1.13, illustrating the focus of the work
described in Chapter 4 on investigating the redox-triggered release of the anchor-
catalyst conjugate from an immobilised protein scaffold, and how it links the work
described in the previous Chapters...........ccoooviiiiiiceiceeeeeeeeee e

136

Figure 4.2 Crystal structure of CjX183 (PDB: 7B21), a c-type cytochrome protein
(grey ribbon) encompassing a haem cofactor (orange cylinders); the chemical
structure of the haem group is shown for clarity.?8? The location of the 6His-tag
through which binding to the NTA occurs is highlighted ingreen............cccccccoooeeni.
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Figure 4.3 A Cyclic voltammogram of CjX183 adsorbed onto a Au working
electrode (orange solid line) and the associated potential peaks extracted through
manual peak fitting (grey dashed line). The CV was acquired in 50 mM phosphate
buffer, 150 mM NaCl at pH 7.0; v = 30 mV s™'. B EIS Nyquist plots of a polished Au
electrode (grey solid line) and CjX183 adsorbed onto Au working electrode
(orange solid line) recorded using 10 mM Ks[Fe(CN)e¢] solution in 100 mM
phosphate buffer, 233 mM NaCl at pH 7.0. t(quilibration) = 300 S, Eqc = 0.230 V, Exc =
T0OMV, F =0T HZ = TOKHZ .ot
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Figure 4.4 A comparison of the charge transfer resistance values (Rc) for the
immobilisation of CjX183 on either an untreated gold surface or a LA NTA
functionalised electrode. The numbers have been extracted from the circuit fitting
of the relevant EIS Nyquist plots. Raw data was acquired in 10 mM Ks[Fe(CN)g]
solution in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300 s,
Egc=0.230V,Eac=10mV,f=0.THZ = TOKHZ ..ot
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Figure 4.5 Cyclic voltammograms illustrating the difference in the reducing power
of two viologen derivatives, methyl viologen (green solid line) and ethyl viologen
(orange solid line) relative to sodium dithionite (grey dotted line). Measurements
were acquired in 100 mM MES, 500 mM NaCl buffer, pH 6.0; [reducing agent] =
1.0 mM; v = 50 mV s™. The inset shows the structure of all the reducing agents
INVESTIGAEA. ...ttt ettt s
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Figure 4.6 A plot of iron(ll) concentration released from a series of samples
containing the iron(lll) azotochelin motif, as a result of iron(lll) reduction by three
reducing agents, sodium dithionite (grey), methyl viologen (green) and ethyl
viologen (orange). The apo samples have been employed as negative controls as
they do not contain iron(lll) azotochelin. The iron(ll) concentration has been
measured from the absorbance at 562 nm, characteristic of the iron(ll) ferrozine
complex utilised in the assay as the indicator. Redox reaction was performed in
100 mM, 500 mM NaCl buffer at pH 6.0; [reducing agent] = 40-fold excess; 144
[ferrozine] = 4-fold excess. Iron(ll) concentration has been calculated using the
linear regression equation obtained from a calibration curve. Sid, iron(lll)
azotochelin; SidCat, iron(l1l) azotochelin catalyst conjugate; apo, protein without a
cofactor present; P-Sid, iron(Ill) azotochelin in complex with the protein scaffold;
ArM, iron(Ill) azotochelin catalyst conjugate in complex with the protein scaffold.
Even though it was not reflected in the sample nomenclature, all protein scaffolds
employed comprised an N-terminal 6His-tag...........ccccceviienieniieniiecieeeeeeeee e
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Figure 4.7 Plot of frequency changes (7th harmonic) as a function of time and the
composition of the flowing solution over LA NTA functionalised Au sensors
obtained during QCM-D experiments. The nickel chelation step has been
performed prior to protein immobilisation; however, it has been omitted for clarity.
Buffer composition was 100 mM phosphate, 150 mM NaCl at pH 8.0; T = 21°C;
flow rate = 70 pL min™; [protein] = 90 pg mL™". The stamp points of each step are
indicated with vertical lines, buffer was carried out between each reagent (grey
dotted line) to equilibrate the sUrface...........ccccocveieiiiiieiicceeee
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Figure 4.8 A plot illustrating the variations in the frequency change prior to and
following the addition of a reducing agent, as a function of sodium dithionite
concentration. values were extracted from QCM-D experiments performed in a
parallel manner to those represented in Figure 4.6. The data has been collected 150
for surfaces where either the apo CeuE-6His, anticipated to act as a negative
control, or ArM samples were immobilised of LA NTA functionalised Au sensor,
with nickel chelation performed in situ, prior to protein immobilisation.....................

Figure 4.9 EIS data obtained for an electrode functionalised with LA NTA(Ni?*)
SAMs and immobilised CeuE-6His. The measurements were taken on an
assembled electrode (grey solid line) and after incubation in a 500 mM imidazole
(imd) solution in 100 mM phosphate, 150 mM NaCl (pH 8.0) for 60 seconds
(orange solid line). Data was acquired in 10 mM Ks[Fe(CN)e] solution in 100 mM
phosphate buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300 s, Eqc = 0.230 V, Exc =
10 mV, f=0.1 Hz — 10 kHz. A Nyquist plot data representation; B Bode plot data
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Figure 4.10 EIS Nyquist plots for an electrode functionalised with LA NTA(Ni?*)
SAMs and immobilised ArM monitoring the reversible disassembly of the ArM. A
The electrode was exposed to a solution of a reducing agent, Na;S,0,, followed
by a solution of SidCat; B The electrode was immersed in a 100 mM MES, 500 mM
NaCl buffer (pH 6.0), followed by 200 mM MOPS, 150 mM NaCl buffer (pH 7.5).
Data was acquired in 10 mM Ks[Fe(CN)e] solution in 100 mM phosphate buffer,
233 mM NaCl at pH 7.0; tequilibrationy = 300 s, Eqc = 0.230 V, Exc = 10 mV,
F= 0T HZ = TOKHZ. ..ottt ebe e
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Figure 4.11 A plot of R. values as a function of time for an electrode
functionalised with LA NTA(Ni?*) SAMs and immobilised ArM. The R values were
extracted from EIS Nyquist plots following a circuit fitting. Raw data was acquired 155
in 10 mM Kjs[Fe(CN)¢] the solution in 100 mM phosphate buffer, 233 mM NaCl at
pH 7.0; t(equilibration) = 300 'S, Eqc = 0.230 V, Esc =10 mV, f=0.1 Hz - 10 kHz...................

Figure 4.12 Reaction schemes for the imine reduction catalysed by ATHase ArM.
A Conversion of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline to the
corresponding secondary amine product, however, neither are suitable for
fluorescence measurements in situ; B Conversion of harmaline to the
corresponding secondary amine product, suitable for fluorescence
MEASUrEMENTS IN SITU.......ooiiiiiiie e
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Figure 4.13 Kinetic profile for the imine reduction of harmaline catalysed by either
SidCat (orange diamond points) or ArM (green circle points) as a function of
decreasing substrate concentration. The controlled reactions in the absence of
the catalyst are shown in grey. The harmaline concentration was calculated using
the linear relationship obtained from the calibration plot; the absorbance was
measured at 405 nm. The reaction was performed in 0.6 M MES, 3 M Na formate
buffer at pH 7.0 (25°C); [harmaline]star = 368 pM; [catalyst] = 0.92 pM (0.25%
CatalyST 10AAING).....viiieiiiiicictie ettt
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Figure 4.14 The deconvoluted mass spectrum acquired under native conditions
for the sample containing 10 pM of the ArM. The peaks for both CeuE-6His and
the ArM are observed with the separation distances being in agreement with the
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Figure 5.1 Schematic representations of the iron(lll) coordination sphere within
the ArM. The structure of the coordinating residue is shown in the native protein
(Y288) and in the two possible mutation candidates to modulate the reduction
potential of the IrON(I1)............ccooiiiieiciceeeeeee e

174

Figure 5.2 Stepwise protocol for the electrografting in situ generated diazonium
salts on Au surfaces; the R group represents a handle for bioconjugation of 175
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Figure 5.3 Schematic illustration comparing the electron transfer pathway for the
two electrochemical setup options; the naphthalene rings are representative of
viologen based redox mediator. A The Au wafer serves as the working electrode
without the need for mediating viologen molecules in solution; B The Pt wire (top 176
surface) serves as a working electrode with viologen molecules in solution acting
as the secondary redox mediator while the Au wafer is acting purely as an
iIMMODBIliSAtioN SUPPOIT.........cuiiiiiiiieie et e

Figure 6.1 Representative cyclic voltammogram of a gold surface in 0.5 M H2SO4
recorded at 100 mV s'. Characteristic regions indicative of a polished electrode
are highlighted; (a) minimum capacitive current is observed on a surface without 206
any absorbed contaminants, (b) a single cathodic peak corresponds to the
reduction of a single AUO MONOIAYET.............ccceeiiiiieciieeceeeeee e

Figure 6.2 Theoretical electrical circuit (Randles circuit) for the fitting of gold
electrodes modified with either small molecules or proteins, examined using a
[Fe(CN)¢]* redox probe in solution. R1, solution resistance (Rs); Q1, constant
phase element modelling double layer capacitance (Ca); R2, charge transfer 208
resistance (Rct); W1, Warburg element modelling diffusion (W) (in some cases
substituted by Warburg open, WO which describes finite-length diffusion with
refleCtive DOUNCAIY).........oov o eaeas
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Figure A.1 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.9. Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0

) ; . . 220
(grey dashed line). Final analyte concentrations [Fe] = 0.48 mM (grey solid line),
[Fe]:[cat] =0.42:1.25mM (orange solid line); v=50mV s™.......ccccoeeireiereeirren
Figure A.2 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.10. Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 290

(grey dashed line). Final analyte concentrations [Fe] : [Azoto] = 0.45 : 0.45 mM
(orange solid line); v.=TO MV ST ..o

Figure A.3 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.11. Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl
at pH 7.0 for Fe(lll) azotochelin (solid orange line) and Fe(lll) bisDHBS 221
(solid green line). Final analyte concentrations [Fe] = 0.45; [siderophore] = 0.45
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Figure A.4 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.13. Data was collected in solutions containing 5 mM buffer salt of either
Bis-TRIS (electrochemistry buffer) or NH40Ac (native ESI-MS buffer), 100 mM
NaCl at pH 7.0 Final analyte concentrations at Ms:L; ratio (solid and dotted orange
lines), [Fe] = 0.45 mM and [Azoto] = 0.45 mM; at Mz:Ls ratio (solid and dotted green
lines), [Fe] = 0.80 mM and [Azoto] = 1.20mM; v=10mV s .....cooeiiieeeeeeee

221

Figure A.5 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.16. Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at different
pH values, pH 6.0 — 8.50 in either 0.25 or 0.5 increments. Iron(lll) azotochelin was 222
prepared in a Mq:Lq ratio where [Fe] = 0.45 and [siderophores] = 0.45 mM; v =10

Figure A.6 Corresponding first scans of the cyclic voltammograms shown in
Figure 2.19. Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0

222
(grey dotted line) for ferricrocin (solid orange line). Final analyte concentrations
[Ferricrocin] = 0.45 MM; V= TO MV S ettt ettt eaeen
Scheme 2.1 Synthetic strategy for the preparation of NGB-05................ccccoovveurnn. 72

Scheme 2.2 Chemical strategy for the synthesis of the tris(catecholate)
siderophore, protochelin [NGB-09] from the benzyl-protected analogue of 92
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Scheme 3.1 A two-step synthetic strategy proposed for preparing a LA NTA
conjugate for the functionalisation of gold surfaces as described in the literature 112
by V. Balland €t @l.125........cooeeeeeeeeeeeeeeeeeee et

Scheme 3.2 The protocol employed for the ‘on surface’ synthesis of LA NTA on
Au electrodes [SAM-02] in a parallel manner to the synthetic protocol employed
in Scheme 3.1. The conditions for the amide bond formation were optimised for 115
a heterogenous reaction and thus differ from those employed in solution
(o] 1= 0 0113 4 /ST SRSRRP

17



Contents

Scheme 3.3 Proposed synthetic strategy for the preparation of NGB-15, the
starting material for the synthesis of the 6His-tag mimicking redox probe, 118

Scheme 3.4 The synthetic route for the formation of a Fc(imd), complex
[NGB-17], a redox probe capable of mimicking the 6His-tag binding of proteins.
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Scheme 3.6 The protocol employed for the preparation of SAM-03, NTA
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of electrons transferred; F = the Faraday constant; ko = the electron transfer rate
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and the surface concentration of a redox species (). n = number of electrons

120
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Equation 6.1 The relationship between literature and experimental Eq/; values for
aferri/ferrocyanide redox couple for the determination of a conversion factor (c.f.)
between the two reference electrodes. The experimental value was determined 205
through cyclic voltammetry of 10 mM Ks[Fe(CN)e] in 100 mM phosphate buffer
(1 =10.464 M, NACI), PH 7.0ttt sss s s s s

18



Contents
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Chapter 1 — Introduction

Chapter 1 — Introduction

This thesis explores the development and optimisation of a recyclable
biohybrid catalytic platform, comprising an immobilised redox-active
artificial metalloenzyme. These biohybrid catalytic systems exemplify the
next generation of biocatalysis, granting access to chemical
transformations previously unknown to nature and biological systems.
However, this biocatalytic novelty comes at a price. To guarantee high
stability, strong binding motifs between the biological and chemical
components are at the centre of artificial metalloenzyme design.
Nonetheless, the utilisation of scarce noble metals necessitates these
systems to be recyclable to combat the declining metal supplies and the
environmental impact associated with their extraction. This creates the
demand not only for ArM designs with inherent recyclability features but
also for compatible platforms that facilitate the recycling process without
an additional environmental burden. For redox-active systems,

electrochemical-based approaches can offer an attractive solution.

1.1 The age of biocatalysis

The increasingly damaging impact of chemical industrial processes on the
environment, and the rising concerns surrounding climate change have
prompted researchers to look towards more sustainable approaches for the
production of chemicals. Reports released by the United States
Environmental Protection Agency (US EPA) highlight the chemical
manufacturing industry as the largest producer of chemical waste,
representing an increase of 18% since 2011 and the second largest sector
contributing to the amount of waste released into the environment within
the US, accounting for 216 388 tonnes in 2020." It is thus not surprising that

process adaptations that result in lower E-factors, defined as the mass ratio
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of waste to product, have been the predominant focus of the ‘sustainable

chemical industry’ movement over the last years.?

The application of enzymes, nature’s catalysts, in organic synthesis offers
the advantage of producing enantiopure products without the requisite for
harsh conditions, multiple protection and deprotection strategies, and the
consumption of scarce noble metals.® However, these features are the
hallmark of inorganic catalysis. Small metal complexes outperform
enzymes in the number of chemical transformations they can access and
the extent of their substrate scope, nonetheless, they often possess inferior
enantio- and regioselectivity and the associated environmental impact
cannot be disregarded. Contrarily, biocatalysis conforms to 10 out of 12
principles of green chemistry (Figure 1.1); the two unfulfilled principles
(design for safer chemicals and degradation) are a result of their
applicability to the final product rather than the catalytic process itself. The
principles are a set of guidelines described by Anastas and Warner in 1998
to guide the development of new chemical processes, allowing them to
maintain the needs of modern-day society without having a detrimental

effect on future generations.*®

Subsequently, enzymatic synthesis has become the central focus of
present-day research, particularly within the pharmaceutical industry where
the attention has shifted towards the development of more complex
structures, which often require strict chiral control and high enantiopurity.6~
9 The evolutionary adaptions of enzymes have optimised these catalysts to
perform only very specific chemical reactions on a limited number of
substrates in a well-defined biological environment consisting of a complex
cellular matrix in physiological conditions.’® However, revolutionary
advances in enzyme discovery and protein engineering have allowed to
significantly expand the number of their industrially-relevant
applications.’'2 Pioneering work, particularly by Frances Arnold and co-

workers played a pivotal role in the development of a new generation of
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biocatalysts; enzymes with improved solubility profiles, enhanced
conversion rates, new reaction scopes and higher thermostability are no
longer a distant aspiration.’~"7 Current research efforts focus on enzyme
immobilisation, multi-enzymatic cascades and whole-cell biocatalysis
amongst others, as novel strategies for increasing the versatility of

biocatalysts for industrial processes.'8-20
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Figure 1.1 A graphic illustrating the twelve principles of green chemistry. Created with

Biorender.com.

Nonetheless, the extent to which structural modifications can be performed
without adversely affecting catalytic activity is limited, and thus the inability
to access all chemical transformations invented within the laboratory
remains one of the predominant challenges associated with the use of
enzymes. Alternative systems have begun to emerge, including the
development of artificial metalloenzymes (ArMs) which arise from the

combination of enzymatic and small molecule inorganic catalysis.
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1.2 Artificial metalloenzymes

The fundamentals of ArM design lie in the introduction of an abiotic metallic
centre into a protein scaffold to manipulate its catalytic activity. This can be
achieved either through the modification of the natural metal cofactor to
influence the existing catalytic activity or the introduction of a synthetic
metal catalyst into a non-catalytically active protein.?"22 This hybrid
approach enables harnessing the advantageous properties of both
enzymes and homogenous organometallic catalysis (Table 1.1)

simultaneously within one system.

Table 1.1 Summary of characteristics exhibited by enzymes and small inorganic catalysts;
italicised properties are those conserved during the development of artificial

metalloenzymes.

Biocatalysis Organometallic catalysis
Narrow substrate scope Substrate promiscuity
Specific reaction scope Diverse reaction scope
High selectivity Low selectivity

Aqueous solubility Organic solvent solubility
Room temperature High temperature

Air stability Oxygen sensitivity

The resulting catalysts are capable of performing new-to-nature chemical
transformations with remarkable regio- and enantioselectivity.?3-2° This is
facilitated through the second coordination sphere of the ArM (Figure 1.2);
a set of non-covalent interactions between the amino acids residues and
the incoming substrate as well as the catalytic metal centre.?6-28 Their
cumulative effect within the binding pocket is able to confer a discrete
conformation on the substrate molecule and define catalytic transition
states, resulting in a selective formation of a single product. The
encapsulation of the catalytic centre within the protein scaffold additionally

shields the metal cofactor from oxygen and water molecules, commonly
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responsible for its degradation or deactivation, thus increasing catalyst
stability in an aqueous environment.2%3° The beneficial partnership between
the two components yields a system which performs reactions previously
restricted to organic solvents and elevated temperatures in significantly

milder conditions — a crucial step towards more sustainable catalysis.

The hybrid nature of ArMs enables a dual approach to catalyst optimisation,
allowing for independent modification of the cofactor and the protein
scaffold, frequently referred to as chemogenetic optimisation.®'-33 Changes
to the first coordination sphere, often through rational ligand design to
manipulate the electronic effects around the metal centre and linker
variations to adjust the position of the cofactor within the binding pocket
can lead to the diversification of the catalytic repertoire of the ArM and
improved activity.3* Genetic modification of the biological component
illustrates a far more challenging aspect of ArM optimisation. Many reports
outline successful enhancements in enantioselectivity through rational
design and site-directed mutagenesis, yet direct evolution approaches are
often favoured, particularly with ArMs capable of self-assembly where their
preparation times are minimised.?>3> While the high-throughput screening
requirements associated with the generation of a large library of random
mutants, for example through error-prone PCR, are costly and highly time-
consuming, accurate predictions of the intricate relationships within the
protein scaffold remain difficult to foresee.’® However, technological
advances in computational modelling and structural predictions are
capable of significantly accelerating the process, offering a deeper
understanding of the secondary coordination sphere effects and their

influence on the catalytic activity.37~3°
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1° coordination sphere

2° coordination sphere

Figure 1.2 Schematic representation of the primary (1°) and secondary (2°) coordination
spheres of the inorganic metal complex situated within the protein scaffold of the ArM. The
1° coordination sphere comprises atoms and ligands directly bonded (solid black lines) to
the metal centre (yellow sphere). The 2° coordination sphere represents the interactions
(dashed black lines) between the metal centre and the surrounding residues but may also

include interactions of the amino acids with the substrate.

The attractive features of ArMs have inspired the creativity of researchers
to develop multiple methods for their design, which can be classified into
three main strategies — reconstitution of natural metalloproteins, de novo
design and anchoring of a metal catalyst within a protein, either covalently
or non-covalently (Figure 1.3). Several excellent reviews have been
published comprehensively reviewing the field of artificial metalloenzymes
and thus, the commentary below only provides a brief summary of the

fundamental concepts.27:40-43

In the first approach, the exchange of the individual metal centre or the
entire metal cofactor can confer a new catalytic activity onto the enzyme.

In carbonic anhydrase (CA), which naturally catalyses the hydration of CO-

30



Chapter 1 — Introduction

to HCOs, the replacement of the native histidine-coordinated zinc(ll) ion
with manganese(ll) created a peroxidase for the epoxidation of p-chloro-
styrene and styrene with an enantiomeric excess (ee) of 67% and 58%,
respectively.#* Substitution with rhodium(l) yielded a stereoselective
catalyst for the hydrogenation of stilbene, with a 20-fold higher preference
for the cis-isomer.* Examples of ArMs utilising myoglobin (Mb) as the
protein scaffold include the exchange of the native iron(ll) containing haem
to manganese(lll) porphycene which bestows the ability to catalyse C(sp?)-
H bond hydroxylation reactions onto the protein complex (Figure 1.3 A).4¢
Taking advantage of pre-existing metalloprotein architectures offers a
relatively  straightforward pathway towards new functionalities.
Nonetheless, the natural evolution process of proteins has resulted in
strictly predefined binding pockets with minimum flexibility, thus severely
limiting the breadth of metals and prosthetic groups that can be

accommodated within.
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Figure 1.3 Crystal structures of prominent ArM examples developed through each of the
strategies and their corresponding target reactions; protein scaffolds are depicted as grey
ribbons and the metal cofactors as orange cylinders, with a zoomed-in chemical catalyst
structure adjacent. A rMb(Mn(lIl)Pc), an artificial C-H hydroxylase comprising reconstituted
myoglobin with an artificial manganese porphycene cofactor (PDB: 3WI8);* B [Hg(ll)]s
[Zn(11)(OH2)IN(TRILOCL23H)3; a de novo artificial hydrolase based on a three-stranded
coiled coil unit with a catalytic zinc(Il) centre (PDB: 3PBJ);*” C Fe(L4D) c NikA, an artificial
oxygenase constituting an abiotic iron metal cofactor incorporated inside the pocket of a

periplasmic nickel-binding protein (PDB: 419D).*®
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The de novo design describes a ‘from scratch’ or ‘bottom-up’ route towards
the development of new ArMs. Significant advancements in protein
engineering and computational modelling are allowing researchers to
develop protein scaffolds from individual peptide sequences which
assemble into well-defined three-dimensional structures with engineered
metal binding sites.*®* Most examples in the literature employ three-
stranded coiled coil assemblies of alpha-helices, however, more recent
works have successfully demonstrated the catalytic activity of B-sheet
constructs.®-52 The design of the first bimetallic ArM exploited a coiled
peptide scaffold to incorporate a catalytic zinc(ll) ion within a histidine
binding site and at an independent location, a structural mercury(ll) ion
bound by three cysteine residues (Figure 1.3 B).*” The authors
demonstrated the capability of the system to catalyse the hydrolysis of p-
nitrophenyl acetate with only 100-fold less efficiency at pH 9.5 in
comparison to CA Il at pH 8.0, a native hydrolase enzyme. While, in the
absence of the catalytic metal centre the peptide complex still exhibited
activity towards hydrolysis of the substrate, only in the presence of the
zinc(ll) ion, the ArM was capable of CO2 hydration with a 500-fold efficiency
over the natural equivalent. The flexibility of the de novo approach allows
access to more diverse metalloprotein architectures, and thus a greater
reaction scope. Nonetheless, replicating the intricacies of the interactions
which exist within natural proteins, particularly those responsible for the

secondary coordination sphere effects remains extremely challenging.

In order to fully exploit the utility of ArMs to perform new-to-nature
reactions, the breath of metal cofactors needs to be expanded to those
comprising metals either not natively associated with the protein scaffold
of choice or not known to be found within living organisms at all. However,
as natural protein scaffolds have evolved with discrete binding pockets,
such an approach frequently necessitates additional anchoring motifs to be
incorporated into the ArM design further limiting the choice of the

scaffold.53-%6 Alternatively, and frequently supported through the
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implementation of protein engineering methodologies, pre-existing
biomacromolecules, with native functions unrelated to the one desired in
the ArM can accommodate inorganic metal complexes to create new
biohybrid catalysts.>” NikA, a nickel periplasmic binding protein (PBP) from
Escherichia coli (E. coli) has been shown to demonstrate catalytic activity
towards sulfide oxidation after incorporation of an iron complex with N2Py-
ligands (Figure 1.3 C).*8% A sulfide containing a 4-AcNHCeHs aryl
substituent was converted to its corresponding sulfoxide with a yield of
69%, turnover number (TON) of 173 and a turnover frequency (TOF) of
43 h7, thus exhibiting one of the highest TONs amongst artificial
oxygenases. The rise in the number of ArM designs which exploit the above
approach reflects its immense versatility, not only in the methodologies
available for anchoring the abiotic cofactor inside the scaffold but also in
its compatibility with multiple optimisation strategies, which allows the

development of the most efficient catalytic systems.

Within these three main strategies, ArMs can be further classified based on
the method utilised for the installation of the metallic cofactor within the
protein scaffold — dative coordination, covalent immobilisation and non-
covalent binding, also referred to as supramolecular anchoring (Figure 1.4).
The development of systems which depend on the spontaneous self-
assembly of the two components through non-covalent interactions has
attracted significant attention. Their operational simplicity greatly
facilitates optimisation attempts and eliminates challenges associated with
covalent modification of the biomolecular scaffold, of which the results are
sometimes difficult to anticipate. However, the successful exploitation of
supramolecular anchoring motifs requires the use of complementary
binding pairs which exhibit high affinity towards each other to ensure ArM

stability.
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'\_/) scaffold of metal cofactor of metal cofactor

Figure 1.4 A summary of different methods for installing the metal cofactor within a protein
scaffold for the assembly of ArMs. A Dative coordination; B covalent attachment;

C supramolecular anchoring using high affinity-based pairing. Created with Biorender.com.

1.3 Supramolecular anchoring strategies for artificial

metalloenzyme assemblies

1.3.1 Irreversibly bound ArMs based on the streptavidin-biotin

motif

The binding between the proteins from the avidin family and biotin
represents the strongest non-covalent interactions reported to date, with
dissociation constant (Kq) values in the range of 107° M.>° In 1978, Wilson
and Whitesides exploited the remarkable affinity between avidin and its
natural ligand for the development of the first reported ArM, targeting the
reduction of C=C within an a-acetamidoacrylic acid molecule.t® A
rhodium(l) norbornadiene complex was chelated to a diphosphine modified
biotin anchor allowing the incorporation of the inorganic catalyst within the
protein scaffold which facilitated enantioselective catalysis. Despite the
successful conversion of the substrate to N-acetylalanine with a 44% ee in
favour of the (S) isomer, the authors concluded the catalytic system to be
‘not a practical asymmetric catalyst’ as the scaffold was ‘expensive by the
standards of transition metal catalysis’ and the enantioselectivity was ‘only
modest’.6® The system was revisited 25 years later when the Ward group
performed chemogenetic optimisation to improve the localisation of the
catalyst within the secondary coordination sphere of the protein. Through

several rounds of optimisations, including the introduction of spacer
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moieties, replacement of the avidin scaffold with streptavidin (another
member of the avidin protein family which offers a deeper binding pocket
for the catalyst with comparable binding affinity), and site-directed
mutagenesis, a significant improvement in enantioselectivity of up to 96%
ee with a preference for the (R) isomer of N-acetylalanine was achieved.536
However, most revolutionary advances in the group have been made
towards the development of artificial asymmetric transfer hydrogenase
(ATHase) catalysts. The incorporation of biotinylated Noyori-type metal
complexes, predominantly based on ruthenium and iridium, within the
streptavidin scaffold (Figure 1.5) has led to the successful reduction of a

range of substrates including imines, enones and ketones.®2765

Since, the Ward group has developed a vast library of ArMs based on the
streptavidin-biotin technology capable of catalysing a range of chemical
transformations, which have been expanded to operate in complex
biological systems and participate in cascade reactions, illustrating the

exemplary flexibility of the system.%6

1% calalyst loading

o i i _—— o T~
160 mM MOPS, 410 mM B{OH),

480 mM HCOONa, pH 6.25
55°C

Figure 1.5 A The crystal structure of an asymmetric transfer hydrogenase based on the
streptavidin scaffold (grey ribbon) with a biotinylated ruthenium(lll) catalyst (orange
cylinders) (PDB: 2QCB); the chemical structure of the cofactor is shown for clarity. B

Example ketone reduction reaction catalysed by the ArM.®°
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Nonetheless, despite their remarkable stability and functionality, ArMs
based on the streptavidin-biotin motif are not exempt from limitations. The
homotetrameric structure of the protein scaffold which arises from the
assembly of a dimer of dimers poses challenges for catalyst design. In
particular, efforts towards genetic optimisation and precise control of the
secondary coordination sphere are complicated by the reflection of any
mutations across all four subunits. The two subunits constituting the biotin
binding pocket are related through the C, symmetry axis, thus any
mutations to the two residues in its proximity are reflected in both
monomers of a binding interface.®” The proximity of the S112 and K121
residues to the anchored biotinylated catalyst (Figure 1.6 A) makes them
excellent candidates for mutagenesis studies. However, this symmetry
relation complicates an accurate evaluation of the correlation between the

mutation’s location and the catalytic performance. Subsequently, efforts

Figure 1.6 A Cartoon representation of the ArM based on a homotetrameric protein
scaffold, highlighting the two symmetry-related residues, S112 and K121 and their location
in relation to the biotinylated catalyst. B Schematic representation of the ArM mutant
composed of two single-chain dimeric streptavidins, highlighting the two engineered
linking units, the polypeptide linker between Sav” and Sav® units and the disulfide bond

between the two chains.%7:68
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were made to engineer a streptavidin mutant exhibiting a dimeric
quaternary structure which would enable independent mutagenesis of each
subunit within the binding pocket. The fusion of Sav* and Sav® units (Figure
1.6 B) was achieved through the insertion of a short polypeptide linker,
constituting 26 amino acids, between the C-terminus and N-terminus of the
two subunits, respectively.®® Additionally, the H127C mutation was
engineered on the Sav® unit to promote the formation of a disulfide bond
between the two dimeric streptavidins, which alongside the -t stacking
between the H127 residues on the parallel faces facilitated the assembly of

the correct quaternary structure.®?

As outlined above, the remarkably high affinity between a biotinylated
cofactor and the streptavidin scaffold creates an almost irreversible
anchoring motif. The subsequent high stability of ArMs based on the
streptavidin c biotin technology ensures a prolonged lifetime of these
hybrid catalysts, however, simultaneously precludes the recycling of the
protein scaffold upon poisoning or deactivation of the inorganic small
molecule catalyst. Overcoming this design limitation necessitates
reengineering the binding pocket to allow for a higher degree of flexibility
without compromising on the binding affinity. Several reports in the
literature have described their contributions to developing a streptavidin
capable of reversible biotin binding, prominently introducing single-point
mutations within and in the vicinity of the binding pocket, focusing on
modifications of the flexible loops 3-4 and 7-8.7%’" However, to date there
are no reports which employ streptavidin mutants capable of reversible

biotin binding as protein scaffolds for artificial metalloenzymes.

Thus, it remains unknown how feasible reversible binding is for ArMs based
on the streptavidin c biotin technology as it has been shown that loop
mutations, especially those situated close to the metal complex may
significantly impact the activity and enantioselectivity of the

catalyst 61637273
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1.3.2 Reversibly bound ArMs based on the periplasmic binding

protein-siderophore motif

The complementary binding between siderophores, small molecule iron(lll)
chelators secreted by microorganisms, and their cognate periplasmic
binding proteins (PBPs) offers a viable platform for the development of
recyclable ArMs. Within the bacterial iron uptake pathway, siderophores
play a crucial role in the delivery of the metal ion from the environment into
the cytoplasm. Iron chelation overcomes the metal’s limited solubility and
hence bioavailability and facilitates its uptake across the cellular
membrane.”* In Gram-negative bacteria, the periplasm features as an
additional boundary for the iron(lll) siderophore complexes to traverse;
once inside, PBPs capture these complexes and transport them within the
proximity of transporter proteins translocated across the inner membrane,
which in turn aid their crossing into the cytoplasm.”>’¢ The precise
mechanism for the interaction between siderophore complexes and their
PBPs remains unclear, as the pathway is not conserved across bacterial
species further complicating its study.””~’° Prior to the iron being
incorporated into the intracellular machinery, the metal must be released
from the strongly bound chelator. One of the proposed release mechanisms
is dependent on the ability of siderophores to release the metal upon the
reduction of iron(lll) to iron(I).8%87 Iron in its lower oxidation state
possesses a larger ionic radius and lower charge density, thus resulting in
an iron siderophore complex of much lower thermodynamic stability in
comparison to the equivalent iron(lll) species.®? This discrepancy in
stabilities facilitates the dissociation of the complex and the release of the
metal without comprising the structure of the chelating ligand,

subsequently allowing its recovery and recycling.8384

The reductive iron release mechanism employed by bacteria has inspired
the Duhme-Klair group to design an ArM capable of redox-triggered
disassembly.®* Azotochelin, a tetradentate catecholate siderophore

secreted by Azotobacter vinelandii (A. vinelandii), when in complex with
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iron(lll), was found to be capable of binding to CeuE, a PBP found in
Campylobacter jejuni (C. jejuni), with a high affinity (K¢ = 4.9 + 0.4 nM).5485
Within the protein binding pocket, two amino acid residues, Y288 and H227,
coordinate to the metal centre, thus completing the coordination sphere of
the coordinatively unsaturated iron(lll) azotochelin complex and
contributing to the notably low dissociation constant. The complementary
pairing of iron(Ill) azotochelin complex and CeuE was subsequently used as

the anchor and the protein scaffold, respectively, of the ArM.

Azotochelin bears a free carboxylic acid moiety on its lysine backbone
which upon binding to CeuE points away from the binding pocket, making it
an excellent candidate for functionalisation with catalytic metal
complexes.>*8® An iridium(Ill) Noyori-type catalyst was conjugated to the
non-metallated siderophore anchor through an amide bond on the aryl
sulfonamide ligand, yielding an AzotoCat complex. The incorporation of the
iron(lll) anchor-catalyst conjugate, SidCat (Figure 1.7 A) within the protein
scaffold, resulted in the formation of an ATHase, capable of
enantioselective imine reduction (Figure 1.7 B).>* The secondary
coordination sphere was shown to promote the formation of (R)-salsolidine
with a 35.4 + 0.1 ee in comparison to the free catalyst, albeit with a 20-fold
lower TOF. Structural studies have led to suggest the considerable decrease
in activity upon protein binding was a result of the H227 residue, which
resides on a flexible loop, coordinating to the iridium centre.>* This was
hypothesised to restrict the binding of the hydride, although mutagenesis
experiments in which the histidine residue was replaced by alanine, have
revealed its presence to be essential for achieving enantioselectivity.
However, the notable feature of the ArM is not its catalytic reactivity or
enantioselectivity but its unprecedented ability to disassemble into
individual constituents, the protein scaffold, and the anchor-catalyst
conjugate, without any adverse structural changes to the former and thus

enabling its recycling.
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Figure 1.7 A The crystal structure of an asymmetric transfer hydrogenase based on the
complementary pairing between a PBP (grey ribbon) and iron(lll) azotochelin, with the
latter, conjugated to iridium(Ill) Noyori-type catalyst (orange cylinders) (PDB: 50D5); the
chemical structure of the metal cofactor is shown for clarity. B The benchmark imine

reduction reaction used for validating the catalytic activity of the ArM.%*

In a parallel manner to the hypothesised redox-triggered intracellular
release of iron within the bacterial cytoplasm, as described above, the
iron(lll) centre of the azotochelin anchor can be reduced to iron(ll) in the
presence of a sodium dithionite, a strong reducing agent (Figure 1.8). The
release of the anchor-catalyst conjugate allows the protein scaffold to be
utilised in a subsequent ArM assembly with a new SidCat molecule. The
change of the oxidation site within the binding pocket of CeuE was
successfully followed using UV-vis spectroscopy. The bleaching of ligand-
to-metal charge transfer (LMCT) band (Amax = 547 nm) associated with
iron(lll) azotochelin was observed upon the addition of excess reducing
agent and was shown to subsequently reform in an oxidised solution.>* The
formation of the iron(ll) complex of SidCat triggers the release of the
anchor-catalyst conjugate from the protein scaffold due to its significantly
lower thermodynamic stability and in effect lower binding affinity towards
CeuE (K4 = 1 uM).>* Following the separation of the two dissociated
molecules, a fresh aliquot of SidCat was added to the recycled CeuE to

assemble an ArM which despite a small loss in catalytic activity it displayed
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comparable enantioselectivity (32% ee), confirming the incorporation of
SidCat within the binding pocket.

Unfortunately, simultaneous recovery of both ArM components was not
feasible as AzotoCat was found to adsorb to the membrane of the
concentrating filters used for the isolation of the protein scaffold. Despite
several limitations and drawbacks of the initial ArM design, the successful
demonstration of redox-triggered disassembly symbolises a notable step
forward towards the sustainable use of ArMs. Nonetheless, further
optimisations are required to facilitate the separation and isolation of both

disassembled components, achieving a fully recyclable system.
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Figure 1.8 Schematic illustration of the redox-triggered disassembly for an ArM based on
the reduction of the iron(lll) to iron(ll) and the recycling of the CeuE protein scaffold to

reassemble the ArM.5* Created with Biorender.com.

1.4 Artificial metalloenzyme immobilisation

Enzyme immobilisation has been a crucial driver in adapting biocatalysis
for industrial applications. Carrier-tethered catalysts are able to be

incorporated within fixed-bed flow reactors facilitating reaction scale-up
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and have been shown to exhibit prolonged stability and higher tolerance
towards organic solvents, as well as facilitate efficient product isolation for
subsequent enzyme reusability; considerations which are at the centre of
process development.8’-20 The portfolio of immobilisation chemistries as
well as support materials which are compatible with multiple enzyme
families has greatly expanded and diversified over the years (Table 1.2).
Protein adsorption remains prevalent across the literature as an effective
method for immobilising enzymes, however, the phenomenon of
conformational changes exhibited upon contact with solid surfaces, often
detrimental to their catalytic activity, has accelerated the research towards
more elaborate approaches.?”°1-%3 Covalent linkages exploit reactive amino
acid residues in bioconjugation reactions to offer precise and site-specific
immobilisation, however, these become challenging if multiple residues are
accessible for the reaction.?* Moreover, if the modified residue contributes
to structural stability or enzymatic function, its chemical modification may

have a detrimental impact.

Contrarily, the employment of affinity tags, further discussed in Chapter 3,
offers site-specific immobilisation without the requisite for additional
protein modification strategies, beyond those already necessary for protein
expression. However, their dependency on non-covalent interactions can
give rise to protein leaching during long-term usage.?* In recent years, the
employment of ‘tag and catcher’ pairs has evolved as a more promising
immobilisation approach, offering a very precise bioconjugation
methodology. In 2012, Howarth and co-workers have made a revolutionary
discovery into the spontaneous and self-catalysed isopeptide bond
formation between lysine and aspartic acid within the fibronectin-binding
protein, FbaB of Streptococcus pyogenes which they have engineered into
an efficient, yet irreversible, coupling pair, known as the SpyTag-SpyCatcher
technology.®®> While this tag and catcher pair has found multiple
applications, its employment in protein immobilisation has been limited and

has yet to be translated into an industrial setting.’6-%8
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Table 1.2 Summary of most prevalent covalent (1 — 4) and non-covalent (5 - 7)

immobilisation strategies used in tethering enzymes to solid supports.

Immobilisation strategy Support Enzyme References
1 Maleimide-thiol bonding  MWCNTs? dehydrogenase 99,100
oxidase 101
o ‘ Si0; nitroreductase 102
H/\;:S. carbonic anhydrase 103
o B-glucosidase 104
2 Amide formation Au cytochrome ¢ 19
glycosyl transferase 106
PSi? acetylcholinesterase 107
h ‘ PEAAZ? film peroxidase 108
@]
AU b | 109
Sio, ribonuclease 18
3 Epoxide activation Au peroxidase 10
dextran dehydrogenase i
h ‘ sepabeads B-galactosidase 12
OH 113
acylase
4 Dialdehyde crosslinking MWCNTs lipase 114
B-galactosidase 13
HAN/ ‘ chitosan oxynitrilase 116
/U lipase mn
5 Biotin-streptavidin
binding NPs? oxidase s
& MPS? B-galactosidase 19
I
SiO; peroxidase 120
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6 EziG support

R/\NH CPGa Iyase 121
)Q peroxygenase 122
Ho o Rl reductase 123
Ho “o¥. w-transaminase 124
R._NH
7 NTA/His-tag affinity Au laccase 125
O
. 2&0 ‘ carbon peroxidase 126
o\ Oplw
Rju,,\:‘ i
H’ {;/é'N O~ MWCNTs nitrogenase 127
J oxidase 128

a CPG, controlled porosity glass; MPS, modified polysulfone; MWCNTSs, multi-walled carbon

nanotubes; NPs, nanoparticles; PSi, porous silicon; PEAA, poly(ethylene-co-acrylic acid).

Despite the apparent advantages of protein immobilisation, its application
in the field of ArMs has been very limited and only a few literature reports
are available. Controlled site-specific immobilisation becomes a more
critical consideration with ArMs as the accessibility of the exposed metal
cofactor towards the substrate is essential for its catalytic function. And
despite extensive advances, such precision remains one of the greatest

challenges.

1.4.1 ArM immobilisation on non-conducting supports

The covalent immobilisation of a lipase-based ArM was the first literature
report to describe the attachment of a biohybrid catalyst to a solid support.
Published in 2015, Jose Palomo and co-workers evaluated multiple
strategies for the immobilisation of lipase-based ArMs onto either
functionalised Sepharose and Sepabead supports.’?® A palladium pincer
ligand was selected as the metal cofactor and incorporated into the protein
scaffold through a covalent bond formation between the OH group of a

serine residue situated within the binding pocket and p-nitrophenyl
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phosphonate moiety of the inorganic catalyst. Interestingly, the ArM
assembly was performed following the tethering of the protein scaffold to
the support. The authors did not comment on the efficiency of ArM
assembly in comparison to the unbound lipase nor on the immobilisation
yield of the assembled ArM versus the apo protein; both factors requiring
consideration. The most successful iteration comprised a lipase from
Candida antarctica B (CAL-B) tethered to a commercially available
Sepabeads resin, functionalised with aldehyde groups which upon reaction
with lysine residues yielded an immobilised strategy based on multi-point
imine attachment; the non-reacted aldehyde groups were modified with
alkyl chains (C8) to increase the hydrophobicity of the surrounding
environment (Figure 1.9).72° The resulting catalytic platform was tested in
an asymmetric Heck coupling reaction between iodobenzene and 2,3-
dihydrofuran; a yield of 95% with 96.6% ee was achieved in optimised
conditions of 25% water in DMF at 120°C after 24 hours. Unfortunately, the
free palladium cofactor was not evaluated for its capability to perform
enantioselective conversion and as such it is not possible to confirm the
effect of the secondary coordination sphere. The immobilised catalyst was
able to be reused for two consecutive cycles illustrating a crucial step

towards achieving industrially attractive heterogenous ArM systems.

Nanoparticles as a support for enzyme immobilisation offer favourable
loading capacities due to their remarkably high surface area to volume ratio,
subsequently minimising mass transfer limitations and thus exhibiting key
attributes for achieving efficient biocatalysis.’3%37 An ArM based on the
streptavidin-biotin motif described in Section 1.3.1, was anchored to amino-
modified silica nanoparticles via glutaraldehyde, which served the role of a
homobifunctional linker.’32 Imine bond formation between the aldehyde
functionalities and the surface of the nanoparticles on one end and lysine
residues on the streptavidin scaffold on the other end, was employed to

promote stable immobilisation.’33
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Figure 1.9 Schematic representation of the immobilised Pd-CALB ArM on a modified
Sepabead resin through multi-point covalent linkages between aldehyde functionalised

support and lysine residues on the protein scaffold.?

Moreover, the modified nanoparticles were further functionalised to
incorporate an organosilica layer, within which the immobilised ArM was
encased, offering a protective barrier against catalyst deactivation. The
beneficial effect of immobilisation on the catalytic performance was
demonstrated on a benchmark asymmetric imine reduction reaction, where
the immobilised ATHase based on the S112A-K121A streptavidin scaffold
was able to achieve a TON of 12 885 with a 97% conversion rate, as opposed
to a TON of 2 513 and a conversion of 19% for the free catalyst.’3? The
increase in catalytic activity was achieved at the expense of reaction
selectivity with a 19% ee reduction upon immobilisation. The nanoparticles
were able to be recycled successfully for two successive cycles with
retention of enantioselectivity, albeit a two-fold decrease in conversion
rate.’® The individual contributions of immobilisation on silica
nanoparticles versus the presence of the protective organosilica envelope
on the catalytic activity remain unclear, however, the improved performance

of immobilised ArMs over the free catalysts is unequivocal.
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Universal methods for covalent tethering of proteins remain evasive and
thus a change in the support material frequently necessitates a distinct
approach. Methodologies employing gold nanoparticles commonly exploit
the high affinity of alkanethiols towards gold and their ability to form self-
assembled monolayers (SAM) for an efficient and straightforward
functionalisation.’™* An azido-alkyl dithiolane bifunctional linker was
developed to bind to the nanoparticle surface through SAM formation while
simultaneously tethering a protein scaffold modified with a strained alkyne
through strained-promoted azide-alkyne cycloaddition (SPAAC) reaction
(Figure 1.10).*> An iron(lll) containing mimochrome, artificial haem
metalloenzyme exhibiting peroxidase activity was selected as the model
catalyst for examining the effect of immobilisation through the bifunctional
linker.’3¢ The gold nanoparticles were decorated with azide functionalities
through the formation of lipoic acid-based SAMs while the ArM was
conjugated selectively to a pegylated aza-dibenzocyclooctyne linker via the
only lysine residue on the protein scaffold, forming a ‘clickable’ ArM."3%
Bioconjugation through a lysine residue offers a versatile path towards
protein modification, however, in only a few examples this promotes a site-
selective reaction as frequently protein scaffolds comprise multiple primary
amines on their surface. The immobilised mimochrome was successfully
characterised through circular dichroism (CD) spectroscopy to confirm its
structure did not undergo conformational changes upon tethering to gold
nanoparticles.’®® The effect of immobilisation on the catalytic activity was
evaluated against the oxidation of 2,2"-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid in the presence of hydrogen peroxide. Control experiments on
the bioconjugated versus unmodified ArM established a minimal effect of

protein functionalisation on the catalytic reactivity.

However, subsequent immobilisation on gold nanoparticles resulted in a
substantial decrease of the kcat value from 58 x102 s to 1.10 X102 s'; no
details on the stereoselectivity of the reaction were documented.’3° Despite,

the unsuccessful attempt to improve the catalytic performance of the
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mimochrome upon immobilisation, the development of an efficient route
for tethering proteins onto gold is a crucial example as it offers

compatibility with other gold materials, such as electrodes.

Figure 1.10 Schematic diagram of an immobilised ArM arising from the conjugation of the
gold nanoparticle (Au NP) functionalised with a dithiol-based bifunctional SAM linker and
a ‘clickable’ ArM, an iron(lll) mimochrome tethered to a PEG chain with a strained alkyne

handle resulting in the formation of a triazole.’3®

1.4.2 ArM immobilisation on conducting supports

The immobilisation of redox-active proteins on conducting surfaces, either
for the study of their electron transfer properties or exploitation in redox
catalytic reactions is associated with similar challenges as the
immobilisation of non-redox enzymes. However, additional considerations
are required to ensure an efficient electrochemical connection is
established between the electrode and the redox centre of the protein.
Detailed studies of metalloenzymes have revealed the distance of 14 A as
the upper length limit for facilitating electron tunnelling between redox
active sites, imposing restrictions on the design of immobilisation
approaches.’37138 Alternative strategies are available including the
employment of redox mediators, either in solution or tethered to proteins,
allowing to circumvent the limitations of the distance between the electrode

and the redox centre, as further discussed in Section 4.1.739
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Protein adsorption exemplifies the simplest approach in the field of protein
immobilisation, as no modifications of the electrode or the biomolecule are
necessary. However, the lack of specificity in protein orientation upon
contact with the surface may result in a layer comprising a heterogeneous
population.’%141 The presence of multiple environments and thus varying
electron transfer properties across such layer give rise to broad Faradaic
peaks in cyclic voltammograms, the phenomenon known as ‘dispersion’,
making data analysis challenging.’*? Consequently, more elaborate
approaches are necessary; the functionalisation of electrode surfaces to
control protein orientation upon adsorption, frequently through electrostatic
or hydrophobic-hydrophilic interactions, illustrates one example. Lombardi
and co-workers modified the surface of a gold electrode with SAMs of
decane-1-thiol for the immobilisation of mimochrome VI, an artificial haem
oxidase.'38143 The approach exploited the interaction between the non-polar
SAM and the hydrophobic face of the ArM, immobilising the metalloenzyme
in an electroactive conformation. Cyclic voltammetry (CV) was able to
successfully distinguish between the two electrochemically active
conformers of the ArM as the oxidised form, with no net charge, was
stabilised over its reduced equivalent bearing a net charge of -1. Thus, two
formal reduction potential values were observed; an ArM comprising an
iron(lll) haem centre exhibited a formal reduction potential (E°") of =106 mV
vs saturated calomel electrode (SCE), whereas for the conformer
constituting an iron(ll) haem centre a value of =131 mV vs SCE was
measured. No fluctuations in the voltammogram shape were observed
during repeated measurements in a temperature range of 5 - 35°C,
ascertaining the stability of the immobilisation method.’*® Electrochemical
measurements in the presence of an increasing concentration of oxygen,
demonstrated that the ability of the ArM to perform an electrocatalytic
reduction of dioxygen was preserved upon adsorption.’*® However, the
overall catalytic performance was limited by the loss of the protein from the

electrode surface, highlighting the need for more stable immobilisation
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approaches if the aim is to develop electrocatalytic platforms with long-

term stability.

In a parallel approach to immobilising ArMs on gold nanoparticles, the
utilisation of a bifunctional linker with a disulfide group on one end and an
orthogonal bioconjugation functionality on the other enables the tethering
of proteins to gold electrodes (Figure 1.11).'447146 A mimochrome
derivative, an artificial haem peroxidase was conjugated to an activated
lipoic acid, a N-hydroxysuccinimide ester derivative (LA NHS) through
amide bond formation between the carboxylic acid on the linker moiety and
a single lysine residue on the protein scaffold in a site-selective manner.’#’
Subsequently, the inherent affinity of sulfur atoms towards gold was
exploited for the formation of mimochrome SAMs on the electrode,
achieving a surface coverage comparable to one obtained through protein
adsorption on decane-1-thiol SAMs, 20.4 pmol cm™ and 23.5 pmol cm?,
respectively.'43147 Electrochemical characterisation revealed the retention
of the protein’s ability to exchange electrons with the electrode surface
upon covalent attachment to the surface. A quasi-reversible
electrochemical behaviour was observed with an E*' value of =143 mV vs
standard hydrogen electrode (SHE), in comparison to a freely diffusing ArM,
which exhibited a one-electron reversible redox process with an E*’ value of
-117 mV vs SHE.'¥ The potential shift was hypothesised to have arisen
from a change in the microenvironment surrounding the redox centre that
occurred during the immobilisation process, resulting in slower electron
transfer kinetics. While such small changes can be frequently overlooked in
the immobilisation of non-redox enzymes, they have a significant impact on
redox-active proteins as electron transfer properties influence the efficiency
of electrocatalysis. Catalytic studies were not performed for the ArM
tethered to the gold electrode; however, the stability of the immobilisation
method was demonstrated through consecutive cycles of cyclic
voltammetry during which the voltammograms did not exhibit significant

changes.#’
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Figure 1.11 Stepwise methodology for the covalent tethering of an artificial haem enzyme
onto a gold electrode surface through the SAM formation of a lipoic acid conjugated
ArM. %7

While gold electrodes are frequently the material of choice for the
immobilisation of redox enzymes, predominantly due to the ease of their
functionalisation in addition to gold’s compatibility with a range of
techniques and applications, they are not the sole choice. Pyrolytic graphite
edge (PGE) electrodes have gained recognition in the field of
bioelectrochemistry for their effectiveness in adsorbing proteins. Their
reputation is attributed to vast surface heterogeneity which supports the
immobilisation of redox proteins in electroactive conformations and the
presence of carboxylate functionalities on the surface, facilitating the
adsorption of proteins bearing positively-charged faces.’8-150 However,
tethering of proteins with a dominating negative surface polarisation
through simple adsorption becomes more challenging as electrostatic
repulsions will become more prevalent accelerating protein desorption.
Thus, there is a demand for stronger coupling approaches. A nickel-
substituted rubredoxin (NiRd), an artificial hydrogenase, developed by metal
substitution of the protein’s native iron centre, was immobilised on PGE
electrodes through both adsorption and direct covalent attachment, the
latter exploiting carbodiimide cross-linker chemistry between carboxylates
on the electrode surface and a surface primary amine of the ArM (Figure
1.12).%" The electron transfer protein does not exhibit a typical redox
couple traditionally observed for metalloenzymes, rather, cyclic

voltammograms of the ArM exhibit a large cathodic current wave
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associated with catalytic protein reduction process at an onset potential of
—-800 mV vs normal hydrogen electrode (NHE)."5'52 The immobilisation
process did not impact the catalytic activity on the protein significantly, with
the cyclic voltammogram remaining predominantly unchanged upon

covalent attachment with a similar catalytic onset potential.
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Figure 1.12 Comparison of two strategies for the immobilisation of a nickel(ll) substituted
rubredoxin, NiRd (PDB: 6NWO) on pyrolytic graphic electrodes. A Electrostatic adsorption
dependent on the interaction between negatively charged carboxylates on the electrode
surface and the complementarily polarised surface of the protein; the electron density map
is shown for information, where the red regions correlate to a positively charged surface.
B Covalent tethering of the ArM onto the electrode through direct coupling of a carboxylate
on the electrode surface and a primary amine on the protein scaffold, either from a lysine,
asparagine, or glutamine residue; one of the surface lysine residues (orange cylinder) is

shown as an example.'"153

However, a diminishing maximum current was detected at
-1.00 V vs NHE, 250 pA and 150 pA for adsorbed and covalently
immobilised ArM, respectively, denoting an almost three-fold reduced TOF,
attributed to restricted flexibility of the protein scaffold upon covalent
anchoring.’' Despite the reduced catalytic performance of the immobilised
ArM, the stability of the catalytic platform was enhanced upon covalent
immobilisation as demonstrated through smaller decay constants,

although the catalytic current density was reduced by 77% over a 25-day
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period.’™! While the immobilised NiRd requires optimisation to improve its
catalytic performance, the study illustrated a simple yet effective approach
for covalent tethering which can be applied to other metalloenzymes

bearing surface lysine residues.

1.5 Summary and conclusions

In response to the devastating effect of the chemical industry on the
environment and the increasing concerns regarding its huge waste
footprint, research into more sustainable processes has never been more
important. While enzyme-catalysed reactions embody the premise of green
chemistry, they remain limited in the number of different reactions they can
be utilised for, despite remarkable advances in protein engineering
methodologies. A plethora of literature is available highlighting the promise
of artificial metalloenzymes for overcoming such limitations, as new-to-
nature reactions are being performed in biocompatible conditions.
Nonetheless, where advancements have been made in adapting enzymes
for industrially relevant applications, ArMs remain in their infancy period. An
increasing number of publications are available describing the
incorporation of ArMs in multi-enzymatic cascades and whole-cell
catalysis, however, the reports on their immobilisation are limited, despite
its importance in obtaining long-term stability and recyclability. The few
examples available describe the recyclability of the whole platform, enzyme
and support included, yet to this date, there are no examples reporting

surface regeneration for a fully recyclable system.

The development of ArMs which combine two individual components offers
great potential for exploring an additional recycling point. However, the
majority of ArM designs in the literature focus on an irreversible attachment
of the metal catalyst within the protein scaffold to ensure high stability. The
recent report on an Fe-PBP ArM capable of redox-triggered assembly

exemplifies an appealing approach for the recycling of a protein scaffold if
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poisoning or decomposition of the metal cofactor occurs; a problem often
encountered by inorganic complexes in aqueous buffers utilised in ArM
catalysed reactions. As the authors noted, method optimisation is required
to ensure the simultaneous isolation of both components post-disassembly

is possible.

Thus, there is a huge opportunity in combining the recyclability aspect of
the redox-active ArM with immobilisation on a solid surface to explore the
feasibility for recycling of each individual component, creating a fully
recyclable catalytic platform. However, the proposed ArM recycling
platform must have the potential for compatibility with a range of ArM
designs to ensure it remains beneficial to a wider scientific community and

particularly those within industrial settings.

1.6 Project aims

The overarching aim of this project is to harness the power of
electrochemistry and exploit established approaches in protein
immobilisation for a novel biotechnological application within the field of
(artificial) biocatalysis. More specifically, the project will work towards the
development of an immobilisation platform for the attachment of an Fe-PBP
ArM, constituting a redox-reversible catalyst-protein anchor, onto a

conducting surface (Figure 1.13).

This approach is anticipated to facilitate the electrochemical reduction of
the anchor, resulting in the disassembly of the ArM into its individual
elements and the separation of the anchor-catalyst conjugate from the
immobilised protein scaffold, making the biological component available
for recycling. This aims to address the issues previously encountered
during the homogenous separation of the disassembled units which limited
the recyclability aspect of the ArM design.>* The use of an electrochemical

switch is proposed to not only allow precise control over the disassembly
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but also eliminate the by-products associated with the previously employed
chemical reducing agents, increasing the green profile of the system. The
complexity of the proposed immobilisation platform necessitates in the
first instance the investigation of the individual components in closer detail
prior to looking at the system as a whole. Thus, the first two chapters within
this thesis explore the redox-active motif and the protein immobilisation
approach independently before attempting to bring them together in a
synergistic manner to achieve redox-triggered disassembly of an

immobilised ArM.
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Chapter 4 — Redox-triggered release
of the anchor-catalyst conjugate
Chapter 3.1 & 3.2 — Gold electrode from an immobilised ArM

modification with nitriloacetic aC|d
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Figure 1.13 Schematic representation of the proposed ArM recycling platform constituting
a highly conductive surface, a heterobifunctional linker allowing simultaneous attachment
to the electrode and the proteins scaffold, and the Fe-PBP ArM with the highlighted redox
anchor. The components which have been studied extensively within individual chapters

of this thesis have been highlighted.

Chapter 2 investigates the redox properties of iron(lll) azotochelin, the
anchoring unit responsible for the redox reversibility of the biohybrid
catalyst. As previously not studied, a detailed understanding of its redox

behaviour was necessary before electrochemical control could be
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established. Due to the diminishing availability of mercury-based
electrodes, which are predominately used across literature for
electrochemical studies of siderophore complexes, the experimental work
within this chapter will explore the use of an boron-doped diamond (BDD)
as an alternative working electrode material. Insight into the ability to
modulate the redox potential of the anchor without comprising the stability
of the ArM is crucial for facilitating a more facile release of the anchor-
catalyst conjugate. Hence, the relationship between the redox potential
values and the coordination sphere of the redox-active centre will be
evaluated using voltammetry methods, supplemented with mass
spectrometry and UV-vis spectroscopy to establish a link between function

and structure.

Chapter 3 will shift focus to the electrode surface and its modification for
the selective and site-oriented immobilisation of the protein scaffold.
Synthetic modification of nitriloacetic acid (NTA), the chelating ligand
underpinning the mechanism of affinity-based protein purification methods,
will be explored to allow its incorporation onto the surface of gold
electrodes. The employment of NTA functionalities should allow selective
binding of proteins incorporating the polyhistidine-tag (6His-tag) with the
potential for reversible binding of the protein scaffold to achieve a fully

recyclable and thus a sustainable immobilisation platform.

Chapter 4 aims to unite the components discussed individually in the
previous two chapters and critically assess the potential of the
immobilisation platform to facilitate the electrochemical reduction of the
iron(ll1) anchor. In the first instance, the feasibility of direct electron transfer
(DET) between the iron centre and the electrode surface will be evaluated.
However, it is anticipated that the length of the NTA linker may create
challenges in achieving a facile electron transfer; alternative approaches to
traditional voltammetry methods may be necessary to establish whether

the disassembly process has occurred.
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Chapter 2 — Siderophore electrochemistry

Chapter 2 — Interrogating the redox

chemistry of the iron(lll) azotochelin anchor

This chapter describes the electrochemical investigation into the redox
chemistry of iron(lll) azotochelin, the anchoring motif of the Fe-PBP ArM,
building the foundation for achieving electrochemically triggered ArM
disassembly. It describes the novel use of a boron-doped diamond (BDD)
working electrode for studying the redox properties of iron(lll) siderophores,
in replacement of the widely employed across literature mercury-based
electrodes. The implications of the developed electrochemical set-up
extend to the wider research community and as such in Section 2.2.4,
siderophores not employed in the ArM design are investigated
electrochemically to demonstrate the extent of the electrode’s versatility.
The work presented herein was repurposed from “Electrochemical and
solution structural characterisation of Fe(lll) azotochelin complexes:
Examining the coordination behaviour of a tetradentate siderophore”,
which was published in Inorganic Chemistry (2022) with me as the first

author, and my supervisors as the only co-authors.™*

2.1 Preliminary protein electrochemistry experiments

Since its discovery, protein film voltammetry (PFV) has become the default
method of choice for interrogating the redox chemistry of metalloproteins.
Extensively developed by Fraser Armstrong and his research group, the
technique relies on the adsorption of proteins onto the electrode surface in
an electroactive configuration, one which facilitates the direct electron
transfer (DET) between the redox centre and the electrode surface.’"1%0
The close interaction with the electrode surface minimises mass transport
limitations by removing the requirement for protein diffusion which
frequently acts as the rate-determining step in solution voltammetry.?>°

However, as protein adsorption is not driven by covalent bond formation,
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the orientation achieved upon attachment to the electrode may affect the
structural integrity of the protein. In the case of catalytic redox enzymes, the
absence of structural damage can be validated by measuring a flow of so-
called ‘turnover current’ in the presence of a corresponding substrate.’%¢
However, for non-catalytic redox-active properties, comparison with
spectroscopic data are frequently required to validate that the protein

remains unaffected by the formation of a ‘film’ configuration.

The preliminary approach for investigating the electrochemical behaviour
of the iron(lll) azotochelin complex constituted PFV experiments of the P-
Sid complex, comprising the isolated anchor bound to CeuE, the protein
scaffold of the Fe-PBP ArM. The elimination of the catalyst moiety was
anticipated to simplify data interpretation and ensure any redox activity was
unambiguously associated with the Fe(lll)/(ll) redox couple. The P-Sid
complex was subsequently immobilised on glassy carbon (GC) electrodes
functionalised with MWCNTs. Both 6His-tagged and non-tagged CeuE
variants were employed in the study to probe whether the presence of the
tag, situated on the opposite face to the binding pocket, would facilitate the
correct protein orientation upon adsorption. This was proposed to result
from the -1t stacking interactions between the imidazole rings of the 6His-
tag and the graphene sheets of the MWCNTs.'%7158 An identical
voltammetric response was observed for both P-Sid and P(6His)-Sid
samples with both cathodic and anodic peak present, however, upon further
analysis with supporting data from the CV of the free Sid complex adsorbed
onto the electrode, it was not possible to confidently assign the peaks to
the Fe(ll1)/(Il) redox pair. Thus, it was deemed necessary to first examine
the solution redox chemistry of the isolated iron(lll) complex of azotochelin,
a tetradentate catecholate siderophore, which forms the premise of the

data discussed in this chapter.
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2.2 Introduction

2.2.1 The biological role of siderophores

Microorganisms secrete siderophores, low molecular weight iron(lll)
chelators to overcome the limited bioavailability of iron(lll) arising from its
extremely low solubility in aqueous aerobic environments at pH 7.0 (Ksp
[Fe**][OH]® = 10387 M). Upon metal chelation, siderophores aid the
solubilisation of iron(lll) from the environment and facilitate its transport
across the cellular membrane, delivering the essential metal into either the
cytoplasm or periplasm.’%°160 Al| siderophore families possess chelating
groups comprising hard donor oxygen atoms (Figure 2.1) for selective
coordination of the strongly Lewis acidic iron(Ill) with great affinity, giving
rise to complexes exhibiting exceptionally high thermodynamic stability (log
Ki = 30 — 49).77 As the strong chelation of iron(lll) by siderophores
precludes its utilisation by the cell machinery, microorganisms have
developed efficient mechanisms for the intracellular dissociation of the

iron(lll) siderophore complex, enabling the subsequent release of the metal

ion.
a-hydroxycarboxylate hydroxamate catecholate
R
R I R. N”
° A
pk, = 3.0, 14.5 pK, = 9.0 pk, =9.2,13.0

Figure 2.1 Chemical structures of the bidentate chelating ligands for the three most
common families of siderophores, a-hydroxycarboxylates, hydroxamates and
catecholates. The donor oxygen atoms for each group are highlighted and the pKj values
are displayed; a higher pKa value indicates greater electron density on the hydroxy oxygen

atoms and a stronger chelating power.
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The redox-dependent release of iron from its siderophore complexes is
frequently considered the most plausible mechanism for its dissociation
into the intracellular matrix. The reduction of the iron(lll) centre to iron(ll)
decreases the charge on the metal while simultaneously increasing the
ionic radius, which subsequently lessens its Lewis acidity and gives rise to
a reduced affinity between hard oxygen donor atoms and the now soft(er)
Lewis acid iron(ll) centre.’®2 The consequence is an iron(ll) siderophore
complex with significantly lower thermodynamic stability in comparison to
the iron(lll) equivalents thus facilitating dissociation of the complex and the
subsequent release of iron. The affinity of the oxygen atoms towards
iron(ll1) and resulting high complex stability are directly associated with the
Fe(I)/(Il) redox potential, giving rise to very negative values (=82 mV to
—-750 mV vs NHE at pH 7.0), which are found to be outside the potential
window attainable to majority of biologically relevant reducing agents under

physiologically relevant conditions (Figure 2.2).72 Thus, extensive research
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Figure 2.2 The midpoint potentials (E1/2) of biological reducing agents (measured vs NHE
at pH 7.0) within the range of reduction potentials exhibited by iron(lll) siderophore

complexes.’®3
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has been conducted towards gaining a more in-depth understanding of the
reductive mechanism for intracellular iron release and identification of
species capable of modulating the reduction potential to bring it within the

range of biological reducing agents.’*

2.2.2 The reduction potential of iron(lll) catecholate siderophores

Enterobactin, the chelating ligand shown in (Figure 2.3) has always been at
the centre of siderophore research as it has the greatest affinity towards
iron(lll), demonstrated by its high pFe value, which describes the free iron
concentration, —log [Fe3'], at pH 7.4 in a solution where the total [Fe3*] =
10°® M and total [L] = 10° M.7%% This hexadentate siderophore constitutes
three catecholate groups bound to a cyclic trilactone backbone; the
preorganised structure and the strongly binding nature of the siderophore
chelating groups both contribute to the large pFe value. The subsequent
high thermodynamic stability of the iron(lll) enterobactin complex is
reflected by the very negative Ei/2 value of =790 mV vs. NHE (pH 7.4).766
This has been experimentally measured by calculating the mean value of
the cathodic (Eyc) and anodic (Epa) peak potentials measured via solution
CV at a hanging mercury drop electrode (HMDE). The reversible waveshape

was assigned to the one-electron process for the Fe(lll)/(ll) redox pair.166.167

The relationship between the reduction potential of iron(lll) enterobactin
and pH has been extensively documented; upon increasing proton
concentration from pH 11.4 to 6.0, a positive potential shift is observed
which has not been reported to a similar extent in other families of
siderophores.’® Structural characterisation studies of the iron(lll)
enterobactin complex performed by K. N. Raymond and co-workers
confirmed the protonation of the meta catecholate oxygens (pKa 4.95, 3.52
and 2.50) under sufficiently acidic conditions; this gives rise to a salicylate-

type bonding of the metal ion as shown in Figure 2.4.166168
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Figure 2.3 Chemical structures of most widely studied catecholate siderophores and the
respective microorganisms they are secreted by; the chelating units of each siderophore

are highlighted.

The lowers the

reorganisation of the iron coordination sphere
thermodynamic stability of the iron(lll) siderophore complex which
correlates to an increased reduction potential of the Fe(lll)/(ll) redox
couple.’® While fluctuations in E1/2 values as a function of pH have been
noted for all siderophores, the ability of catecholate siderophores to
maintain their complex speciation in the presence of competing H* ions is
reflective of the high affinity the catechol units exhibit towards iron(lll) and

the subsequent complex stability of iron(lll) catecholate sideropores.’64
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Figure 2.4 Skeletal structure of the iron(lll) chelating catechol units in catecholamide

siderophores illustrating the switch between the two coordination modes in response to

the protonation of the phenolic meta oxygen in acidic conditions.
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Ligand denticity has been proposed to be an additional factor contributing
to the redox potential of iron(lll) siderophores. Crumbliss and colleagues
have investigated hydroxamate siderophores and shown a relationship
between their E12 and pFe values; this can be interpreted as a direct
correlation between the number of chelating ligands and the
thermodynamic stability of the complexes.’’® However, similar studies have
not been explicitly performed for catecholate siderophores. In lieu, Taylor et
al. used catechol (cat) ligands as simple models for catecholate
siderophores and measured the E1/2 values for solutions prepared in varying
metal to ligand ratios (M:L) to mimic iron(lll) catecholate siderophore
complexes of varying denticities.””’ The data allowed the authors to
propose a ‘chelate scale’ (Figure 2.5) which allows the prediction of the
stability of an iron(lll) catecholate complex from its Fe(lll)/(Il) reduction
potential. The linear relationship highlights the differences in the
thermodynamic stability of tetradentate and hexadentate ligands as
illustrated by the E, values of the tetracoordinate [Fe(cat)2] and
hexacoordinate [Fe(cat)s]* complexes, =354 mV vs SCE (-110 vs NHE) and
—-680 mV vs SCE (436 vs NHE), respectively.

The ‘chelate scale’ has been successfully utilised for determining the log K
values for iron(lll) complexes of marine siderophores comprising catechol
binding units.’”? Control of the coordination environment to prepare iron(lll)
siderophore complexes of varying stabilities and subsequently kinetic
lability is a valuable tool in coordination chemistry as well as in nature. A.
vinelandii secretes three catecholate siderophores of varying denticities,
tris(catecholate)  protochelin,  bis(catecholate)  azotochelin  and
mono(catecholate) aminochelin, in response to changes in extracellular
iron concentration.’”3174 This allows the bacteria to maximise the efficiency

of its iron uptake mechanism.
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Figure 2.5 Simplified representation of the ‘chelate scale’ describing the negative linear
relationship between the reduction potential (E,) of the Fe(lll)/(Il) redox couple and the
thermodynamic stability (log K) of iron(lll) complexes with natural siderophore
enterobactin (ent) and simple catechol (cat) ligands. The orange solid line and the dotted

lines illustrate the linear regression and the 95% confidence interval.

2.2.3 Flexible speciation of coordinatively unsaturated iron(lll)

siderophore complexes

To date, iron(lll) complexes of low denticity, bis(catecholate) siderophores
such as azotochelin, amonabactin (Figure 2.3) and salmochelin S1 have not
been investigated electrochemically. Instead, the information available on
their coordination chemistries and thermodynamic stabilities have been
predominantly acquired through MS and UV-vis experiments. Iron(lll)
amonabactins have been demonstrated to form tetracoordinate Mi:L4
species at neutral pH, which exhibit significant stability despite an
unsaturated iron coordination sphere.’’® Studies on the effect of pH on the
coordination environment were restricted due to the precipitation of the
complex below pH 5.5 and thus no information is available on the shift from
catecholate to salicylate-type coordination, characteristic of this

siderophore family.
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Voltammetric and structural studies of tetradentate siderophores alcaligin
and rhodotorulic acid (Figure 2.6), cyclic and linear ligands bearing
hydroxamate ligands, have shown a contrasting behaviour. Data obtained
through electrospray ionisation-mass spectrometry (ESI-MS) provided
evidence for both siderophores to preferentially form dimeric M2:L3 species
(Figure 2.6) with fully saturated iron coordination spheres at neutral pH,
even in stoichiometric solutions.’”® The M1:L1 species, observed readily for
iron(lll) amonabactins, have only been observed for the hydroxamate
siderophores under acidic conditions where H* competition is more
prevalent. This was reflected in the E*' values of alcaligin and rhodotorulic
acid iron(lll) complexes, —422 mV vs NHE and -443 mV at pH 7.0, which
were comparable to the value of =481 mV vs NHE obtained for ferrioxamine
E, an iron(lll) complex of a hydroxamate siderophore.’”® Therefore, it is
plausible to hypothesise that the speciation pattern for iron(lll)
siderophores is dependent on the nature of the chelating groups rather than

ligand denticity.

Alcaligin Rhodotorulic acid
B. pertussis R. pilimanae
\V/’\I//OH
J NH H
Gy e
R PE o
O/}\‘/\‘
Low pH Neutral pH
M,:L, M;:L;
/*\\ — P
[0 = Fe(lll) Y Ny ( Y g \\
- I\\r: " ") = Solvent T T P T “To )

e > vt o L

Figure 2.6 Chemical structures of alcaligin and rhodotorulic acid, low denticity
dihydroxamate siderophores; the chelating groups have been highlighted in orange. The
model representations underneath represent the two stoichiometries, M1:L1 and Ma:Ls

observed for their iron(lll) complexes.

66



Chapter 2 — Siderophore electrochemistry

2.2.4 Aims

Prior to exploiting the redox sensitivity of the iron(lll) azotochelin anchor
(Figure 2.7) to facilitate ArM disassembly, its redox properties must be well
understood. As achieving precise electrochemical control over the anchor
necessitates establishing a narrow potential window and identification of
factors which allow to manipulate the reduction potential without

compromising the structural stability of the ArM to ensure scope for further

optimisation.
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Figure 2.7 A scheme adapted from Figure 1.13, illustrating the redox-active anchor as the
focus of the work described in Chapter 2 and where it is situated within the proposed

system.

Thus, the work in this chapter focuses exclusively on electrochemical and
structural interrogation of the isolated iron(lll) azotochelin complex , which

can be summarised as following objectives:

e lIdentification of a suitable working electrode material for detecting
the Fe(Ill)/(Il) redox couple of an iron(lll) siderophore complex, as an
alternative to mercury-based working electrodes.

e Solution voltammetry measurements of iron(lll) azotochelin
complex at neutral pH to determine the reduction potential for the

Fe(Il)/(Il) redox couple.
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e Determination of the complex stoichiometry exhibited by the species
responsible for the observed redox response.

¢ Identification of factors capable of shifting the reduction potential of
the complex without altering the stoichiometry of the iron(lll)

azotochelin complex.

2.3 Results and discussion

2.3.1 Investigating the suitability of the BDD electrode for

detecting the Fe(lll)/(11) redox couple of iron(lll) siderophores

Throughout this chapter, cyclic voltammetry was employed for the
electrochemical characterisation of the iron(lll) siderophore complex, with
the measurements being performed in a conventional three-electrode
electrochemical cell, as described in Section 6.2.2. During the CV, a linear
sweep was applied to the working electrode, cycling between two potential
extremes, 0 V and —1.0 V at a fixed rate of change, also referred to as scan
rate (v).'7 The resulting voltammogram plot describes the current flowing
through the working electrode (the y-axis) as a function of the fluctuating
potential (the x-axis). The current response comprises both non-Faradaic
and Faradaic signals; the former is associated with a background capacitive
current resulting from the movement of ions at the electrode surface,
whereas the latter corresponds to the transfer of electrons in a formal redox
reaction depicted as peaks in the voltammogram. The reduction of the
redox species, i.e. the transfer of electrons from the electrode to the analyte
is represented as a negative (cathodic) current peak (ipc), whereas the
oxidation process, i.e. the transfer of electrons from the analyte to the
electrode is illustrated as a positive (anodic) current peak (ipa). More
negative peak potential values, Ep indicate a redox species with a higher
lowest unoccupied molecular orbital (LUMO) thus making it more difficult
to accept an electron and vice versa, a lower level LUMO corresponds to a
more positive Ep value (Figure 2.8). A similar theory applies to the reverse

process, however, for the study of iron(lll) siderophore we are
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predominantly concerned with the reduction process. Subsequently,
information from cyclic voltammetry experiments provides insight into the
stability of the complex from its electrochemical reversibility and the
reduction potential (Epc) value, as the latter can be presumed to be

proportional to the stability constant of the reduced species.
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Figure 2.8 Simplified molecular orbital diagram representing the reduction process of a
redox species in solution at the surface of an electrode. The energy of the LUMO indicates
the potential energy required for the transfer of the electron from the electrode to the redox

species, which is representative of the E, value.

In pursuit of an alternative electrode material to the mercury-based working
electrodes employed throughout the literature for the study of siderophores,
three common electrode materials were investigated: Au, GC and BDD.
Their suitability was evaluated against the detection of Fe(lll)/(ll) redox
couple of an iron(lll) catechol complex, employed as a simplified model for
catecholate siderophores. The cyclic voltammograms were obtained after
sequential additions of FeCls and catechol stocks to a buffer solution (5 mM
Bis-TRIS, 100 mM NaCl, pH 7.0), with an equilibration period of 5 minutes
following each step to ensure a complete complex formation in situ. The
solution under analysis comprised iron(lll) and catechol in a 1:3 ratio, to

facilitate the formation of a thermodynamically stable hexacoordinate
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Ms:Ls complex with a saturated coordination sphere. Successful detection
of the electrochemical iron(lll) reduction was only attainable using the BDD

working electrode as shown in Figure 2.9.
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Figure 2.9 Cyclic voltammograms illustrating the in situ formation of an iron(lll) catechol
(orange solid line) complex after the addition of the catechol stock to a FeCls (grey solid
line) solution in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 (grey dashed line). Final
analyte concentrations [Fe] = 0.48 mM, [Fe] : [cat] = 0.42 : 1.25 mM; v = 50 mV s™; third
scans are shown (Figure A.1 includes first scans for reference). The inset depicts the two
possible structures of the iron(lll) catechol complex, either with an Mi:L2 or an Mq:Ls

stoichiometry.

Following the addition of the catechol stock to a FeClz solution, a single
irreversible cathodic peak with an E, of =840 mV vs Ag/AgCl 3 M NaCl
(-650 mV vs NHE) was observed. This waveshape was distinct from the
reductive current measured for the iron(lll) salt and thus was attributed to
the Fe(lll)/(Il) reduction of the iron(lll) catechol complex. It was not possible
to assign the exact species responsible for the electrochemical behaviour
as the coordination of iron(lll) by catechol may occur to varying degrees,

resulting in (mono)catecholate, (bis)catecholate or tris(catecholate)
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species. As no anodic current was observed on the reverse scan, it can be
proposed that the reduced species was unstable on the electrochemical
timescale and dissociated before it could be reoxidised. A similar
observation was made by Taylor et al., who studied iron(lll) catechol
complexes at a mercury drop electrode and only detected a cathodic current
for a [Fe(cat)2] complex, prepared in an Mi:L4 ratio, with an E,c of =354 mV
vs SCE (=110 mV vs NHE)."”" However, the discrepancy in the reduction
potentials across the two studies suggests that the species under analysis
may exhibit higher thermodynamic stability than the [Fe(cat)2] complex as

indicated by the more negative reduction potential.

Further characterisation of the BDD electrode was performed using a well-
characterised redox species with a fast electron transfer, potassium
ferricyanide, as described in Section 6.4.1. The data was compared to a GC
working electrode, employed here as a reference standard, and analogous
results were obtained, although the BDD electrode exhibited marginally
slower electron transfer kinetics. Nonetheless, the BDD electrode was
regarded to be a satisfactory replacement for the mercury electrode to

study the electrochemical behaviour of an iron(lll) complex of azotochelin.

2.3.2 Electrochemical behaviour of iron(lll) azotochelin

An analogous procedure was employed for the electrochemical study of
iron(lll) azotochelin (Azoto). The siderophore azotochelin [NGB-05] was
first synthesised according to the literature in a sufficiently high yield, as
described in Scheme 2.1.7787180 The catechol functionalities of 2,3-
bis(benzyloxy)benzaldehyde were first protected using benzyl (Bn) groups
to allow for selective modification of the aldehyde in subsequent steps;
benzyl chloride was employed under basic conditions of potassium
carbonate to yield NGB-01. The resulting product was used in the
subsequent step without further purification, where sodium chlorite was

utilised in a Pinnick oxidation to yield the corresponding carboxylic acid,
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NGB-02. The reaction releases hypochlorite, HOCI as a byproduct which is
known to inactivate the oxidising agent and thus sulfamic acid was added
as a scavenger to hinder the side reaction; the acid has been reported to be
effective in the presence of aromatic aldehydes.® However, the alternating
addition of the reagents is suspected to have been too slow resulting in
some of the oxidising agent being inactivated regardless, as the achieved
yield was lower than the 75% quoted in the literature.’® To facilitate a facile
formation of NGB-04, the carboxylic was first converted into an activated
ester derivative in an overnight reaction with N-hydroxysuccinimide (NHS)
and dicyclohexylcarbodiimide (DCC) as the reactant and coupling reagent,
respectively. For the formation of an azotochelin backbone in NGB-04, two
equivalents of NGB-03 were reacted with one lysine equivalent in the
presence of triethylamine. The disubstituted molecule, NGB-04 was formed
preferentially in a 67% yield, and the small amounts of the monosubstituted
byproduct were efficiently removed during column chromatography
purification. Azotochelin was subsequently yielded in a hydrogenation
reaction where all the benzyl protecting groups were cleaved revealing the
catechol binding groups; a quantitative yield was achieved. To ensure that
the siderophore was isolated in a metal-free state, all glassware used in the
reaction and purification steps were firstly treated with 6 M HCI solution to

remove any iron salts, followed by an aqueous wash.
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Scheme 2.1 Synthetic strategy for the preparation of NGB-05.

72



Chapter 2 — Siderophore electrochemistry

Aliquots of FeClsaq and the synthesised NGB-05pmso) were added
sequentially to a Bis-TRIS solution and in a parallel manner to the iron(lll)
catechol experiment described above, the solution was allowed to
equilibrate for 5 minutes after each addition. The voltammogram of the
solution prepared in an My:L4 ratio exhibited a single cathodic waveshape
with a potential peak of —660 mV vs Ag/AgCl 3 M NaCl (=470 mV vs NHE),
characteristic of an irreversible electrochemical process (Figure 2.10). The
appearance of the peak only upon the addition of the siderophore allows us
to attribute it to the Fe(lll)/(Il) reduction of the formed complex, with the
latter being confirmed through the deep-purple colouration of the solution
within the electrochemical cell, distinctive for iron(lll) complexes of

bis(catecholate) siderophores.
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Figure 2.10 Cyclic voltammograms of an iron(lll) azotochelin solution prepared in an
equimolar ratio (orange solid line) and a blank buffer solution (grey dotted line). Buffer
composition comprises 5 mM Bis-TRIS and 100 mM NaCl at pH 7.0; v = 10 mV s™; third
scans are shown (Figure A.2 includes first scans for reference). The structure of an Mq:L,

iron(lll) azotochelin complex is shown in the indent.
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To probe the speciation of the complex in solution, the concentrations of
iron and azotochelin were varied throughout the experiment and the impact
on the reduction potential and cathodic current values was investigated, as
summarised in Table 2.1. The introduction of an additional equivalent of
azotochelin, produced a negative potential shift of 10 mV for an Mi:L2
solution, however, a further shift was not observed upon the addition of a
third equivalent to form an Ms:Ls solution. The observed decrease in
cathodic current as the experiment progressed is expected for an
irreversible system because the redox species is depleted at the surface of
the electrode rather than replaced through reoxidation. This subsequently
confirms that no new electroactive species was formed with further
additions of the siderophore. An increase in iron concentration to yield an
Ma:Ls solution resulted in a further shift giving rise to a final potential of
—-680 mV vs Ag/AgCl 3 M NaCl (=490 mV vs NHE). The addition of iron
generated a significant increase in current, although with no change in the
shape of the voltammogram, implying the formation of the same species
as the one present in an Ms:L1 solution, a result of iron chelation by the
excess ligand. The consistent electrochemical response throughout the
whole range of M:L ratios allows us to conclude the high stability of the
iron(lll) azotochelin species under the experimental conditions employed,

with no changes in speciation being observed.

Table 2.1 Tabulated values for the reduction potential (Ep) and cathodic current (-ipc)
extracted from solution cyclic voltammetry experiments investigating iron(l1l) azotochelin

solution at different M:L ratios.

M:L [Fe] / mM [Azoto] / mM E, / mv? -ipc / PA
1:1 0.45 0.45 -660 0.596
1:2 0.43 0.87 -670 0.472
1:3 0.42 1.25 -670 0.397
2:3 0.80 1.20 -680 0.556

3 E, vs Ag/AgCI 3 M NaCl; 5 mM Bis-TRIS buffer, 100 mM NaCl, pH 7.0; v=10 mV s™
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As described above, irreversible voltammograms are not commonly
observed for iron(lll) siderophore complexes at neutral pH, thus an iron(lll)
complex of bis(2,3-dihydroxybenzoyl-L-serine) (bisDHBS) [NGB-06],
a tetradentate product of enterobactin hydrolysis was investigated to
determine whether such electrochemical behaviour is characteristic of
bis(catecholate) siderophores. bisDHBS is structurally analogous to
azotochelin and was found to exhibit a similar irreversible cathodic
waveshape under identical conditions in an Ms:Lq ratio (Figure 2.11).782
The peak attributed to the Fe(lll)/(Il) reduction was observed at —670 mV vs
Ag/AgCl 3 M NaCl (-480 mV vs NHE), only 10 mV more negative than E,

measured for iron(lll) azotochelin.
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Figure 2.11 Cyclic voltammograms of iron(lll) azotochelin and iron(Ill) bisDHBS solutions
prepared in an Mi:L; ratio. Experiments were performed in 5 mM Bis-TRIS buffer,
containing 100 mM NaCl at pH 7.0 with the final analyte concentrations of [Fe] = 0.45 mM
and [siderophore] = 0.45 mM; v = 10 mV s™; third scans are shown (Figure A.3 includes first
scans for reference). The inset shows the structure comparison between azotochelin and
bisDHBS, two bis(catecholate) siderophores, with the differences between the lysine and

serine backbone, respectively, being highlighted.
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While the irreversible electrochemical behaviour exhibited by both
bis(catecholate) siderophores is complimentary, it contrasts the reversible
voltammograms observed for iron(lll) complexes of other siderophores
recorded at approximately pH 7.0.767183184  The reversibility of
voltammograms can be concluded from evaluating both the peak-to-peak
separation (AE) between the cathodic and anodic peaks, and the ratio
(ipalipc) of peak currents.’®® However, limited accounts of irreversible
reductive waveshapes for iron(lll) siderophore complexes can be found
across the literature.’”9185 |n studies with similar results to those presented
in Figure 2.11, the data are frequently attributed to the presence of
coordinatively unsaturated iron(lll) siderophore complexes which have
much lower thermodynamic stability than complexes comprising iron with
a fully saturated coordination sphere. Thus, the proposed hypothesis is that
such complexes are more susceptible to dissociation which results in the
iron(ll) oxidation peak not being observed on the reverse scan. The
[Fe(cat)2] complex studied by Taylor et al., reported to produce a similar
irreversible reductive waveshape, was further characterised through UV-vis
spectroscopy and confirmed to be a coordinatively unsaturated species,
exhibiting a Amax value of 570 nm characteristic of bis(catecholate)

siderophore complexes.’”!

Alcaligin, a naturally occurring tetradentate hydroxamate has been shown
to preferentially form a dimeric hexacoordinate complex, Fez(alcaligin)s,
which exhibits characteristic reversible electrochemical behaviour at
neutral pH."”% However, at sufficiently low pH (< pH 2), the iron(lll)
siderophore complex has been reported to exhibit an irreversible reductive
waveshape at a peak potential 400 mV more positive than the one reported
for the MaiLz complex; Spasojevic and co-workers attributed the
voltammogram shape to [Fe(alcaligin)(H20)2]*, an Mi:L1 species.’’0
Hou et al. investigated the hydroxamate siderophore further; UV-vis
spectroscopy was performed on its iron(lll) complex and the authors were

able to obtain a set of results complementary to the electrochemical study.
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At pH 2.5, a Amax value of 472 nm was observed confirming the presence of
a tetracoordinated iron(lll) alcaligin species under acidic conditions, while
at physiologically relevant pH the predominant species in solution was
shown to be a hexacoordinated Ma2:Ls complex, exhibiting a Amax value of
426 nm.®* The formation of thermodynamically stable dimeric iron(lll)
complexes at neutral pH by dihydroxamate siderophores is therefore in
agreement with the preference of iron(lll) to exist as a 6-coordinate metal
centre. Subsequently, a parallel speciation pattern can be expected of all
other low denticity siderophores, including azotochelin and bisDHBS,
however, the observed irreversible reductive waveforms do not support the
formation of hexacoordinate M2:Lz complexes by these bis(catecholate)

siderophores.

2.3.3 Structural characterisation of iron(lIl) azotochelin

The ambiguity associated with the speciation of the iron(lll) azotochelin
complex at neutral pH prompted further structural studies of the
bis(catecholate) siderophore. UV-vis and native ESI-MS experiments have
been extensively utilised across the literature for elucidating the
coordination environment of the metal centre in iron(lll) siderophore
complexes and thus have been chosen to supplement the voltammetric
information obtained for azotochelin.175176.186187 The absorbance of
iron (Il) azotochelin was measured in buffer conditions analogous to those
employed in cyclic voltammetry studies (5 mM Bis-TRIS, 100 mM NaCl at
pH 7.0) at varying M:L ratios (Figure 2.12). For an equimolar solution
(M+:L4), the Amax associated with the LMCT band was observed at 557 nm.
The fluctuations of the Amax value with the varying M:L ratio followed a
similar pattern to the potential shifts observed during the CV
measurements. The addition of one siderophore equivalent did not affect
the position of the LMCT band, however, for an Ms:Ls ratio the Amax was
observed at 563 nm and an increase in the iron concentration which yielded
an Ma2:Ls solution shifted the Amax value to 569 nm. Such minimal value

variations are unlikely to have been a result of speciation changes and
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rather arisen from shifts to the equilibrium position throughout the
experiment as the concentration of each species has been varied. UV-vis
studies performed by Duhme et al. and Cornish and Page report Amax values
(pH 7.0) within the 552 — 560 nm range, in agreement with the data obtained
for all M:L ratios studied.’”3'87 However, the proposed structure of the
iron(lll) species in these studies is contradictory, reporting the presence of
a bis(catecholate) and tris(catecholate) complex, respectively. Across the
literature, Amax values between 480 and 495 nm have been shown to be
characteristic of hexacoordinate catecholate complexes, and thus it is more
probable that the azotochelin siderophore investigated in this study forms
an M1:L1 complex upon iron(lll) chelation.’®> Moreover, the consistency in
the Amax values throughout the time course of the experiment and the
changing M:L ratios implies the stability of the species formed, conflicting

with the inherent disposition of iron(lll) to form hexacoordinate complexes.
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Figure 2.12 Comparison of UV-vis absorption spectra of iron(l1l) azotochelin at varying M:L

ratios; 1:1 (1), 1:2 (2), 1:3 (3) and 2:3 (4). All measurements were obtained in 5 mM
Bis-TRIS, 100 mM NaCl buffer at pH 7.0.
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Native ESI-MS studies were performed to obtain additional structural
evidence for the preferential formation of an M1:L1 complex by iron(lll)
azotochelin at pH 7.0. To study non-covalently bound complexes, soft
ionisation methods such as those employed in ESI-MS are imperative to
preserving metal-ligand interactions and thus preventing complex
dissociation upon its entry into the gas phase.’®® Successful utilisation of
this technique for studying the speciation of iron(lll) siderophore complexes
has been widely documented across the literature including the study of
catecholate  siderophore-antibiotic  conjugates.’76.186.189190  gample
preparation for ESI-MS necessitates the employment of a volatile buffer
such as ammonium acetate (NH4OAc) to facilitate the vaporisation of the
analyte upon injection. Thus, a supplementary solution CV experiment was
performed to ensure the change in buffer composition from the initial
studies in Section 2.2.2 does not influence the coordination environment of
the metal centre in the iron(lll) siderophore complex. In a parallel manner to
the studies in Bis-TRIS buffer, varying M:L ratios of iron(lll) azotochelin were
investigated and a comparable one-electron irreversible reductive
waveshape was observed across all ratios (Figure 2.13). A small fluctuation
of +30 mV was noted in comparison to the E, values measured in the
Bis-TRIS buffer, which can be ascribed to the presence of the positively
charged ammonium ion and its interaction with the hypothesised negatively
charged complex of iron(lll) azotochelin, [Fe3* Azoto*]. The positive
potential shift indicates a more facile reduction of the iron(lll) centre which
is proposed to be a direct result of the ionic pairing between the two
charged species. Nonetheless, this interaction does not comprise the
chelation of the buffer ion to the metal centre, nor does it affect the
speciation of the complex, the latter being confirmed with UV-Vis
spectroscopy which yielded similar Amax values as those obtained in
measurements presented in Figure 2.12. Subsequently, NH4sOAc was
regarded as a suitable buffer for employment in ESI-MS studies for allowing
comparison of the generated data with the information obtained during

solution CV experiments.
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Figure 2.13 Cyclic voltammograms of iron(lll) azotochelin solutions in two metal (M) to
ligand (L) ratios, 1:1 and 2:3 for comparison of the electrochemical response in two
different buffers, Bis-TRIS (electrochemistry buffer) and NH4OAc (native ESI-MS buffer).
All buffers contained 5 mM of the buffer salt and 100 mM NaCl as the supporting
electrolyte at pH 7.0; experiments were performed at v = 10 mV s7; third scans are shown
(Figure A.4 includes first scans for reference). Analyte concentrations at Ms:L; ratio, [Fe]
= 0.45 mM and [Azoto] = 0.45 mM; at Ma:Ls ratio, [Fe] = 0.80 mM and [Azoto] = 1.20 mM.

Contrary to the in situ complex formation employed in solution CV and UV-
vis studies, chelation of iron by azotochelin was performed prior to sample
injection as described in Section 6.4.1.3 for solutions constituting the metal
and siderophore species in M1:L1 and Ma:Ls ratios. Spectra recorded in the
negative ionisation mode for both sample ratios (Figure 2.14) exhibited a
peak at m/z 470.0425 with a 1- charge. The presence of the peaks supports
the hypothesis for the preferred formation of a coordinatively unsaturated
tetradentate complex by iron(lll) azotochelin as the m/z value can be
ascribed to the presence of a species with an Msi:L1 composition,
[Fe* Azoto*]. Close examination of the spectra did not yield any evidence
for the formation of a hexacoordinate Ma:Ls complex, [(Fe3*)2(Azoto*)s]°,

for either of the solution ratios.
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Figure 2.14 Native ESI mass spectra measured in the negative ionisation mode for iron(lll)
azotochelin solutions prepared in NH4OAc buffer (pH 7.0) at two different M:L ratios.
A M;:L;, [Fe] = 0.5 mM, [Azoto] = 0.5 mM; B Mz:Ls, [Fe] = 1.0 mM, [Azoto] = 1.5 mM. In both

spectra only the presence of the Mq:L1 complex, [Fe®* Azoto*] was detected.

MS data was also acquired in the positive ionisation mode for both solution
ratios (Figure 2.15), revealing singly charged peaks at m/z 472.0583 and
472.0573 in the M1:L1 and M2:L3 spectra, respectively. Both peaks illustrate
an increase of 2.0 in comparison to the m/z values of the molecular ion
peaks obtained in the negative ionisation mode. The protonation of an
analyte in mass spectroscopy within the positive ionisation mode is not an
unusual phenomenon; molecules are frequently observed in the mass
spectrum at a m/z value corresponding to the [M+H]* species. However, the
+1 charge associated with both peaks and the 2.0 increase in the m/z
values implicates the protonation is not only of the carboxylic acid as one
would expect. In Section 2.1.2, the susceptibility of catecholamide
siderophores, such as azotochelin, to undergo protonation of the two meta
catechol oxygens under sufficiently acidic conditions is described, which

gives rise to a salicylate-type bonding in an iron(lll) complex (Figure 2.4).
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The literature reports acidification of the ammonium acetate buffer upon
vaporisation in the positive ionisation mode of ESI-MIS, effectively lowering
its pH to 4.75 + 1, thus, creating an acidic environment.’®! Subsequently, it
can be proposed, although with no certainty, that the observed peaks in the
positive ionisation mode are associated with the addition of two protons to
the [Fe3* Azoto*] ion observed in the negative ionisation mode, resulting in

a [Fe®* HoAzoto?]* species.’!
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Figure 2.15 Native ESI mass spectra measured in the positive ionisation mode for iron(lll)
azotochelin solutions prepared in NHsOAc buffer (pH 7.0) at two different M:L ratios.
A M;:L, [Fe] = 0.5 mM, [Azoto] = 0.5 mM; B Ma:Ls, [Fe] = 1.0 mM, [Azoto] = 1.5 mM. In both
spectra only the presence of the Mi:Li complex in a salicylate coordination mode,

[Fe3* HoAzoto?]* was detected.

While the mass spectra in the positive ionisation mode cannot be assumed
to be conclusive, combination of the mass spectra in the negative ionisation
mode and the UV-vis absorption spectra, allows to assign the irreversible
reductive waveshape observed in the CVs to the tetracoordinated

[Fe3* Azoto*]" complex. Nonetheless, despite conclusive evidence, the
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predisposition of the tetradentate catecholate siderophore to favourably
form an iron(lll) complexes with an unsaturated coordination sphere
remains contrasting to the tetradentate siderophores bearing hydroxamate
groups which prefer to adopt iron(lll) complexes with octahedral geometry.
Limited structural studies are available for low denticity catecholate
siderophores, however, a similar Mq:L1 speciation pattern at pH 7.0 has
been observed for (mono)catecholate and (bis)catecholate siderophores,
chrysobactin and amonabactin (Figure 2.3), respectively, as confirmed
through native ESI-MS studies.’”>192 There is an evident correlation between
the identity of the chelating groups in low denticity siderophores and the
complex stoichiometry of their iron(lll) complexes, not described previously
in the literature. Catechol groups comprise oxygen donor atoms with high
electron density, arising from the neighbouring aromatic ring and the
subsequent resonance stabilisation which enhances the affinity between
the iron(lIll) ion and the catechol chelating functionalities.’®® The extensive
resonance may offer enough stabilisation to balance the lower stability of
tetracoordinated versus hexacoordinate complexes. Comparatively, the
resonance stabilisation in hydroxamate siderophores emerges only from
the lone pair on the nitrogen and thus the electron density on the donor

atoms is not comparable.’®3

Moreover, the favourable formation of the iron(lll) azotochelin complex in
tetracoordinate coordination provides a plausible explanation for the
presence of an irreversible reductive voltammogram. The significantly
lower thermodynamic stability of the iron(ll) complex is further decreased
by the incomplete coordination sphere around the metal centre which
concludes in the dissociation of the iron(lll) azotochelin within the
timescale of the experiment before the metal centre can be reoxidised. CV
experiments were performed at higher scan rates (50, 100, and 500 mV s™)
in an attempt to measure the potential for the oxidation of iron(lll) before
complex dissociation, however, the experiments did not yield successful

results as high capacitive currents were observed.
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2.3.4 Modulating the reduction potential of iron(lll) azotochelin

The sensitivity of iron(lll) siderophore complexes to solution pH offers a
straightforward approach for controlling the thermodynamic stability and
subsequently Epc values of those complexes. It thus presents an opportunity
for controlling the ease with which the SidCat dissociates from the protein
scaffold, triggering the disassembly of the ArM. As described in Sections
2.1.2 and 2.1.3, the reorganisation of the metal coordination sphere takes
place in iron(lll) siderophores as a response to changes in pH, either
through changes in complex stoichiometry or a shift in the coordination
mode. For a parallel approach to be plausible for the SidCat conjugate, the
change within the first coordination sphere must not hinder the binding of

the iron(lll) azotochelin anchor to the CeuE binding pocket.

The voltammetric investigation of iron(lll) azotochelin was thus extended
to encompass the pH range relevant for either catalytic or immobilisation
studies of the Fe-PBP ArM; pH 6.0 — 8.5 at 0.25 and 0.5 increments. In a
parallel approach to the initial study, CVs were recorded in 5 mM Bis-TRIS,
100 mM NaCl buffer with complex preparation occurring in situ, upon
addition of the azotochelin stock to a solution containing an iron(lll) salt
and an equilibration time of 5 minutes. The investigation of iron(lll)
azotochelin complexes prepared in an Msi:L: ratio revealed a similar
electrochemical behaviour to the one observed at pH 7.0, with a distinct
irreversible cathodic wave being apparent at all pH values studied (Figure
2.16). The persistence of the voltammogram shape is indicative of the
stability exhibited by the tetracoordinate Mi:L1 species under the
experimental conditions employed. Changes in E,c and ipc values were
minimal above pH 7.0 with a maximum E; shift of -30 mV observed at pH
8.0. The difference is too modest to be attributed to any structural changes
and presumably is a result of decreased competition between H* ions and
iron(lll) at higher pH levels. Contrastingly, although in agreement with the
literature, both Epc and ipc values exhibited a significant shift as the solution

pH was lowered. Minimal changes were observed at pH 6.5 and 6.75 with a
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maximum peak potential shift of +80 mV in comparison to the Epc measured
at pH 7.0. Lowering the pH to 6.25 and consecutively to 6.0 evoked a
positive Ep, shift of 290 mV versus Ep at pH 7.0 which was additionally

associated with an 86% decrease in the cathodic Faradaic current.

0.4+

0.2 4

0.0

-0.2 4 PH 6.0
pH 6.25
pH 6.5
pH 6.75
-0.4 pH 7.0
pH 7.5
pH 8.0
pH 8.5

Current (pLA)
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-1.0 —E;.S 0.0
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Figure 2.16 Cyclic voltammograms of iron(lll) azotochelin solution prepared in an
equimolar My:L, ratio at different pH values, pH 6.0 — 8.50 in either 0.25 or 0.5 increments.
Buffer composition comprises 5 mM Bis-TRIS and 100 mM NaCl; v = 10 mV s™; third scans

are shown (Figure A.5 includes first scans for reference).

The extent of the observed changes allows to hypothesise a change within
the coordination environment of the redox iron(lll) centre as more positive
potential values suggest the presence of a complex with reduced stability.
As the Faradaic current is proportionally related to the number of electrons
transferred as defined by the Butler-Volmer theorem (Equation 2.1),
a decrease in current flow frequently corresponds to a lower concentration
of the redox species, however, all solutions were prepared equally.
Therefore, it can be presumed that a change in current arises as a result of

the shift from catecholate to salicylate-type coordination. The switch in
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Equation 2.1 The Butler-Volmer equation describing the current response of a redox
system under kinetic control.’77194195 j = measured net current; n = number of electrons
transferred; F = the Faraday constant; ko = the electron transfer rate constant;
co = concentration of the oxidised species; cr = concentration of the reduced species;
a = the charge transfer coefficient; R = the molar gas constant; T = temperature;

E = measured electrode potential; E° = formal electrode potential of the redox species.

coordination mode is associated with a charge change of the iron(lll)
azotochelin complex, from the negatively charged [Fe3* Azoto*]
catecholate coordination mode to the singly positively charged
[Fe3* HoAzoto?]* salicylate species. The resulting electrostatic repulsion
between the Ilatter complex and the inherent positively charged
H-terminated surface of the BDD electrode is assumed to give rise to either
a decreased local concentration of the complex at the electrode surface, or
a change in the rate of electron transfer, ko.'°® The relationship between the
reduction potential of M1:L1 iron azotochelin as a function of pH has been

summarised in Figure 2.17.

To investigate the validity of the presumed coordination shift (rather than
speciation change) for iron(lll) azotochelin at pH levels below 6.5, further
characterisation studies were performed. UV-vis measurements were
acquired for equimolar iron(lll) siderophore solutions in conditions
analogous to the initial voltammetric study. Absorbance spectra were
acquired at pH 6.0 and 6.50 (Figure 2.18) in an attempt to capture the
composition of solutions for which the most significant changes in the
electrochemical behaviour were observed. In comparison to the spectrum
acquired at pH 7.0, the position of the LMCT band was mostly unaffected
as surmised from the closely related Amax values, 555 + 9 nm, suggesting
the Msi:L1 stoichiometry was preserved even at lower pH levels. In

agreement with the voltammetric data, a reduced absorbance was noted at
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Figure 2.17 A plot illustrating the reduction potential (E;) of iron(Ill) azotochelin solution
prepared in an Ms:L, ratio as a function of pH extracted from CVs shown in Figure 2.16.

Standard deviation bars are shown for values measured at pH 6.0, 6.5 and 7.0.

pH 6.0 and 6.50 (Figure 2.18) in an attempt to capture the composition of
solutions for which the most significant changes in the electrochemical
behaviour were observed. In comparison to the spectrum acquired at pH
7.0, the position of the LMCT band was mostly unaffected as surmised from
the closely related Amax values, 555 + 9 nm, suggesting the Ms:L,
stoichiometry was preserved even at lower pH levels. In agreement with the
voltammetric data, a reduced absorbance was noted at pH 6.0 which is
associated with a decline in the concentration of the complex comprising
the iron(lll) catecholate chromophore, [Fe3* Azoto*]. This provides
evidence for the presence of a secondary species, the formation of which
results in the depletion of the catecholate-coordinated iron(lll) azotochelin
complex and the subsequent emergence of a mixture comprising both
species. Thus, the complex formed as the pH levels were lowered must lack
the iron catechol chromophore associated with the observed LMCT band,
which has been demonstrated in the literature to be an iron(lll) catecholate

complex exhibiting salicylate coordination.6®
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Figure 2.18 UV-vis absorption spectra acquired for an equimolar M+:L solution of iron(lll)
azotochelin at varying pH levels; 6.0 (1), 6.5 (2) and 7.0 (3). All measurements were
obtained in 5 mM Bis-TRIS, 100 mM NaCl buffer at pH 7.0 with both analyte concentrations
equal to 0.45 mM.

Further investigation utilising ESI-MS was performed to validate the
presence of the salicylate-coordinated iron(lll) complex. In a similar manner
to the previous study, peaks which could be ascribed to a [Fe3* H,Azoto?]*
complex were observed in the positive ionisation mode for solutions
prepared in both stoichiometric equivalents, M1:L1 and Ma2:Ls. However, as
previously mentioned in Section 2.2.3, the NH4OAc buffer employed in the
study experiences acidification during the ionisation process in the positive
mode which consequently lowers the solution pH. Thus, it would not be
appropriate to consider these results as a reliable representation of the iron

complexation at those pH levels.

The MS data alone cannot be considered as definitive proof; however, it can
supplement the more definitive UV-vis and CV data. The results of those

studies clearly demonstrate that as the pH of the solutions decreases below
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pH 7.0, the concentration of the salicylate-coordinated complex,
[Fe3* HoAzoto?]* increases. This concentration change is associated with a
positive Ep shift reflecting the shift in the thermodynamic stability of the
complexes in solution. As the pH drops below 6.25, a significant shift of 290
mV and a substantial decrease in the Faradaic current, suggest that the
[Fe3* HoAzoto?]* complex becomes the prevailing species in the solution.
This new insight allows us to postulate that the modulation of pH may be a
feasible approach for controlling the release of the iron(lll) azotochelin
anchor from the ArM. Despite the coordination shift at lower pH, the
retention of the M1:L1 stoichiometry should not prevent the binding of the
SidCat, however, the high reduction potential of the metal centre should

facilitate easier disassembly of the ArM.

The inherent tendency for iron(lll) azotochelin to form complexes in an
Mi:L; stoichiometry, rather than in a dimerised Ma2:Lz form, results in an
unsaturated coordination sphere which creates two vacant coordination
sites at the metal centre. Those sites offer the potential for the binding of
secondary molecules; the incorporation of these within the first
coordination sphere would influence the thermodynamic stability and
subsequently influence the reduction potentials of the Fe(lll)/(Il) redox
couple. This can be utilised as a model to predict the effect of site-directed
mutagenesis of the residues directly coordinating to the metal centre in the
binding pocket of the ArM."®7-1%° Thus, variations in buffer composition and
the effect on the E, of iron(lll) azotochelin were investigated through CV

studies at pH 7.0; the results are summarised in Table 2.2.

The most notable response to the change in buffer composition was
observed for TES and TRIS buffers, with a positive E, shift of 170 mV and
250 mV, respectively, in comparison to the value measured in the Bis-TRIS
buffer. The observed values correspond to the reduced thermodynamic

stability of the iron(lll) azotochelin complex, indicating the presence of
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Table 2.2 The tabulated values of the iron(lll) azotochelin reduction potential (Ep)
measured in solutions comprising different buffer salts, which exhibit varying iron(lll)

chelation abilities.

Buffer salt? Structure pK."  Fe(lll) coordination® E°
Ha
HO 200 -
TRIS o JaS o 8.06 Yes 410
OH
~o-OH 200
TES o S0 7.40 Yes 490
0o
HO

(" oH

Bis-TRIS o~ 6.46 No'”" ~660
HO OH
HO%OH
HO\/\
HEPES LN~ OH  7.48 No?! -700
do
ppEs MO 6.76 No202 ~710
K/N\/\S/OH '

3 TRIS, 2-amino-2-(hydroxymethyl)-1,3-propanediol; TES, N-[tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid; Bis-TRIS, bis(2-hydroxyethyl)amino tris(hydroxymethyl)
methane; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; PIPES, piperazine-
1,4-bis(2-ethanesulfonic acid).

b At 25°C.

¢ This column represents the most prevailing conclusions from the literature, however, it
must be acknowledged that these strongly depend on the experimental conditions
employed. Consequently, variations and inconsistencies may exist among different
reports, and thus, it is suggested that the above information should only be regarded as a
guideline rather than an absolute reference.

4 E, (mV) vs Ag/AgCl 3 M NaCl; 5 mM buffer salt, 100 mM NaCl at pH 7.0; analyte
concentrations of [Fe] = 0.45 mM and [Azoto] = 0.45 mM; v=10 mV s™.

species formed exclusively in the presence of the two buffers. The primary
and secondary nitrogen atoms within the TES and TRIS buffer molecules,
respectively, possess the capability to coordinate iron(lll). However, the

inclusion of the soft/intermediate nitrogen donor atoms stabilises the
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iron(ll) oxidation state over iron(lll), facilitating the electron transfer from
the electrode to the metal centre, leading to an increase in the reduction
potential. More in-depth speculation could be made into the effect of the
different pKa values for the nitrogen atoms and the effect of the sulfonic
acid group in the TES buffer, however, the electrochemical data alone does
not allow to reach any valid conclusions. Mass spectrometric investigations
would provide valuable insight; however, these cannot be conducted due to

the requirement for a volatile buffer, which neither TRIS nor TES fulfils.

An inverse trend was noted for the piperazine-containing buffers bearing
tertiary amines, HEPES and PIPES, with negative E, shifts of 40 mV and
50 mV, respectively, versus the E, observed in the Bis-TRIS buffer.
Nonetheless, it is challenging to establish the source of the changes as the
fluctuations in the reduction potential values were minimal. Possible
theories include the structural differences between the buffer molecules
which may hinder the electron transfer upon chelation due to steric
restrictions. Alternatively, the net charges of the molecules under the
experimental conditions employed may result in electrostatic repulsion

upon contact with the negatively charged iron(lll) azotochelin complexes.

2.3.5 Extending the use of the BDD working electrode to other

siderophores

The ability to perform voltammetric investigations of iron(lll) siderophores
on BDD working electrodes instead of mercury-based ones should be of
interest to the wider siderophore research community engaged in studying
newly discovered siderophores, or those interested in exploiting the iron(lll)
complexes of siderophores in alternative applications. Thus, deviating from
the main ArM focus of the PhD project, voltammetric interrogation of the
reduction potential on BDD working electrodes was performed on two
tris(catecholate) siderophores, protochelin and enterobactin (Figure 2.3).

Enterobactin was a gift from Prof. Alison Butler, whereas protochelin
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[NGB-09] was synthesised according to the established protocol available

in the literature (Scheme 2.2).174
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Scheme 2.2 Chemical strategy for the synthesis of the tris(catecholate) siderophore,

protochelin [NGB-09] from the benzyl-protected analogue of azotochelin [NGB-04].

The benzyl-protected carboxylic acid [NGB-02] obtained during the
preparation of azotochelin (Scheme 2.1), was reacted with 1,4-
diaminobutane in the presence of a coupling reagent, CDI to achieve a mono
substitution of the amine. The product [NGB-07] was recovered in a
relatively poor yield in comparison to the 72% reported in the literature,
thought to be associated with the formation of an emulsion, hindering layer
separation during the aqueous workup.'’* Ensuring a complete removal of
tetrahydrofuran, increasing waiting time before the removal of the bottom
organic layer or the addition of more brine are a few examples of how the
workup can be improved if the reaction was to be repeated. In the
subsequent step, the previously synthesised benzylated azotochelin
[NGB-04] was reacted with NGB-07 in an amide bond formation reaction,
facilitated by HBTU and DIPEA, acting as the coupling reagent and a
comparable to that reported in a literature, following purification with
column chromatography.’””* Protochelin [NGB-09] was isolated in a

quantitative yield from its benzylated analogue [NGB-08] in a similar
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manner to azotochelin; the protecting groups were cleaved in a
hydrogenation reaction, ensuring the glassware was treated with 6 M HCI

prior to the experiment.

An identical experimental procedure to the one employed in all previous
voltammetric studies was implemented for the electrochemical
investigation of enterobactin and protochelin. Unfortunately, the
measurement of the reduction potentials for the two hexadentate
catecholate siderophores was not feasible on a BDD working electrode.
Solution conditions were employed to ensure the solubility of both iron(lll)
siderophore complexes, validated through the vibrant red colouration of the
solutions, characteristic of iron(lll) tris(catecholate) complexes. Thus, it is
hypothesised that the E, values were beyond the potential accessible to the
electrode, as those two siderophores form iron(lll) complexes of extremely

high stability and subsequently very negative reduction potentials.

To confirm that the lack of success in obtaining voltammograms for iron(lll)
complexes of enterobactin and protochelin was indeed due to the values
falling outside of the potential range of the BDD electrode, another
hexadentate siderophore was investigated. A CV of ferricrocin
(Figure 2.19), kindly donated by Prof. James Coulton, an iron(lll) complex
of a tris(hydroxamate) siderophore was acquired. As discussed throughout
this chapter, iron(lll) complexes formed with siderophores comprising
hydroxamate chelating groups exhibit much lower stability and more
positive reduction potentials in comparison to catecholate siderophores.
This is exemplified by the pFe of 26.5 measured for ferricrocin, contrasting
to the pFe of 35.6 reported for iron(lll) enterobactin.’®>203 A quasi-reversible
waveshape characterised by the presence of both reductive and oxidative
peaks was observed; However, due to the significant AE value of 600 mV,
the electrochemical reversibility of the Fe(lll)/(Il) redox couple could not be

determined. The appearance of the anodic currents, not observed
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Figure 2.19 Cyclic voltammograms of ferricrocin (orange solid line) and a blank buffer
solution (grey dotted line). Buffer composition comprises 5 mM Bis-TRIS and 100 mM NacCl
at pH 7.0; [Ferricrocin] = 0.45 mM; v = 10 mV s™'; third scans are shown (Figure A.6 includes
first scans for reference). The structure of ferricrocin, the iron(lll) complex of the

tris(hydroxamate) siderophore is shown in the indent.

previously in the voltammograms for iron(lll) complexes of azotochelin and
bisDHBS are presumed to be a result of the preorganised structure of the
cyclic ferricrocin. This, along with the formation of a complex with a
saturated coordination sphere can be presumed to limit the complex
dissociation, allowing measurement of the reoxidation of the
iron(ll) centre. The Eq/2 for the Fe(Ill)/(Il) redox couple was measured at
—540 mV vs Ag/AgCl 3 M NaCl (-350 mV vs NHE); marginally higher than
the literature value of —413 mV vs NHE with a AE of 60 — 69 mV.2%3 While
the voltammogram measured at the BDD electrode exhibited quasi-
reversibility, the small AE value published in the literature is characteristic
of an electrochemically reversible system. The reported CV was performed
under different conditions; at a hanging mercury drop electrode in a buffer
containing 100 mM phosphate and 1 M KCI (pH 8.0).2°2 These

discrepancies can be ascribed to the variation in experimental conditions,
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however, they can also arise from the slower electron transfer kinetics

exhibited by the BDD working electrode, as demonstrated in Section 6.4.1.

2.4 Summary and conclusions

The electrochemical study of iron(lll) azotochelin, the anchoring motif of
the Fe-PBP ArM, was successfully performed following the investigation of
BDD as an alternative material to mercury-based working electrodes. The
BBD working electrode was found to have a sufficiently wide potential
window to enable the measurement of the reduction potential of low
denticity catecholate siderophores, including azotochelin. Moreover, the
electrochemical response of a high denticity hydroxamate siderophore,
ferricrocin was successfully observed, illustrating the versatility of the
electrode material. Unfortunately, it was found that the redox potentials of
higher denticity catecholate siderophores, protochelin and enterobactin
which exhibit high thermodynamic stability and thus very negative E, values,

were out of reach.

An irreversible electrochemical behaviour was observed in the cyclic
voltammogram of iron(lll) azotochelin, with the cathodic peak potential
associated with the Fe(lll)/(ll) reduction at —660 mV vs Ag/AgCl 3 M NaCl
(-470 mV vs NHE). The inability to detect the reoxidation of the metal centre
due to the low stability of the complex is supported by UV-vis and native
ESI-MS data which confirms the preferential formation of a coordinatively
unsaturated species with a tetradentate coordination sphere,
[Fe3* Azoto*]. An identical speciation pattern is present in the binding
pocket of CeuE, the PBP constituting the protein scaffold of the redox-
reversible ArM, as revealed by its crystal structure.® Thus, the results
acquired in this chapter provide evidence for the suitability of iron(lll)
azotochelin as the ArM anchor. The voltammetry data confirms the
instability of the iron(lll) azotochelin complex upon the reduction of the

metal centre to iron(ll) and its subsequent dissociation, in parallel to the
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disassembly of the ArM upon the reduction of the metal centre within the

anchor unit.>*

The two studies exploring the reduction potential of iron(lll) azotochelin as
a function of buffer composition and pH indicated the feasibility of
modifying either the primary or secondary coordination sphere of the metal
to facilitate the release of the anchor. An increase in H* concentration was
shown to exhibit a significant effect on the reduction potential, with a shift
of +290 mV being observed at pH 6.0. Further characterisation through
UV-Vis and native ESI-MS measurements unveiled that the M1:L1 speciation
of the complex was preserved under acidic conditions, while the shift from
catecholate- to salicylate-type coordination mode was responsible for the
change in reduction potential. It would be of interest to acquire the crystal
structure of the iron(lll) azotochelin complex bound to CeuE at varying pHs
to determine whether such a coordination shift was possible within the
protein binding pocket and measure the effect of salicylate coordination on
the Kq value. A similar, although less extensive effect on E, shift was noted
in the presence of buffers constituting primary and secondary amines, TRIS
and TES, respectively; the Ep values measured in the respective buffers were
positively shifted by 250 mV and 170 mV. This is speculated to be a result
of nitrogen coordination to the metal centre, and the subsequent
stabilisation of iron(ll) over iron(lll) due to the soft donor atom character of
nitrogen. The chelation of the metal centre by the buffer molecules and the
subsequent effect on the reduction potential can serve as a model for
predicting the effect of mutating the iron coordinating residues on the Ep
value. Within the wild-type protein scaffold, iron(lll) is coordinated by Y288
through the oxygen atom of the hydroxyl group (Figure 2.20) and thus
mutation to a residue with a terminal primary amine, such as lysine,
asparagine or glutamine may shift the reduction potential of the anchor to
a more positive value which would facilitate its reduction and the

subsequent disassembly of the ArM.
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Figure 2.20 Crystal structure of the anchor binding pocket within the Fe-PBP ArM (PDOB:
50D5) illustrating the direct coordination between the hydroxy group of Y288 (orange
cylinders) and the iron(lll) centre (orange sphere) of the anchor motif (dark grey cylinder).
The inset shows the structure of the tyrosine amino acid with the coordinating hydroxy

group highlighted for reference.
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Chapter 3 — ArM immobilisation on gold
electrodes modified with nitriloacetic acid

self-assembled monolayer

In parallel to research undertaken within the Duhme-Klair group, exploring
anchoring the Fe-PBP ArM on immobilised-metal affinity chromatography
(IMAC) columns, an approach for utilising IMAC strategies of binding the
Fe-PBP ArM onto conducting supports has been investigated. The
employment of affinity tags has been well established for the
immobilisation of enzymes to improve their catalytic performance. The
methodology has been also extended towards redox-active proteins,
demonstrating feasibility for achieving their immobilisation in electroactive
conformations on modified electrodes. However, such an approach has not
been utilised for anchoring artificial metalloenzymes. Thus, this chapter
evaluates two different approaches for modifying gold electrodes with
nitrilotriacetic acid (NTA) functionalities through SAM formation, including
a description of an alternative strategy for the synthesis of LA NTA. The
efficiency of each modification method and subsequent ArM
immobilisation is evaluated through electrochemical measurements, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS), as
well as quartz crystal microbalance with dissipation (QCM-D)

measurements.

3.1 Introduction

Immobilisation of enzymes for achieving efficient biocatalysis frequently
relies on site-specific tethering approaches to ensure the catalytic site
within the protein remains accessible for substrate binding.204205

Analogously, immobilisation of redox proteins on conducting surfaces
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requires consideration of orientation for establishing an electrochemical
connection between the redox centre and the electrode, as discussed in
Section 1.4.2.206207 The immobilisation of redox enzymes therefore
requires a combinatorial approach, since both substrate access and
electroactive conformation must be considered in order to establish a
successful system. Thus far, a plethora of immobilisation approaches is
presently available, since a ‘one approach fits all' methodology has not been
yet developed to robustly resolve both considerations simultaneously.
These various methodologies have been extensively reviewed in the

literature and an interested reader is directed to these papers.’40.208-212

Stable, site-specific approaches for covalent protein-electrode
immobilisation are often complex as they frequently necessitate molecular
biology manipulations to incorporate bioorthogonal handles which allow
protein attachment to electrodes.?'3-215 Covalent immobilisation often has
an adverse effect on the protein structure, which has been shown to result
in reduced catalytic activity within enzyme-electrode arrays.?'® Thus, non-
covalent approaches are becoming increasingly more popular since most
methods do not possess a prerequisite for protein modifications following
their expression to achieve immobilisation. This aspect is also crucial from
a commercialisation standpoint, as reducing the necessary steps for
protein preparation to achieve an active molecule towards immobilisation
is highly desirable. However, for a non-covalent protein-electrode
immobilisation approach to be viable, the bonding strength of the
non-covalent interaction must be comparable to that achieved through
covalent methods, particularly for incorporation of enzymes on the surface
where long-term stability is essential. The strength of the interaction
between a divalent metal (M?*) complex of nitriloacetic acid (NTA) and the
imidazoles of a polyhistidine tag (6His), found to be 10 M, it was deemed

feasible to explore this as a method for immobilisation the Fe-PBP ArM.2"7
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3.1.1 Protein immobilisation via affinity polyhistidine tag

The 6His-tag is one of the most prominent affinity tags utilised within
biochemistry, it being the core motif of protein purification through
IMAC.2821% The technology relies on the ionic interaction between M?*
complex of a multidentate chelator, such as NTA, and the imidazole rings
of the 6His-tag (Figure 3.1). Fundamentally the coordination chemistry
drives the interaction; the chelating groups of NTA only fill four out of the
six available metal ion coordination sites leaving an incomplete octahedral
coordination sphere. Coordination of a 6His-tag through the binding of the
two nitrogen atoms on the imidazole rings completes the coordination

sphere of the divalent metal.?20

Solid support 6His-tag

Figure 3.1 A schematic illustration of the interaction between the unsaturated M?*-NTA
complex and the imidazole rings of the 6His-tag. The attachment of the NTA to a support
is not defined in the figure, as depending on the application, the support material may
extensively vary; in IMAC applications the NTA ligand is covalently attached to cross-linked

agarose beads.

In its early days, the immobilisation approach was limited to the use of
nickel(ll) and NTA, as the metal and chelating ligand pair, respectively.
However, the metal choice has now been widely expanded (Figure 3.2),
particularly as reports of nickel leaching have become more prominent.??'~

223 The divalent metal at the centre of the immobilisation strategy has been
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successfully varied to create immobilisation platforms exhibiting varying
degrees of specificity and immobilisation strength. Compared to nickel(ll),
copper(ll) has been shown to exhibit a higher affinity towards NTA. The
surface coverage obtained with Fc(imd)2, a ferrocene derivative bearing two
imidazole (imd) rings employed as a model redox probe to mimic 6His-tag
binding, was used to demonstrate the distinction between the two metal
ions.’?% The anodic waves observed in CV obtained at functionalised carbon
electrodes were integrated and the surface coverage (') was calculated to
be 16.6 x10™"" mol cm? and 8.2 x10™"" mol cm for copper(Il) and nickel(ll)
chelated NTA electrodes, respectively.’?® However, parallel studies have
demonstrated copper(ll) based surfaces exhibit much lower selectivity
towards 6His-tagged molecules, resulting in a higher percentage of non-
specific binding. Nonetheless, the redox-active enzyme horseradish
peroxidase has been successfully immobilised in an electroactive
configuration via a 6His-tag onto copper(ll) modified NTA electrodes.’?¢
The reduction of copper(ll) to copper(l) was observed at approximately -
700 mV vs SCE (-459 vs NHE) in 20 mM phosphate, 50 mM NaCl buffer at
pH 7.4. This suggests that the copper(ll) based IMAC-derived approach
would be unsuitable for stable immobilisation of redox proteins with highly
negative E° values.’?® However, for some applications, the copper(I1)/(l)
redox chemistry can prove to be advantageous. One study demonstrated
electrochemically-triggered release of an immobilised protein from a
copper(ll) NTA electrode through an application of a potential of —300 mV
vs Ag/AgCl 3 M KCl.224

Instead of nickel or copper, some reports have investigated the utilisation
of cobalt(ll) ions for the immobilisation of 6His-tagged proteins on NTA
functionalised surfaces. The literature on protein purification using IMAC
columns strongly indicates a lower affinity of 6His-tagged proteins to
cobalt(ll), although with higher specificity.?2> An attractive solution to this
problem has been to exploit the redox activity of cobalt(ll); following

immobilisation of a 6His-tagged green fluorescent protein on cobalt(ll) NTA
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Binding strength

Zn*2  Co*? Nij*2 Cu*?

Selectivity

Figure 3.2 lllustrative representation of the metal(ll) ions available for use in combination
with NTA for the immobilisation of His-tagged proteins. The series is arranged based on
the binding strength to the chelating ligand (top arrow) and selectivity towards His-tagged

proteins which appear to have inversely proportional relationship.22622

surface, the metal centre was oxidised to cobalt(lll) using hydrogen
peroxide.??® Quartz crystal microbalance (QCM) measurements
successfully demonstrated the higher stability of immobilised protein on
the resulting surface in comparison to immobilisation on nickel(ll) NTA.
Following overnight incubation of 15 hours, 80% of protein remained on the
cobalt(lll) surfaces, in comparison to the 48% on the nickel(ll) surface.???
Moreover, the protein immobilised on the highly stable cobalt(lll) surface
was shown to be resistant to the presence of imidazole and EDTA,
compounds which both normally compete with the binding of the 6His-tag
to IMAC.?%° Indeed, the usual ability of small organic molecules to induce
protein release can be a positive feature of IMAC inspired enzyme-electrode

immobilisation strategies.

The possibility of triggered protein release, subsequent surface
regeneration and protein re-immobilisation is particularly useful in
situations where there is a necessity to employ a single immobilisation
platform in multi-enzymatic cascades. Surface recycling contributes to the
reduction of costs associated with manufacturing specific immobilisation
platforms for each individual reaction. A balance must therefore be
established between obtaining a highly stable protein immobilisation, while

not precluding the ability to regenerate the surface.
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In addition to substituting the metal ion to tune the strength and selectivity
of the protein immobilisation, NTA can be substituted with an alternative
metal chelating molecule to influence the stability of the metal
complex.126230231 This approach has not been explored within this work as
ligand optimisation would require separate synthetic strategies which is
beyond the scope of this project. Moreover, there are literature examples
available exploring the use of longer His-tags to increase the strength of the
protein immobilisation, with the most common approach being increasing
the number of histidines twice fold to form a 12His-tag.?32 This was also
investigated as it was presumed that such approach would result in a lower
immobilisation yield, as one protein will likely become immobilised on
multiple metal NTA sites, thus reducing the concentration of ArMs on the

surface and making surface characterisation much more challenging.

Not all of the features associated with protein-electrode immobilisation via
a polyhistidine affinity IMAC are advantageous. As described above, metal
leaching is frequently noted as a major limitation. Additionally, Balland et al.
described an incomplete saturation of immobilised NTA ligands with the
metal cation, exposing the negatively NTA charged ligands to the
enzyme.?®3 The free ligands were hypothesised to interact with the
positively charged residues on the protein surface, altering the orientation
of the protein and subsequently bringing it into a closer proximity to the
electrode surface. This resulted in multiple protein environments which
were suggested to be responsible for the dispersion of the reduction
potential exhibited by the redox-active cofactor, preventing its detection by

voltammetric techniques.?33

3.1.2 Self-assembled monolayer (SAM) formation

The introduction of NTA functionalities onto electrodes has been
documented in the literature via a range of surface chemistries that are
compatible with various electrode material types.?** The wide variety of

strategies enables the selection of one that is most appropriate for the
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application of interest; for exploring the immobilisation of ArMs and the
study of electrochemical disassembly a straightforward strategy on a
surface compatible with a range of surface characterisation techniques to
facilitate the validation of each modification step is of much interest, and

therefore gold electrodes were targeted.

Formation of self-assembled monolayers (SAMs) on Au electrodes exploits
the high affinity for Au-S bond formation between Au surfaces and
derivatised thiol groups (R-SH) (Figure 3.3).235236 The mechanism via which
chemical adsorption of these molecules generates well-ordered
monolayers has been extensively studied and demonstrated to be highly
reproducible.?37238 The approach is characterised by minimal solution
preparation requirements and easy (although somewhat laborious) surface
regeneration procedures. Together, this ensures that screening and
optimisation experiments can be performed in an efficient manner. The
commercial availability of thiol alkyl molecules with a wide variety of
terminating groups facilitates the use of SAMs for the introduction of
various different functionalities onto Au electrodes. The use of dithiols,
such as lipoic acid (LA) is becoming more prominent across the SAMs on
Au literature.146.239.240 Reductive desorption experiments performed in 0.5 M
KOH have not shown significant variations in the Epc values of monothiol
versus dithiol analogues, indicating surfaces of similar stability.?41242
However, there is an assumption for the two-point surface-molecule
interaction exhibiting greater kinetic stability in comparison to the single-
point attachment. The handling of dithiols is much easier as they are not
characterised by a pungent smell, thus the utilisation of dithiols, if a suitable

terminating group is available, is much more favourable.
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dialky! disulfide dialky! sulfide
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alkyl xanthate dialkylthiocarbamate

Figure 3.3 General scheme for the chemisorption of an alkyl thiol molecule onto a gold
surface, illustrating the preferred orientation of the molecule which ensures a well-packed
monolayer; the inset depicts the breadth of organosulfur functionalities capable of

monolayer formation on gold.?#

The phenomenon of thiol desorption from Au surfaces represents the most
significant challenge to using SAMs on Au for long-term applications such
as immobilisation of catalysts. Overtime, the loss of thiol molecules from
gold surfaces is observed upon storage in aqueous media under ambient
conditions. To demonstrate this, the electrochemical behaviour of
[Fe(CN)e]* has been investigated at Au electrodes functionalised with an
alkyl thiol as a function of storage time in PBS buffer.2** Immediately after
Au functionalisation, Faradaic peaks were not observable within the
potential window studied, which supports the presence of a well-packed
monolayer impeding electron transfer between the electrode and the redox
couple in solution. However, a notable increase in the Faradic current and
decrease in AE values corresponding to the Fe(lll)/(ll) couple was observed
over a period over 35 days with near electrochemical reversibility being
achieved by the end. Such results correspond to the loss of thiol molecules
from the surface, this was supported by changes in surface IR spectra. In
general, ambient degradation of Au-SAM surfaces is attributed to oxidative
degradation, but SAMs also exhibit hight sensitivity to reducing

conditions.?45
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Despite the challenges in using SAMs for protein immobilisation on Au
electrodes, they remain the topic of many accounts across the literature. In
terms of using them as the basis for functionalising Au with NTA
functionalities, the most prominent example comes from the research
group of Benoit Limoges. The researchers have successfully combined the
formation of lipoic acid-based SAMs and NTA functionalities for the
immobilisation of a variety of redox-active proteins via the 6His-tag.
However, they report several limitations of the approach. During the study
of human neuroglobin comprising a redox active iron(lll) protoporphyrin IX
complex at its centre, direct electrochemical interrogation of the protein
was not achievable.?3® Neither Faradaic current corresponding to the
iron(ll)/(11) couple was observed, nor the catalytic current in the presence
of O2. However, surface-enhanced resonance Raman spectroscopy (SERR)
was successful in establishing the feasibility of direct electron transfer.233
The application of a reducing potential to the protein modified electrode
was associated with a spectral shift characteristic of reduced hNB with an
iron(l) centre.?>®> The difficulties in employing cyclic voltammetry for
characterising the protein was thus proposed to be associated with the
presence of a heterogeneous surface. It was suggested that the incomplete
metal chelation of NTA molecules gave rise to inconsistency in surfaces
charges, thus generating multiple possible conformations of the
immobilised proteins, with distinct £’° (Fe(lll)/(I1)) for each conformation.
This dispersion of redox potentials resulted in peak broadening making it
difficult to discern the presence of Faradaic currents. Similar LA NTA
functionalised electrodes have also been employed for the immobilisation
of laccase, exploiting copper(ll) for the formation of the NTA complex.’?® To
achieve an electrochemical connection, it was necessary to employ a
soluble redox mediator, [0s"/(bpy)2pyCl]?*, to facilitate the electron transfer
between the electrode and the copper redox centre of the
metalloenzyme.'?® Kinetic analysis was performed which validated that the
catalytic activity of the enzyme immobilised via the 6-His tag was not

affected.
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A study into the immobilisation of ferredoxin:NADP+ reductase which has
been genetically modified to possess a pair of surface-exposed histidine
residues was also successfully carried out on LA NTA functionalised
electrodes using copper(ll).2#¢ Catalytic currents for electrocatalytic
oxidation of NADPH mediated with ferrocene (either solution free or surface
tethered) were analysed. Moreover, specific and reversible immobilisation
was concluded from the voltammetric data, where the catalytic current was

absent without in the absence of histidine mutations or the metal.24¢

Collectively, the above literature analysis suggests that while employment
of SAMs for electrode functionalisation with NTA might not be suitable for
long-term applications, there is sufficient precedence to validate its
employment in the initial validation of ArM immobilisation. The high
efficiency of site-specific immobilisation and the ease of electrode
functionalisation, as well as evidence of direct electron transfer (although
not always detectable through CV) is beneficial for interrogating the
feasibility of electrochemically triggered disassembly. Moreover, the ease
with which the LA NTA SAM precursors can be synthesised, either through
a two-step synthesis as established by B. Limoges and co-workers, or
through on-surface EDC/NHS coupling further highlights the beneficial
aspects of this immobilisation approach, especially for preliminary studies
of the ArM.125247

3.1.3 Protein-surface characterisation methods

Characterising on-surface synthesis poses one of the most significant
challenges in surface chemistry. Presently there is a lack of methodologies
enabling interrogation of surfaces structure with similar accuracy as that
achieved in NMR for solution chemistry. Instead, most techniques rely on
the changes the surface modification generates in the physical properties
of the support. QCM technology is a surface characterisation technique that
operates on the principle of piezoelectricity (Figure 3.4).24824% As mentioned

above, while the technique does not provide precise identification of the
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molecular structure of the species on the surface, it effectively detects
mass changes on the surface by measuring frequency oscillation changes

exhibited by the sensor crystal.

Q0
QY b))

of

Time

Figure 3.4 A schematic illustration of the typical plot acquired during the QCM experiments
which represents the decrease in the resonance frequency of the sensor as the
immobilised increases. The inset depicts the working principle of the technique which is
based on the application of an alternative voltage to the quartz crystal causes it to oscillate
in alternating directions; the change of the oscillation frequency is the measured parameter
in QCM.

Electrochemical interrogation is also feasible. Electrochemical impedance
spectroscopy (EIS) allows to characterise the extent of surface
modification prior and after the functionalisation as a function of electron
transfer resistance, also referred to as charge transfer resistance (Rc)
between a redox probe in solution, commonly potassium ferricyanide,
Ks[Fe(CN)e] and the electrode (Figure 3.5).250-252 While EIS does not provide
real-time feedback response like QCM, it can prove to be more sensitive
particularly when it comes to detecting surface changes that are not
accompanied by significant mass differences, such as the incorporation of
NTA functionality. The measure of impedance is more perceptive to subtle

changes in surface properties, such as variations in charge density.
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Figure 3.5 A schematic illustration of the Nyquist plot acquired during EIS measurements
with a characteristic semicircle and a linear region. The size of the semicircle is
proportional to the resistance of the electron transfer (Rct) experienced by the redox probe,
[Fe(CN)¢]* which is the parameter of interest in EIS measurements. More extensive
modifications of the surface result in higher Rc: values. The inset represents the working
principle of the technique where a small amplitude potential perturbation at the E7,, of the

redox probe for multiple frequencies.

3.1.4 Aims

The adaption of the affinity binding motif at the core of the IMAC technology
for electrode functionalisation demonstrates an attractive strategy for
immobilising redox proteins (Figure 3.6) on conducting, supported by its
extensive utilisation across literature. Crucially, the employment of a
6His-tag offers the advantage of minimal requirement for protein
manipulation as this functionality is incorporated regardless in majority of
proteins due to its importance in protein purification. Its favourable terminal
position minimises the risk of protein misfolding and interference with
catalytic activity due to its presence. Among the extensive approaches for
incorporation of NTA functionalities on electrode surfaces, the combination
of sulfur-based SAMs and Au surfaces through the employment of a LANTA
molecule (Figure 3.6) stands out as an appealing approach. Despite the

stability concerns associated with the usage of SAMs, especially in highly
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reducing conditions, such as those required for the reduction of the iron(lll)
azotochelin anchor, their efficient installation onto Au makes them highly

suitable for preliminary testing of the immobilised ArM system.
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Figure 3.6 A scheme adapted from Figure 1.13, illustrating the focus of the work described
in Chapter 3, the SAM modification of the surface and CeuE-6His immobilisation via the

6His-tag, and where it fits within the proposed recycling platform.

The work described in this chapter can thus be divided into two sections
focusing firstly on the modification of the Au electrode with LA NTA SAM
and subsequent immobilisation of the ArM. The objectives required to

achieve both steps can be defined as follows:

e The synthesis and isolation of the LA NTA conjugate in a sufficiently
large yield to ensure it is not a limiting factor in surface modification
experiments.

e Optimisation of a protocol for modification of Au electrodes with
NTA functionalities which yields a highly homogeneous surface.

e Determine the surface coverage of the metallated NTA
functionalities using a redox marker capable of binding in a manner
similar to His-tagged proteins.

e Employ multiples surface characterisation techniques to ensure the

successful immobilisation of the ArM on modified gold electrodes.
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e Develop an experimental methodology for assessing the extent of
site-specific immobilisation of the ArM via the 6His-tag versus non-

specific immobilisation.

3.2 Results and discussion

3.2.1 Lipoic acid-nitrilotriacetic acid conjugate: on-surface

synthesis and SAM characterisation

The synthesis of the lipoic acid-nitriloacetic acid (LA NTA) conjugate has
been pioneered in the group of Benoit Limoges, under the lead of Veronique
Balland and reported to be achieved in a two-step procedure (Scheme
3.1).72% The first step, the formation of an activated lipoic acid (LA NHS),
through the installation of a N-hydroxysuccinimide functionality has been
previously described in the literature to proceed through a relatively slow
reaction although in a sufficiently high yield of 59%.2°3 Subsequent
conjugation of a lysine tethered NTA molecule to the LA NHS in the
presence of triethylamine was shown to successfully form the desired

dithiolane molecule, with minimal requirements for purification.’?®

NHS, DCC H,N-NTA, Et;N

THF, rt, 65 h S-S DMF, reflux, 4 h S-S

LA LA NHS LA NTA
Scheme 3.1 A two-step synthetic strategy proposed for preparing a LA NTA conjugate for

the functionalisation of gold surfaces as described in the literature by V. Balland et al.’?°

Inspired by the simplicity of the above methodology, an attempt was made
to reproduce it for the synthesis of the LA NTA molecule. The derivatisation
of the lipoic acid with an activated ester group, was performed in
accordance with the literature.?>3 Improving the recrystallisation conditions
by substituting toluene with a mixture of ethyl acetate and hexane, the
reaction time was able to be reduced from 65 to 48 hours while maintaining
a comparable yield of 57%. However, the subsequent conjugation of the

activated ester analogue to a NTA lysine derivative (H2N-NTA) in

112



Chapter 3 — ArM immobilisation

dimethylformamide did not yield the product as described in the literature.
The primary limitation was suspected to be the inadequate solubility of the
NTA molecule in the solvent employed, even with prolonged heating. Thin-
layer chromatography (TLC) analysis indicated the conversion of the
starting material to a species exhibiting a peak with m/z 503.23 as revealed
by MS, however, the exact structure could not be determined. An alternative
protocol was found employing a combination of methanol and
tetrahydrofuran as the solvent system, which allowed the reaction to
proceed at a milder temperature.??* The improved solubility facilitated the
formation of the desired product which corresponded to the most
prominent peak in the negative ionisation mode of MS obtained on the
crude reaction mixture (Figure 3.7). Isolating the desired product from the
unreacted starting material proved to be challenging due to the hydrophilic
nature of both molecules, which excluded the used of aqueous work-up or
column chromatography. Multiple recrystallisation attempts were made,

however, satisfactory results could not be achieved.
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Figure 3.7 Mass spectrum (EIS) of the crude product from the synthesis of LA NTA in a

mixture of methanol and tetrahydrofuran.

Multiple reports in the literature describe a simpler approach for the
modification of surfaces with NTA moieties, which effectively circumvents
the aforementioned challenges associated with the separation of HoN-NTA
from the desired product.?4/:25425 The initial surface functionalisation with

a terminal carboxylic acid enables on-surface coupling with the amine of
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the NTA precursor. As a result, the desired product remains adhered to the
surface while the unreacted molecules and excess coupling reagents can
be efficiently removed. The relatively low reactivity of carboxylic acids
towards amide bond formation, particularly when they are immobilised on
surfaces, is a well-known phenomenon.?% To overcome this limitation, a
commonly employed approach involves converting the functional group
into a form that is more susceptible to nucleophilic attack by the amine. The
formation of NHS-activated esters, in parallel to the methodology shown in
the first step of Scheme 3.1 appears to be the most favoured approach in

the literature. 2577259

It was anticipated that QCM-D could be employed to monitor the amide
coupling reaction in situ and track the associated mass changes during the
incorporation of the NTA moiety onto the surface, as well as assess the
efficiency of subsequent nickel chelation. However, the incompatibility of
the tubing material available with organic solvents, necessitates the amide
conjugation to be performed in aqueous conditions. The high pH levels (pH
> 7.5) required to facilitate the reaction, accelerate the rate of ester
hydrolysis leading to lower NTA surface coverage.?69261 Alternatively, the
amide conjugation step can be carried out in an organic solvent and in the
presence of a base, to minimise ester hydrolysis and enhance the
conversion yield, mirroring solution conditions. However, this approach
precludes the employment of QCM to monitor the progress of the reaction

and determine the reaction yield.

Thus, the success of the SAM formation on Au (SAM-02) and subsequent
modification of the head group to yield an NTA-terminated surface
(SAM-03) was monitored through EIS measurements. Following overnight
incubation of the gold electrodes in the solution of NGB-10 to allow
sufficient time for LA NTA to form well-packed monolayers, each electrode
surface was washed and dried before being submerged in a 10 mM solution

of Ks[Fe(CN)e], which was utilised as the redox probe. However, the use of
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ferricyanide was approached with caution as multiple literature reports have
been published discussing the adverse effect of the metal complex on Au
electrodes.?627265 The most prominent hypothesis is the degradation of the
complex in aqueous conditions, resulting in the release of cyanide ions.
These subsequently etch the gold causing the breaking of the Au-S bond,
resulting in the detachment of the SAM molecules from the metal surface.
Aside to employing dark conditions and short analysis time to minimise the
degradation effect, further optimisation efforts were undertaken (not
included within this thesis) to find conditions which will enhance the
stability of the ferricyanide complex. However, the work remains ongoing

and is currently being continued by other members of the research group.

NTA-NH,, (1 equiv)
NGB-10 DIPEA (3.5 equiv)

_ _
EtOH (5% DMSO), rt, 24 h 2 MeOH, rt, 20 h (\>J<2
S S S S
o — —
SAM-01 SAM-02

Scheme 3.2 The protocol employed for the ‘on surface’ synthesis of LA NTA on Au
electrodes (SAM-02) in a parallel manner to the synthetic protocol employed in Scheme
3.1. The conditions for the amide bond formation were optimised for a heterogenous

reaction and thus differ from those employed in solution chemistry.

Figure 3.8 A depicts the overlay of the Nyquist plots obtained at each
modification stage, with the change in plot shape and subsequent R values
being clearly demonstrated. Whereas Figure 3.8 B illustrates the measured
phase angle (¢) for each electrode surface, providing a summary of the
observed monolayer quality, where the theoretical maximum value for a
well-packed monolayer is 90°. The Nyquist plot acquired for the bare Au
electrode is in reasonable agreement in the literature, indicating the electron
transfer between the redox probe and the electrode being predominantly
under diffusion control as evidenced by the significant linear region which
can be modelled as Warburg impedance. Upon incubation of the electrode
in the NGB-10 SAM solution, the resulting surface (SAM-01) displayed a
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significantly higher charge transfer resistance, reflected in the larger
diameter of the semicircle on the plot and indicative of a modification of the
bare Au surface. However, the observed change in plot shape was not
anticipated. The enlarged Nyquist plot can be considered as an additive
combination of two smaller semicircles, both exhibiting similar capacitance
values, although with significantly different resistance as indicated by the
asymmetric shape of the plot. This observation is associated with two
different electron transfer processes occurring as the electrode surface,
each governed by unique kinetic control. The data provides support for the
existence of a heterogeneous surface, which can be attributed to partial
hydrolysis of the NHS ester groups during the measurements in aqueous
conditions and thus giving rise to a mixed monolayer. Following the amide
conjugation step, the SAM-02 surface gave rise to a much smaller Nyquist
plot corresponding to lower electron transfer resistance, which was
accompanied by a decrease in the phase angle value to 70°. Initially, this
observation may raise concerns regarding the stability of the formed SAM

and suggest the deterioration of the film, rather than the successful
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Figure 3.8 A Nyquist plots obtained at each stage of functionalisation of a polished Au disk
electrode (bare Au) to yield an LA NTA capped (SAM-02) through ‘on surface’ synthesis
from a LA NHS terminated surface (SAM-01). The measurements were performed in the
presence of 10 mM Ks[Fe(CN)g¢] in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0.
t(equilibration) = 300's, Eqc = 0.230 V, Esc = 10 mV, f = 0.1 Hz — 10 kHz. The inset provides a
zoomed in view of the Nyquist plot of SAM-02. B A graphical representation of maximum
phase angle obtained for each surface modification step extracted from Bode plots, where
the maximum theoretical value is 90°. The two types of plots were obtained simultaneously

within a single measurement.
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modification of the electrode with NTA functionalities. Particularly, the
successful conversion of the surface termination should result in a surface
bearing deprotonated carboxylic acids. Due to the electrostatic repulsion
between these negatively charged functional groups and the negatively
charged redox probe, an increase in charge transfer resistance would be

anticipated.

An indirect approach can be undertaken to establish the success of the
amide bond formation with the NTA derivative by performing a
voltammetric investigation to determine the surface coverage of the
available nickel(ll) NTA sites. However, as documented across the
literature, the redox silence of the nickel(ll) NTA complex prevents from
direct investigation of the nickel(ll)/(I) redox couples. Thus, R. Blankespoor
et al. developed a redox probe based on ferrocene, Fc(imd)2, which exhibits
a well-defined one-electron redox chemistry for the iron(lll)/(Il) couples.’?®
The ferrocene was derivatised with two imidazole rings to mimic the binding
of proteins through the 6His-tag in a 1:1 ratio, which should facilitate the
calculation of the number of metal NTA sites through integrating the area
under the Faradaic peaks. The published protocol for the synthesis of the
Fc(imd)2 complex [NGB-17] comprised the use of an alcohol ferrocene
derivative [NGB-15] at the starting material, which was not commercially
viable. Instead, a synthetic route was devised to form the NGB-15 in a two-
step protocol from a dicarboxylic acid form of ferrocene, as illustrated in
Scheme 3.3. The first step, the conversion of the starting material to the
methyl ester derivative was achieved with a satisfactory yield of 51% under
acidic conditions, employing a standard esterification protocol. However,
the subsequent step for reduction of the ester functionalities to the
corresponding alcohol groups did not yield the desired product. Despite
using an excess of the reducing agent, lithium aluminium hydride, no

observable reaction occurred.
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Scheme 3.3 Proposed synthetic strategy for the preparation of NGB-15, the starting
material for the synthesis of the 6His-tag mimicking redox probe, NGB-17.

An alternative synthetic pathway was devised utilising a dialdehyde
ferrocene derivative as the starting material, generously provided by Dr Luke
Wilkinson.2%¢ The reduction of the aldehyde functional groups employing
sodium borohydride proved to be significantly more successful than
reduction of the methyl ester functionalities, achieving NGB-15 in a 64%
yield following the optimisation of the column chromatography conditions.
The remaining synthetic steps were performed in accordance with the
literature (Scheme 3.4), resulting in the successful formation of the
Fc(imd)2 redox probe, NGB-17; the characterisation data was consistent

with the literature.126:267
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Scheme 3.4 The synthetic route for the formation of a Fc(imd), complex [NGB-17], a redox
probe capable of mimicking the 6His-tag binding of proteins. The final steps were

performed according to the literature protocol described by R. Blankespoor et al.’?®
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In preparation for the immobilisation of the NGB-17 redox probe, a Au disk
electrode was functionalised in parallel manner to the one described in
Scheme 3.2, although omitting the EIS characterisation step of the SAM-01
surface which was proposed to accelerate the hydrolysis of the NHS ester.
To facilitate the binding of the ferrocene derivative, the SAM-02 surface
was treated with a 10 mM aqueous solution of NiClz for 30 minutes to form
a tetracoordinate nickel(Il) NTA complexes on the electrode [SAM-03]. CV
measurements were performed in a 1 yM NGB-17 solution prepared in 100
mM phosphate buffer containing 250 mM NaCl, pH 7.0. The low
concentration of the probe was anticipated to minimise Faradaic
contribution from the solution dissolved species, with predominant

response being observed from the surface confined ferrocene.
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Figure 3.9 A Cyclic voltammogram (at 50 mV s™) indicative of a successful formation of a
NTA film on the electrode surface through the conjugation of NTA-NH; to NHS ester
terminated surface. Following the conjugation, the electrode was immersed in a 10 mM
NiCl, solution and placed for measurement in a 100 mM phosphate, 250 mM NaCl buffer,
pH 7.0 containing 1 yM of NGB-17 (orange solid line). The peaks associated with Faradaic
current were extracted through manual peak fitting (grey dashed line). B A linear plot (R? =
0.991) of peak current (ipc) versus scan rate (v) illustrating the surface-confinement of
NGB-17 on the SAM-03 electrode. The values were extracted from cyclic voltammograms

of a1 uM solution in 100 mM phosphate buffer, containing 250 mM NaCl at pH 7.0.

The voltammogram shown in Figure 3.9 A displays broad Faradaic peaks
indicative of a surface confined species. Further confirmation was obtained

through the analysis of the current peak (ixc) as a function of scan rate (v),
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which when plotted gave a linear correlation as depicted in Figure 3.9 B.
This subsequently validates the successful formation of the NTA
functionalised electrode through the ‘on surface’ approach as unsuccessful
conjugation of the NTA derivative to the SAM-01 surface would either lead
to the absence of Faradic peaks or a nonlinear relationship in the plot of
current peak versus scan rate. The surface coverage of the surface
confined NGB-17 can be determined using Equation 3.1, thus enabling the
quantification of the available protein binding sites. The surface area of the
electrode (A) used in the equation was determined as the electroactive area,
calculated by integrating the reductive peak observed in the 50%" scan of the

electrochemical polish in acidic solution, performed prior to SAM formation.

n?F?Arv
P 4RT
Equation 3.1 An equation describing the relationship between peak current (ipc) and the

i

surface concentration of a redox species (I'). n = number of electrons transferred; F = the
Faraday constant; A = electroactive surface area of the electrode; v = scan rate; R = the

molar gas constant; T = temperature.

The calculated surface coverage (') of NGB-17 was determined to be 9.7
x10"" mol cm2. The value is notably lower than the 1.05 x10° mol cm™?
reported in the literature for Fc(imd), immobilised on a LA NTA
functionalised Au electrode, prepared from a synthesised LA NTA SAM
molecule as described in Scheme 3.1. The lower surface coverage could be
attributed to a low reaction yield during the NTA conjugation step, as steric
hindrance and reduced reaction kinetics pose significant challenges in

heterogenous reactions.

As explained in Section 3.1.1, incomplete metal chelation is often observed
for NTA terminated surfaces as a result of electrostatic repulsion between
the head groups. It can be hypothesised, that the presence of both metal-
chelated, and non-chelated complexes can balance out the surface charges,

leading to a more thermodynamically stable surface. Given that the number
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of available protein binding sites is already reduced due to incomplete
saturation of the NTA groups with nickel(ll), it is crucial for the NTA
functionalisation step to be high yielding, ensuring the maximum number of
NTA head groups are made available. The challenge associated with an
accurate determination of the reaction yield for ‘on surface’ synthesis,
coupled with lower yields, suggests that developing and alternative
synthetic route to the one outlined in Scheme 3.1 might be worth pursuing

to ensure high immobilisation yield of the ArM.

3.2.2 Lipoic acid-nitrilotriacetic acid conjugate: solution synthesis

and SAM characterisation

The difficulties encountered in obtaining NGB-14 following the synthetic
procedure described in Scheme 3.1 were concluded to result from the
residual presence of the starting material in the reaction mixture. Due to the
highly polar nature of the NTA functionality present in both molecules made,
it posed a challenge to determine a suitable method for isolating the
product, when attempts at recrystallisation were unsuccessful. Increasing
the hydrophobicity of NTA through the introduction of bulky protecting
groups was proposed to facilitate purification through column
chromatography. The tert-butyl (tBu) moiety represents one of the
protecting groups frequently employed in amino acid synthesis, suitable for
both primary amines and carboxylic acids either as N-tert-butyloxycarbonyl
(Boc) or tBu, respectively.?6® The selective addition of the tBu group to the
carboxylic acids necessitates initial protection of the amine with an
orthogonal protecting group; the insensitivity of tBu esters to the
hydrogenation conditions required for removal of benzyloxycarbonyl (Cbz)

prompted the selection of the latter as the NH» protecting group.
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Scheme 3.5 The synthetic route developed for LA NTA [NGB-14] SAM molecule, as an
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alternative to the literature protocol outlined in Scheme 3.1; the utilisation of protecting
group strategies aimed to eliminate the previously encountered issues with purification of

the desired product.

Hence, an alternative synthetic route was developed for NGB-14, which
involved incorporating protecting and subsequent deprotecting steps as
depicted in Scheme 3.5. Through modification of existing literature
protocols to suit the substrates involved in the synthesis, the desired LA
NTA product was obtained in a satisfactory yield, despite the increased
number of steps compared to Scheme 3.1. Embracing the ethos of
developing sustainable synthetic routes, the ‘on surface’ formation of NTA
functionalised electrodes, the SAM-02 surface protocol aligns more closely
with the principles of green chemistry. Hence, it was crucial to assess
whether the extended protocol could be justified by offering a higher quality
of the resulting SAM. A polished Au disk electrode was submerged in a 1
mM ethanol solution of NGB-14 for 24 hours to yield a SAM-04 surface; in
a parallel manner to the formation of SAM-01. The quality of resulting film
was evaluated by employing EIS; once again Ks[Fe(CN)s] was utilised as the
redox marker in solution and charge transfer resistance across the modified
surface was measured. The resulting Nyquist plot and extracted phase
angles from Bode plots are displayed in Figure 3.10 A and Figure 3.10 B,
respectively, along with the data obtained for SAM-02, enabling a direct

comparison between the two approaches.
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Figure 3.10 Comparison for two methods of functionalising Au electrodes with NTA
functionalities through SAM formation; A Nyquist plots, B phase angles extracted from
Bode plots. SAM-02 is prepared through on surface conjugation of NTA molecule to NHS
ester terminated surface (SAM-01); SAM-04 is prepared through the incubation of Au
electrode with NGB-14. The measurements were performed in the presence of 10 mM
Ks[Fe(CN)g] in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0. t(equilibration) = 300 S, Eqc =
0.230V,Esc=10mV, f=0.1 Hz - 10 kHz.

Analysis of the Nyquist plots reveals a significant difference between
SAM-02 and SAM-04 surfaces; performing equivalent circuit fitting
(Section 6.2.6) on the data revealed the R value for the latter being 8.68
kQ higher. This disparity can be attributed to various factors, such as the
variation in the number of defects and pinholes within the monolayer. This
is evident from the larger linear region observed in the SAM-02 correlating
to the Warburg impedance, indicating a greater contribution from diffusion.
arising from the redox probe being able to approach the electrode surface
to a greater extent. This is supported by the data presented in
Figure 3.10 B, which shows a larger phase angle exhibited by the SAM-04
surface reflecting a higher film quality characterised by a greater degree of
packing. The EIS characterisation data suggests that one step
functionalisation of the electrode surface offers better control over SAM
formation. However, it is challenging to determine the specific factors
responsible for the lower quality of SAM-02, whether it is associated with

the SAM formation of NGB-10 or the subsequent amide conjugation step.

Similar to the analysis performed on SAM-02, NGB-17 was utilised to

quantify the number of available protein binding sites present on SAM-04
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and investigate whether the better SAM quality corresponds to a higher
number of NTA functionalities on the surface. To facilitate the
immobilisation of the ferrocene derivative, SAM-04 was prepared as
described earlier following treatment with a 10 mM aqueous solution of
NiCl, for 30 minutes to form a tetracoordinate nickel(ll) NTA complexes on
the electrode [SAM-05]. CV measurements were in the presence of NGB-17
were performed under identical conditions as those employed for the

analysis of SAM-03; the results are presented in Figure 3.11.
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Figure 3.11 A Cyclic voltammogram (at 50 mV s™) indicative of a successful formation of
a NTA film on the electrode surface through the incubation of the electrode in a 1 mM
solution of NGB-14. Following the SAM formation, the electrode was immersed in a 10 mM
NiCl, solution and placed for measurement in a 100 mM phosphate, 250 mM NaCl buffer,
pH 7.0 containing 1 yM of NGB-17 (orange solid line). The peaks associated with Faradaic
current were extracted through manual peak fitting (grey dashed line). B A linear plot (R? =
0.994) of peak current (ipc) versus scan rate (v) illustrating the surface-confinement of
NGB-17 on the SAM-05 electrode. The values were extracted from cyclic voltammograms

of a1 uM solution in 100 mM phosphate buffer, containing 250 mM NaCl at pH 7.0.

Calculation of surface coverage for SAM-05 was achieved by inputting the
ip value extracted from Figure 3.7 A into Equation 3.1; the remaining
variables remain unchanged from the calculation performed for SAM-03.
The obtained I value of ferrocene derivative immobilised on SAM-05 was
equal to 2.40 x10'° mol cm2%; much higher than the value achieved for SAM-
03. The surface coverage obtained was twice the value reported in the

literature by Balland et al. for a surface prepared similarly through direct
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SAM formation of LA NTA, although prepared through a different synthetic
pathway (Scheme 3.1).725 Without further analysis, it is challenging to
determine whether the increase from the literature value is a result of
experimental error or if the conditions employed for SAM formation (such
as room temperature versus 4°C and extended SAM incubation time) have
influenced the outcome. Nevertheless, the significant enhancement in
surface coverage observed in SAM-05 compared to SAM-03 serves as
sufficiently conclusive evidence to justify the adoption of the strategy

involving direct SAM formation of LA NTA, despite the lengthier synthesis.

3.2.3 Efficiency of CeuE-6His immobilisation on lipoic acid-

nitrilotriacetic acid modified gold electrodes

EIS characterization has demonstrated its exceptional value in discerning
subtle variations in the quality of SAMs formed on Au, even when the
majority of surface moieties possess similar chemical functionalities. Thus,
it is of great interest to explore whether similar sensitivity can be attained
upon the immobilisation of a species with higher mass, enabling
differentiation between the immobilised ArM and apo CeuE-6His. It is
anticipated that this would be feasible, given that the presence of the SidCat
which comprises redox-active metals imparts distinct chemical properties,
particularly in the context of electrochemical arrays. The Au electrode was
functionalised as before to yield a SAM-05 surface following the
immobilisation of either apo CeuE-6His (SAM-06) or ArM (SAM-07) as

summarised in Scheme 3.6.

EIS measurements were conducted at each stage of functionalisation to
validate the successful development of the immobilisation platform,
following the previous concerns regarding the potential destructive effect
of ferricyanide on the formed monolayer. However, it is crucial to approach

the data analysis with vigilance since there is a possibility of variations
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Scheme 3.6 The protocol employed for the preparation of SAM-03, NTA functionalised Au
surface obtained through incubation in a TmM NGB-14 solution. The subsequent steps
outline the conditions employed for the nickel chelation step (SAM-05) and the
immobilisation of the protein on the modified electrode, either CeuE-6His (SAM-06) or ArM
(SAM-07).

occurring in any of the steps across all the attempts, which may not be
quantified. The acquired data represented as both Nyquist and Bode plots
is shown in Figure 3.12. A direct comparison of the Nyquist plots enables
the differentiation between each iteration of the surface, as the diameter of
the circle changes distinctly with each subsequent step. This corresponds
to an increase in the Rt value with each subsequent modification step,
which reflects the electron transfer becoming more challenging as the
extent of surface functionalization increases. The distinction between the
Nyquist plots was also possible between the two protein variants, although
surprisingly the immobilised apo protein exhibited a higher Rct value
compared to the ArM. This is hypothesised to be a result of the SidCat's
facilitation of electron transfer, as discussed earlier. The SidCat consists of
two redox-active metal centres that possess the capability to exchange
electrons, which could contribute to the observed difference in Ret values.
More in depth understanding behind the process underpinning the observed

results was beyond the scope of the project.
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Figure 3.12 EIS measurements obtained for each step of surface characterisation to yield
protein functionalised modified electrodes, with CeuE-6His (SAM-06) and ArM (SAM-07)
as outlined in Scheme 3.6. Following each measurement, the surface was regenerated and
further functionalised to minimise surface degradation effect of the measurements. The
measurements were performed in the presence of 10 mM Kjs[Fe(CN)e] in 100 mM
phosphate buffer, 233 mM NaCl at pH 7.0. t(equilibration) = 300 S, Edc = 0.230 V, Eac = 10 mV,
f=0.1 Hz - 10 kHz. A Nyquist plot representation; B Simplified Bode plot representation.

However, a closer examination of the simplified Bode plot enables
additional insights into the formation of the immobilisation platform. There
is a significant difference, approximately a double increase, in the width of
the plot between SAM-04 and SAM-05, corresponding to the nickel
chelation step. This observation suggests the cumulative addition of two
plots with similar peak maxima, though these correspond to two distinct
processes occurring at different frequencies. The implication of this data is
that the metal chelation step was only partially successfully, leading to the
presence of uncoordinated NTA functionalities on the surfaces and yielding
a heterogenous surface, as previously speculated by Balland et al.233 This
highlights the need for caution when analysing data repeats, as the degree
of incomplete NTA saturation with the divalent metal cation may vary
across different experimental attempts. Consequently, different protein
immobilisation patterns can arise with each iteration, illustrating the

challenge of obtaining detailed characterisation data.

While EIS characterization can offer a breadth of information about the

state of the electrode surface and enable tracking of the functionalisation
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steps, it is challenging to utilise it for more in-depth analysis of the
immobilized protein. Electrochemical analysis has confirmed the
successful immobilisation of CeuE-6His based protein assemblies on the
NTA-terminated Au electrodes and revealing a higher immobilisation yield
on SAM-04 compared to SAM-02. However, it does not provide the means
to evaluate the orientation of the immobilised protein, which is a critical
aspect of protein immobilisation to ensure the activity of the immobilised
enzyme is preserved and the access to the catalytic site is not limited. The
decision to use CeuE-6His as the scaffold for the NTA immobilised ArM was
consciously made, as the immobilisation tag is located on the N-terminus,
which is situated on the opposite side to the catalytic site. The reversibility
of the affinity immobilisation strategy in the presence of imidazole,
previously highlighted as advantageous for surface regeneration, can be

exploited for assessing protein immobilisation.

QCM-D data was collected for the immobilisation of CeuE-6His on NTA
functionalised surface, utilising for strategies for SAM formation explored
within this chapter. The Au sensors were chemically polished using Piranha
solution, and the SAM-02 and SAM-03 surfaces were prepared as outlined
in Scheme 3.2 and Scheme 3.6, respectively. The nickel chelation was
carried out in situ, followed by immobilisation of the protein. Subsequently,
imidazole washes of increasing concentration were performed. The
immobilised mass on the sensors was determined by extraction from the
raw data using the Sauerbrey equation (Equation 3.2); the results are shown

in Figure 3.13.

A
Am=—C><—f
n

Equation 3.2 The Sauerbrey equation illustrating the linear relationship between the change
in resonance frequency (Af) of a quartz crystal used in QCM measurements and the mass
changes (Am) on the surface. C = the sensitivity constant of the crystal; n = the odd

harmonic.
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The higher number of available protein binding sites established
volumetrically for SAM-04 in Section 3.2.2, is validated by the significantly
higher immobilisation mass achieved for the sensor in comparison to SAM-
02. However, the most striking result is the minimal protein loss from the
SAM-02 surface even at a high concentration of imidazole, indicating a high
degree of non-specific binding. Due to the limitation of available techniques,
determining the exact composition of the terminal functionalities on the
functionalised surface is challenging. As a result, the non-specific binding
might be a result of multiple factors, however, the most viable explanation

is a high level of electrostatic interactions between the surface and the
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Figure 3.13 The comparison of immobilisation CeuE-6His mass between two NTA
functionalised electrodes prepared via different approaches, SAM-02 and SAM-04. The
values were extracted from the raw QCM-D data (7™ harmonic) and calculated using the
Sauerbrey equation. The change in mass during the imidazole wash steps reflects the
degree of non-specific adsorption. The nickel chelation step has been performed in situ
prior to protein immobilisation. Buffer composition was 100 mM phosphate, 150 mM NaCl

at pH 8.0; T = 21°C; flow rate = 70 yL min™; [protein] = 90 yg mL".
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protein. In contrast, the majority of the protein was lost from the SAM-04
surface during the first imidazole wash, and complete removal was
achieved at 500 mM. This highlights the potential for the complete
regenerate the NTA functionalised surface, offering exciting prospects for

recyclability and cascade development on a single platform.

3.3 Summary and conclusions

Achieving specific and site-oriented immobilisation of the Fe-PBP ArM is
crucial for enabling substrate access to the catalytic site while ensuring
proximity of the redox-active anchor to the electrode surface to facilitate an
electrochemical connection between the ArM and the electrode. The strong
affinity between the nickel(ll) NTA complex and the imidazole rings of a
protein polyhistidine tag was effectively utilised for immobilising an ArM
comprising a CeuE-6His scaffold on an electrode surface. The Au support
was chosen as it offered the highest compatibility with multiple surface
characterisation techniques and ease of functionalisation. The
incorporation of NTA functionalities onto the electrode surface was
achieved by exploiting the high affinity between Au and thiols which results
in the formation of SAMs using the corresponding SAM molecules. While
the work described within this chapter is not the first example of utilising
LA NTA derivatives for the formation of NTA-capped Au electrodes, it
represents the first comprehensive investigation comparing two
approaches for their assembly, focusing on the availability of protein

binding sites obtained through each methodology.

The commonly employed ‘on surface’ approach comprises the conjugation
of an amine derivative of NTA to a Au surface terminated with activated
carboxylic acid functionalities (SAM-01). EIS was successfully utilised to
confirm the successful formation of the SAM of NGB-10 and subsequent
NTA conjugation, as demonstrated by an observed increase in the charge
transfer resistance compared to the bare Au surface. However, the data

acquired for SAM-01 revealed the rapid hydrolysis of the NHS ester
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functionalities during the measurements conducted under aqueous
conditions, thereby highlighting the limitation of the ‘on surface’ approach.
Indirect quantification of the available protein binding sites was performed
by voltammetric interrogation of a surface-confined redox probe, NGB-17.
The results revealed that the surface coverage achieved using this
approach was substantially lower than what has been reported in the
literature for a direct formation of SAMs utilising LA NTA molecules.
Therefore, a synthetic protocol was devised for LA NTA [NGB-15],
addressing the purification challenges encountered when following the
procedure described in the literature. Formation of NTA SAMs using
NGB-15 allowed for achieving higher surface coverage of the available
protein binding sites, which is crucial for achieving a high immobilisation
yield, validating the use of multistep synthesis over a two-step ‘on surface’

synthesis.

While EIS offers valuable insights into the extent of surface modification, it
is limited in its ability to provide a detailed analysis of the orientation of the
immobilised species immobilised on the surface. Thus, QCM-D was
employed to investigate each method of surface functionalisation and
evaluate the level of non-specific binding achieved, by taking advantage of
the reversible interaction between the nickel(ll) NTA and the 6His-tag in the
presence of imidazole. The results showed a significant distinction between
the two NTA-capped electrodes: SAM-02 constructed using the ‘on surface’
approach and SAM-03, which was formed directly through the SAM
formation of NGB-15. The mass of CeueE-6His remaining on the surface of
SAM-02 following imidazole wash was comparable to that observed on the
control surface, comprising LA SAMs. Contrarily, the loss of all protein was
detected on the SAM-03 Au sensor, confirming that the immobilisation was
primarily achieved through the 6His-tag in a homogenous manner with
minimal non-specific binding. This outcome is crucial for the development
of a biocatalytic immobilisation platform with the highest possible catalytic

activity. However, for the successful utilisation of this platform for
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electrochemical triggered disassembly, it is also necessary to be able to
differentiate between the ArM before and after the SidCat release. Following
the previous success of employing EIS for surface characterisation, it was
subsequently used to assess the sensitivity of the technique to the
presence of SidCat within the protein binding pocket. The acquired Nyquist
plots for the ArM and the apo protein successfully showed different levels

of charge transfer resistance on each surface.

While EIS has been demonstrated to be an extremely valuable technique for
studying the surface changes occurring on the electrode surface, it must be
noted that the technique still presents some challenges. Predominantly, in
order to mitigate the influence of ferricyanide induced surface destruction
on the acquired data, it is necessary to regenerate the surface prior to
conducting subsequent measurements. This might present a problem for
monitoring dynamic changes of the system, as only single point

measurements can be taken with great certainty.
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Chapter 4 — Exploring the redox-triggered

disassembly of an immobilised ArM

To accomplish an electrochemically triggered release of the SidCat
conjugate from an ArM immobilised on LA NTA functionalised gold, an
electron transfer must occur from the electrode surface to the redox-active
iron(lll) centre. Limitations associated with the electron tunnelling distance
frequently hinder direct electron transfer (DET), thus necessitating the
employment of redox mediators. The feasibility of DET between the Au
electrode and a redox-active molecule immobilised on the LA NTA surface
was evaluated using a well-characterised fast-electron transfer
metalloprotein, CjX183. The lack of success prompted the search for a
suitable redox mediator, capable of a reversible redox reaction within the
potential range of the Fe(lll)/(Il) reduction exhibited by the iron(lll)
azotochelin anchor as determined in Chapter 2. Bioconjugation of the redox
molecule to the protein scaffold was investigated as an approach for
enhancing the electron transfer through CeuE, which does not possess

inherent electron relay pathways.

Surface characterisation techniques, particularly to achieve the detection of
small structural changes such as the presence or absence of a metal
cofactor within the protein, present challenges due to intrinsic limits of
detection (LOD). The work presented herein predominantly focuses on
evaluating different techniques and methods for both direct and indirect
characterisation of the ArM by determining either the presence or the
absence of the SidCat conjugate. Attempts to overcome the LOD
associated with the study of proteins immobilised on a planar surface are
discussed, including the design of a new electrochemical cell with an

increased surface area for enhancing signal amplitude.
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Declaration

The cyclic voltammetry data for CjX183 immobilised on both bare and LA
NTA functionalised gold electrodes was acquired by Alice Hewson, a fellow
PhD student in the research group who also expressed the protein studied.

| conducted the subsequent data plotting, analysis, and fitting personally.

4.1 Introduction

Stimuli-responsive systems present an attractive pathway to attaining
precise control over complex architectures, enabling selective changes to
be induced. Most prevalent examples include conformational changes or
destabilisations of the system leading to their breakdown.26°-273 Redox
switches have acquired significant attention among the various
investigated triggers, primarily due to the extensive range of structures
capable of undergoing redox reactions. From organic supramolecular
assemblies to metal coordination complexes, both chemical and
electrochemical means have been utilised to trigger redox reactions. Given
the redox gradient present in eukaryotic cells, the investigation of redox
switches in proteins is an area that has surprisingly received comparatively
less attention.?’4 While disulfide bonds and cysteines are frequently
targeted for intracellular reduction reactions, where their modifications
often lead to significant structural and functional changes, their exploitation
as artificial triggers has been relatively limited.2’5-2’7 Metalloenzymes,
despite comprising redox-active moieties that are crucial to their intrinsic
properties, are often overlooked in the field of molecular switches for
controlling their functionalities. However, the exploitation of the electron
transfer properties for external applications is particularly challenging as
within intracellular environments they are frequently integrated within
complex electron transfer networks comprising multiple redox proteins and

cofactors.2’8
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4.1.1 Aims

Following on the successful immobilisation of the Fe-PBP ArM on LA NTA
functionalised Au electrodes in a site-specific manner, the feasibility of
establishing an electrochemical connection with the iron(lll) redox centre
must be explored (Figure 4.1). Results obtained from the characterisation
of functionalised Au electrodes, outlined the previous chapter have
demonstrated DET between the Au electrode and a small inorganic redox
molecule. However, there is no certainty a comparable outcome will be
achieved with a redox metalloprotein. Thus, extensive characterisation is
required to confirm whether the application of a reductive potential causes
the anticipated structural changes within the ArM. The release of the
anchor-catalyst conjugate from the immobilised protein scaffold does not
occur on the macromolecular scale and thus multiple approaches may have
to be explored to identify a characterisation method with a sufficiently high

sensitivity.
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Figure 4.1 A scheme adapted from Figure 1.13, illustrating the focus of the work described
in Chapter 4 on investigating the redox-triggered release of the anchor-catalyst conjugate
from an immobilised protein scaffold, and how it links the work described in the previous

chapters.

136



Chapter 4 — Redox-triggered release

The work described within this chapter brings together the results described
in Chapter 2 and Chapter 3 on redox chemistry of iron(lll) azotochelin, and
ArM immobilised on NTA functionalised electrodes, respectively. To
successfully established whether the methodologies described throughout

this thesis yield an ArM recycling platform, several objectives must be met:

e Employment of a ‘model’ redox-active metalloprotein bearing a 6His-
tag for immobilisation on the functionalised Au electrodes and
interrogation of the redox-active centre through cyclic voltammetry.

e If successful, the same experimental results must be achieved when
the model metalloprotein is substituted with the ArM of interest.

e If DET proves to not be a feasible approach, common redox
mediators must be screened for their ability to reduce the iron(lll)
centre of the ArM. A suitable methodology must be developed to
quantify the amount of released iron and thus anchor-catalyst
conjugate through this approach.

e Electrochemical investigation of the chosen redox mediator to
establish the required potential for the oxidation of the molecule and
subsequent reduction of the iron(lll) azotochelin anchor.

e Development of an experimental procedure for characterising the
structure of the immobilised ArM before and after the application of

reductive potential.

4.2 Results and discussion

4.2.1 Investigating the feasibility of DET for redox proteins

immobilised on LA NTA functionalised gold electrodes

CjX183 (Figure 4.2) is a small c-type cytochrome protein comprising a
covalently-bound haem prosthetic group, naturally incorporated within
Cbp2D, a protein found in Cellvibrio japonicus, a saprophytic bacterium.?’°
A PFV study on the redox protein adsorbed onto the PGE electrode revealed

areversible one-electron electrochemical response with an Ej/2 value of 193

137



Chapter 4 — Redox-triggered release

mV vs NHE measured at pH 7.0, assigned to the Fe(l11)/(Il) redox couple.?8°
The presence of a reversible voltammogram is indicative of an efficient
electron transfer, thus making CjX183 a suitable candidate for assessing
the potential of DET for redox proteins immobilised on the prepared LA NTA

functionalised electrodes.

6His-tag

Figure 4.2 Crystal structure of CjX183 (PDB: 7B21), a c-type cytochrome protein (grey
ribbon) encompassing a haem cofactor (orange cylinders); the chemical structure of the
haem group is shown for clarity.?? The location of the 6His-tag through which binding to

the NTA occurs is highlighted in green.

A parallel PFV data was acquired for CjX183 in buffer conditions analogous
to those reported. However, instead of protein adsorption on the surface of
a PGE electrode, a polished Au electrode was employed to establish a
baseline electrochemical response for the comparison with LA NTA
functionalised Au electrodes. The obtained voltammogram (Figure 4.3 A)
revealed a pair of peaks correlating to the reversible Fe(ll)/(Ill) redox couple
within the haem group, which upon manual fitting was shown to exhibit a
midpoint potential of =26 mV vs Ag/AgCl 3 M NaCl (+164 mV vs NHE). The
peaks were not as well-defined as those reported in the literature which can
be attributed to the lower protein adsorption of gold compared to PGE,
subsequently resulting in reduced current intensity. Supplementary EIS data
was collected to confirm the adsorption of the protein directly onto the

electrode surface and allow differentiation from CjX183 immobilised
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through the affinity tag in subsequent experiments. Qualitative analysis of
the Nyquist plots (Figure 4.3 B) before and after the introduction of the
protein solution onto the electrode, evidently shows a significantly higher
electron transfer resistance for the redox probe illustrated through a larger

semicircle diameter and indicative of a successful protein film formation.
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Figure 4.3 A Cyclic voltammogram of CjX183 adsorbed onto a Au working electrode
(orange solid line) and the associated potential peaks extracted through manual peak
fitting (grey dashed line). The CV was acquired in 50 mM phosphate buffer, 150 mM NaCl
atpH 7.0; v=30mV s™. B EIS Nyquist plots of a polished Au electrode (grey solid line) and
CjX183 adsorbed onto Au working electrode (orange solid line) recorded using 10 mM
Ks[Fe(CN)g] solution in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0. t(equiibration) =
300, Eqc=0.230V, Eac =10 mV, f=0.1 Hz - 10 kHz.

In the subsequent PFV experiment, a cyclic voltammogram of CjX183

immobilised on a LA NTA functionalised Au electrode, prepared as
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described in Section 3.2.3, was obtained. Unfortunately, no discernible
redox peaks were observed under analogous conditions to those employed
in the initial PFV study. The acquired data, along with supporting evidence
from the literature, has unequivocally demonstrated that the haem group of
the CjX183 protein is capable of undergoing efficient and reversible electron
transfer. Thus, the inability to detect the peaks associated with the
Fe(I)/(lll) redox couple can be attributed to the modification of the
electrode surface with the LA NTA linkers. To ascertain whether surface
functionalisation impeded electron transfer by inhibiting protein binding or
increasing the distance for electron transfer beyond the upper limit, surface
characterisation EIS experiments were performed. Figure 4.4 summarises
the comparison of the Rct values for the various types of surfaces
investigated, which provide a direct and descriptive measure of the degree

and the nature of either functionalisation or protein immobilisation.
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Figure 4.4 A comparison of the charge transfer resistance values (Rs) for the
immobilisation of CjX183 on either an untreated gold surface or a LA NTA functionalised
electrode. The numbers have been extracted from the circuit fitting of the relevant EIS
Nyquist plots. Raw data was acquired in 10 mM Ks[Fe(CN)e] solution in 100 mM phosphate
buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300'S, Eqc = 0.230 V, Eac =10 mV, f=0.1 Hz -
10 kHz.
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Initial analysis of Figure 4.4 does not provide an obvious conclusion, as the
charge transfer resistance observed upon the immobilisation of CjX183 on
LA NTA(Ni?*) functionalised electrode is significantly lower than the one for
the modified surface prior to protein immobilisation. It could thus be
questioned whether successful functionalisation of the electrode and
protein immobilisation was achieved, however, the phase angle values of
78.7 £ 4.1° measured for both data sets, LA NTA(Ni?*) and LA NTA(Ni?*)
CjX183, are indicative of a nearly well-packed monolayer. From the similarity
of the R¢t values obtained for protein experiments on both unfunctionalised
and functionalised surfaces, it could be postulated that for the latter CjX183
has directly immobilised onto the gold despite the presence of SAM. The
absence of redox peaks and the characteristic large non-Faradic current
observed for protein films in the voltammogram of CjX183 on LA NTA(Ni?*)
modified gold electrode excludes such a possibility. Thus, despite the
unexpected decrease in the charge transfer value upon immobilisation of
the cytochrome onto the functionalised surface, it can be inferred that the

binding event was successful.

One plausible hypothesis may be that the measured charge transfer value
reflects the electron transfer occurring between the [Fe(CN)¢]* redox probe
and the haem group within the cytochrome which is not affected by the
presence of the LA NTA modification. The similarity between the Rct values
observed for the cytochrome immobilised directly on gold and the one
bound to the modified electrode further supports the above theory.
Consequently, the inability to detect the redox activity of the haem group
can be attributed to the extended distance between the redox centre and
the electrode surface caused by the formation of a self-assembled
monolayer (SAM), surpassing the permissible limit for efficient electron

transfer.

The difference in molecular weights between the CjX183 protein and CeuE,

the ArM scaffold, 11.4 kDa and 35.2 kDa, respectively, illustrates a
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substantial size difference. Subsequently, it can be reasonably inferred that
the immobilised ArM will not be capable of undergoing efficient direct
electron transfer in a similar manner, as the distance between its redox
centre and the electrode is even greater. Thus, to facilitate electron transfer,

the employment of a suitable redox mediator will be necessary.

As discussed in Section 4.1, for a small molecule to be capable of reducing
the iron(lll) azotochelin anchor, it must exhibit redox potential more
negative than that of the Fe(lll)/(ll) couple, =660 mV vs Ag/AgCl 3 M NaCl
(-470 mV vs NHE). The redox irreversibility of Na2S204, the reducing agent
employed in the original literature report precludes it from utilisation as a
redox mediator, necessitating a search for an alternative. Among the
reported classes of biochemically-relevant reversible redox mediators,
viologen and its derivatives stand out as the sole family of compounds
which possess adequately negative redox potentials.?®’ Further modulation
of the reduction potential can be achieved through functionalisation of the
viologen core motif; more extensive N-alkylation gives rise to more negative
E1/2 values.?827284 Consequently, an electrochemical investigation was
performed with two symmetrical viologen molecules to ascertain their
redox potentials relative to sodium dithionite. Solution CVs (Figure 4.5)
were acquired in 100 mM MES, 500 mM NaCl buffer at pH 6.0. The
electrochemical studies outlined in Section 2.2.4 demonstrated a notably
more positive reduction potential (—370 mV vs Ag/AgCl 3 M NaCl) for the
iron(lll) azotochelin anchor at such pH levels, indicating an easier reduction
process, while maintaining the necessary Mi:L1 stoichiometry for protein

binding.

The electrochemical reversibility exhibited by the viologen derivatives, as
indicated by the presence of both cathodic and anodic peaks with a AE of
70 mV, makes those compounds more suitable redox mediators than
sodium dithionite. Despite the literature precedence on the extent of N-

alkylation on the reduction potential values, both MV and EV exhibit an
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identical E1/2 value of =675 mV vs Ag/AgCl 3 M NaCl (=485 mV vs NHE),
nonetheless, it exceeds the redox requirement for the reduction of iron(lll)
azotochelin. However, the increased current observed for EV compared to
MV is indicative of a more efficient electron transfer with the Au electrode,
thereby suggesting its better suitability as a redox mediator for

electrochemically triggered ArM disassembly.
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Figure 4.5 Cyclic voltammograms illustrating the difference in the reducing power of two
viologen derivatives, methyl viologen (green solid line) and ethyl viologen (orange solid line)
relative to sodium dithionite (grey dotted line). Measurements were acquired in 100 mM
MES, 500 mM NaCl buffer, pH 6.0; [reducing agent] = 1.0 mM; v = 50 mV s™. The inset

shows the structure of all the reducing agents investigated.

In order to validate the utilisation of ethyl viologen for the reduction of
iron(lll) azotochelin, especially in complexation with the protein scaffold, its
reducing capacity was assessed through a ferrozine assay. Ferrozine is a
bidentate ligand capable of forming a stable complex with iron(ll) which
exhibits a characteristic Amax value of 562 nm.28> Addition of the chelator to
a reduced sample containing iron azotochelin, sequesters the iron(ll)
preventing its reoxidation and subsequently inhibiting the reformation of the
anchor. The well-established Beer-Lambert Law, described the relationship

between absorbance and analyte concentration, thus allowing the
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quantification of each redox mediator. Both viologen derivatives, alongside
sodium dithionite, were examined for the reduction of the isolated anchor
(Sid), the anchor-catalyst conjugate (SidCat), and each one in complex with
the protein scaffold, P-Sid and ArM, respectively. The apo protein has been
employed as a negative control. In addition to CeuE, Gst, was examined as

an alternative protein scaffold to investigate its effect on the ease with
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Figure 4.6 A plot of iron(ll) concentration released from a series of samples containing the
iron(lll) azotochelin motif, as a result of iron(lll) reduction by three reducing agents, sodium
dithionite (grey), methyl viologen (green) and ethyl viologen (orange). The apo samples
have been employed as negative controls as they do not contain iron(lll) azotochelin. The
iron(ll) concentration has been measured from the absorbance at 562 nm, characteristic
of the iron(ll) ferrozine complex utilised in the assay as the indicator. Redox reaction was
performed in 100 mM, 500 mM NaCl buffer at pH 6.0; [reducing agent] = 40-fold excess;
[ferrozine] = 4-fold excess. Iron(ll) concentration has been calculated using the linear
regression equation obtained from a calibration curve. Sid, iron(lll) azotochelin; SidCat,
iron(lll) azotochelin catalyst conjugate; apo, protein without a cofactor present; P-Sid,
iron(lll) azotochelin in complex with the protein scaffold; ArM, iron(lll) azotochelin catalyst
conjugate in complex with the protein scaffold. Even though it was not reflected in the

sample nomenclature, all protein scaffolds employed comprised an N-terminal 6His-tag.
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which the SidCat is released upon iron(lll) reduction. Gst is a thermophilic
homologue of CeuE found in Geobacillus stearothermophilus, currently
investigated in the Duhme-Klair research group for improving the catalytic
performance of the ArM.286287 The results of the ferrozine assay are
summarised in Figure 4.6, which depicts the dependence of the reduced

iron concentration for each sample on the reducing agent employed.

Successful reduction of iron(lll) in solution was achieved for all investigated
samples with both viologen derivatives demonstrating a comparable
reducing power to sodium dithionite. Isolated Sid and SidCat complexes
achieved nearly 100% reduction yield, with the redox reaction yield
decreasing as anticipated upon binding of the two complexes to the
proteins due to anchor stabilisation within the protein binding pocket due to
tyrosine coordination. Notably, the protein complexes of Sid and SidCat with
the Gst scaffold exhibited increased difficulty in anchor reduction as
evidenced by the considerably lower iron(ll) concentrations observed
across all reducing agents. This could be partly attributed to the smaller Kq4
values observed for Gst complexes, corresponding to stronger cofactor
binding, relative to those formed with the CeuE scaffold (Table 4.1).28¢
Alternatively, the narrower opening of the binding pocket in Gst as shown
by its crystal structure may limit the accessibility of the reducing agents,
hindering the necessary proximity for efficient electron transfer to occur.?8’
Nonetheless, the data obtained from the reduction assay confirms the
suitability of EV as a potential redox mediator in its reduced form (EVeq)
whose formation can be triggered through either electrochemical or

chemical methods.
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Table 4.1 Dissociation constant (Kq) values measured by Dr A. Miller for different protein
complexes comprising the iron(lll) azotochelin motif. Additionally, the concentration of

reduced iron using ethyl viologen as the reducing agent is shown for each complex.

Protein scaffold  Cofactor Ka / nM%88 Reduced [Fe] / pM
Sid 49+0.7 96.0
CeuE
SidCat (ArM) 23.4+3.2 79.9
Sid 3.5+0.7 40.0
Gst
SidCat (ArM) 9.9+0.9 42.5

4.2.2 Direct detection of SidCat release from the Fe-PBP ArM

Direct electrochemical interrogation of immobilised redox proteins is the
default technique of choice for studying the effect of changes in the
oxidation of states occurring within the metalloprotein. In instances when it
is not possible, alternative techniques can be employed. However, these
predominantly focus on detecting global changes to the protein structure
and may overlook more subtle changes. As the loss of the SidCat cofactor
from the protein scaffold is only associated with a change of 1.06 kDa
versus 34.2 kDa of CeuE-6His it was of concern that the dynamic reduction

process would not be detectable.

Building on the successful utilisation of QCM-D for observing the dynamic
binding and release events for P-Sid(CeuE-6His) on LA NTA functionalised
Au sensors, further investigation was performed to determine its suitability
for detecting and monitoring the release of the SidCat from an immobilised
protein scaffold. An acidic Piranha solution was employed to polish the Au
sensors, prior to their functionalisation with the NGB-14 linker, parallel to
the protocol utilised for the modification of Au electrodes. The chelation of
nickel to the immobilised NTA groups was conducted in situ to prepare the
surface for protein binding. The successful formation of NTA(Ni?*)
complexes was confirmed through the decrease in surface dissipation with
an average of 0.33 + 0.01 x10°® ppm, attributed to the increased surface

rigidity upon chelation of the carboxylic acids to the metal centre in a
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defined coordination geometry. Following the immobilisation of both ArM
and CeuE(6His), with the latter employed as a negative control, the sensors
were exposed to an increasing gradient of Na2S204, incorporating buffer
washes between each gradient step (Figure 4.7). Sodium dithionite was
chosen for this experiment due to the simplicity associated with its
employment, as it does not require an initial reduction step to trigger the

disassembly of the ArM.
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Figure 4.7 Plot of frequency changes (7" harmonic) as a function of time and the
composition of the flowing solution over LA NTA functionalised Au sensors obtained
during QCM-D experiments. The nickel chelation step has been performed prior to protein
immobilisation; however, it has been omitted for clarity. Buffer composition was 100 mM
phosphate, 150 mM NaCl at pH 8.0; T = 21°C; flow rate = 70 yL min™; [protein] = 90 uyg mL-
. The stamp points of each step are indicated with vertical lines, buffer was carried out

between each reagent (grey dotted line) to equilibrate the surface.

Upon immobilization of the protein samples, as anticipated, a substantial
negative shift in Af was observed, indicating the immobilisation of mass
onto the sensor surface. The shift displayed a noteworthy disparity between
the CeuE-6His and the ArM, enabling differentiation of the mass change

associated with the presence of the SidCat. Unfortunately, both surfaces
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(apo CeuE and ArM) displayed a similar pattern of frequency changes upon
exposure to the reducing agent, although to varying extents, indicating that
these changes were unrelated to the presence of SidCat. Previous studies
have shown the structural integrity of the protein scaffold remains
unaffected in the presence of Na2S204 and thus the control sensor, which
lacks the SidCat conjugate, should not have exhibited a change in frequency
correlating to a reduced immobilised mass. As described in Chapter 3,
frequency and mass changes exhibit a linear relationship as described by
the Sauerbrey equation which allows to surmise that the Af of 25.1
correlates to a mass change of 63.4 ng cm?, a disproportionately large
value to correspond to the loss of a 1.06 kDa molecule for each immobilised
protein. A more plausible hypothesis would attribute the observed mass
change to the removal of the ArMs from the surface, as a result of
perturbation to the affinity binding between the 6His-tags and NTA(Ni?*)
groups. However, parallel studies performed in the Duhme-Klair research
group on anchor release from ArMs immobilised on commercial supports,
have failed to provide evidence for nickel(ll) reduction by Na2S204, which

would have led to the loss of protein from the surface.

The oscillations experienced by the sensor are known to be particularly
sensitive to solution changes, including fluctuations in pH and viscosity,
which occur upon the dissolution of Na2S204. Thus, control QCM-D
experiments were performed to investigate the effect of the reducing agent
concentration on the extent of the frequency shift for both CeuE-6His and
ArM surfaces. In combination with the above study, sodium dithionite in
concentrations of 50 mM, 100 mM and 1 M were explored. The difference
in the change of frequency prior to protein immobilisation and following a
buffer was calculated and plotted in Figure 4.8. At first glance, a pseudo-
linear relationship can be assumed for the relationship between the mass
lost from the surface and the concentration of the reducing agents.
However, the large and overlapping standard deviation values, particularly

at higher Na2S204 concentrations, present a challenge for drawing definitive
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conclusions. The observed frequency changes for both ArM and CeuE-6His
comprising experiments, allow to speculate the existence of surface
processes occurring in addition to the disassembly within the timescale of

the experiments, which obscures the detection of SidCat release.

It would be of interest to explore whether the observed phenomenon is
specific to Na>S»04 or if it can be circumvented by employing an alternative
reducing agent, such as ethyl viologen. However, the need for an initial
reduction step on viologen derivatives poses a challenge when one wants
to avoid the addition of an extra chemical reducing agent. Although an
application of a reducing electrochemical potential can be employed for the
same effect, the unavailability of the electrochemistry module precluded
this study from being carried out. Performing a control study in the presence
of a non-reduced ethyl viologen would have provided valuable insights, into
evaluating whether the frequency remains stable in its presence when no
redox processes should be occurring. However, the limited access to the

instrument has served as a motivation to explore an alternative technique.

EIS has proven to be a valuable approach for characterising the
immobilisation of proteins on LA NTA functionalised gold electrodes,
demonstrating the ability to distinguish between the CeuE-6His and the ArM
based distinct charge transfer resistance values, as described in Section
3.2.3. Those measurements were obtained as discrete data points, with
each modification step being studied on a separate electrode. Thus, before
assessing the capability of EIS for detecting SidCat release and
subsequently ArM disassembly, it was investigated whether it could be
employed for monitoring dynamic changes occurring on the surface. To
complement the successful QCM-D study to monitor the imidazole-
triggered release of CeuE-6His from the LA NTA functionalised surface, an

attempt was made to replicate the results using EIS.
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Figure 4.8 A plot illustrating the variations in the frequency change prior to and following
the addition of a reducing agent, as a function of sodium dithionite concentration. values
were extracted from QCM-D experiments performed in a parallel manner to those
represented in Figure 4.7. The data has been collected for surfaces where either the apo
CeuE-6His, anticipated to act as a negative control, or ArM samples were immobilised of
LA NTA functionalised Au sensor, with nickel chelation performed in situ, prior to protein

immobilisation.

The preparation of the LA NTA(Ni%*) electrodes was performed as per the
approach employed in the EIS studies reported in Chapter 3. Following the
immobilisation of CeuE-6His, the modified electrode was characterised with
EIS, washed with an excess of buffer and immediately incubated in an
imidazole (imd) solution, prior to taking a final EIS measurement. The
acquired data, represented as Nyquist and Bode plots are shown in Figure
4.9.

As outlined in Chapter 3 high concentrations of imidazole are capable of
displacing the 6His-tag within the coordination sphere of nickel(ll), resulting
in the loss of protein from the surface.?’’ The charge transfer values,
represented by the diameter of the semicircle in the Nyquist plots (Figure

4.9 A), provide valuable insight into such process as they report on the
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extent of surface modification. Upon the loss of molecules from the
surface, the Ret value is expected to reduce as a thinner layer exhibits a
smaller resistance towards electron transfer between the electrode and the
redox-active probe in the solution. Thus, the significant shift in the size of
the Nyquist plots observed after incubation of the electrode in the imidazole
solution is consistent with the release of the protein from the surface.
Examination of the simplified Bode plots before and after incubation with
imidazole (Figure 4.9 B) confirms that the integrity of the surface was
preserved as the phase angle was relatively unaffected, remaining at the
experimentally achieved maximum value of 80.4 + 0.1°, indicating a well-
packed monolayer remaining on the surface. However, the Rt value of 20.8
kQ for the electrode surface exposed to the imidazole solution is not directly
comparable to the 56.79 kQ value obtained for a LA NTA(Ni?*) during the
characterisation study reported in Section 3.2.3. As both measurements
are assumed to be conducted on surfaces with identical modifications, they
should ideally yield identical results within experimental error. The
discrepancy in the Rt values does not necessarily imply that the imidazole
release was unsuccessful but rather reflects inherent issues associated
with the study of SAM functionalised electrodes using EIS, detailed further

at the end of this section.
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Figure 4.9 EIS data obtained for an electrode functionalised with LA NTA(Ni?*) SAMs and
immobilised CeuE-6His. The measurements were taken on an assembled electrode (grey
solid line) and after incubation in a 500 mM imidazole (imd) solution in 100 mM phosphate,
150 mM NaCl (pH 8.0) for 60 seconds (orange solid line). Data was acquired in 10 mM
Ks[Fe(CN)g] solution in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300
S, Eqc=0.230V, Esc =10 mV, f=0.1 Hz — 10 kHz. A Nyquist plot data representation; B Bode

plot data representation.
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The previous results obtained for the characterisation of the functionalised
Au electrode, as presented in Chapter 3, have provided valuable insight into
the expected changes in the Nyquist plots upon the disassembly of the ArM.
The release of the SidCat is anticipated to lead to a decrease in the charge
transfer resistance value, which would be reflected in a smaller diameter of
the semicircle. While accurate quantitative analysis may not be possible,
qualitative comparison should still allow to evaluate the feasibility of using
EIS for studying the release of SidCat. Thus, a Au electrode was
functionalised with LA NTA SAM molecules, and following the chelation of
nickel, the Fe-PBP ArM was immobilised on the surface. Subsequently, the
electrode was immersed in a solution of Na>S»04 to trigger the disassembly
of the ArM and following a wash with excess buffer, immersed in a solution
of SidCat to initiate the reassembly of the ArM. EIS characterisation was
performed at each step, and the obtained Nyquist plots are shown in Figure
4.10 A. The reduction step resulted in a significant decrease in the size of
the Nyquist plot, indicating a substantial decrease in charge transfer
resistance. However, the extent of the shift was far more substantial than
anticipated in the characterisation studies and more resembles the change
associated with the loss of protein from the surfaces as observed in Figure
4.9. Therefore, it was not unexpected that after immersing the electrode in
the solution of SidCat which was intended to induce the reassembly of the
ArM and revert the Nyquist plot to its pre-reduction shape, a further

decrease in the semicircle size was observed.

To elucidate whether the obtained results obtained were specifically
attributed to the presence of the chemical species, a control experiment
was performed. The Fe-PBP ArM was immobilised on a freshly
functionalised Au electrode and was subjected to the same treatment as
before, with the exception that the buffer solutions did not contain the
reducing agent nor the SidCat. As in the previous experiment, the electrode
was characterised using EIS after each immersion in the buffer solutions

(Figure 4.10 B). A similar pattern to the one observed in Figure 4.10 A was
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recorded, with a decrease in the size of the semicircle size decreasing
following each step. The presence of changes in the Nyquist plots,
regardless of whether the intended chemical species were present,
highlights one of the major challenges encountered when using EIS to

monitor dynamic changes on the electrode surface.
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Figure 4.10 EIS Nyquist plots for an electrode functionalised with LA NTA(Ni?*) SAMs and
immobilised ArM monitoring the reversible disassembly of the ArM. A The electrode was
exposed to a solution of a reducing agent, Na>S;04, followed by a solution of SidCat; B The
electrode was immersed in a 100 mM MES, 500 mM NaCl buffer (pH 6.0), followed by 200
mM MOPS, 150 mM NaCl buffer (pH 7.5). Data was acquired in 10 mM Ks[Fe(CN)e] solution
in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300 S, Edqc = 0.230 V, Eac
=10mV, f=0.1 Hz - 10 kHz.

It is believed that exposure of SAMs to different solution compositions,
including variations in pH levels, can induce changes that affect the
resistance of electron transfer between the electrode and the [Fe(CN)¢]*

redox probe, without affecting the structural integrity of the monolayer.
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Unfortunately, no suitable techniques were available to directly interrogate
the structure of the surface and confirm the specific changes associated

with the observed EIS drifts under identical experimental conditions.

Work performed within the Parkin research group by myself and other
researchers has highlighted the sensitivity of EIS to even minor variations
within the monolayer. These are frequently not structural, yet lead to
significant differences in the acquired data, manifesting as high amplitude
signal variations. The phenomenon of EIS signal drifts has been
documented in isolated literature reports, although not as extensively as
may be expected.?%® Those findings preclude the use of EIS as a quantitative
technique, as demonstrated above by the discrepancies in Rt values
between the two surfaces that were expected to exhibit identical
functionalisation. The fluctuations observed in acquired EIS data can be
attributed to several factors, including the adverse interaction between
[Fe(CN)e]* and the gold electrode surface resulting in decreased stability of
the SAM over time (Figure 4.11).263264 Dynamic reorganisation and
redistribution of the monolayer which gives rise to pinholes and defects,
facilitating electron transfer has also been shown to contribute to EIS
drifts.?88 The latter can occur in response to changes in potential, leading to
charge redistribution, or changes to solution composition, as demonstrated
by the control experiment performed in the ArM reduction study (Figure
4.10 B).

Several attempts have been made to stabilise the signal and enhance the
reproducibility of the acquired data. Ruthenium(lll) hexammine chloride,
[Ru(NHs)¢]Clz has been investigated as an alternative redox probe in
solution, due to its reported non-adverse interaction with gold in the
literature.262289.290 However, low amplitude signals were observed, posing a
challenge in distinguishing between different modification steps, which
could be attributed to the differences in complex charges and electron

transfer mechanism exhibited by the two probes. Some progress has been
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made towards achieving more stable results through a combination of
buffer composition changes and pre-treatment strategies to stabilise the
monolayer prior to protein immobilisation.?632°1 However, the obtained
results have not been fully supportive of the success for those approaches
to support their utilisation for this project. The limited timeframe of this
project has thus required to search for alternative methods, not relying on
the direct characterisation of the immobilised molecule for detecting the

release of the SidCat conjugate from the protein scaffold.
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Figure 4.11 A plot of R values as a function of time for an electrode functionalised with
LA NTA(Ni?*) SAMs and immobilised ArM. The Rc; values were extracted from EIS Nyquist
plots following a circuit fitting. Raw data was acquired in 10 mM Ks[Fe(CN)g] the solution
in 100 mM phosphate buffer, 233 mM NaCl at pH 7.0; t(equilibration) = 300 s, Eqc = 0.230 V, Exc
=10mV, f=0.1 Hz - 10 kHz.

4.2.3 Indirect detection of SidCat release from the Fe-PBP ArM

The measurement of catalytic performance is an effective tool for
assessing the activity of an immobilised enzyme, as long as the catalytic
response is above the limit of detection (LOD) for the chosen detection
technique. The notable difference in the enantioselectivity of the imine

reduction reaction between the ArM and isolated SidCat, 35.4 + 0.1% ee
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versus < 3% ee respectively, provides a reliable metric for distinguishing
between the assembled and disassembled states of the ArM.>* However,
the determination of the reaction enantioselectivity requires the
employment of high-performance liquid chromatography (HPLC), which
does not facilitate a streamlined monitoring process. The catalytic rate of
the imine reduction can serve as another distinguishing parameter between
the ArM and the SidCat, with the isolated catalyst exhibiting much faster
reaction kinetics as demonstrated by a TOF value of 6.0 + 0.3 min™ in
comparison to the ArM, which was shown to have a TOF of 0.30 £ 0.01 min’
1,54 |f either the substrate or product exhibits favourable fluorescence or
absorbance, the determination of the catalytic conversion yield over time,

and consequently the reaction rate, can be easily performed in situ.

To verify the feasibility of using the catalytic rate for distinguishing the ArM
before and after disassembly, a control experiment was conducted under
the conditions relevant for ArM immobilisation. However, due to the already
low catalytic rate of the Fe-PBB ArM and the commonly encountered
reduced rate upon enzyme immobilisation, it was of concern that the
conversion rate would be below the LOD. Previous QCM (Section 3.2.3) and
EIS (Section 4.2.2) experiments have demonstrated the efficiency of
imidazole stripping as a reliable method for releasing the protein from the
surface with a quantitative yield. The ability to recover the immobilised ArM
from the NTA surface introduces new possibilities for protein
characterisation, particularly as sample concentration can be easily

increased for proteins in solution.

Unfortunately, the commonly used substrate for assessing the catalytic
activity of ATHases, 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
(Figure 4.12) is not suitable for either fluorescence or absorbance
measurements. Similarly, the reaction product, salsolidine does not exhibit
the necessary physical properties. However, harmaline (Figure 4.12) a

naturally occurring alkaloid containing an imine functionality, can serve as
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a viable alternative for the reaction substrate. The imine has been
demonstrated to exhibit suitably high fluorescence, with an excitation
wavelength of 380 nm and emission wavelength of 486 nm in the catalytic
buffer, 0.6 M MES and 3 M sodium formate at pH 7.0.28¢

A 0.6 M MES
0] ]
- 3 M Na formate -
™~ = ~
S oH 6.0 ©

0.6 M MES

3 M Na formate
MeO \ MeO \
N pH 7.0 N
H H

Figure 4.12 Reaction schemes for the imine reduction catalysed by ATHase ArM. A

Conversion of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline to the corresponding
secondary amine product, however, neither are suitable for fluorescence measurements in
situ; B Conversion of harmaline to the corresponding secondary amine product, suitable

for fluorescence measurements in situ.

Prior to commencing the experiment, a calibration plot was constructed by
measuring the fluorescence of harmaline as a function of concentration (11
pum to 100 ym) using an automated plate reader. Regrettably, it was not
possible to obtain a linear relationship within the concentration range of
interest which was attributed to the phenomenon known as the inner filter
effect.?°? This frequently occurring problem in fluorescence spectroscopy
is associated with the substrate possessing a chromophore absorbing at
the wavelength equivalent to the excitation wavelength resulting in the
absorption of the excitation energy. Efforts are underway to develop
methods for the correction of the fluorescence response; however, the
presence of a chromophore within the molecule offers an alternative

detection method. The calibration curve constructed from the absorbance
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measurements successfully exhibited a linear relationship within the

concentration range from 10 pm to 276 uym with an R? value of 0.998.

Following multiple iterations of condition optimisations, an absorbance
assay was performed for the imine reduction of harmaline. The catalyst
activity was measured as the function of decreasing substrate
concentrationin 0.6 M MES, 3 M sodium formate buffer, pH 7.0 at 25°C. The
reactions were performed with 0.25% catalytic loading for both SidCat and
the ArM; parallel negative controls were prepared where no catalyst was
added. The absorbance was measured at 405 nm every 15 minutes for 73
cycles and the substrate concentration was subsequently calculated from
the linear calibration equation and plotted as a function of time in Figure
4.13. As anticipated, the reaction rate recorded for the SidCat was much
higher compared to that observed for the ArM, evident from the steeper
gradient in the kinetic profile.>* However, the rate catalyst exhibited by the
ArM at a catalyst concentration of 0.92 uM was unexpectedly slow to the
extent that it remained undetectable within the timescale of the experiment.
This issue would be readily resolved by employing a higher concentration
of the ArM. However, calculations based on the theoretical maximum
concentration that can be release from the surface of an electrode indicate
a maximum value of 0.013 yM. Consequently, this implies an alternative
detection method needs to be developed or an electrode with a larger
surface area is required. If the latter approach is employed and the
concentration parallel to the tested was attained following ArM release
from the surface, the successful determination of ArM disassembly would
be indicated by the lack of a catalytic turnover. As the absence of a signal
can be attributed to multiple factors it does not represent the most accurate

way of determining the success of the SidCat release.
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Figure 4.13 Kinetic profile for the imine reduction of harmaline catalysed by either SidCat
(orange diamond points) or ArM (green circle points) as a function of decreasing substrate
concentration. The controlled reactions in the absence of the catalyst are shown in grey.
The harmaline concentration was calculated using the linear relationship obtained from
the calibration plot; the absorbance was measured at 405 nm. The reaction was performed
in 0.6 M MES, 3 M Na formate buffer at pH 7.0 (25°C); [harmaline]stat = 368 uM; [catalyst]
= 0.92 uM (0.25% catalyst loading).

The possibility of the ArM release from the surface following the
disassembly and performing the subsequent characterisation of the
obtained solution, presents an opportunity for exploring other commonly
employed and reliable protein characterisation techniques. MS
spectroscopy of biomolecules provides the advantage of accurately
determining the molecular mass of the samples under investigation. The
1 kDa mass difference between the apo CeuE-6His and the corresponding
ArM means it should be feasible to readily determined whether the SidCat

cofactor is incorporated within the binding pocket.

A control experiments was conducted to establish the correct
measurement conditions to facilitate the ionisation of the protein sample.
Mass spectra were acquired for solution containing 1 uM of either the CeuE-

6His or the ArM prepared in the standard MS solvent constituting a 1:1
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mixture of H,0 and MeCN in the presence of 0.1% formic acid. After
performing spectrum deconvolution, a high intensity peak corresponding to
an m/z of 34079.40 was observed for the apo protein sample. The value
was found to be 107.89 lower than the expected molecular peak with an
m/z of 34187.29. The two subsequent peaks were separated by
approximately 23.0, suggesting they corresponded to the sodium salts of
the species associated with the peak at 34079.40. However, several
literature reports describe the truncation of the N-terminal methionine
residue during protein expression in eukaryotic cells.?°32% The absence of
methionine (CsHoNOS) would result in a new molecular weight of 34056.10
for the the CeuE-6His protein, corresponding to the molecular formula of
C1540H2474N4040457S3. The peak of interest has an m/z only 23.0 higher than
the new predicted mass of the [M-MET]* protein, which allows to assign the
peak as the [M-MET-Na]* species. However, the predicted mass of the
molecular ion peak for the ArM comprising the truncated CeuE-6His protein
scaffold is 35112.10. In the spectrum measured for the ArM sample, the
highest intensity corresponds to the m/z of 34057.36; the mass difference
of 1056 corresponding to the SidCat conjugate. The sodium ionisation
pattern observed is also identical to the one present in the spectrum of
CeuE-6His. It can thus be concluded that either the integrity of the ArM was
not preserved during the ionisation or the solution conditions, which
included 50% of organic solvent, had a denaturing effect on the protein. The
subsequent unfolding of the protein compromised the binding between the

CeuE-6His and the iron(lll) azotochelin anchor.

In Chapter 2, native ESI-MS was utilised to analyse a complex of iron(lll)
azotochelin as it was necessary to preserve the non-covalent interactions
within the complex upon entry of the analyte into the gas phase. The same
approach can be employed for preserving the non-covalent interaction of a
protein, which play a crucial role in the maintaining correct folding of the
tertiary structure and any non-covalent interactions with small molecules.
Thus, 10 yM samples of both CeuE-6His and the ArM (Figure 4.14) were
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prepared in a 10 mM NH4OAc solution, and the spectra were acquired with
the assistance of Dr A. Dowle, who aided in finding optimal operating
parameters for acquiring well-resolved spectra. Similarly, to the spectra
obtained under denaturing conditions, a high intensity peak was observed
at an m/z of 34079.28. Consistent with previous observations, the peak was
attributed to a [M-MET+Na]* species as anticipated. As the ionisation of
molecules is more extensive under native conditions due to presence of
charged buffer species in the sample, a more extensive sodium salt

ionisation pattern was observed.
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Figure 4.14 The deconvoluted mass spectrum acquired under native conditions for the
sample containing 10 pM of the ArM. The peaks for both CeuE-6His and the ArM are

observed with the separation distances being in agreement with the mass of the SidCat.

Employing native conditions for acquiring the spectrum of the ArM sample,
allowed to observance a new peak corresponding to an m/z of 35113.50, in
addition to the peak at m/z 34057.67 associated with the apoprotein. The
mass difference of 1055.25 between the two peaks corresponds precisely
to the mass of SidCat, allowing to conclude that the SidCat remained bound
to the CeuE-6His during the ionisation process, and the intact ArM was
successfully detected. Testing several sample concentrations allowed to

determine that a minimum sample concentration of 10 yM, with a minimum
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volume of 25 pL, was necessary to achieve a successful acquisition. The
MS analysis requires a higher sample concentration in comparison to the
catalyst assays. However, it provides a positive signal response in the
presence of the ArM, offering a high level certainty on the species present

as compared to the absence of a response.

4.2.4 The design and development of a new electrochemical cell

The availability of sample for characterisation studies, following ArM
reduction is limited by the amount of protein that can be immobilised on the
electrode surface. Theoretical surface coverage calculations assume
maximum protein packing within homogenous layer and do not take into
consideration the effectiveness of the immobilisation approach. However,
under experimental conditions, the immobilisation efficiency is extensively
influenced by both steric hindrance and electrostatic repulsion, as well as
the availability of NTA(Ni?*) sites. The immobilisation of proteins on
NTA(Ni%*) functionalised surfaces has been modelled by V. Balland et al.,
illustrating the variations in surface terminations which adversely impacts

the protein immobilisation yield.233

To compensate for the immobilised protein concentration being lower than
predicted by theoretical calculations, an alternative electrochemical set-up
was designed and made in collaboration with technical workshops.
Standard disk working electrodes tend to be only available in diameter size
of 1.5 mm and 3.0 mm. Thus, an increased surface area was achieved by
employing a Au-coated silicon wafer (@ 10 cm) as the working electrode.
However, such wafers do not possess inherent connections required for
their incorporation into electrical circuits, necessitating the construction of
a connection between the wafer and the potentiostat cable. It was proposed
that a platinum wire, coiled within a glass rod, would allow for the current to
pass through and transform the Au wafer into a working electrode upon

contact with the platinum. The remaining two electrodes, reference and
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counter electrodes, were analogous to those used in the electrochemical
setups throughout this thesis. The bespoke electrochemical cell was
constructed in two detachable parts: a nylon base with an engraved slow to
allow for a close fit of the wafer electrode and a glass lid, containing
multiple ports for the electrodes and gas lines. The fragility of the wafer
necessitated the employment of a nylon ring to be situated between the two
parts for additional cushioning and protection of the wafer during the
assembly of the whole cell. Regrettably, the presence of the protective ring
resulted in the effective surface area of the electrode being reduced to
38.5cm? (@ 7 cm) from 78.5 cm? (@ 10 cm).

Preliminary CV measurements were performed in 0.6 M MES, 3 M Na
formate buffer, pH 7.0, to assess the functionality of the design above as a
viable electrochemical cell. In the absence of redox-active species,
significant background noise was observed, with sufficiently high amplitude
to obscure any iron(lll)/(ll) Faradaic peaks from an immobilised ArM.
Further interrogation concluded the source of the non-Faradaic signal to be
the connection between the ‘bridging’ platinum wire and the Au wafer. Thus,
invalidating the use of the cell without further development, which was not

possible within the time constraints of the project.

Nonetheless, parallel to QCM-D and EIS experiments described in Section
2.2.3 and Section 4.3.2, respectively, an imidazole triggered release
experiment was performed to assess the suitability of the Au wafer to serve
as the immobilisation support for the ArM. A chemically polished Au wafer
was functionalised with LA NTA SAMs, as per standard protocol, and
positioned within the nylon support. Following nickel chelation and ArM
immobilisation, employing conditions established from previous QCM-D
and EIS experiments, the modified Au surface was incubated with a 500 mM
imidazole solution for 30 minutes. All three solutions were collected and
subsequently concentrated: the nickel chelation solution served as a

negative control (-ve), the ArM solution as a positive control (+ve), and the
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imidazole wash as the experimental solution (exp). The three samples were
processed through desalting columns, lyophilised, and dissolved in buffer
suitable for native ESI-MS. The presence of the ArM was successfully
identified in the +ve control, in parallel with the controlled MS studies
described in Section 4.2.3. However, MS analysis of the exp sample was
not possible due to high amplitude peaks corresponding to the presence of
imidazole, obscuring any other signals, if present. Thus, before the Au wafer
was validated as a suitable immobilisation surface, an alternative sample

clean-up protocol, such as dialysis, would be necessary.

4.2.5 The redox ‘hedgehog’ variant of the Fe-PBP ArM

Utilisation of either the Au wafer or the platinum wire as the working
electrode will be associated with similar challenges linked to the maximum
distance for efficient electron transfer and mass transfer limitations.
Incorporation of a redox mediator within the proximity of the protein and the
redox centre of the anchor is hypothesised to circumvent those issues
through localisation of the electron transfer. Multiple literature examples
are available where the Au surface has been functionalised with a mixed
SAM monolayer, comprising NTA terminated SAM molecules and either
alkyl thiols or lipoic acid derivatives terminated with a redox mediator
instead of NTA. However, the ratio of the two SAMs cannot be controlled
with extreme precision, making it difficult to ensure a sufficient availability
of redox mediator molecules per a molecule of an immobilised ArM.
Alternatively, direct conjugation of the redox mediator to the protein
backbone allows to reduce the electron transfer distance even further.
However, such strategy must be approached with caution as bioconjugation

methods may have a detrimental effect on structural stability of the protein.

The exploitation of surface exposed lysine residues, abundant on the CeuE
protein scaffold, allows the utilisation of straightforward amide chemistry

to increase the ratio of the redox mediator to protein. The decoration of the

164



Chapter 4 — Redox-triggered release

protein with redox-active molecule, producing a ‘hedgehog’ CeuE derivative,
it anticipated to create an efficient artificial electron relay pathway from the

electrode, around the protein scaffold and towards the redox-active anchor.

In the redox assay described in Section 4.2.1, ethyl viologen emerged as the
most promising candidate for mediating the reduction of the ArM based on
the CeuE-6His scaffold. Thus, a synthetic pathway using viologen as the
starting material was proposed to install an activated ester functionality,
yielding a viologen derivative capable of selective conjugation to the
surface exposed lysine residues. Monosubstituted ethyl viologen [NGB-18]
was reacted with 6-bromohexanoic, to incorporate a linker with sufficient
flexibility thus ensuring ensure an efficient connection between each
viologen molecules in the artificial electron relay pathways. Consequently,
the synthesis of NGB-19 was achieved in reduced yield with significant
higher reaction time, in comparison to 3-bromopropionic acid utilised in the
literature.?®> This was hypothesised to be a direct consequence of
increased steric hindrance. While isolation of the viologen intermediated
was achieved in a straightforward manner through precipitation, the
purification of the final compound, EV NHS [NGB-20] from the unreacted
starting material was unsuccessful; integration of 'H NMR peaks
determined a 0.4:1 ratio of the desired product to starting material.
Nonetheless, it was decided that the heterogeneity of the sample should not
be an issue in further studies, as the carboxylic acid derivative should not
exhibit any reactivity due to it lower electrophilic character. Even if the
reaction between NGB-19 and lysine residues would take place, the final
product would not be distinguishable from the reaction of NGB-20 with the

protein scaffold.

To ensure the presence of the alkyl chain did not have an adverse effect on
the reducing power of the viologen derivative, the redox behaviour of
NGB-19 was compared to that of EV using previously described (Section

4.2.1) electrochemical and chemical assays. As observed in the
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voltammograms, the electrochemical reversibility of the redox mediator
was unaffected by the presence of the carboxylic acid functionality as
demonstrated by an identical E1/2 for both EV and NGB-19. However, a 19%
reduction in the oxidation current was observed. This had a subsequent
effect on the rate of electron transfer, as a smaller amount of Fe?* was
detected for NGB-19 in comparison to EV for protein samples in the
ferrozine assay. However, the anticipated high ratio of redox mediator per
protein molecule should compensate for the slightly lowered reducing
power imposed through the mono modification of the N-position.
Unfortunately, the conjugation of the NGB-20 to CeuE-6His ended up being

beyond the timeline of the project.

4.3 Summary and conclusions

The electrochemical reduction of the iron(lll) azotochelin anchor located
within the CeuE-6His protein scaffold shows promise as an alternative to
chemical reduction. However, direct electron transfer between the Au
electrode and the redox centre of the ArM was found to be infeasible upon
voltammetric analysis of a small fast-electron transfer protein, CjX183, on
LA NTA functionalised electrodes. No redox activity was observed upon
immobilisation. This led to the search for a reversible reducing agent that
could act as a redox mediator within the potential range of the iron(lll)
azotochelin anchor. Both an electrochemical investigation and a ferrozine
assay, with the latter detecting the amount of iron(lll) released during
sample reduction, identified ethyl viologen as the most suitable candidate.
Ethyl viologen derivative exhibited a sufficiently negative E1/2 to participate
in the reduction of iron(lll) azotochelin and demonstrated the highest

current among the investigated the viologen derivatives investigated.

To overcome potential mass transfer limitations encountered by redox
mediators in solution, an activated ester of ethyl viologen functionalised

with a long linker was prepared for facilitating its bioconjugation to the
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excess of lysine residues on the surface of CeuE-6His. The aim was to
increase the ratio of the redox mediator within the vicinity of the ArM and
create an artificial electron relay pathway to circumvent the issue. However,
the conjugation of the redox mediator was not feasible within timeframe of
this project. The subsequent future step would be to perform EIS- MS and
trypsin digestion to confirm the efficiency of the bioconjugation process
and the location of the viologen derivatives on the protein scaffold. As some
of the surface exposed lysine residues lie within the proximity of the binding
pocket, it might be necessary to investigate the bioconjugation before and
after ArM assembly to assess its impact on the efficiency of the ArM

assembly and catalytic activity.

Characterisation of heterogeneous surfaces is one of the most challenging
aspects encountered in protein immobilisation. Techniques such as QCM-
D and EIS, which are capable of directly interrogating the surface have been
successfully employed for detecting binding events of biomacromolecules
on solid surfaces. This has been demonstrated by imidazole stripping
experiments of CeuE-6His immobilised on LA NTA(Ni?*) gold surfaces and
the associated decrease in the frequency signal. However, these techniques
exhibit limitations in detecting more subtle changes within immobilised
proteins, such as the loss of the SidCat upon the chemical reduction of
iron(lll) azotochelin conjugate. Various attempts have been made to
optimise EIS have; while they have been unsuccessful in this regard, they
have contributed to improving the understanding of the technique within the

research group.

Access to alternative surface characterisation methods such as surface
plasmon resonance was not possible, thus the reversibility of the 6His-tag
immobilisation was utilised to remove the protein from the surface and
analyse it in solution, which illustrates a more straightforward approach.
Control studies measuring the absorbance associated the catalytic turnover

of the substrate and native ESI-MS characterisation were able to
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differentiate between the apo protein and the ArM up to 1 uM and 10 uM,
respectively. However, the ArM concentrations obtained from
immobilisation on Au disk electrodes were below the LOD. As a result, an
alternative electrochemical cell was designed and produced to
accommodate a @ 10 cm Au wafer as a support for ArM immobilisation.
Preliminary studies were conducted to assess the feasibility of using this
electrode surface for electrochemical reduction, however, the results were

inconclusive, requiring further optimisation.

Considering that the encountered issues primarily revolve around
overcoming the LOD, it is reasonable to assume that a combination of the
ArM-redox mediator conjugate, MS characterisation in native conditions,
and the utilisation of the novel electrochemical cell, which allows for the use
of electrodes with larger surface area, will facilitate the detection of

successful electrochemical reduction and subsequent ArM disassembly.
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Chapter 5 — Conclusions and future

perspectives

5.1 Summary and conclusions

The research presented in this thesis builds upon the pioneering ArM
design, which was the first to report the controlled disassembly of the hybrid
catalyst. A redox switch was employed to trigger the release of the anchor-
catalyst conjugate from the protein scaffold, thereby enabling the recycling
of individual components. The proof of concept in initial solution studies
was successfully demonstrated using sodium dithionite, utilised as the
reducing agent for the iron(lll) anchor which triggered the disassembly. The
preliminary study identified several drawbacks, with particular emphasis on
the challenging simultaneous separation of the components following the
disassembly and the inability to recycle the reducing agent. Thus, the
project aimed to target those limitations through two key approaches, ArM
immobilisation and electrochemical reduction, respectively. In parallel with
the work performed within the research group on utilising IMAC columns
for flow biocatalysis, the immobilisation strategy central to purification,
based on the affinity between nickel(ll) complexes of NTA and the
imidazole rings of the 6His-tag, was aimed to be adapted for a conducting
surface. While the literature on introducing NTA functionalities onto
electrodes is available, inducing an electrochemically triggered dissociation
of only a metal cofactor from immobilised protein has not been previously

reported.

In the initial investigation into the feasibility of achieving an electrochemical
reduction, a gap in the literature regarding the redox properties of iron(lll)
azotochelin which served as the ArM anchor was found. Thus Chapter 2
details the successful implementation of a novel electrochemical setup

utilising a BDD working electrode for the electrochemical study of iron(ll)
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azotochelin, which has been expanded to iron(lll) complexes of related
siderophores. The investigation, supplemented by native ESI-MS data,
yielded valuable insight into the relationship between the irreversible
electrochemical behaviour and the Ms:L1 speciation of the complex. The
discovery of the preference for iron(lll) azotochelin to form coordinatively
unsaturated coordination complexes has provided compelling evidence
supporting the suitability of iron(lll) azotochelin as the anchor for the ArM.
The metal centre of the azotochelin complex is more easily reduced
compared to related siderophores, while still maintaining a stable complex
with the protein scaffold. Moreover, by understanding the redox properties
of the system, it was possible to make informed decisions regarding the

methodology functionalisation of electrodes with NTA groups.

Chapter 3 explores the feasibility of transferring the IMAC chemistry onto
Au electrodes in an efficient manner to support the subsequent
optimisation of the electrochemical-triggered disassembly. Two
approaches for the installation of NTA on Au through SAM formation were
explored and compared for the number of available protein binding sites
and the degree of non-specific binding. Unsurprisingly, the solution
synthesis of LA NTA [NGB-14] prior to immobilisation was proved to be a
superior approach compared to the on-surface synthesis from immobilised
activated ester derivative of lipoic acid, as it offers greater control over NTA
coverage. Multiple analytical methods were used in a complimentary
manner to confirm the successive surface modifications (EIS), the nickel
occupancy of the NTA head groups (surface-confined voltammetry of the
ferrocene redox probe, NGB-17) and the extent of non-specific binding

through imidazole competition experiments (QCM-D).

Detecting subtle changes within immobilised molecules poses a
challenging task, as the loss of Sid-Cat and the disassembly of the ArM does
not induce any significant structural changes to the protein and is only

associated with an approximately 3% decrease in mass. Chapter 4
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investigates the viability of employing either QCM or EIS for monitoring the
disassembly of the ArM, initially using a chemical reducing agent for
preliminary testing. Unfortunately, neither of the approaches yielded
successful results. The protein film displayed instability under the
experimental conditions during QCM measurements, making it impossible
to observe the changes in frequency that would indicate the loss of SidCat.
The acquired EIS data showed a noticeable drift, which was attributed to the
technique's high sensitivity to the reorganisation of the monolayer over
time, hindering the detection of dynamic changes within the protein film.
Nevertheless, the efforts invested in troubleshooting EIS have proven
valuable to the research group, enhancing the understanding of the
technique. It has established a foundation and an initial starting point for
addressing the observed issues and improving the reliability of the

technique in future experiments.

Ultimately, it was concluded that the recovery of the protein from the
surface after the disassembly is crucial in order to accurately characterise
the structure of the ArM. Following optimisation, both measurement of
catalytic activity and native EIS-MS characterisation were demonstrated to
be suitable techniques, as long as LOD requirements were met. In an effort
to overcome the limitation, a new electrochemical cell was designed and
constructed, featuring a gold wafer, allowing it to obtain a much higher ArM
concentration in comparison to immobilisation on a disk electrode.
However, during the initial testing, connectivity issues were encountered

when attempts were made to utilise the wafer as a working electrode.

The concluding work of Chapter 4 addresses findings from the
electrochemical studies conducted on a model redox-active protein,
CjX183. The experiments led to the conclusion that DET between the Au
electrode and the iron(lll) azotochelin anchor of the immobilised ArM would
not be feasible. Among commonly utilised viologen derivatives, ethyl

viologen was found to be a viable alternative to sodium dithionite and
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capable of serving as a redox mediator in MET. Preliminary work has been
conducted towards developing a protein derivative with an artificial electron
relay pathway by conjugating the redox mediator to the protein scaffold; the

synthesis of the ethyl viologen conjugate has been successfully achieved.

Considerable progress has been made towards the development of an ArM
immobilisation platform, with an emphasis on attaining a high loading
capacity of the catalyst in a correct orientation while minimising non-
specific binding. The search for a suitable methodology to monitor the
disassembly process led to the discovery of native ESI-MS as a reliable
approach for effectively distinguishing between the apo protein and the
ArM. An alternative to sodium dithionite has been successfully found; ethyl
viologen demonstrated promising reducing power and electrochemical
reversibility. Although further optimisation of the electrochemical cell is
necessary, the new design offers considerable advantages not only for ArM
immobilisation but also for the study of surface bound proteins. The
versatility of the immobilisation approach only necessitates the protein of
interest to possess a 6His-tag, which are frequently incorporated into

plasmids as a standard protocol to facilitate protein purification.

5.2 Future perspectives

The ability for iron(lll) azotochelin to modulate its reduction potential while
maintaining the M1:L1 complex stoichiometry, as demonstrated in the buffer
study outlined in Chapter 1, presents possibilities for developing multi
enzyme reaction cascades with high temporal and spatial control. The
envisioned approach comprises the creation of a single enzymatic array
incorporating multiple ArMs, each comprising different catalyst derivatives
and each exhibiting distinct reduction potentials. The selective control over
the disassembly of each ArM, would enable the precise regulation of each
catalysed step, providing fine control over the overall enzymatic process.
Hence, it is of great interest to investigate whether the effects observed in

the buffer study can be reproduced when the anchor is situated within the
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binding pocket of the protein. To assess the feasibility of the approach site-
selective mutation of the iron(lll) coordinating tyrosine to a residue with a
terminal amine would be required (Figure 5.1); the basic residues, arginine
and lysine, would make suitable candidates. Concurrently, it would be
necessary to assess whether the strength of the anchor binding would be

preserved across the CeuE mutants.

However, a suitable electrochemical setup capable of directly interrogating
the iron(lll) azotochelin complex within the protein has not been found thus
far. A viable alternative would be to perform model CV experiments which
the buffer solution is supplemented with the amino acid of interest, and the
reduction potential of the iron(lll) azotochelin is measured at a BDD working

electrode.
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Figure 5.1 Schematic representations of the iron(lll) coordination sphere within the ArM.
The structure of the coordinating residue is shown in the native protein (Y288) and in the

two possible mutation candidates to modulate the reduction potential of the iron(lll).

Throughout the project, the functionalisation of Au electrodes has been
achieved through the formation of SAMs, exploiting the spontaneous bond
formation between thiols and Au. The selection of the SAM approach was
primarily based on the ease with SAM formation occurs, which facilitates
the screening and optimisation experiments. However, as demonstrated by
the results of the EIS experiments, the surface modification did not exhibit

high stability under all experimental conditions. As Au remains the most
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compatible surface with most surface characterisation techniques,
alternative approaches can be explored for installing NTA functionalities
onto Au by employing more stable covalent bonding methods, such as

diazonium electrografting (Figure 5.2).296-2%8
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Figure 5.2 Stepwise protocol for the electrografting in situ generated diazonium salts on

Au surfaces; the R group represents a handle for bioconjugation of proteins.

However, the most interesting future direction lies in the combination of all
findings outlined in Chapter 4 into one cohesive experiment, the multi-point
ligation of the ethyl viologen conjugate [NGB-20] to the CeuE protein
scaffold and subsequent immobilisation on the Au wafer. In its current
state, the electrochemical cell would require optimisation and improvement
of the connection between the connecting Pt wire and the Au wafer before

it can be employed in electrochemical studies.

If resolving the connection issues proves to be more challenging than
initially anticipated, an alternative approach would be to utilise the Au wafer
solely as an immobilisation platform for the ArM and the Pt wire as the
working electrode. While this electrode configuration would lead to an
increased distance for electron transport, supplementing the buffer solution
with viologen should allow to rely on the electrons between the working
electrode and the ‘artificial wire’ of the immobilised ArM (Figure 5.3). The
approach should prove viable as long as the viologen concentration in

solution remains sufficiently high.
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In the event of all previous approaches not being viable, Au NPs can be
employed as an alternative immobilisation support. Entrapment of NPs
within a three-dimensional network would ensure high loading capacity of
ArMs and facilitate efficient electron transfer.2® The inclusion of NPs within
a microfluidic device featuring a gold surface would allow to create a
sustainable bioreactor for flow biocatalysis capable of component

recycling without having to replace the whole system.
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Figure 5.3 Schematic illustration comparing the electron transfer pathway for the two
electrochemical setup options; the naphthalene rings are representative of viologen based
redox mediator. A The Au wafer serves as the working electrode without the need for
mediating viologen molecules in solution; B The Pt wire (top surface) serves as a working

electrode with viologen molecules in solution acting as the secondary redox mediator while

the Au wafer is acting purely as an immobilisation support.
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Chapter 6 — Experimental

6.1 Synthesis

6.1.1 Materials

All chemical reagents and solvents were obtained from commercial
suppliers (Fisher Scientific, Fluka Chemicals, Fluorochem, Sigma-Aldrich,
Thermo Scientific, Tokyo Chemical Industry) and used as supplied unless
otherwise stated. When required, solvents were either dried over heat-
activated 4 A molecular sieves or obtained from the Prosolv MD 7 solvent
purification system, which involves the passage of the solvent through two

columns packed with molecular sieves.

Bns-bisDHBS was obtained from Dr Daniel J. Raines (Department of
Chemistry, University of York). Enterobactin was obtained from Professor
Alison Butler and her graduate student Parker Stow (Department of
Chemistry, University of California, Santa Barbara). Ferricrocin was
obtained from Emeritus Professor James W. Coulton (Department of
Microbiology and Immunology, McGill University, Montreal). 1,1'-
Ferrocene-dicarboxaldehyde was a gift from Dr Luke Wilkinson
(Department of Chemistry, University of York). CeuE, Gst-6His and some
CeuE-6His stocks were obtained from Dr Elena V. Blagova (York Structural
Biology Laboratory, University of York). AzotoCat and [Cp*IrCl;]. were
obtained from Dr Benjamin Large (Department of Chemistry, University of

York). CjX183 stock was obtained from Alice Hewson.

6.1.2 Instrumentation

NMR characterisation consisting of 'H, '3C, COSY, DEPT135 and HMQC
spectra were recorded on Joel ECS and Joel EXC 400 MHz instruments ("H
NMR at 400 MHz, '3C NMR at 101 MHz) at ambient temperature. The 'H

data are reported as follows: chemical shift (multiplicity, coupling constant
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(in Hz) if applicable, number of protons, assignment). The 3C data are
reported as follows: chemical shift (assignment). All chemical shifts are
reported in parts per million (ppm), quoted to the nearest 0.01 ppm and
relative to residual solvent peaks. Multiplicity has been abbreviated as
follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad
(br). When required, NMR assignments were supported with COSY,
DEPT135 and HMQC experiments. All spectra were processed using the
MestReNova 14.0.0 software.

High resolution mass spectra (HRMS) of small molecules were recorded
using the electrospray ionisation (ESI) technique on a Bruker compact MS-
Agilent 1260 mass spectrometer by either Karl Heaton or Angelo Lopez. The
measurement mean error is reported in ppm and indicates the closeness of

the measured m/z value to that of the theoretical.

Infrared (IR) spectra were recorded on either Perkin Elmer Spectrum Two
FT-IR spectrometer or Bruker ALPHA Il spectrometer at ambient
temperature. The data are reported as peaks of interest of relevant

functional groups.

Analytical thin layer chromatography (TLC) was performed on Merck silica
gel 60 F2s4 aluminium backed plates, which were visualised either under a

UVItec LF-204.S lamp or using a potassium permanganate stain.
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6.1.3 Synthetic protocols

[NGB-01] 2,3-Bis(benzyloxy)benzaldehyde

o 1H 10 12
3 2 7.0_°2 13
8 14
4
z 6 (0]
17
1518 18
21 19
20
C21H1803

MW = 318.37 g mol”

The compound was prepared based on a procedure from the literature.?’®

2,3-Dihydroxybenzaldehyde (5.00 g, 36.2 mmol, 1.0 equiv) and benzyl
chloride (10.0 mL, 86.9 mmol, 2.4 equiv) were dissolved in anhydrous
ethanol (90 mL). Anhydrous potassium carbonate (6.25 g, 45.3 mmol, 1.25
equiv) was added to the stirring solution. The reaction mixture was refluxed
under an inert atmosphere for 18 hours. The resulting precipitate was
dissolved in diethyl ether (250 mL) and washed with deionised water (4 x
100 mL), followed by brine (100 mL). The solvent was removed in vacuo to
yield a beige solid of the title compound which was used in the subsequent

step without further purification; 11.0 g, 34.5 mmol, 95%.

Rs: (petroleum ether:EtOAc, 8:2): 0.60.

HRMS: (EIS): Calcd. for C21H1gNaOs [M+Na]* 341.1148; found 341.1143 (mean error
1.2 ppm).

H NMR: (400 MHz, CDCl3): & 10.19 (s, TH, H1), 7.43 - 7.40 (m, 2H, H10,17), 7.37 -
7.27 (m, 8H, H11-14,18-21), 7.20 - 7.17 (m, 2H, H3,5), 7.05 (t, J = 7.9 Hz, 1H, H4), 5,14
(s, 2H, H8), 5.13 (s, 2H, H15).

13C NMR: (101 MHz, CDCls): § 190.38 (C1), 152.29 (C7), 151.67 (C6), 136.42 (C2),
130.63, 128.91, 128.85, 128.72, 128.68, 128.43, 127.69 (C9-14,16-21), 124.38 (C3),
120.05 (C5), 119.71 (C4), 76.21 (C8), 71.39 (C15).

IR (ATR) (cm™): 2875 (C-H), 1682 (C=0), 1579 (C=C aromatic).

Data consistent with literature values. 178
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[NGB-02] 2,3-Bis(benzyloxy)benzoic acid

: 10 12
N 13
8 14
4
z 6 (0]
17
15~J6 18
21 19
20
C21H1804

MW = 334.37 g mol

The compound was prepared based on a procedure from the

literature.178179

2,3-Bis(benzyloxy)benzaldehyde [NGB-01] (10.8 g, 33.9 mmol, 1.0 equiv)
was dissolved in acetone (120 mL). Individual solutions of sulfamic acid
(5.92 g, 61.0 mmol, 1.8 equiv) and sodium chlorite (3.68 g, 40.7 mmol, 1.2
equiv) in deionised water (40 mL and 30 mL, respectively) were prepared
and added alternatingly to the reaction solution over 50 minutes. The
resulting mixture was stirred for 3 hours in air at room temperature. Acetone
was removed in vacuo, the solid collected and washed with deionised water.
The crude product was recrystallised thrice in hot ethanol and dried in a
desiccator for a fortnight to yield an off-white solid of the title compound;
7.44 g, 22.2 mmol, 66%.

Rs: (chloroform:MeOH, 10:1): 0.68.

HRMS: (EIS): Calcd. for C21H1eNaO4 [M+Na]* 357.1097; found 357.1095 (mean error
1.0 ppm).

H NMR: (400 MHz, CDCl3): 6 11.30 (s, TH, H22), 7.67 (dd, J = 7.8, 1.8 Hz, TH, H3), 7.42
- 7.27 (m, 10H, H10-14,17-21), 7.20 = 7.17 (m, TH, H5), 7.12 (t, J = 8.0 Hz, TH, H4),
5.19 (s, 2H, H8), 5.12 (s, 2H, H15).

13C NMR: (101 MHz, CDCl3): 6 165.58 (C1), 151.72 (C7), 147.48 (C6), 136.27 (C2),
135.02, 129.79, 129.32, 129.28, 129.03, 128.25, 125.33 (C9-14,16-21), 124.89 (C3),
123.40 (C5), 119.39 (C4), 77.60 (C8), 71.95 (C15).
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IR (ATR) (cm™): 3031 (O-H), 2874 (C-H), 1683 (C=0), 1576 (C=C aromatic).

Data consistent with literature values. 178179

[NGB-03] 2,3-Bis(benzyloxy)benzoic acid-N-hydroxysuccinimide ester

C25H21NOsg
MW = 431.44 g mol™

The compound was prepared based on a procedure from the literature.’®

2,3-Bis(benzyloxy)benzoic acid [NGB-02] (5.00 g, 15.0 mmol, 1.0 equiv) and
N-hydroxysuccinimide (1.89 g, 16.5 mmol, 1.1 equiv) were dissolved in
anhydrous dioxane (40 mL) and the resulting solution was cooled down to
0°C. N,N-Dicyclohexylcarbodiimide (3.40 g, 16.5 mmol, 1.1 equiv) was
added and the reaction mixture was stirred on ice for further 10 minutes.
The flask was allowed to warm up to room temperature and the suspension
was stirred overnight under an inert atmosphere. The reaction mixture was
filtered, and the bulk solvent was removed in vacuo. Isopropanol was added
dropwise to the stirring oil until no more precipitate formed. The solid was
collected and washed with a mixture of isopropanol and ethanol (1:1, v/v%).
The crude product was recrystallised from hot ethyl acetate to yield a white

crystalline solid of the title compound; 3.79 g, 8.78 mmol, 59%.

Rs: (chloroform:MeOH, 10:1): 0.83.
HRMS: (EIS): Calcd. for C2sH21NNaQOe [M+Na]* 454.1251; found 454.1259 (mean error
0.5 ppm).
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TH NMR: (400 MHz, CDCl3): 6 7.58 (dd, J = 7.9, 1.6 Hz, 1H, H3), 7.43 - 7.27 (m, 10H,
H10-14,17-21),7.24 - 7.22 (m, 1H, H5), 7.12 (t, J = 8.0 Hz, 1H, H4), 5.13 (d, J = 1.6 Hz,
4H, H8,15).

13C NMR: (101 MHz, CDCls): 6 169.36 (C22,25), 160.80 (C1), 153.08 (C7), 149.95 (C6),
137.09 (C2), 136.33, 128.77, 128.37, 128.10, 127.72, 124.37, 123.86 (C9-14,
16-21), 121.13 (C3), 120.23 (C5) 75.98 (C8), 71.49 (C15), 25.83 (C23,24).

IR (ATR) (cm™): 3035 (C-H), 1764 (C=0 ester), 1733 (C=0 amide), 1578 (C=C aromatic),
1205 (C-O ester).

Data consistent with literature values. 80

[NGB-04] N?,N¢-Bis(2,3-dibenzyloxybenzoyl)-L-lysine (Bns-azotochelin)

4 33
5 3 22 31 32 34
21 15 H 24 26 51 53
6 1 N 27 N _30 35
16 7 23 25 »8 36 52
19 17 g O O o OHO Oy 57 55
18 29 56
9 45
14 10 50 46
13 1 49 47
12 48
C48C46N20s

MW =778.90 g mol

The compound was prepared based on a procedure from the literature.’80

2,3-Bis(benzyloxy)benzoic acid-N-hydroxysuccinimide ester [NGB-03]
(0.867 g, 2.01 mmol, 2.0 equiv) was dissolved in acetone (25 mL). A
separate solution of L-lysine monohydrate (0.183 g, 1.00 mmol, 1.0 equiv)
and triethylamine (0.9 mL, 6.46 mmol, 6.5 equiv) in deionised water (5 mL)
was prepared and added to the acetone solution. The reaction mixture was
stirred overnight at room temperature. The acetone was removed in vacuo
to yield a yellow oil which was taken up in ethyl acetate (35 mL) and washed
with 0.1 M HCI (4 x 30 mL). The solvent was removed in vacuo and the crude
product was purified using flash column chromatography
(chloroform:MeOH, 10:1) to yield an off-white crystalline solid of the title
compound; 0.527 g, 0.677 mmol, 67%.
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Rs: (chloroform:MeOH, 10:1): 0.31.

HRMS: (EIS): Calcd. for CagH47N20g [M+H]* 779.3327; found 779.3325 (mean error 1.0
ppm). Calcd. for CasHasN2NaOg [M+Na]* 801.3146; found 801.3165 (mean error
-0.4 ppm).

H NMR: (400 MHz, CDCls): 6 8.51 (d, J = 7.0 Hz, 1H, H31), 7.89 (t, J = 5.5 Hz, 1H, H22),
7.71 = 7.66 (m, 2H, H3,32), 7.43 - 7.29 (m, 16H, H11-14,18-21,46-49,53-56), 7.22 -
7.20 (m, 4H, H10,17,50,57), 7.12 — 7.08 (m, 4H, H4,5,33,44), 5.10 — 5.09 (m, 6H,
H844,51),5.01 (s, 2H, H15), 4.47 (td, J = 7.4, 5.5 Hz, TH, H27), 3.11 - 3.06 (m, 2H, H23),
1.70 = 1.61 (m, TH, H264), 1.39 — 1.29 (M, TH, H26s), 1.15 — 1.08 (M, 4H, H24,25).

13C NMR: (101 MHz, CDCls): & 174.05 (C28), 166.24 (C30), 165.34 (C1), 151.87 (C36),
151.79 (C7), 147.32 (C35), 146.97 (C6), 136.55, 136.44, 136.38, 136.22 (C9,16,45,52),
129.06, 128.85, 128.75, 128.45, 128.40, 127.91, 127.80 (C10-14,17-21,46-50,53-57),
127.26 (C31), 126.14 (C2), 124.58 (C32), 124.55 (C3), 123.49 (C34), 123.42 (C5),
117.70 (C33), 117.14 (C4), 76.56 (C51), 76.47 (C15), 71.47 (C44), 71.42 (C8), 53.10
(C27),39.46 (C23), 30.88 (C26), 28.87 (C25), 23.05 (C24).

IR (ATR) (cm™"): 3361 (0-H), 2934 (C-H), 1733 (C=0 acid), 1650 (C=0 amide), 1572
(C=C aromatic), 1521 (N-H).

Data consistent with literature values. 80

[NGB-05] N?,N¢-Bis(2,3-dihydroxybenzoyl)-L-lysine (azotochelin)

10 12 22

15
OH HO
6 OH HO 20

C20H22N20s
MW = 418.40 g mol™

The compound was prepared based on a modified procedure from the

literature.?80

The glassware was soaked overnight in 6 M HCI and rinsed with deionised
water and acetone. N?N°®-Bis(2,3-dibnzyloxybenzoyl)-L-lysine [NGB-04]

(0.407 g, 0.523 mmol, 1.0 equiv) was dissolved in anhydrous mixture of
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ethanol and toluene (40 mL) (28:1, v/v%) to which palladium on carbon
(10%) (0.106 g, 0.25 equiv, w/w%) was added. The reaction mixture was
stirred overnight at room temperature under a positive hydrogen
atmosphere. The solution was filtered through Whatman (GF/F) glass
microfiber filter and the solvent removed in vacuo to yield a white

amorphous solid of the title compound; 0.210 g, 0.601 mmol, 96%.

Rs: (chloroform:MeOH, 95:5): 0.0.

HRMS: (EIS): Calcd. for C20H21N20s [M-H]- 417.1303; found 417.1304 (mean error
-1.0 ppm).

H NMR: (400 MHz, CD30D): § 7.32 (d, J = 8.0 Hz, 1H, H17),7.18 (d, J = 8.1 Hz, TH, H3),
6.92 (dd, J =12.2, 7.7 Hz, 2H, H5,19), 6.70 (dt, J = 15.4, 8.0 Hz, 2H, H4,18), 4.62 (dd, J
= 8.8, 4.9 Hz, 1H, H13), 3.39 (t, J = 7.0 Hz, 2H, H9), 2.09 — 2.00 (m, TH, H12a), 1.96 -
1.87 (m, TH, H125), 1.75 - 1.63 (m, 2H, H10), 1.57 = 1.50 (m, 2H, H11).

13C NMR: (101 MHz, CDsOD): & 175.30 (C22), 171.33 (C15), 170.76 (C1), 150.06
(C7,21), 149.52 (C6,20), 147.10 (C16), 147.01 (C2), 119.54, 119.33 (C5,19), 119.26,
118.38 (C3,17), 116.78, 116.55 (C4,18), 52.90 (C13), 39.99 (C9), 32.43 (C12), 30.55
(C10), 24.80 (C11).

IR (ATR) (cm"): 3307 (O-H), 2936 (C-H), 1723 (C=0 acid), 1636 (C=0 amide), 1585
(C=C), 1539 (N-H).

Data consistent with literature values. 80

[NGB-06] N?,N¢-Bis(2,3-dihydroxybenzoyl-L-serine) (bisDHBS)

33 /\)J\ /%J\
15

OH HO
21

6 OH HO 207

3

4

C20H20N2011
MW = 464.38 g mol™

The compound was prepared based on a procedure from the literature.3%°
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The glassware was soaked overnight in 6 M HCI and rinsed with deionised
water and acetone. N?N5-Bis(2,3-dibenzyloxybenzoyl)-L-serine (0.177 g,
0.176 mmol, 1.0 equiv) was dissolved in anhydrous mixture of ethanol and
toluene (25 mL) (95:5, v/v%) to which palladium on carbon (10%) (46.1 mg,
0.26 equiv, w/w%) was added. The reaction mixture was stirred overnight at
room temperature under a positive hydrogen atmosphere. The solution was
filtered through Whatman (GF/F) glass microfiber filter and the solvent
removed in vacuo to yield a white amorphous solid of the title compound;
81.7 mg, 0.176 mmol, 100%.

Rs: (DCM:MeCN, 9:1): 0.0.

HRMS: (EIS): Calcd. for C20H19N2011 [M-H] 463.0994; found 463.0986 (mean error
2.6 ppm).

H NMR: (400 MHz, (CD3)2S0): 6 11.70 (s, 1H, H23), 9.80 (s, 1H, H33),9.00 (d, J = 7.6
Hz, 1H, H8),8.94 (d, J = 7.3 Hz, 1H, H14), 7.37 (dd, J = 8.1, 1.5 Hz, 1H, H17), 7.34 (dd, J
=8.1,1.5Hz, 1H, H3), 6.96 - 6.92 (m, 2H, H5,19), 6.71 (q, J = 7.7 Hz, 2H, H4,18), 4.81
(q.J = 5.8 Hz, TH, H9), 4.62 — 4.55 (m, 2H, H125,32), 4.41 (dd, J = 11.2, 6.5 Hz, TH, H13)
3.84 - 3.75 (m, 2H, H12s).

13C NMR: (101 MHz, (CD3)2S0): & 170.32 (C10), 169.93 (C22), 168.83 (C15), 168.52
(CT1), 148.69, 148.26 (C7,21), 146.14, 146.04 (C6,20), 119.01, 118.86 (C2,16), 118.60,
118.31 (C5,19), 118.27, 118.16 (C3,17), 115.91, 115.52 (C4,18), 64.93 (C12), 63.61
(C32), 55.23 (C13), 51.55 (C9).

IR (ATR) (cm™): 3367 (0-H), 2969 (C-H), 1739 (C=0 acid, ester), 1638 (C=0 amide),
1585 (C=C), 1533 (N-H), 1172 (C-O ester).

Data consistent with literature values. 300
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[NGB-07] N-(2,3-Dibenzyloxybenzoyl)-diaminobutane hydrochloride

(Bnz-aminochelin)

©
27 29@30 Cl

26
(3 N

O 1 NH23 10 12
3 270 ¢ 13
8 14

4 6 O

5 o 17
15 18
21 19

20
C25H290N203Cl
MW = 440.97 g mol

The compound was prepared based on a procedure from the literature.’”*

2,3-Bis(benzyloxy)benzoic acid [NGB-02] (0.501 g, 1.50 mmol, 1.0 equiv)
and N,N*-carbonyldiimidazole (0.244 g, 1.50 mmol, 1.0 equiv) were
dissolved in anhydrous tetrahydrofuran (12 mL). The resulting solution was
added dropwise over 30 minutes to 1,4-diaminobutane (0.15 mL, 1.50
mmol, 1.0 equiv) in anhydrous tetrahydrofuran (20 mL). The reaction
mixture was stirred overnight at room temperature under an inert
atmosphere. The solvent was removed in vacuo and the solid was
redissolved in chloroform (25 mL). The organic layer was washed with
NaHCOs3 (2 x 20 mL), brine (1 x 20 mL), 2 M HCI (2 x 20 mL) and brine (1 x
20 mL). The solvent was partly removed in vacuo and ethyl acetate was
added (30 mL). The solvent was removed in vacuo until a white precipitate
formed. The solid was collected and washed with ethyl acetate (2 x 20 mL),
yielding white solid granules of the title compound; 0.212 g, 0.48 mmol,
32%.

HRMS: (EIS): Calcd. for C2sH20N203 [M-CI]* 405.2173; found 405.2184 (mean error
-2.5 ppm). Calcd. for C2sH2sN2NaO3 [M-Cl-H+Na]* 427.1992; found 427.2002 (mean
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error -3.0 ppm). Calcd. for C25H2sN2KO3 [M-CI-H+K]* 443.1723; found 443.1744 (mean
error -2.2 ppm).

H NMR: (400 MHz, D20): 6 7.18 — 7.04 (m, 8H, H10-14,H17-21), 7.00 - 6.94 (m, 2H,
H3,5), 6.83 (dd, J = 8.3, 1.5 Hz, TH, H4), 4.66 (s, 2H, H8), 4.65 (s, 2H, H15), 3.03 (t, J =
7.3 Hz, 2H, H26), 2.79 (t, J = 7.7 Hz, 2H, H29), 1.51 — 1.44 (m, 2H, H27),1.29 - 1.21 (m,
2H, H28).

13C NMR: (101 MHz, D20): 6 167.73 (C1), 151.28 (C2), 145.05 (C3), 136.89 (C7), 136.00
(C6), 128.82, 128.73, 128.58, 128.47, 128.05, 127.81 (C9-14,16-21), 124.96 (C5),
121.41 (C4), 116.81 (C29), 75.90 (C8), 70.50 (C15), 38.95 (C26), 25.44 (C27), 24.25
(C28).

IR (ATR) (cm): 3365 (N-H secondary), 3080 (C-H), 2804 (N-H cation), 1640 (C=0),
1570 (C=C aromatic).

Data consistent with literature values. 74

[NGB-08] N'-[N?,N¢-Bis(2,3-dibenzyloxybenzoyl)-L-lysyl]-N*-(2,3-di-

benzyloxyenzoyl) -1,4-diaminobutane (Bne-protochelin)

O 1
N57 62 7

st 38

30 35 O
36 42

48
C73H72N4010
MW =1165.40 g mol™

The compound was prepared based on a procedure from the literature.’’4

N2,N6-Bis(2,3-dibenzyloxybenzoyl)-L-lysine [NGB-04] (0.252 g, 0.324 mmol,
1.0 equiv) and N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexa-
fluorophosphate (0.122 g, 0.322 mmol, 1.0 equiv) were dissolved in
anhydrous tetrahydrofuran (6 mL) and anhydrous acetonitrile (4 mL). N,N-
Diisopropylethylamine (0.15 mL, 0.861 mmol, 2.0 equiv) and N-(2,3-
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dibenzyloxybenzoyl)-diaminobutane hydrochloride [NGB-07] (0.140 g,
0.317 mmol, 1.0 equiv) were added and the reaction mixture was stirred
overnight at room temperature under an inert atmosphere. The solvent was
removed in vacuo and brine was added (20 mL). The product was extracted
with EtOAc (3 x 20 mL) and washed with 2 M HCI (10 mL), brine (10 mL), 5%
NaHCO3 (10 mL) and brine (10 mL). The solvent was removed in vacuo and
the crude product was purified using flash column chromatography (EtOAc)
to yield an off-white crystalline solid of the title compound; 0.254 g, 0.218

mmol, 69%.

Rs: (EtOAc): 0.67.

HRMS: (EIS): Calcd. for C73H72N4NaO1o [M+Na]* 1187.51; found 1187.51 (mean error
1.8 ppm).

H NMR: (400 MHz, CDCl3): 6 8.29 (d, J = 7.2 Hz, 1H, H28), 7.87 (t, J = 5.7 Hz, TH, H22),
7.84 (t,J = 5.7 Hz, TH, H56) 7.41 — 7.19 (m, 33H, H10-14,17-21,31-33,38-42,45-49,66-
70,73-77), 7.07 — 7.04 (m, 6H, H3-5,59-61), 6.52 (br s, TH, H57), 5.08 — 4.98 (m, 12H,
H8,15,36,43,64,71), 4.30 (q, J = 7.3 Hz, TH, H27), 3.16 (q, J = 6.3 Hz, 2H, H52), 3.11 -
3.03 (m, 4H, H23,55), 1.65 - 1.57 (m, 2H, H26), 1.33 — 1.23,1.11 - 1.05 (m, 8H, H24-
25,53-54).

3C NMR: (101 MHz, CDCls): 6 174.18 (C50), 171.47 (C29), 151.56 (C57), 151.50 (C1),
146.70, 146.58 (C230,72), 136.25, 136.20, 136.15 136.11, 135.91 (C6-7,
34-35,62-63), 128.74,128.57, 128.54, 128.51, 128.46, 128.12, 128.08, 127.60, 127.49,
127.48, 127.15 (C9-14,16-21,37-42,44-49,65-70,72-77), 124.20, 123.11, 122.94,
117.36, 116.72 (C3-5,31-33,59-61), 77.04 (C36), 76.69 (C43), 76.21 (C64), 75.96 (C8),
71.17 (C71), 71.08 (C15), 53.47 (C27), 39.02 (C52), 39.01 (C55), 38.96 (C23), 30.86
(C26), 28.70 (C53), 26.62 (C54), 26.48 (C24), 23.00 (C25).

Data consistent with literature values. 1774
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[NGB-09] N'-[N?,N¢-Bis(2,3-dihydroxybenzoyl)-L-lysyl]-N*-(2,3-
dihydroxybenzoyl)-1,4-diaminobutane (protochelin)

Hig 23
29
035
20 OH

C31H36N4010
MW = 624.65 g mol™

The compound was prepared based on a modified procedure from the

literature.’74

The glassware was soaked overnight in 6 M HCI and rinsed with deionised
water and acetone. N’-[N?N°-Bis(2,3-dibenzyloxybenzoyl)-L-lysyl]-N*-(2,3-
dibenzyloxybenzoyl)-1,4-diaminobutane [NGB-09] (0.152 g, 0.130 mmol, 1.0
equiv) was dissolved in anhydrous mixture of ethanol and toluene (25 mL)
(95:5, v/v%) to which palladium on carbon (10%) (38.7 mg, 0.25 equiv,
w/w%) was added. The reaction mixture was stirred for overnight at room
temperature under a positive hydrogen atmosphere. The solution was
filtered through Whatman (GF/F) glass microfiber filter and the solvent
removed in vacuo to yield a white amorphous solid of the title compound;
79.9 mg, 0.128 mmol, 98%.

Rs: (EtOAc): 0.0.

HRMS: (EIS): Calcd. for C31H37N4O10 [M+H]* 625.2504; found 625.2515 (mean error
-2.1 ppm). Calcd. for C31H3sNaNaO1o [M+Na]* 647.2324; found 647.2317 (mean error
1.9 ppm).

H NMR: (400 MHz, CDz0D): § 7.42 (dd, J = 8.2, 1.5 Hz, 1H, H17), 7.30 (t, J = 7.1 Hz,
2H,H3,31),7.03 (t, J = 7.3 Hz, 3H, H5,19,33), 6.81 (q, J = 7.8 Hz, 3H, H4,18,32), 4.64 (dd,
J =8.4,5.8 Hz, TH, H13), 3.40 - 3.36 (m, 4H, H9,27), 3.25 (q, J = 6.9 Hz, 2H, H24), 1.94
- 1.83 (m, 2H, H12), 1.69 - 1.56 (M, 6H, H10,25,26), 1.54 — 1.46 (m, 2H, H11).
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13C NMR: (101 MHz, CDz0D): & 174.39 (C22), 171.53 (C15), 170.50 (C1,29), 150.32,
150.08, 149.47, 147.32, 147.17 (C6-7,20-21,34-35), 119.80, 119.70, 119.63, 119.54,
118.60, 117.28, 116.77, 116.71 (C3-5,17-19,31-33), 55.58 (C13), 40.14 (C24), 40.06
(C9,27), 32.98 (C12), 30.05 (C10), 27.79 (C26), 27.75 (C25), 25.09 (C11).

IR (ATR) (cm™): 3330 (O-H), 2930 (C-H), 1636 (C=O amide), 1585 (C=C), 1537
(N-H).

Data consistent with literature values. 174

[NGB-10] a-Lipoic acid N-hydroxysuccinimide ester (LA NHS)

O 10
O
2 4 6 N 11
] _
3 5 780 12O

C12H17NO4S2
MW = 303.39 g mol

The compound was prepared based on a modified procedure from the

literature.301

a-Lipoic acid (0.500 g, 2.42 mmol, 1.0 equiv) and N-hydroxysuccinimide
(0.307 g,2.67 mmol, 1.1 equiv) were dissolved in anhydrous tetrahydrofuran
(20 mL) and the resulting solution was cooled down to 0°C. N,N"-Dicyclohexyl
carbodiimide (0.550 g, 2.67 mmol, 1.1 equiv) dissolved in anhydrous
tetrahydrofuran (5 mL) was added dropwise and the reaction mixture was left
to stir for 10 minutes. The flask was allowed to warm up to room
temperature and the reaction was stirred for 48 hours under an inert
atmosphere. The resulting suspension was filtered through Celite™, and the
bulk solvent was removed in vacuo. The solid was dissolved in ethyl acetate
(20 mL), cooled down in an ice bath and filtrated through Celite™. The filtrate
was collected and concentrated in vacuo. The crude product was recrystallised
from ethyl acetate and hexane to yield a yellow crystalline solid of the title

compound; 0.418 g, 1.38 mmol, 57%.
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Rr: (EtOAc): 0.64.

HRMS: (EIS): Calcd. for C12H18N04S2 [M+H]* 304.0672; found 304.0671 (mean error -
1.4 ppm). Calcd. for C12H17NNa04S2 [M+Na]* 326.0491; found 326.0487 (mean error
0.9 ppm).

H NMR: (400 MHz, CDCls): 6 3.61 — 3.55 (m, TH, H3), 3.22 - 3.09 (m, 2H, H1), 2.84 (d,
J = 4.1 Hz, 4H, H10,11), 2.63 (t, J = 7.3 Hz, 2H, H7), 2.51 - 2.43 (m, TH, H2a), 1.97 -
1.88 (M, TH, H25), 1.79 (p, J = 7.6 Hz, 2H, H6), 1.74 — 1.68 (m, 2H, H4), 1.62 — 1.57 (m,
2H, H5).

13C NMR: (101 MHz, CDCls): & 168.97 (C8), 168.25 (C9,72), 55.90 (C3), 39.98 (C1),
38.34 (C2), 34.24 (C7), 30.60 (C4), 28.14 (C5), 25.40 (C10,11), 24.17 (C6).

IR (ATR) (cm™): 2938 (C-H), 1809, 1778 (C=0 amide), 1729 (C=0 ester), 1203
(C-0).

Data consistent with literature values. 30

[NGB-11] No,Nq-Bis|(tert-butyloxycarbonyl)methyl]-N¢-(benzyloxy

carbonyl)-L-lysine tert-butyl ester

18

17 19
16

o (0] (0]
O
2
s O8 H 1 13 N/}f
3 5 9 0 26 022 23
4 27 \’<24
29
>28(O 25
30

31
C30H48N20s
MW = 564.72 g mol

The compound was prepared based on a modified procedure from the

literature.302

2-Amino-6-benzyloxycarbonylaminohexanoic acid tert-butyl ester (1.00 g,
2.68 mmol, 1.0 equiv) was dissolved in dimethylformamide (30 mL). N,N-
Diisopropylethylamine (2.80 mL, 16.1 mmol, 6.0 equiv) and tert-butyl

bromoacetate (1.30 mL, 8.81 mmol, 3.2 equiv) were added to the stirring
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solution and the reaction was heated at 55°C for 51 hours under an inert
atmosphere. The solvent was removed in vacuo and the crude product was
dissolved in dichloromethane (100 mL) and washed with 1 M HCI (2 x 100
mL), saturated NaHCO3 (2 x 100 mL) and brine (1 x 100 mL). The solvent
was removed in vacuo and the crude product was purified using purified
using flash column chromatography (petroleum ether:EtOAc, 7:3) to yield

yellow oil of the title compound; 1.10 g, 1.95 mmol, 73%.

Rs: (petroleum ether:EtOAc, 7:3): 0.39.

HRMS: (EIS): Calcd. for C3oH49N20s [M+H]* 565.3483; found 565.3501 (mean error
-3.4 ppm). Calcd. for CsoH4sN2NaOs [M+Na]* 587.3303; found 587.3321 (mean error -
3.6 ppm).

H NMR: (400 MHz, CDCl3): 6 7.35 - 7.30 (m, 5H, H1-5), 5.08 (s, 2H, H7), 3.44 (d, J =
8.6 Hz, 4H, H20,26), 3.29 (t, J = 7.5 Hz, 1H, H14), 3.23 - 3.15 (m, 2H, H10), 1.57 — 1.48
(m, 4H, H11,13), 1.45 (s, 9H, H17-19), 1.43 (s, 18H, H23-25,29-31), 1.29 - 1.24 (m, 2H,
H12).

13C NMR: (101 MHz, CDCls): 6 172.56 (C15),170.86 (C21,27), 156.42 (C8), 136.74 (C6),
128.59, 128.23, 128.10 (C2-5), 81.27 (C16), 80.87 (C22,28), 67.06 (C7), 65.21 (C14),
54.04 (C20,26), 41.50 (C10), 30.25 (C13) , 29.37 (C11), 28.36 (C17-19), 28.24 (C23-
25,29-31),23.14 (C12).

IR (ATR) (cm"): 3383 (N-H amide), 2977 (C-H), 1721 (C=0), 1526 (C=C), 1138
(C-0).

Data consistent with literature values. 302
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[NGB-12] N,Nq-Bis|(tert-butyloxycarbonyl)methyl]-L-lysine tert-butyl ester

2
00 17
22

23
C22H42N20¢6
MW = 430.59 g mol

The compound was prepared based on a procedure from the literature.302

Nq,Nq-Bis|(tert-butyloxycarbonyl)methyl]-N¢-(benzyloxycarbonyl)-L-lysine
tert-butyl ester [NGB-12] (0.502 g, 0.889 mmol, 1.0 equiv), was dissolved in
anhydrous methanol (15 mL) to which palladium on carbon (5%) (53.0 mg,
0.10 equiv, w/w%) was added. The reaction mixture was stirred for 6 hours
at room temperature under a positive hydrogen atmosphere. The solution
was filtered through Whatman (GF/F) glass microfiber filter and the solvent
removed in vacuo to yield a colourless oil of the title compound; 0.360 g,
0.836 mmol, 94%.

Rs: (petroleum ether:EtOAc, 7:3): 0.12.

HRMS: (EIS): Calcd. for C22H43N20e [M+H]* 431.3116; found 431.3115 (mean error
-0.4 ppm). Calcd. for C22H42N2NaOe [M+Na]* 453.2935; found 453.2939 (mean error
-0.8 ppm).

TH NMR: (400 MHz, CD30D): 6 3.46 (q, J = 17.2,12.7 Hz, 5H, H6,12,18), 2.65 (t, J = 6.9
Hz, 2H, H2), 1.66 — 1.62 (m, 2H, H5), 1.54 — 1.49 (m, 4H, H3,4), 1.47 (s, 9H, H9-11), 1.46
(s, 18H, H15-17,21-23).

13C NMR: (101 MHz, CDz0D): & 173.87 (C7), 172.44 (C13,19), 82.44 (C8), 82.04
(C14,20), 66.73 (C6), 54.82 (C12,18), 42.25 (C2), 33.10 (C5), 31.44 (C3), 28.48 (C9-11),
28.39 (C15-17,21-23), 24.38 (C3).

IR (ATR) (cm"): 3411 (N-H amine), 2977 (C-H), 1724 (C=0), 1144 (C-O).

Data consistent with literature values. 302
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[NGB-13] N-[5-(1,2-Dithiolan-3-ylpentanoyl-amino)-1-(tert-butylcarboxy
pentyllimino-bis(tert-butyl ester) (LA NTA(tBu))

18
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31
C3o0H54N207S2
MW =618.89 g mol

Nqo,Nq-Bis|(tert-butyloxycarbonyl)methyl]-L-lysine tert-butyl ester [NGB-13]
(0.336 g, 0.781 mmol, 1.0 equiv) and N,N-diisopropylethylamine (0.5 mL,
2.87 mmol, 3.7 equiv) were dissolved in methanol (5 mL). A solution of a-
lipoic acid N-hydroxysuccinimide ester [NGB-11] (0.237 g, 0.781 mmol, 1.0
equiv) in tetrahydrofuran (5 mL) was added and the resulting solution was
stirred overnight at room temperature. The reaction mixture was
concentrated, taken up in ethyl acetate (40 mL) and washed with 1 M HCI
(2 x 40 mL), saturated NaHCO3 (2 x 40 mL) and brine (2 x 40 mL). The
solvent was removed in vacuo and the crude product was purified using
flash column chromatography (DCM:MeOH:TEA, 93:6:1) to yield a yellow oil
of the title compound; 0.388 g, 0.627 g, 80%.

Rs: (DCM:MeOH, 95:5): 0.65.

HRMS: (EIS): Calcd. for C3oHs5N207S2 [M+H]* 619.3445; found 619.3460 (mean error -
3.1 ppm). Calcd. for C3oHs4N2Na07S2 [M+Na]* 641.3265; found 641.3274 (mean error -
2.0 ppm).

H NMR: (400 MHz, CD30D): 6 3.58 (dq, J = 8.8, 6.3 Hz, TH, H3), 3.48 (g, J = 17.3, 12.9
Hz, 4H, H20,26), 3.32 (t, J = 9.8 Hz, 2H, H10), 3.19 — 3.15 (m, 2H, H1), 3.13 - 3.07 (m,
1H, H14), 2.41 (dq, J = 12.5, 6.6 Hz, TH, H24), 2.20 (t, J = 7.4 Hz, 2H, H7), 1.89 (dg, J =
13.5, 6.8 Hz, TH, H2b), 1.76 - 1.60 (m, 8H, H4,6,11,13), 1.57 = 1.50 (m, 4H, H5,12), 1.47
(s, 9H, H17-19), 1.46 (s, 18H, H23-25,H29-31).
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13C NMR: (101 MHz, CDz0D): & 176.01 (C8), 173.73 (C15), 172.37 (C21,27), 82.49
(C16), 82.10 (C22,28), 66.22 (C1), 57.58 (C3), 54.85 (C20,26), 41.73 (C2), 40.19 (C10),
39.35 (C14), 36.95 (C7), 35.77 (C4), 31.26 (C5), 29.94, 29.91 (C11,13), 28.49 (C17-19),
28.42 (C23-25,29-31), 26.81 (C6), 24.43 (C12).

IR (ATR) (cm™): 2930 (C-H), 1723 (C=0 ester), 1645 (C=0 amide), 1142 (C-0).

Data consistent with literature values. 302

[NGB-14] N-[5-(1,2-Dithiolan-3-ylpentanoylamino)-1-carboxypentyl]
iminodiacetic acid (LA NTA)

C1sH30N207S2
MW = 450.57 g mol™

The compound was prepared based on a modified procedure from the

literature.302

N-[5-(1,2-Dithiolan-3-ylpentanoyl-amino)-1-(tert-butylcarboxypentyl]imino-
bis(tert-butyl ester) [NGB-14] (0.847 g, 1.37 mmol, 1.0 equiv) was dissolved
in trifluoroacetic acid, diluted in dichloromethane (10 mL, 0.9, v/v%) and
stirred overnight at room temperature. The solvent was removed in vacuo
to give a yellow crystalline solid of the title compound; 0.560 g, 1.24 mmol,
91%.

Rs: (DCM:MeOH, 9:1): 0.0.

HRMS: (EIS): Calcd. for C1sH20N207S2 [M-H] 449.1422; found 449.1429 (mean error -
1.3 ppm).

H NMR: (400 MHz, CDz0D): 6 3.70 - 3.67 (m, 4H, H17,20), 3.60 — 3.56 (m, TH, H3),
3.21 - 3.17 (m, 4H, H1,10), 3.13 - 3.07 (m, TH, H14), 2.46 (dq, J = 12.5, 6.6 Hz, TH, H2a),
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2.20(t,J=7.4Hz,2H,H7),1.88 (dq,J = 13.5, 6.8 Hz, TH, H2,), 1.74 — 1.62 (m, 12H, H4-
6,11-13).

13C NMR: (101 MHz, CDsOD:(CD3)2S0, 99:1): & 175.77 (C8), 174.77 (C15), 174.02,
173.43 (C18,21), 66.88 (C1), 66.30 (C3), 57.59, 55.21 (C17,20), 52.61 (C10), 52.02 (C2),
41.33 (C14),36.90 (C7), 35.72 (C4), 35.05 (C5), 30.06, 30.00 (C11,13) 29.89 (C6), 26.75
(C12).

IR (ATR) (cm™): 3305 (0-H), 2932 (C-H), 1727 (C=0 ester), 1609 (C=0 amide), 1181 (C-
0).

Data consistent with literature values. 302

[NGB-15] 1,1-Di(hydroxymethyl)ferrocene (Fc(OH)2)

C12H14Fe02
MW = 246.09 g mol

The compound was prepared based on a modified procedure from the

literature.303

Sodium borohydride (0.138 g, 3.69 mmol, 2.2 equiv) was suspended in
anhydrous tetrahydrofuran (5 mL) to which 1,1'-ferrocenedicarboxaldehyde
(0.400 g, 1.65 mmol, 1.0 equiv) in anhydrous tetrahydrofuran (5 mL) was
added dropwise. The reaction mixture was stirred at room temperature
under an inert atmosphere for 1 hour. Sodium borohydride (0.162 g, 4.28
mmol, 2.6 equiv) was added in two portions within a 15-minute interval and
the suspension was stirred for further 15 minutes. The reaction mixture was
filtered through Celite™ and the residue was washed with tetrahydrofuran
(3 x 20 mL). The reaction on Celite™ was suspended in tetrahydrofuran (50
mL), 1 M HCI was added until effervescence ceased followed by deionised

water (5 mL) and the suspension was stirred for 15 minutes. The Celite™
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was filtered off and the tetrahydrofuran was extracted with ethyl acetate (3
x 25 ml). The organic layer was washed brine (2 x 30 mL) and combined
with tetrahydrofuran fractions. The solvent was removed in vacuo and the
crude product was purified using flash column chromatography
(DCM:MeOH, 95:5) to yield an orange crystalline solid of the title compound;
0.325 g, 1.32 mmol, 80%.

HRMS: (EIS): Calcd. for C12H14FeNaO2 [M+Na]* 269.0235; found 269.0233 (mean error
0.6 ppm).

TH NMR: (400 MHz, CDCl3): 6 4.38 (s, 4H, H6,13), 4.33 — 4.18 (m, 8H, H1-4,8-11), 2.44
(s, 2H, H7,14).

3C NMR: (101 MHz, CDCls): 6 91.29 (C5,12), 69.41, 69.03, 68.47, 68.03 (C1-4,8-11),
61.68 (C6,13).

IR (ATR) (cm-"): 3275 (0-H), 2935 (C-H), 1050 (C-O).

Data consistent with literature values. 303

[NGB-16] 1,1-Bis(pyridiniomethyl)ferrocene bis(hexafluorophosphate)
(Fc(py)2)

C22H22FeN2F12P2
MW = 660.20 g mol”

The compound was prepared based on a modified procedure from the

literature.126:267

1,1"-Di(hydroxymethyl)ferrocene [NGB-16] (0.101 g, 0.410 mmol, 1.0 equiv)
was dissolved in anhydrous tetrahydrofuran (8 mL) and anhydrous pyridine

(0.15 mL, 1.85 mmol, 4.5 equiv) was added. The reaction was cooled down
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to 0°C and a solution of phosphorus tribromide (0.31 mL, 3.30 mmol, 8.0
equiv) in anhydrous tetrahydrofuran (2 mL) was added dropwise. The
resulting suspension was stirred for 1 hour, allowed to warm up to room
temperature and stirred overnight under an inert atmosphere. The solid was
collected, washed with a minimal amount of tetrahydrofuran, and dissolved
in deionised water (10 mL). Potassium hexafluorophosphate (90.9 mg, 0.49
mmol) was added and the resulting suspension was stirred at 0°C for 2
hours. The yellow precipitate of the title compound was collected by

filtration and allowed to dry; 0.168 g, 0.254 mmol, 62%.

HRMS: (EIS): Calcd. for C22H22FeN2 [M]*2 185.0561; found 185.0558 (mean error 0.4
ppm).

H NMR: (400 MHz, (CD3)2S0): 6 9.10 (d, J = 6.0 Hz, 4H, H7,11,18,22), 8.60 (t, J = 7.8
Hz, 2H, H9,20), 8.16 (t, J = 7.0 Hz, 4H, H8,10,19,21), 5.63 (s, 4H, H6,17), 4.65 (s, 4H,
H1,4,12,15), 4.39 (s, 4H, H2,3,13,14).

13C NMR: (101 MHz, (CD3)2S0): 6 145.70 (C7,11,18,22), 144.06 (C8,10,19,21), 128.39
(C9,20), 81.43 (C5,16), 70.68 (C1,4,12,15), 70.42 (C2,3,13,14), 59.38 (C6,17). IR (ATR)
(em™): 3094 (C-H), 1632 (C=N), 1142 (C-N).

Data consistent with literature values. 126267

[NGB-17] 1,1-Bis(N-imidazolylmethyl)ferrocene (Fc(imd)2)

1" 16 18
12 15 =

17 N
13 | 14  HN—
Fe 20 19

2 1 s—N
s TS
4 67”

10

CisH1sFeNs
MW = 346.22 g mol™

The compound was prepared based on a procedure from the literature.26

1,1"-Bis(pyridiniomethyl)ferrocene  bis(hexafluorophosphate) [NGB-17]
(0.132 g, 0.200 mmol, 1.0 equiv) and imidazole (67.8 mg, 0.996 mmol, 5.0
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equiv) were dissolved in anhydrous acetonitrile (6 mL). The reaction
solution was refluxed for 43 hours under an inert atmosphere. The solvent
was removed in vacuo, and the residue was redissolved in deionised water
(30 mL). An aqueous solution of 1 M HCI was added until a pH of 3 was
reached and the solution was extracted with dichloromethane (2 x 30 mL).
Concentrated NaOH was added to the aqueous layer, adjusting it to pH 10
and the solution was extracted with dichloromethane (2 x 30 mL). The
organic fractions were combined, and the solvent was removed in vacuo.
The crude product was purified using flash column chromatography
(DCM:MeOH, 8:2) to yield an orange solid of the title compound; 37.2 mg,
0.107 mmol, 54%.

HRMS: (EIS): Calcd. for CigH19FeNs [M+H]* 347.0954; found 347.0955 (mean error-0.6
ppm). Calcd. for CigHisFeNsNa [M+Na]* 369.0773; found 369.0771 (mean error 1.0
ppm).

H NMR: (400 MHz, CDCl3): § 7.51 (s, 2H, H10,20), 7.05 (s, 2H, H9,19), 6.91 (s, 2H,
H8,18), 4.80 (s, 4H, H6,16), 4.19 (s, 8H, H1-4,11-14).

13C NMR: (101 MHz, CDCls): 6 136.46 (C9,79), 133.05 (C8,18), 127.99 (C7,17), 83.74
(C5,15), 69.82 (C1,4,11,14), 69.37 (C2,3,12,13), 46.51 (C6,16).

IR (ATR) (cm™"): 3097 (N-H), 2924 (C-H), 1681 (C=N), 1616 (C=C), 1222 (C-N).

Data consistent with literature values. 126

[NGB-18] 1-Ethyl-4,4-bipyridinyl iodide (EV)

I@

] 7 6 9 10
\® /N
> N s\ N

3 4 12 M
C12H13N2l

MW =312.15 g mol™

The compound was prepared based on a procedure from the literature.3%4
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4,4-Bipyridine (0.152 g, 0.973 mmol, 1.0 equiv) was dissolved in acetone
(10 mL) and iodoethane (0.18 mL, 2.24 mmol, 2.3 equiv) was added
dropwise to the stirring solution. The reaction was heated to reflux and
stirred overnight under an inert atmosphere. The suspension was cooled
down to room temperature and filtered to collect the orange solid of the title
compound which was washed with excess acetone before drying; 0.147 g,
0.471 mmol, 48%.

HRMS: (EIS): Calcd. for C12H13N2 [M]* 185.1073; found 185.1076 (mean error 0.6 ppm).
TH NMR: (400 MHz, CDCls): 6 9.46 (dd, J = 6.8, 3.5 Hz, 2H, H3,7),8.90 (dd, J = 6.2, 2.7
Hz, 2H,H10,11),8.34 (dd, J = 6.8, 3.8 Hz, 2H, H4,6), 7.68 (dd, J = 6.20, 2.3 Hz, 2H, H9,12),
5.05 (q, J = 7.4 Hz, 2H, H2), 1.78 (t, J = 7.4 Hz, 3H, H1).

3¢ NMR: (101 MHz, CDCl3): 6 162.69 (C5), 151.75 (C3,7), 145.28 (C10,11), 140.81
(C8), 126.18 (C4,6), 121.54 (C9,12), 57.66 (C2), 17.06 (C1).

IR (ATR) (cm™"): 2969 (C-H), 1642 (C=N), 1174 (C-N).

Data consistent with literature values. 304

[NGB-19] 1-(Carboxypentyl)-1‘-ethyl-4,4"-bipyridinium dibromide

C18H24N202Br2
MW = 460.21 g mol

The compound was prepared based on a modified procedure from the

literature.30°

1-Ethyl-4,4'-bipyridinyl iodide [NGB-19] (0.500 g, 1.60 mmol, 1.0 equiv) was
dissolved in anhydrous acetonitrile (5 mL). 6-Bromohexanoic acid (6.25 g,
32.0 mmol, excess) in anhydrous acetonitrile (15 mL) was added to the

reaction and the resulting solution was refluxed under an inert atmosphere
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for 70 hours. The solvent was removed in vacuo and the solid was suspend
in @ minimum volume of acetone. The suspension was filtered and the
collected solid was washed with excess acetone. The crude product was
recrystallised from hot ethanol and dissolved in deionised water. The
suspension was filtered through Celite™, the filtrate flash-frozen and
lyophilised overnight to yield a yellow solid of the title compound; 0.106 g,
0.230 mmol, 14%.

HRMS: (EIS): Calcd. for CigH23N202 [M-H]* 299.1754; found 299.1753 (mean error
-4.7 ppm).

H NMR: (400 MHz, D20): 6 9.11 (t, J = 6.5 Hz, 4H, H3,7,10,11), 8.53 (d, J = 7.2 Hz, 4H,
H4,6,9,12), 4.74 (q, J = 7.8, 7.3 Hz, 4H, H2,13), 2.37 (t, J = 7.3 Hz, 2H, H17), 2.10 (dt, J =
14.8,7.0 Hz, 2H, H14),1.71 - 1.62 (m, 5H, H1,16), 1.45 — 1.37 (m, 2H, H15).

13C NMR: (101 MHz, D20): & 179.34 (C18), 145.22 (C3,7,10,11), 126.99 (C4,6,9,12),
61.99 (C13), 57.16 (C2), 33.94 (C17), 30.28 (C14), 24.75 (C15), 23.75 (C16), 15.58 (C1).
IR (ATR) (cm™"): 3338 (0-H), 2998 (C-H), 1704 (C=0), 1640 (C=N), 1178 (C-N).

[NGB-20] 1-(Carboxypentyl)-1*-ethyl-4,4"-bipyridinium N-hydroxy

succinimide ester dibromide (EV NHS)

C22H27Br2NsO4
MW = 555.04 g mol™

The compound was prepared based on a modified procedure from the

literature.306

1-(Carboxypentyl)-1“-ethyl-4,4"-bipyridinium dibromide [NGB-20] (26.7 mg,
52.6 umol, 1.0 equiv), N-hydroxysuccinimide (6.90 mg, 60.0 umol, 1.1 equiv)
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and N,N-dicyclohexyl carbodiimide (12.8 mg, 62.0 umol, 1.2 equiv) were
dissolved in anhydrous dimethylformamide (10 mL). The solution was
stirred overnight at room temperature under an inert atmosphere. The
solvent was removed in vacuo and the solid was suspended in acetonitrile
(20 mL). The suspension was filtered through Celite™ and the residue was
washed with excess acetonitrile. The filtrate was concentrated to yield an
orange solid which was a mixture of the title compound to starting material
in a 0.4:1 ratio; 20.6 mg, 37.2 umol, 71%.

HRMS: (EIS): Calcd. for C22H27N304 [M]?* 198.5995; found 198.5984 (mean error 4.2
ppm).

TH NMR: (400 MHz, CD3CN): 6 9.13 - 9.10 (m, 4H, H3,7,10,11), 8.58 (d, J = 7.0 Hz, 4H,
H4,6,9,12), 4.78 - 4.69 (m, 4H, H2,13), 2.75 (s, 2H, H20), 2.66 (t, J = 7.2 Hz, 2H, H17),
2.58 (s, 2H, H21),2.12 - 2.02 (m, 2H, H14), 1.78 (p, J = 7.3 Hz, 2H, H16), 1.66 (1, J = 7.4
Hz, 3H, H1), 1.51 - 1.41 (m, 2H, H15).

3C NMR: (101 MHz, CD3sCN): 6 171.21 (C18), 168.58 (C19,22), 145.18 (C3,7,10,11),
129.35 (C4,6,9,12), 62.49 (C13), 58.38 (C2), 31.28 (C17), 31.14 (C14), 26.40 (C20),
26.15 (C21), 25.45 (C15), 24.60 (C16), 16.25 (C1).

IR (ATR) (cm™): 2927 (C-H), 1731 (C=0), 1636 (C=N), 1206 (C-0), 1172 (C-N).

6.2 Electrochemical apparatus and methods

6.2.1 Instrumentation and set-up

All electrochemical experiments were conducted using a computer
controlled PalmSens4 potentiostat (PalmSens BV) and the associated
PSTrace 5 software for Windows. Unless otherwise stated, all experiments
were performed at an ambient temperature inside an anaerobic glovebox
(Mechanical Workshop, Department of Chemistry, University of York) which
was maintained under a N2 atmosphere (02 < 2 — 8 ppm). Solutions used in
the experiments were deoxygenated with a stream of N2 gas for at least 10
minutes prior to importing into the glovebox and then left overnight before

using, allowing for the remaining O2 to diffuse out.
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6.2.2 Electrochemical cell

A conventional three-electrode set-up was used for all of the experiments;
comprising a stationary working electrode, a Ag/AgCl (3 M NaCl) reference
electrode (BASI) situated within a Luggin capillary and a platinum wire (@
0.2 mm) counter electrode (Electronics Workshop, Department of
Chemistry, University of York). The type of the working electrode employed
varied based on the nature of the experiment and the analyte of interest and
was either a BDD disk (@ 3 mm) electrode (BioLogic) (Chapter 2), a Au disk
(@ 3 mm) electrode (eDAQ, BASi) (Chapter 3) or a Au-coated silicon wafer
(@ 10 cm) electrode (Sigma Aldrich) (Chapter 4).

Experiments in Chapter 2 utilising the BBD working electrode were
conducted in a glass reaction vial, Reacti-Vial™ (Thermo Scientific). A
custom-made PTFE lid (Mechanical Workshop, Department of Chemistry,
University of York) was fitted on top and used to hold the three electrodes
in place. In Chapter 3, a bespoke all-glass cell (Glassblowing Workshop,
Department of Chemistry, University of York) made to accommodate a Au
disk working electrode was employed. Chapter 4 details experiments
conducted on Au wafer electrodes which required the design and
construction (Glassblowing, Mechanical and Electronic Workshops,
Department of Chemistry, University of York) of a specialist electrochemical
cell. Anylon 66 base was manufactured to house the working electrode with
an all-glass reservoir position on top and held together by two acetal

clamps; the design details are outlined in the relevant chapter.

6.2.3 Reference electrode calibration

All potentials in this thesis are quoted versus the reference electrode used,
Ag/AgCl 3 M NaCl. The conversion factor (c.f.) between the reference
electrode and the normal hydrogen electrode (NHE) was determined
experimentally. The midpoint potential (E12) value, calculated as the

average of the cathodic (Epc) and anodic (Epa) peak positions for the
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ferri/ferrocyanide redox couple was measured using cyclic voltammetry at
a glassy carbon (GC) working electrode. The experimental E1/2, 0.235 V vs
Ag/AgCl 3 M NaCl was compared to the literature of 0.425 V vs NHE, to

produce a c.f. of 0.190 V as described in Equation 6.1.3%7

Literature E;;, (V vs NHE)
= Experimental E,,, (V vs Ag/AgCl 3 M NaCl) +c.f.

Equation 6.1 The relationship between literature and experimental E;, values for a
ferri/ferrocyanide redox couple for the determination of a conversion factor (c.f.) between
the two reference electrodes. The experimental value was determined through cyclic
voltammetry of 10 mM Ks[Fe(CN)e] in 100 mM phosphate buffer (I = 0.464 M, NaCl), pH 7.0.

6.2.4 Electrode preparation and modification protocols

Boron doped diamond disk electrodes comprise a very thin (ca. 500 pm)
layer of the material adhered to a brass rod and thus abrasive mechanical
polishing cannot be used. Sonication of the electrode in MilliQ water in three
bursts of 15 seconds each after and before the experiment was used to
remove any loosely adhered molecules and ‘regenerate’ the surface. BDD

electrodes were used in experiments without further modification.

Gold disk electrodes were polished mechanically and electrochemically
before being used either bare or for modification with SAM molecules.
Mechanical polishing was performed on white felt polishing pads (Buehler)
using aluminium oxide powder suspensions (MetPrep) of decreasing
particle size, 1 (a), 0.3 (a) and 0.05 (y) um, for 1 minute per particle size. The
electrodes were sonicated in MilliQ water for 3 minutes and ethanol for 3
minutes to remove any adhered aluminium particles before being dried
under a stream of N2. Cyclic voltammetry was used to electrochemically
polish the electrodes; 50 scans at 100 mV s were recorded in 0.5 M NaOH
(from —1.25 to +0.65 V vs Ag/AgCl 3 M NaCl) before rinsing the electrodes
in MilliQ H20 and recording further 50 scans at 100 mV s in 0.5 M H2S04
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(from —0.25 to +1.55 V vs Ag/AgCl 3 M NaCl). The above procedure was
repeated until stable cyclic voltammograms was obtained with
characteristic peak shape corresponding to a polished gold surface (Figure
6.1). The electrodes were thoroughly rinsed with MilliQ H20 and dried under

a stream of N2 before being used, either bare or for SAM modification.

Polished Au

20 4 AuO formation

=204

Current (pA)

AuO reduction
-40 4

-60 4

0.0 0.5 1.0 15

Potential (V vs Ag/AgCl 3 M NaCl)

Figure 6.1 Representative cyclic voltammogram of a gold surface in 0.5 M H,S04 recorded
at 100 mV s™. Characteristic regions indicative of a polished electrode are highlighted; (a)
minimum capacitive current is observed on a surface without any absorbed contaminants,

(b) a single cathodic peak corresponds to the reduction of a single AuO monolayer.

Gold wafers were polished using an acidic Piranha solution, prepared by an
addition of aqueous hydrogen peroxide 30% (Honeywell) to concentrated
sulfuric acid (Fisher) in a 1:3 ratio. The substrates were immersed in the
solution until the effervescence has ceased and rinsed thoroughly with
MilliQ water before being dried under a stream of N2 gas and used either

bare or for SAM modification.

The same SAM assembly protocol was employed for both types of the Au
surface. A polished and dry substrate was immersed in a T mM solution of

the SAM molecule in ethanol, unless otherwise stated, for 24 hours at
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ambient temperature. The surface was thoroughly washed with MilliQ water
and ethanol alternatingly, before being dried under a stream of N2 gas and

used for electrochemical measurements or further modifications.

6.2.5 Cyclic voltammetry

The exact conditions under which cyclic voltammetry (CV) experiments
were performed varied across the different studies and the details of those
can be found under the relevant figure captions. In principle, the potential
was cycled between the limiting potentials, starting at the most positive
potential unless otherwise indicated by the arrow at the bottom right-hand
corner of a voltammogram, at a potential step of 10 mV and a fixed scan
rate. An equilibration period of 10 seconds was carried out prior to taking
each measurement. Although multiple scans are recorded, only the third

scan is presented unless disparate electrochemical behaviour is observed.

6.2.6 Electrochemical impedance spectroscopy

For all EIS experiments, the electrodes were immersed in a 10 mM
Ks[Fe(CN)e] solution in 100 mM phosphate, 233 mM NaCl (I = 0.464) buffer,
prepared at pH 7.0. An AC voltage input was applied equivalent to the E12
of the redox probe, 230 mV vs Ag/AgCl 3 M NaCl for Ks[Fe(CN)e] with an
oscillation amplitude of 10 mV in a current range of 100 pA. The Ej2 of the
redox probe was determined through cyclic voltammetry in 100 mM
phosphate, 233 mM NaCl (I = 0.464) buffer, pH 7.0 on a bare Au electrode;
calculated as the average of the cathodic (E,c) and anodic (Epa) peak
positions. The system was equilibrated for 300 seconds prior to starting the
measurement and the system was scanned in the range of 10 kHz to 0.1 Hz
at 10 points per decade. Data sets were subsequently analysed using the
PSTrace in-built circuit fitting programme, and equivalent circuit fitting was
performed on Nyquist traces where applicable to the circuit shown in Figure
6.2.
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W

Figure 6.2 Theoretical electrical circuit (Randles circuit) for the fitting of gold electrodes
modified with either small molecules or proteins, examined using a [Fe(CN)e]* redox probe
in solution. R1, solution resistance (Rs); Q1, constant phase element modelling double layer
capacitance (Cq); R2, charge transfer resistance (Rct); W1, Warburg element modelling
diffusion (W) (in some cases substituted by Warburg open, Wo which describes finite-

length diffusion with reflective boundary).

6.3 Protein related methods

6.3.1 Expression and purification of proteins

The CeuE protein and the the His-tagged version of Gst (Gst-6His) were
expressed and purified by Dr Elena V. Blagova according to a published

protocol 85287

The His-tagged version of CeuE, CeuE-6His, was expressed and purified
under the supervision of Dr Elena V. Blagova. The bacterial glycerol stock
was provided by Dr Elena V. Blagova; the transformed plasmid contained
the pET-YSBLIC3C vector encoding the protein of interest with an N-terminal
hexa-histidine tag (6His) linked via a human rhinovirus 3C protease
cleavage sequence. The protein was expressed in E. coli strain BL21(DE3)
cells, grown in Luria-Bertani broth supplemented with 30 pg mL" of
kanamycin. Protein expression was induced with 1 mM of isopropyl 3-D-1-
thiogalactopyranoside (IPTG) once an ODsgo of 0.6 — 0.8 was reached and
the samples were incubated for 4 hours at 37°C before being harvested by
centrifugation. The pellets were resuspended in 50 mM TRIS-HCI, 500 mM
NaCl, 10 mM imidazole buffer, pH 7.5, in the presence of a protease inhibitor

cocktail tablets, Complete Mini, EDTA-free and lysed by sonication on ice.
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The supernatant was collected, and the soluble crude extract was purified
in two steps. A His-Trap chelating column was charged with nickel and
equilibrated with 50 mM TRIS-HCI, 500 mM NacCl, 10 mM imidazole buffer,
pH 7.5. The crude sample was loaded, and the protein elution was achieved
with 50 mM TRIS-HCI, 500 mM NaCl, 500 mM imidazole buffer, pH 7.5 over
an imidazole gradient. The fractions containing the His-tagged CeuE protein
were collected and further purified on a Superdex S200 size exclusion
column using 20 mM TRIS-HCI, 150 mM NaCl, pH 7.5 elution buffer. The
purified protein was concentrated using protein concentrator spin columns
with a MW cut-off of 10 kDa (Amicon Ultra-15, Millipore) and the
concentration was measured using the Bradford method (Coomassie
Protein Assay Reagent, Thermo Scientific) before being aliquoted, flash-

frozen and stored at —70°C.

The His-tagged version of CjX183 protein was expressed and purified by
Alice Hewson; a previously published protocol was modified as described
herein.?8% The construct containing residues 1408 — 1674 was incorporated
into a pCW-LIC vector alongside with a C-terminal hexa-histidine tag (6His).
The protein was expressed in E. coli strain BL21(DE3) competent cells,
grown in 2x Yeast Extract Tryptone growth media supplemented with 1 pL
mL™" of ampicillin and chloramphenicol. Protein expression was induced
with T mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) once an ODeoo
of 0.6 was reached and the samples were incubated overnight at 16°C
before being harvested by centrifugation. The pellets were resuspended in
20 mM TRIS-HCI, 150 mM NaCl, 10% v/v glycerol buffer, pH 8.0, in the
presence of a protease inhibitor cocktail tablets, Complete Mini, EDTA-free
and benzonase, followed by lysis of the cells. The supernatant was
collected, and 30 mM imidazole was added before the protein was purified
in two steps. A His-Trap chelating column was charged with nickel and
equilibrated with 20 mM TRIS-HCI, 200 mM NacCl, 30 mM imidazole buffer,
pH 8.5. The crude sample was loaded, and the protein elution was achieved
with 20 mM TRIS-HCI, 200 mM NacCl, 300 mM imidazole buffer, pH 8.5 over
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an imidazole gradient. The protein containing fractions were pooled and
further purified on a Superdex S75 size exclusion column using 20 mM
TRIS-HCI, 200 mM NacCl, pH 8.0 elution buffer. The purified protein was
concentrated using protein concentrator spin columns with a MW cut-off of
3 kDa (Vivaspin, Cytvia) and the concentration was measured using the
absorbance at 410 nm (As10) and calculated using the Beer-Lambert law and
the corrected molar extinction coefficients for heme ¢ before being flash-

frozen and stored at —70°C.

6.3.2 Artificial metalloenzyme assembly

ArMs were prepared from three different protein scaffolds; a non-His-
tagged version of CeuE and His-tagged versions of CeuE and Gst,
abbreviated to CeuE-6His and Gst-6His, respectively. The absorbance at
280 nm (A2s0) was measured for all protein stocks to calculate their
concentrations using the Beer-Lambert law and the corrected molar

extinction coefficients determined by Dr Alex H. Miller.30830°

A 2.174 mM stock of SidCat was prepared using a 10 mM (Fe)NTAq), stock
prepared according to a literature procedure, 10 mM AzotoCat stock in DMF
and a 5 mM [Cp*IrCl;], stock in DMF.3% (Fe)NTA (75 yL) was added to 200
mM MOPS, 150 mM NacCl buffer, pH 7.5 (120 pL), followed by SidCat (75
uL) and [Cp*IrCl2]2 (75 pL). The solution was sonicated for 1 minute after

each individual addition step.

The concentrated protein was diluted to a concentration of 50 — 100 pM in
200 mM MOPS, 150 mM NaCl buffer, pH 7.5 and the Sid-Cat stock was
added in a 1:1 ratio in relation to the protein. The solution was left to
equilibrate for 3 hours at 4°C before being washed twice with excess buffer
to remove any unbound SidCat conjugate using protein concentrator spin
columns with a MW cut-off of 10 kDa (Vivaspin, Cytvia). The samples were

stored overnight at —18°C before being used.
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The same procedure was followed to prepare protein—Sid conjugates.
However, the SidCat stock was replaced with a 2.174 mM Sid stock;
prepared by addition of (Fe)NTA (75 pL) to 200 mM MOPS, 150 mM NacCl
buffer, pH 7.5 (195 pL), followed by a 10 mM of NGB-05 in DMF (75 pL).

6.3.3 Dissociation constant measurements

The measurements and subsequent data fitting were performed by Dr Alex
H. Miller according to the procedure described herein. Fluorescence
spectroscopy was performed on a F-4500 Hitachi spectrophotometer at an
ambient temperature with an excitation wavelength of 290 nm and an
emission range of 295 — 410 nm, with a slit width of 10 nm and 20 nm for
excitation and emission, respectively. DOSTAL DOSY liquid dispenser

(Scientific Engineering Solutions) was used for ligand titrations.

The concentrated stock solutions of the proteins, CeuE and Gst, and the
ligand Sid (prepared as described above in Section 6.3.2) were diluted in 40
mM TRIS-HCI, 150 mM NaCl buffer, pH 7.5, whereas the ligand SidCat
(prepared as described above in Section 6.3.2) was diluted in
dimethylformamide to overcome solubility issues. The stock
concentrations were optimised individually for each combination of protein
and ligand to reach homogenous data distribution. For each measurement,
the ligand solution was titrated stepwise (1 pL per step) into the protein
solution (2 mL) with continuous stirring. An equilibration period of 1 minute
was set after each addition before the spectra was acquired. Each spectrum
was buffer subtracted and integrated between 310 — 380 nm and the
subsequent normalised peak area was plotted as the function of the ligand
concentration. The dissociation constant values (Ks) were obtained
following fitting of the plots to Equation 6.2, adapted from the literature,

using a defined non-linear curve fitting analysis.31°

211



Chapter 6 — Experimental

Yo

Y=Yo+< (A+X+Kd—J(A+X+Kd)2—4AX)>

Equation 6.2 An equation for the fitting of fluorescence quenching data for calculating the
dissociation constant values (Ky) to determine the binding affinity between protein and
ligand pairs. Y = normalised fluorescence emission; Y, = initial normalised fluorescence
emission, before ligand addition; B = the minimum normalised fluorescence emission, fully

qguenched state; A = protein concentration; X = ligand concentration.

6.4 Chapter specific experimental procedures

6.4.1 Experimental procedures for chapter 2

6.4.1.1 Characterisation of the BDD working electrode

The BDD working electrode was characterised electrochemically to
establish its ability to efficiently facilitate electron transfer. Cyclic
voltammetry measurements of a solution containing the potassium salt of
ferricyanide, Ks[Fe(CN)e], were obtained at two different scan rates and
compared to the values measured on the surface of a GC working electrode
(Table 6.1).

Table 6.1 Electrochemical parameters extracted from cyclic voltammetry measurements
of Ks[Fe(CN)e] performed at two different scan rates (v), for the comparison of electron

transfer kinetics at boron-doped diamond (BDD) and glassy carbon (GC) working

electrodes.
Working electrode v/mVs™ Ei2/ V2 AE/ mV ipalipc
100 0.235 90 0.82
GC
50 0.235 90 0.81
100 0.230 120 0.78
BDD
50 0.235 110 0.73

@ Eq/2 vs Ag/AgCl 3 M NaCl; 100 mM phosphate buffer, 233 mM NaCl, pH 7.0.

From the CVs, the midpoint potential (E1/2) and peak-to-peak separation

(AE) values were extracted, as well as the ratio between the anodic (ia) and
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cathodic (ic) currents to evaluate the electrochemical reversibility of the
redox couple. For the GC electrode, all the parameters remained consistent
at both scan rates with the AE being close to the theoretical value of 60 mV,
characteristic of an electrochemical reversibility. However, the BDD working
electrode exhibited an increase in AE with a further increase in the value at

a higher scan rate, indicative of slower electron transfer kinetics.

The BDD electrode was further evaluated in different solution compositions,
to determine the effect of buffer on the electrochemical behaviour of the
ferricyanide redox couple. A significant shift in all extracted parameters, as
shown in Table 6.2, was observed upon a change from phosphate to Bis-
TRIS buffer and at a reduced concentration of the supporting electrolyte. In
depth analysis was not performed, however, it served as evidence of the
sensitivity of the BDD electrode to solution composition, highlighting the

need for it to be carefully controlled.

Table 6.2 Electrochemical parameters extracted from cyclic voltammetry measurements
of K3[Fe(CN)¢] at a BDD working electrode, where the solution composition was varied to

evaluate the subsequent effect on the electrochemical behaviour of the redox species.

Buffer Ei2/ V2 AE/ mV ipalipe
Phosphate® 0.235 110 0.73
Bis-TRIS® 0.205¢ 90 1.22

3 Eq2 vs Ag/AgCl 3 M NaCl; v=50mV s™.
b 100 mM phosphate buffer, 233 mM NaCl, pH 7.0; [Ks{Fe(CN)¢}*] = 10 mM.
¢ 5 mM Bis-TRIS buffer, 100 mM NacCl, pH 7.0; [Ks{Fe(CN)¢}*] = 0.48 mM.

4 Experimental value is comparable to the literature Eq/2 value of 0.206 V vs Ag/AgCl 3 M

KCl obtained at a BDD working electrode in 100 mM sodium acetate buffer, pH 7.3.3™

6.4.1.2 UV-vis measurements of iron(lll) azotochelin complexes

UV-vis measurements were obtained on the UV-1800 Schimadzu

spectrophotometer using Starna Scientific quartz cuvettes with a path
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length of 10 cm. Prior to recording each spectrum, a blank measurement of
the corresponding buffer, either Bis-TRIS or NH4OAc, was taken. For spectra
recorded in Bis-TRIS buffer, complex preparation was performed in situ,
analogous to the procedure employed in cyclic voltammetry studies, as
described in Section 2.2.1. Whereas for measurements made in NH4OAc,
the samples were prepared for native ESI-MS as described below, and were

directly used for UV-vis.

6.4.1.3 Native ESI-MS of iron(lll) azotochelin complexes

The samples for native ESI-MS experiments were prepared from 5 mM
azotochelineon) [NGB-05] and 5 mM FeCls(aq) stocks. The two solutions
were combined in 100 pL aliquots to produce Ms:L1 (200 pL total volume)
and Ma2:L3 (500 pL total volume) ratios. The resulting solutions were stirred
for 3 hours at room temperature before the solvent was removed in vacuo.
The purple residue was dissolved in T mL of 10 mM NH4O0Ac buffer at either
pH 6.0, 6.5 or 7.0; sonication for 10 minutes (at room temperature) was
required to ensure full dissolution. Complex formation was confirmed
through UV-vis spectroscopy and the presence of the characteristic Amax
value at 570 + 2 nm. The mass spectra were acquired on a Bruker compact
MS-Agilent 1260 mass spectrometer by Karl Heaton in both negative and

positive ionisation modes.
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Abbreviations

Abbreviations
Ac Acetyl
ArM Artificial metalloenzyme
ATHase Asymmetric transfer hydrogenase
AzotoCat Azotochelin-catalyst conjugate
ATR Attenuated total reflectance
A. vinelandii Azotobacter vinelandii
BDD Boron-doped diamond
bisDHBS Bis(2,3-dihydroxybenzoyl-L-serine)
Bn Benzyl
CA Carbonic anhydrase
CAL-B Lipase isolated from Candida antarctica B
CD Circular dichroism
CDI Carbonyldiimidazole
C. jejuni Campylobacter jejuni
Cp Cyclopentadienyl
CV Cyclic voltammetry/voltammogram
DCM Dichloromethane
DET Direct electron transfer
DIPEA N,N-Diisopropylethylamine
DMF N,N-Dimethylformamide
E* Formal reduction potential
E2 Midpoint potential
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Epa

E. coli

ee

EIS

ESI

EtOAc

EV

Fc

GC

G. stearothermophilus
H

6His

HBTU

HMDE
HRMS
IMAC

imd

K4

Ks

LA

LMCT

Abbreviations

Anodic peak potential

Cathodic peak potential
Escherichia coli

Enantiomeric excess
Electrochemical impedance spectroscopy
Electrospray ionisation

Ethyl acetate

Ethyl viologen

Ferrocene

Glassy carbon

Geobacillus stearothermophilus
Histidine

Polyhistidine tag

Hexafluorophosphate benzotriazole tetramethyl
uronium

Hanging mercury drop electrode

High resolution mass spectra
Immobilised-metal affinity chromatography
Imidazole

Infrared

Dissociation constant

Formation constant

Solubility product constant

Lipoic acid

Ligand-to-metal charge transfer
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Abbreviations

Mb Myoglobin

MeOH Methanol

MS Mass spectrometry

NHE Normal hydrogen electrode

NHS N-Hydroxysuccinimide

NikA Nickel binding periplasmic binding protein
NiRd Nickel substituted rubredoxin

NMR Nuclear magnetic resonance

NP Nanoparticle

NTA Nitrilotriacetic acid

PBP Periplasmic binding protein

PCR Polymerase chain reaction

PEG Polyethylene glycol

PFV Protein film voltammetry

PGE Pyrolytic graphite edge

py Pyridine

QCM-D Quartz crystal microbalance with dissipation
SAM Self-assembled monolayer

SCE Saturated calomel electrode

SERR Surface-enhanced resonance Raman

SHE Standard hydrogen electrode

SidCat Iron(Ill) azotochelin-catalyst conjugate
SPAAC Strain-promoted azide-alkyne cycloaddition
tBu tert-Butyl
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TEA

TOF

TON

TLC

uv

Vis

Triethylamine

Turnover frequency
Turnover number

Thin layer chromatography
Ultraviolet

Visible

Tyrosine

Abbreviations
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Appendix — Supplementary figures
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Figure A.1 Corresponding first scans of the cyclic voltammograms shown in Figure 2.9.
Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 (grey dashed line).

Final analyte concentrations [Fe] = 0.48 mM (grey solid line), [Fe] : [cat] = 0.42 : 1.25 mM

(orange solid line); v =50 mV s™.
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Figure A.2 Corresponding first scans of the cyclic voltammograms shown in Figure 2.10.
Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 (grey dashed line).

Final analyte concentrations [Fe] : [Azoto] = 0.45 : 0.45 mM (orange

v=10mVs™.
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Figure A.3 Corresponding first scans of the cyclic voltammograms shown in Figure 2.11.
Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 for Fe(lll) azotochelin
(solid orange line) and Fe(lll) bisDHBS (solid green line). Final analyte concentrations [Fe]
= 0.45 and [siderophores] = 0.45 mM; v =10 mV s™.
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Figure A.4 Corresponding first scans of the cyclic voltammograms shown in Figure 2.13.

Data was collected in solutions containing 5 mM buffer salt of either Bis-TRIS
(electrochemistry buffer) or NH40Ac (native ESI-MS buffer), 100 mM NaCl at pH 7.0 Final
analyte concentrations at M:L, ratio (solid and dotted orange lines), [Fe] = 0.45 mM and

[Azoto] = 0.45 mM; at Ma:Ls ratio (solid and dotted green lines), [Fe] = 0.80 mM and [Azoto]

=1.20mM;v=10mV s™.
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Figure A.5 Corresponding first scans of the cyclic voltammograms shown in Figure 2.16.
Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at different pH values,
pH 6.0 — 8.50 in either 0.25 or 0.5 increments. Iron(Ill) azotochelin was prepared in a M1:L4

ratio where [Fe] = 0.45 and [siderophores] = 0.45 mM; v=10mV s™.
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Figure A.6 Corresponding first scans of the cyclic voltammograms shown in Figure 2.19.
Data was collected in 5 mM Bis-TRIS buffer, 100 mM NaCl at pH 7.0 (grey dotted line) for
ferricrocin (solid orange line). Final analyte concentrations [Ferricrocin] = 0.45 mM; v = 10

mV s™.
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