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Preface

The work presented in this thesis was conducted during my PhD studies at the Department
of Chemistry, Technical University of Denmark (DTU) from Marts 2019 to February 2022,
under the supervision of Associate Professor Katrine Qvortrup. This PhD project was founded
by The Carlsberg Foundation. Due to the global pandemic (covid-19) my originally plan
regarding external stay was cancelled, but fortunately Researcher Xinxin Xiao and Professor
Jens Ulstrup, from the NanoChemistry department, gave me the opportunity to work with
them in their electrochemistry group, hereby giving me experience with an exciting change
of research environment. The stay at DTU NanoChemistry was proceeded with practical
guidance from PhD Xiaomei Yan and Researcher Xinxin Xiao.

This thesis investigates the development of energy harvesting conjugates, which are divided
into two parts. The first part focuses on developing novel strategies for site-selective bioconjuga-
tion, while the second part investigates the development of an improved anthraquinone-based
bridging molecule to provide good electron transfer between protein and electrode.

Simultaneously with my PhD studies I have been involved in other exiting projects that is
not included in my dissertation. These projects include photoinduced indigo formation for a
greener production of denim-clothes, total synthesis of the natural compound Exochelin 772SM
for cancer treatment, and the development of a novel biofilm dispersal drug for treatment of

resistant infections.

Kongens Lyngby, February 28, 2022

Vit lisdfo

Chérlotte Uldahl Jansen







Abstract

Site-selective bioconjugation is a powerful technique that is important for production of well-
defined conjugates, which is needed in many research fields, including biology, pharmacology
and electro chemistry. It is, however, challenging to achieve good site-selectivity due to the
high number of each amino acid in a protein of interest. There are around 300 amino acids
in a protein, and with only 21 available amino acids to choose from, there will unavoidably
be unselectivity. Another strategy involves the recombinant installation of unnatural amino
acids. However, this is time consuming and often give low yields. In addition, the installation
of an unnatural amino acid can alter the function of a protein. In this thesis is presented
two novel strategies to achieve site-selective bioconjugation on a protein containing only nat-
ural amino acids. Both strategies utilize the site-specificity achieved by the phosphorylating
enzyme PKA. In one strategy, an azido handle is site-selectively installed by utilizing an azide-
functionalized ATP-analogues as PKA substrate. The other strategy makes use of the natural
enzyme substrate ATP followed by a selective pyrophosphorylation reaction to install the azido
functionality.

Connecting proteins to electrodes is important for varies applications, with energy harvest-
ing being one important field. However, the effect of the resulting conjugate is highly dependent
on the protein having the right orientation on the electrode, as well as a good bridging molecule
to ensure efficient electron transfer. In this thesis, an anthraquinone-based bridge molecule is
investigated, which contains a thiol handle for electrode binding and a handle allowing future

conjugation to the protein.

These are the themes of this PhD thesis.






Resume

Positions-selektiv biokonjugation er et vigtigt veerktgj med mange anvendelsesmuligheder in-
den for bade det medicinske-, biologiske og elektrokemiske felt. Udfordringerne i at opna en
god positions-selektiv biokonjugation beror pa at antallet af kopierer af en given aminosyre
i et protein er stor. Der er kun 21 aminosyrer at veelge i mellem og et protein indeholder
ca. 300 aminosyrer, derfor vil der uundgdeligt veere uselektivitet. Man kan inkorporere
unaturlige aminosyre med en unik funktionalitet ved rekombinant syntese, men inkorporering
af unaturlige aminosyrer er ofte en tidskreevende proces og giver lave udbytter. Desuden
vil det potentielt sendre proteinets egenskaber. I denne PhD afhandling bliver der praesen-
teret to strategier der tillader positions-selektiv biokonjugation pa proteiner der kun inde-
holder naturlige aminosyrer. Metoderne opnar positions-selektivitet ved at udnytte en phos-
phorylerings reaktion fra enzymet PKA. Den forste strategi gor brug af et unaturligt azido-
funktionaliseret PKA phosphorylerings substrat, mens den anden metode bruger det naturlige
enzym substrat (ATP), hvilket efterfolges af en pyrophosphorylerings reaktion til at installere
azido gruppen for videre funktionalisering.

Brugen af protein-elektrode konjugation har bred anvendelse, hvoraf en af de vigtige er
energi hgstning. For at opna effektive konjugater er det yderst vigtigt at proteinets orientering
pa elektroden er specifik og ligeledes er det afggrende at den molekylare-bro der forbinder
protein og elektrode giver effektiv elektron-transport. I denne PhD afhandling undersgges en
anthraquinon-baseret molekylaer-bro, som har bade en thiol-funktionalitet der kan binde til

elektroden, savel som et handtag der tillader kovalent konjugation til proteinet.

Dette er temaerne pracsenteret i denne PhD afhandling.



Vi
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CHAPTER |

Energy Harvesting
Conjugates

One of the major crises in modern times is the burden of the society’s high energy demand
on the environment and overall health of the planet, primarily due to the use of fossil fuels.
To overcome this, sustainable, environmentally friendly and green energy sources have become
an essential part of the solution. The Sun is the largest accessible energy source[l] on Earth
and is of great potential for a development of both sustainable and environmentally friendly
energy-harvesting technologies[2, 3]. Solar harvesting complexes utilizing organic molecules[4—

6], aqueous solvents[6, 7] and proteins[8] are of interest in this PhD thesis.

1.1 Inspiration from Nature

Plants and some bacteria (cyanobacterial[9, 10] and red alga[11, 12]) harvest energy from the
Sun using photosynthetic proteins. Phycobilisome[13-16] (see figure 1.1 with inspiration from
Singh et al.[15], PDB: 6kgx[11]) is one of the largest antenna proteins found in cyanobacterial[9]
and red alga[11, 12]. The structure of the phycobilisome from the red alga Porphyridium pur-
pureum[11], and its many subunits (phycoerythrin (PE), phycocyanin (PC), allophycocyanin
(AP) and linker proteins), can be seen on figure 1.1. The PEs absorbs light at 480-570 nm and
PCs adsorbs light at 550-650 nm[14]. Afterwards the excited electron is travelling[17] through
the protein complex to the core (AP), where a photooxidation can occur, resulting in donation

of electrons[18] from the protein to an electron acceptor.
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Phycobilisome . Y Subunits o Monomer
56 Alpha chain
el ~

' Hexamer

Schematic lllustration

480-570 nm Hexamer

Beta chai

]

550-650 nm /

Trimer

Figure 1.1: Tllustation of Phycobilisome and its subunits. PDBs: Phycobilisome (6KGX), PE (5B13)
outer end of antenna rod (blue in shematic illustration), PC (4L1E) end close to the middle of the
antenna rod (green in shematic illustration), AP (1B33) the middle of the antenna (dark red in she-
matic illustration) and monomer (5TJF). Linker proteins (located multiple places, in shematic
illustration).

1.2 Proteins-Modified Electrodes

Protein-modified electrodes is a renowned phenomenon|3, 19-24] that makes it possible to ef-
ficiently exchange electrons between proteins and electrodes, which has been used in a broad
range of applications, incl. glucose biosensors[25, 26] for diabetics, cancer diagnostics (detec-
tion)[24, 27, 28] with antibodies, bilirubin detection[29, 30], biofuels[31-34] and environmental

monitoring[35], but also for mechanistic understanding of enzymes[20].

Substrate  Product

N7

Detection

Figure 1.2: Schematic illustration of protein-modified electrodes
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1.3 Energy Harvesting Conjugates

Liu et al.[36] published in 2018 a study of energy harvesting conjugates consisting of a protein
conjugated to quantum dots. More specifically, they conjugated the photoreaction centre from
the bacteria Rhodobacter sphaeroides to water-soluble cadmium telluride quantum dots through
a His-tag linker. In a minireview from 2019 by Howe and colleagues[37], the development of
biophotovoltaic systems using microorganisms is discussed. One of their conclusions is that
a good electrical wiring connecting the electron doner and the anode is important to obtain

good electron transfer.

1.3.1 The Need for Site-selective Bioconjugation Strategy

Based on the above referenced literature, it is evident that the orientation[21, 31, 38, 39] of
the protein is of high importance when developing energy harvesting conjugates. Yates et
al.[21] presents in a review the different attempts of anchoring the proteins to an electrode;
illustrations from this review is collected in figure 1.3 (modified). The protein conjugation
techniques discussed include the formation of peptide bonds through NHS/EDC chemistry (fig-
ure 1.3A), non-covalent binding in hydrophobic pockets (figure 1.3B) and various chemistries
through installation of a biorthogonal handle (figure 1.3C) or unnatural amino acid (figure
1.3D) via genetic manipulation, as well as conjugation through imine formation (figure 1.3E)

and cysteine-maleimide (figure 1.3F) chemistry.

- 0
H N’
o EDC/NHS o & o
o = A ——— &,
° H
w5 W
EDC/NHS )
HO. —tp O.
[e] [¢]

Redox protein

Redox center

Site-seloctively

introduced
~~ bio-orthogonal
“handle”

Figure 1.3: Illustations from Yates et al.[21], A) NHS/EDC coupling, B) non-covalent hydrophobic
pocket, C) biorthogonal handle, D) unnatural amino acid E) imine formation F) cysteine-maleimide
chemistry.
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The use of natural amino acids in recombinant production of proteins are highly desirable
due the higher yield and more reliable methods. However, when the conjugation methods
allowing attachment of a prope to proteins rely on only natural amino acids low selectivity are
often observed as there are many copies of each amino acid moiety in the protein, which will

lead to a heterogeneous mixture of proteins functionalized in different positions.

Therefore, when designing solar harvesting protein-based conjugates two major elements
are crucial to investigate; how to orient the protein in the optimal position and how to the
design the anchoring linker to achieve efficient electron transfer, see figure 1.4. This thesis
is divided into two parts, one for each element. Part I first introduces the concept ’site-
selective bioconjugation’, its importance and challenges. In the second chapter of Part I,
the investigation of new kinase-mediated bioconjugation methods is presented. Part II is
centred around the organic bridge, focusing on the synthesis and electrochemical studies both
in solution (chapter one) and anchored to an electrode (chapter two). The electrochemical
studies were conducted in collaboration with PhD Xiaomei Yan and Researcher Xinxin Xiao

during the ‘change of research environment’.

Orientation of the Need good electro-
protein is of high Harvesting chemical properties
importance Conjugates of the wire

Figure 1.4: Thesis Build-up. Hlustration protein PDB 5TJF and redox illustration from www.toppr.
com.
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CHAPTER 2

Site-Selective
Bioconjugation

This chapter will introduce the concept bioconjugation, and more importantly site-selective

bioconjugation.

2.1 Bioconjugation

Bioconjugation in its simplest form is the coupling to a macro-biomolecule to a small molecular
component[40] through a covalent bond. A highly researched field of bioconjugation involve the
coupling of an antibody and a small-molecule drug to form a so-called antibody-drug-conjugate
(ADC)[41]. A major challenge for boiconjugation[42] is to achieve chemoselectivity and regios-
electivity of the conjugation reaction, as a protein consists of several of the same amino acid
(AA) and even different AAs with similar side-chain reactivity. This often leads to a heteroge-
nous mixture of different bioconjugates[43], where the small molecular component is located
in different positions on the proteins as well as bioconjugates with different numbers of the
small molecular component attached to each biomolecule. The resulting bioconjugated species
may have different properties as well as stability. For better control of the bioconjugation
reaction, methods have been developed that allow recombinant installation of an unnatural
AAJ44], e.g., an azido, allowing chemoselective chemistry only on this position. While this
method allows high control the number and position of conjugation sites, a major drawback
is the need for recombinant installation of an unnatural AAs, which seriously complicates the
protein production, resulting in low yields of the desired protein. In addition, installation of an
unnatural AA[45] may often affect the stability and/or reactivity and solubility of the resulting

biomolecule.

Many conjugation techniques have been applied for various types of applications. Figure
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2.1 illustrates the most used conjugation techniques[46] with natural AAs and examples of their
applications, which include the improvement of properties of therapeutic proteins[40, 47—49]
e.g., half-life[47, 49, 50] as well as bioconjugates for targeted delivery (ADCs[41, 47, 51, 52],
peptide-drug-conjugates[49, 50], imaging[53, 54]) and biosensors[55-57].

Lysine conjugation [44,58-61] Applications

Cysteine conjugation [41,44,60-66]

Imaging .
: [53,54] Peptide-
Half-life { Drug-
Histidine conjugation [67,68] [47,49,50] ! Conjugate
: ADCs [49,50]
[41,47,51,52] )\_/
Tyrosine conjugation [44,61,69-71] N

Biosensors [55-57]
Serine conjugation [72]

Figure 2.1: Conjugation techniques with natural AAs and examples of their applications: lysine[44,
58-61], Cysteine[41, 44, 60-66], Histidine[67, 68], Tyrosine[44, 61, 69-71], Serine[72], half-life[47, 49,
50], ADCs[41, 47, 51, 52], peptide-drug-conjugates[49, 50], imaging[53, 54]) and biosensors[55-57].

For further reading see review by Hoyt et al.[73] and the above-mentioned references. As
the position, on the biomolecule, of the conjugation and the number of molecules attached
to each biomolecule can be of critical importance, it is of high interest to develop controlled,

site-selective bioconjugation strategies[43, 73-75].

2.2 Site-Selective Bioconjugation

To achieve site-selective bioconjugation, different methods could be employed[76] (as described
above and in section 1.3.1); however, in this project, focus was given to methods using only
natural AAs as this will simplify the protein expression[43] and produce the desired protein in
higher yields. Strategies have been developed that allow selective conjugation to either only
the N-terminal[44, 61, 77] or the C-terminal[61, 78] of the protein. While these strategies allow
attachment of only one small molecule to the protein of interest, the application is limited
as they only allow conjugation at highly fixed positions. Another interesting example of a
site-selective bioconjugation strategy was achieved by Chen et al.[79], utilizing a kinetically
controlled approach to conjugate to one lysine that is more nucleophilic than the other lysine

residues present in the protein.
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2.2.1 Chemically Enhancement

Another strategy is to enhance chemical reactivity of one specific AA in an area of interest on
the protein, by installing specific AAs in the surrounding environment of that specific AA. In-
spired by nature and how enzymes work, one such strategy could involve a sequence mimicking
the catalytic triad[80] of hydrolytic enzymes, for example the Asp-His-Ser sequence[81] seen
in serine proteases[80], as investigated by Miller et al.[82]. Other techniques include a certain
sequence to obtain chemoselectivity, e.g. the dibenzocyclooctyne (DBCO) tag (LCYPWVY)
invented by Pentelue and colleges[83] (see figure 2.2a), or the N-terminal His-tag (GHHHHHH)
in the group of Jensen[84] (see figure 2.2b).

Site-selective
thiol-yne reaction

DBCO-tag {J

(b) His-tag by the group of

(a) DBCO-tag by Pentelue and colleges|[83]. Jensen(84]

Figure 2.2: Site-selective strategies utilizing chemically enhanced sequences.

2.2.2 Enzyme Reignition Sequence

Another strategy allowing protein conjugation uses enzymes and installation of their specific
substrates sequence inserted in the protein of interest, which allows a highly selective installa-
tion of a given tag at only that position. The utilization of both terminal and internal tags[43]
have been demonstrated using this concept. Some examples of internal tags investigated are the
formylglycine-generating enzyme (FGE) and its motif LCTPSR were the cysteine gets oxidized
to the aldehyde, which can afterwards be further selectively modified[85]. Another example is
the lipoic acid ligase (LplA) that selectively modify the lysine in GFEIDKVWYDLDA with a
lipoic acid[86], which has been utilized to install an azido-handle with a modified substrate[87].

Inspired by the enzyme strategy in this thesis will investigate the use of a phosphorylating

enzyme as a novel method to achieve site-selective bioconjugation.






CHAPTER 3

Bioconjugation with Kinase

Enzymes are known to be effective and dependable with high specificity for their substrate and
the reaction they catalyze. These abilities have been efficiently used in industrial production
for years, examples include the food industry (cheese production and general preservation) and
the textile industry (manufacturing and washing powder)[88].

Kinases is a family of phosphorylation enzymes which transfer a phosphor group from the
high energy molecule adenosine 5 -triphosphate (ATP) to either a serine (Ser), a threonine
(Thr), or a tyrosine (Tyr)[89-91], where each specific kinase-subtype phosphorylates the rel-
evant amino acid sitting located in a very specific sequence. Recombinantly incorporation of
this specific sequence of natural amino acids at desired position(s) of the target biomolecule,
can allow for selective modification of the protein of interest without introducing any unnatural

amino acids.

3.1 Scope

This chapter investigates two strategies to achieve site-selective bioconjugation, see figure 3.1,
where Strategy 1 applies an ATP analogue containing an azido handle for further conjugation
and Strategy 2 applies the natural ATP followed by a pyrophosphorylation reaction with a
phosphate reagent containing an azido handle. Both strategies are of high interest as the
first allows for quick installation of a simple azido handle, whereas the other will allow for

installation of a more complex and bulkier handle.

When designing a bioconjugation method using enzymes there is a certain desired standard
for the enzyme, this includes that it should be highly active, robust, and have high substrate
specificity. Therefore, the protein kinase A (PKA) catalytic subunit alpha was chosen, which
is described to have high activity (<8.000.000 U/mg)[92]. It is recombinantly expressed in E.
coli, with the preferred substrate sequence LRRASLG, in which the serine gets phosphorylated.
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Figure 3.1: Site-selective bioconjugation strategies investigated in this thesis. In illustration enzyme
PDB 3KKYV and peptide PDB 2ME3.

3.2 Phosphorylation

The phosphorylation assay was performed as described by Roskoski[93] with few modifications,
where the specific concentrations used can be seen in table 3.1. Milli-Q water was used as sol-
vent for the stock solutions of the peptide, ATP and MgCls. The 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer was made with MOPS and milli-Q water, and afterwards adjusted to pH
7.0 with 10 M NaOH. Lastly the enzyme bought was 0.16 mg enzyme/mL in a 50 mM MOPS
solution buffered at pH 7.0.

Table 3.1: Calculation table for phosphorylation assay.

Component Stock Concentration Added Final Concentration
Peptide 12,5 mM 20 pL 2 mM
ATP 62.5 mM 4 plL 2 mM
MgCl, 250 mM 2 uL 10 mM
MOPS (pH 7) 104.17 mM 20 uplL 50 mM
Enzyme 0.16 pg/ul 4 pLo 0.0128 ug/pl
Final Volume 50 uL

All the peptides used was synthesized using solid-phase peptide synthesis (SPPS) and the
UV-active p-nitro cinnamic acid (1, UV) was added in the N-terminal to enhance the UV
absorbance of the peptide, helping analysis. See chapter 4 for synthetic procedure. The
sequences synthesized are UV-FLRRASLG-NH;, (SerUV, 2), for phosphorylation, and UV-
FLRRAS(PO3H2)LG-NHy (SerPUV, 3), for control. All can be seen in figure 3.2. The assay
was performed at 37°C, shaking at 1200 rounds-per-minuet (rpm) for 2 hours, which gave full
conversion to the phosphorylated peptide as determined by HPLC, see spectrum in figure 3.3.
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Figure 3.2: p-nitro cinnamic acid (1), SerUV (2) and SerPUV (3).
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Figure 3.3: Combined HPLC spectrums of SerUV (2) and SerPUV (3). The data has been manipu-
lated for display, see raw spectra in appendix B.

3.2.1 Specificity of the Enzyme

The substrate specificity of the enzyme was previously investigated by Walsh et al.[94] They
found that the smallest motif was Arg-Arg-X-Ser-Z, and by testing one amino acid at a time,
they identified Leu-Arg-Arg-Ala-Ser-Leu-Gly to result in highest phosphorylation. This de-
picts that the X and Z should be hydrophobic sidechains, X relatively small whereas Y can be
bulkier.

To ensure the specificity of the enzyme follows these guidelines, a series of peptides was
synthesized with variations as marked with red in table 3.2. V1 and V2 make small variation
to the X position, whereas V3 and V4 vary the Z position. Lastly V5 and V6 substitute one
Arg at a time to investigate whether both Arg amino acids are important. The peptides are

listed in table 3.2 alongside with the results from the enzyme assay.

Conversion (%-phosphorylation) was calculated by the integrated area under the peaks as;
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Table 3.2: Peptide sequences used for testing enzyme specificity and the %-phosphorylation observed
by HPLC.

ID Peptide Sequence* Conversion

Motif R R X S Z

Identified L R R A S L G

SerUV (2) F L R R A S L G 100%
vt FLRRGSTLG| 8%

V2 F L R R V S L G 0%
Vs FLRRASVG| 5%

V4 F L RRAS T G 46%
v | FLRAASTLG| 9%

V6 F L A R A S G 0%

* One letter code

arelproduct
areproduct + areareqactant

%conversion =

- 100 (3.1)

It was found that X insertion of the smaller glycine instead of alanine (V1) was allowed
but the larger valine (V2) completely quenched the phosphorylation. If the position Y was
exchanged for either a smaller (valine, V3) or larger (isoleucine V4) side chain a decrease in
phosphorylation was observed, but not complete loss of recognition from the enzyme. Inter-
estingly it was found that the arginine furthest from the serine (V6) was of high importance,
but the other arginine (one closer to the serine, V5) was of no importance, when incubated
for 2 hours. To test if V5 was equally as good as the double arginine a mix of SerUV and
V5 (one equivalent each) was incubated as described above with approximately one equivalent
of ATP. The results showed that all SerUV had been phosphorylated and only some of V5,
indicating that there was a preference for phosphorylation of the double arginine analogues

(SerUV) compared to the analogues containing only one arginine residue (V5), see figure 3.4.
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Figure 3.4: HPLC results from the competition between SerUV and V5 for investigating phosphory-
lation specificity.
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3.3 Strategy 1

I

OH

Figure 3.5: Schematic illustration of strategy 1: phosphorylation with an ATP analogue to install
handle.

ATP analogues has previously been utilized to study the enzymatic pathways and functions
of kinases[95-97]. Suwal et al.[98] investigated the ‘co-substrate’-tolerance of three different
kinases (PKA, CK2 and Abl) with a structural scope of ATP analogues. They observed that
it is not allowed to have large groups close to the y-phosphate, however, with an alkyl/ethoxy
chain installed as spacer even large groups was accepted by the enzymes. Another study
by Suwal et al.[99] showed how this approach with ATP-azido analogues could be used to
cross-link enzyme and substrate to identify substrates for a specific kinase. Some of the most
studied kinases, include PKA, CK2 and Abl[98-101]. The majority of the ATP analogues in
literature are phosphoramidates[98-104], see also figure 3.6, but also phosphoesters[103—105],
phosphorthioesters[104, 106, 107] and phosphonates[108] have been reported. Phosphorami-
date analogues was however, shown to be unstable under acidic conditions[108].

When designing ATP analogues, it is important to consider enzymatic acceptance, co-

substrate stability and product stability.

3.3.1 Design of Analogue

It is important to find a good balance between high stability of the final conjugate and good
reactivity and enzyme recognition of the ATP analogue. The phosphates will be discussed
according to the «, 8 and v nomenclature as indicated in figure 3.7, where the vP is the one
being transferred by the enzyme to the specific serine residue. It is predicted that binding of the
~P to a carbon will change the overall electronegative properties of the linkage between vP and
BP (marked in red on figure 3.7). This modification is expected to make the bond more stable

and less prone to unspecific hydrolysis in the final conjugation[108, 109]. This may however

!Co-substrate refers to ATP or ATP-analogue.
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Figure 3.6: ATP analogues studied in literature[98-101].

also affect the ability of the enzyme to break this bond and therefore, the enzymatic transferal
of a vP group will be less efficient. The kinetic difference between the three types of vyP-bonds
(vP-OR, -NR and -CR) has been investigated by PhD Ahmed Eid Fouda and reported in his
PhD-thesis[109]. He observed that an ATP analogue with a vP-CR bond resulted in a 10-fold
decrease in enzymatic phosphorylation efficiency compared to ATP, whereas analogues with

vP-OR and +P-NR only showed a 3-fold decrease in phosphorylation.

O
P R
HzN\/K( Sj\ OOHO OHOTOH
N HO Breaking Linkage

0
YP-OR YP-NHR YP-CH,R
Con Con Con
yP-OR VP-NR yP-CR

Figure 3.7: Nomenclature for ATP analogues.



18 3 Bioconjugation with Kinase

To investigate the potential of strategy 1 in site-specific bioconjugation, two almost-identical
analogues was designed which contained either a vP-CR bond-type or a vP-OR bond-type.
These was designed to investigate the balance between product-stability and enzyme recogni-
tion versus reactivity. The vP-CR analogue is expected to provide high stability of the final
conjugate towards acidic and basic conditions, while the vP-OR analogue is expected to have

a better enzyme recognition and a better catalytic turnover.

3.3.2 Synthetic Procedure

The synthetic strategy of the targeted yP-CR (ATPC, 4) can be seen in figure 3.8. The syn-
thesis can be divided into three parts a) phosphor reagent[110, 111}, b) activation of ADP[112]
and c¢) 1,1’-carbonyldiimidazole (CDI) mediated coupling[112] to give the ATP analogue. The
vP-OR variant (ATPO, 5) of that analogue was commercially available[113, 114]. Synthetic

details can be found in the experimental section (chapter 4).

a) Phosphor Reagent

o) a o) a o)
E\V//\ 1 > E\V/”\ : > E\V/”\
6 7 8

b) ADP Activation

N=\ O\ N=\ O /}?\ /P\OHNEtg

P P< b
NI 0T L 0" "OH N NG !
HoN %k( Sj\ ONa ONa HoN W)\( OH’ OH
‘ OH ‘ OH

Nw N HO . N= N HO 0

c¢) CDI-mediated Coupling

P @ Q2 9
"N oo P ~0HNE c NN P N Pg P oy,
N A Sj\ OH® OH T Sj\ OH’ OH® OH
Ne N HO OH Nx N HO OH

10

Figure 3.8: Synthetic strategy for the ATP analogue: ATPC (4). a;) NaN3, milli-Q, MW, 100°C, 30
min. ap) TMSBr, dry ACN, 0°C — rt, overnight. b) NEt3, HoO:EtOH, pH = 7. ¢) CDI, dry DMF, rt,
overnight then MeOH, NEts, 8.
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3.3.3 Phosphorylation with ATPC

ATPC (4) was tested under the same conditions as described above (section 3.2) for ATP,
however, no phosphorylation was observed. It was expected, due to the electronic effect pre-
viously mentioned, that the analogue would have a slower reaction rate. Therefore, it was
also tried with 24 hours incubation time, however, neither this showed any phosphorylation.
Higher ATPC concentration was likewise tried and did not provide any phosphorylation, as

seen from figure 3.9.

30
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b—— \—7”;,\
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Figure 3.9: HPLC results from the phosphorylation assay with the ATP analogue: ATPC (4).

It is relevant to test if the analogue had an inhibitory effect on the enzyme, or if it was lack
of recognition and/or low reactivity that caused the results. Therefore, two experiments were
set up to see whether the PKA enzyme could still phosphorylate with ATP in the presence of
ATPC. In the first test 4 eq. of ATPC was added along with 1 eq. of ATP and the reaction
incubated for 24 hours. In the other test the enzyme and peptide were first incubated with 4
eq. ATPC for 12 hours, before 1 eq. of ATP was added, and then incubated for 12 more hours.
The results, see figure 3.10, showed that the enzyme is still active after exposure to ATPC,
however, there is no sign of competition neither reaction with the ATPC analogue.

It is known that enzymes are highly specific when it comes to substrates, and it was evident
that the chosen enzyme does not tolerate the ATP analogue with a phosphonate functionality
at the y-P. The kinase used is a human recombinant PKA Ca. This specific PKA is described
as a highly active subunit, unfortunately for this strategy it does not recognize the analogue

as a co-substrate. The results indicate PKA cannot catalyze phosphorylation with ATPC as
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Figure 3.10: HPLC results from the control assays to ensure ATPC (4) is not inhibiting the enzyme.

co-substrate, probably because of the high stability of the P-C bond. Therefore, focus was
given to the ATPO analogue (5).

3.3.4 Phosphorylation with ATPO

A 10 mM solution (H20, pH 7.5) of the ATPO analogue was used in the experiments under
similar conditions as describe above. Unfortunately, no successful phosphorylation with ATPO

could be achieved.

Figure 3.11: ATPO analogue (5).

Lee et al.[115] used this exact analogue in a study of the kinase pathway and substrate
specificity using protein kinase cyclin E1 (cdk2) along with a known substrate, p27+®!. Tt
might very well be that the initially chosen kinase-type was not the optimal for using ATP-
analogues. Therefore, it would be feasible for future work to set up a screen with different
kinases against both analogues (ATPC (4) and ATPO (5)) and see which enzymes tolerates
which type of analogue. However, this was not reached in this PhD project due to time

limitations.
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3.4 Strategy 2
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Figure 3.12: Schematic illustration of strategy 2: phosphorylation with ATP followed by a pyrophos-
phorylation to install a handle.

In 2013 Fiedler and coworkers[116] published some pioneering work describing a chemical
method for pyrophophorylation of phosphorylated proteins utilizing phosphorimidazolides[116—
118]. Stability studies of the pyrophosphorylated serine showed that the compounds were stable
in the pH range of 4.5 to 9.3[119], and therefore are stable under biological relevant conditions.

Higher pH caused [-elimination while lower pH resulted in hydrolysis[119].

Learning from Friedler’s work, it is hypothesized that a site-selective enzymatic phospho-
rylation followed by a pyrophosphorylation with an azido-functionalized phosphorimidazolide
derivative, could allow site-selective installation of an azido handle, for further functionaliza-
tion with standard azide-alkyne cycloaddition chemistry (see section 5.4). For synthesis of
the required azido-functionalized phosphorimidazolide derivative, the procedure presented by
Fielder and coworkers[118] was not applicable due to the presence of the azido group. The
procedure presented by Friedler uses triphenyl phosphine, which would convert the azido to an
amine via the Staudinger reduction. Therefore, the triethylammonium specie (11)[110-112]
was reacted with imidazole and CDI[120], to get the desired azido-functionalized phosphorim-
idazolide (12), which was then precipitated as the lithium salt (13) using lithium perchlorate,
see figure 3.13.

O a, b (IP)I

/P LN
EtNHO™ 1Ny NG N

OH N;’

11 13

Figure 3.13: Synthetic strategy for the phosphorimidazolide (13) used in pyrophosphorylation. a)
CDI, NEt3, dry DMF, rt, 3 hours. b) LiClOy4, dry acetone.
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The pyrophosphorylation step was tested on the phosphorylated model peptide SerPUV
(3), see synthesis in experimental section chapter 4. In the paper by Fielder and colleagues the
pyrophosphorylation proceeded in DMA in the presence of an excess of ZnCls at 45°C for 90
min. Reacting the azido-functionalized phosphorimidazolide (13) under the same conditions,
resulted in less than 21% conversionn, see figure 3.14 green. Rewardingly, changing the solvent

to DMF resulted in full conversion, see figure 3.14 orange.
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Figure 3.14: HPLC results from the pyrophosphorylation reaction run in either DMA or DMF.

3.4.1 Investigation of Phosphorimidazolide (13) Water Stability

With relevant phosphorylation and pyrophosphorylation conditions in hand, a series of test re-
actions were initiated to determine whether the pyrophosphorylation could run in an aqueous
environment, which would allow the enzymatic phosphorylation and chemical pyrophosphory-
lation steps to be run in a two-step-one-pot reaction.

An important factor for the pyrophosphorylation to work in an aqueous environment, is
that the phosphorimidazolide (13) is stable in water. Therefore, the stability was investigated
by NMR in three different solvent combinations; DMF-d7 (3.16A), 50/50 DMF-d; /D20 (3.16B)
and D50 (3.16C). The results for the 3'P-NMR at different time-points is shown at figure 3.16.
The top line is from the phosphor reagent (8), in D2O.

The water tolerance studies showed that the phosphorimidazolide (13) was stable under
the aqueous conditions and no hydrolysis was observed at room temperature. As an additional
test, the NMR-samples where heated to 45°C and run at different time-points, figure 3.17,
again without any hydrolysis.
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Figure 3.15: Hydrolysis of 12 to 8, used for 3'P-NMR study of 12s water stability.
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Figure 3.16: Results for >’ P-NMR water stability study of 12 at room temperature, in DMF-d; (A),
50/50 DMF-d7:D20 (B), D2O (C). At the top is shown the 3'P-NMR of 8.
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Figure 3.17: Continued 3'P-NMR study of water stability, here the results after heating the samples
to 45°C.
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Initially, the tolerance of water in the pyrophosphorylation step was tested by a series of

reactions with varying amounts of water (5%, 10% and 20%). Rewardingly, the results, see

figure 3.18, showed that water was indeed tolerated.
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Figure 3.18: HPLC results from the pyrophosphorylation assay contaning 5%, 10% or 20% water.

3.4.2 Investigation of Reaction Components

Besides the phosphorylated peptide and the kinase, the phosphorylation solution also contains
excess ATP and MgCls, and is run in a MOPS buffer at pH 7.0, while the pyrophosphoryla-
tion step uses ZnCly for coordination of the peptide-phosphor and the phosphorimidazolide.
It was investigated if MgCly could likewise coordinate the two phosphor-components for the

pyrophosphorylation reaction, see figure 3.19.
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Figure 3.19: The function of Zn?*/Mg?* during the pyrophosphorylation.

Rewardingly, full conversion in DMF was achieved with both ZnCls and MgCls, see spectra
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in appendix B figure B.4. Therefore, all the pyrophosphorylation experiments were run with
MgCls instead of ZnClsy, as this will be beneficial for investigation of a potential two-step-one-

pot reaction.

3.4.3 Investigation of the Two-Step-One-Pot Reaction

For initial investigation of the two-step-one-pot reaction, four phosphorylation assays were
started and after 2 hours a solution of the alkyl-azido phosphorimidazolide (13, 3 eq.) in dry
DMF (ending with 20% water) was added while varying the amount of MgClsy in the solutions.
As there is already an excess of MgCls present in the reaction mixture, the added phospho-
rimidazolide solution contained 0 eq., 2 eq. or 6 eq. of MgCls. The pyrophosphorylation
reactions were allowed to shake at 45°C for 24 hours and mixtures analysed by HPLC, figure
3.20. The very low concentrations of the samples made analysis difficult but focusing on the
area of interest (20-30 min), it is seen the addition of extra MgCly is important, as product is
mainly seen in reactions were both 2 and 6 eq. of extra MgCly were added. Unfortunately, it
was difficult to make any clear conclusion due to the very dilute samples, but although product

was formed, there was still unreacted peptide present in the reactions.
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Figure 3.20: HPLC results from the assay with phosphorylation followed by the pyrophosphorylation
in a two-step-one-pot reaction, adding either 0 eq., 2 eq. or 6 eq. of MgCls, for the pyrophosphorylation
step.

To solve the concentration-issue, it was chosen, going forward, to add a minimal amount

of DMF resulting in a 66% water in the pyrophosphorylation. It was next investigated if
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addition of the phosphorimidazolide (13, total 6 eq.) and MgCl, (total 16 eq.) in portions
over time, could push the reaction towards further product formation. The addition followed
the scheme seen on table 3.3, where the solution containing the phosphorimidazolide derivative
and MgCly was added in one (25 uL), two (2x 12.5 uL) or five (5x 5ul.) portions over 4 hours.

Unfortunately, this did not improve the conversion of the pyrophosphorylation reaction.

Table 3.3: Scheme for addition of 13 and MgCl, during a pyrophosphorylation assay.

Sample Hour 0 Hour 1 Hour 2 Hour 3 Hour 4
1 25 pL MgCl,
25pulL 13
) 25 pL MgCl,
12.5pL 13 12.5puL 13
3 12.5 pL MgCl, 12.5 uL MgCl,
12.5pL 13 12.5puL 13
4 25 pL MgCl,
5pL13 5pL13 5pL13 5pL13 5pL13
5 12.5 pL MgCl, 12.5 ulL MgCl,
5pL13 5pL13 5pL13 5pL13 5pL13
6 5 uL MgCl, 5 uL MgCl; 5 uL MgCl, 5 uL MgCl, 5 uL MgCl,
5uL13 5puL13 S5pL13 5pL13 5uL13

It was speculated whether the MOPS buffer had a negative effect on the pyrophosphoryla-
tion reaction. Fielder and coworkers[119, 121, 122] found that the pyrophosphorylated-peptides
were unstable in sulphonic acid-types buffer, suggesting that the reaction may be reversible in
the MOPS buffer. Fielder et al.[116] demonstrate that the pyrophosphorylation reaction can
proceed in an imidazole buffer (ImB) at pH 7.2 in 85% yield. To further test the medium for
the pyrophosphorylation reaction, three aqueous solvents were compared; 50 mM MOPS pH
7.0, 50 mM ImB pH 7.1 and milli-Q, the HPLC results is shown in figure 3.21.

It was found that the pyrophosphorylation proceeded best with the peptide in milli-Q water
(48%), compared to the 50 mM imidazole buffer (45%) and the 50 mM MOPS buffer (39%).
Therefore, it was tested whether the enzymatic phosphorylation reaction could run in any of
these solvents. The test showed that 50 mM ImB was well tolerated but unbuffered milli-Q
water was not allowed, see spectra in appendix B figure B.5. Unfortunately, when running the
pyrophosphorylation reaction in concentrations similar to the enzymatic phosphorylation, no
reaction was observed. Changing the concentration of the phosphorimidazolide and MgCls did
not change the outcome significantly; tried eq. 13/eq MgCly; 6/12, 9/24, and 12/32 added in
20 pL DMF to the peptide (SerPUV (3), 2 mM) in either 50 pL ImB (50 mM) or milli-Q.
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Figure 3.21: HPLC results from the pyrophosphorylation assay in different solvent systems; 50 mM
MOPS (green), 50 mM ImB (orange) and milli-Q (blue).

3.4.4 Investigating Peptide Concentration

Looking at the peptide concentration difference for the phosphorylation and the pyrophospho-
rylation, it was clear that the concentration of the phosphorylation was almost 9 times lower
than the reported[116] concentration for pyrophosphorylation reactions (12.5 mM versus 1.4
mM). Therefore, changing the concentration of the enzymatic phosphorylation reactions were
instead investigated. Enzymatic phosphorylation at 16.8 mM in 50 uLL was tested, which would
allow pyrophosphorylation to proceed at 12.5 mM after addition of the solution containing the
phosphorimidazolide reagent (13) and MgCly (final volume = 60 uL). Two reactions were
tested with the standard 2 hours incubation and 24 hours incubation, respectively. Results
showed that the phosphorylation reaction did not proceed at these high concentrations.
Therefore, reactions running at concentration in-between the optimal phosphorylation-
reaction and pyrophosphorylation-reaction concentrations were tested, see table 3.4. It was
found that the pyrophosphorylation would work to some degree at all the tested concentra-

tions, however, the conversion was still not satisfying, see figure 3.22.

Table 3.4: The concentrations reported for the pyrophosphorylation reaction[116] (left) and the phos-
phorylation reaction[93] (right), and the ”in-between” concentration-range investigated.

Pyrophosphorylation Investigated reaction Phosphorylation

concentrations concentrations concentrations
Cpeptide 12.5 mM 973 mM 6.95 mM 4.18 mM | 1.4 mM Cpeptide
Cis 75 mM 584 mM 41.8 mM 25.2 mM | 8.6 mM Cis
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Figure 3.22: HPLC results from the pyrophosphorylation assay at different peptide concentrations.

As the pyrophosphorylation showed conversion at 4.18 mM, the phosphorylation was tested
at 5.04 mM which after addition of pyrophosphorylation-reagents would result in the 4.18
mM. Rewardingly, the phosphorylation proceeded cleanly at this concentration, see spectra
in appendix B figure B.6. Attempts to phosphorylation and pyrophosphorylation in a one-
pot two-reaction fashion at this concentration was investigated. Unfortunately, without any

satisfying results.

3.4.5 Investigation of Reaction Solvents

All previous described two-step-one-pot assays were done in a mixture of phosphorylation-
buffer and DMF. However, as the phosphorimidazolide (13) has previously been shown stable
and reactive in aqueous solvent (see section 3.4.1 and section 3.4.3 respectively), the next as-
say was proceeded without DMF. The phosphorylation reaction, run in ImB (50 mM), with
SerUV (2), ATP and MgCly, was added the phosphorimidazolide and additional MgCly in
milli-Q. This resulted in a significantly higher product formation, as can be seen on figure
3.23. For comparison can the pyrophosphorylation reaction where the phosphorimidazolide
and additional MgCly was added in DMF also be seen on figure 3.23.

Unfortunately, it was not possible to drive the pyrophosphorylation to completion and
addition of more of the reagents did not significantly change the outcome. To further un-

derstand the reaction, a range of reactions with different equivalents and different times of
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Figure 3.23: HPLC results from the phosphorylation reaction in 50 mM ImB followed by the
pyrophosphorylation-reagents added in either DMF or milli-Q.

addition of phosphorimidazolide and MgCls was tested, see table 3.5. For all reactions, the
phosphorylation reaction was done at 7.7 mM in 50 pL, while the pyrophosphorylation reaction

concentration was varied. See results on figure 3.24.

Table 3.5: Scheme for addition of pyrophosphorylation-reagents 13 and MgCls.

Sample | Start (hour 0) 49 hours +24 hours +33 hours +48 hours
1 Add Stop
2 Add Add Stop
3 Add Add Stop
4 Add Add Stop
5 Add Add Add Stop
6 Add Add Add Stop

Add =5 pL of phosphorimidazolide (3 eq.) and MgCly (8 eq.). Stop = the reaction was
stopped and analysed by HPLC.

Sample 3 looks satisfyingly better than most other attempts up till now having approx. 32%
product formation. It was next investigated whether the volume of the Eppendorf reaction
tubes and/or rpm would affect the reaction outcome. The results are showed that 41% conver-
sion could be achieved with 200 pL. Eppendorf reaction tubes and 900 rmp compared to the
previous 500 uL. Eppen-dorf reaction tubes and 1200 rpm. Due to time limitations no further
studies were made in this thesis work. For future work, other aqueous buffer solutions and dif-

ferent concentrations should be investigated for the pyrophosphorylation reaction. It may also
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Figure 3.24: The HPLC results from the portionswise added pyrophosphorylation-reagents noted in
table 3.5.

be relevant to investigate up-concentration and/or buffer exchange after phosphorylation before
the pyrophosphorylation-reagents are added. This should include both investigation of spin
filtration techniques with a relevant cut-off filter, followed by lyophilization to up-concentrate
the reaction. Dialysis with a 100-500 Da membrane should likewise be investigated for a buffer

exchange.

3.5 Recombinant Protein

For future demonstration of the novel conjugation strategies on a protein, a modified version
of the SUMO protein (uniport: Q12306) have been successfully recombinantly made in col-
laboration with DTU Biosustain, Bjgrn G. Voldborg, Sara P. Bjgrn and Folmer Fredslund.
The C-terminal was modified to contain a MAAAFLRRASLGLVPRG sequence, where the
red letters indicate the PKA phosphorylation sequence.
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General Methodologies relevant for all experimental work can be found in appendix A.

4,1 Synthesis of Compounds

Diethyl (2-azidoethyl)phosphonate (7)

0 Procedure[110]: Diethyl (2-bromoethyl)phosphonate (6, 2.3 mL, 12.65 mmol,
EtO/gEt/\NS 1 eq.) and NaN3 (1.23 g, 18.98 mmol, 1.5 eq.) was dissolved in milli-Q (1.5

mL/mmol phosphonate) in a pwave-vial with a magnetic stir-bar. The vial was capped and
heated by pwave for 30 minuets at 100°C and 250 W as initial power. The reaction mixture
was then extracted with EtoO (4x 30 mL), which was then combined and washed with 30 mL
H>O followed by 30 mL brine. Afterwards the organic phased was dried with NasSO,4 and the
solvent was removed in vacuo. The azido product (1.94g, 74%) was achieved without further
purification. 'H NMR (400 MHz, CDCl3) 4.19 — 4.02 (m, 4H), 3.51 (dt, J = 12.0, 7.6 Hz,
2H), 2.03 (dt, J = 18.4, 7.6 Hz, 2H), 1.31 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) §
61.96 (d, J = 6.6 Hz), 45.38, 25.94 (d, J = 140.9 Hz), 16.39 (d, J = 6.1 Hz). Coupling in 3C
due to Carbon-Phosphor. In accordance with [123].

(2-azidoethyl)phosphonic acid (8)

0 Procedure[111]: The azido-phosphonate (7, 1.9 g, 9.17 mmol, 1 eq.) was

HO/(FI;H/\N3 dissolved in dry ACN (4.31 mol/mmol 7) and the solution was cooled to
0°C with vigorous stirring and nitrogen atmosphere. Trimethylbromo-silane (TMSBr, 4.8 mL,
36.68 mmol, 4 eq.) was added dropwise over 40 min. The reaction mixture was then allowed
to stir at rt overnight, then the solvent was removed in vacuo to give a dark red/brown oil. A
mixture of ACN:H20 (5:5, 1.72 mL/mmol 7) was added, given a light green solution colour,

which was stirred at rt overnight. Afterwards the mixture was evaporated to dryness in vacuo

and a co-evaporation with toluene (3x 20 mL), gave the azido-phosphonic acid (8, 1.36 g,



32 4 Experimental Section Part |

quant.) as a dark red oil. 'H NMR (400 MHz, D50) § 3.54 — 3.36 (m, 2H), 1.98 (d, J = 17.6
Hz, 2H). 3'P NMR (162 MHz, D20) ¢ 26.02. HRMS (ESI) m/z: [CoHgN3O3P - H]~ Caled
150.0074; Found 150.0557. In accordance with [111].

Triethylamine ((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetra-
hydrofuran-2-yl)methyl diphosphate (10)

Procedure: Adenosine 5’-diphosphate (ADP (9), 3 g,

. Nﬁ\N,,SOj;‘\\o’i;o’i;OHNEts 6.37 mmol, 1 eq.) was dissolved in HyO:EtOH (3:1,

i OH 12.2 mL/mmol), and while stirring was triethylamine

(NEt3) added until pH 7 ( 1.5 mL). Then the solvent

was removed, and the activated ADP intermediate (10) was put under high vacuum overnight

Nw N HO

before being used without further purification in the next step.

Sodium (((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl di-phosphoric) (2-azidoethyl)phosphonic anhydride (4, ATPC)
Procedure[109]: The ADP intermediate (10, 3.36 g,
. Nﬁ\N"‘gcj;‘\\O/i\Ho/il\—io/iﬁa/\N3 6.37 mmol, 1 eq.) was dissolved in dry DMF (75.76
i OH mL/mmol 10), CDI (5.16 g, 31.79 mmol, 5 eq.) was
added, and the mixture was stirred at rt overnight.
Next day methanol (4.55 mL/mmol 10) was added, and the mixture stirred for 1 hr at rt
before addition of NEt3 (0.03 eq.) and then a solution of azido-phosphonic acid (8, 1.25 g, 8.27
mmol, 1.3 eq.) in dry DMF (7.5 mL/mmol 10). The reaction was allowed to stir overnight at
rt, then diluted with a 5% solution of 1 M triethylamine carbonate buffer in milli-Q (TEAB,

Ns N HO

pH approx. 8-9). The diluted mixture was run through an anion exchange and all fractions
containing the product, ATPC (determined by LCMS), was collected, this gave a mix of prod-
uct and ADP 9. The mix was concentrated to dryness, before being redissolved appropriately
for preparative HPLC, where fractions containing only ATPC was collected. After removal of
the HPLC-solvent the product was redissolved in minimal dry DMF, and then precipitated
by addition of sodium perchlorate (NaClOy4, 4 eq. of crude product mass) in dry acetone
(8x DMF volume)[112], centrifuged and washed with dry acetone. Finally, the sodium-salt of
ATPC (4) was freeze dried to give 53.3 mg. 'H NMR (400 MHz, D,0) § 8.43 (s, 1H), 8.14 (s,
1H), 6.05 (d, J = 5.9 Hz, 1H), 4.54 — 4.43 (m, 1H), 4.33 — 4.29 (m, 1H), 4.18 — 4.13 (m, 2H),
3.49 - 3.36 (m, 3H), 2.06 — 1.93 (m, 2H), 1.88 — 1.75 (m, 1H). 13C NMR (101 MHz, D20) &
155.56, 152.79, 149.07, 139.79, 118.56, 86.71, 83.86, 74.26, 70.32, 65.20 (d, J = 5.4 Hz), 45.95,
27.79 (d, J = 129.4 Hz). 3'P NMR (162 MHz, D20) § 13.85 (d, 7vP), -11.39 (d, aP), -23.07
(t, SP). Coupling in 3C due to Carbon-Phosphor. HRMS (ESI) m/z: [C12H1sNgNaO12P3 -
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Na]~ Calcd 559.0263; Found 559.0167.

Triethylamine (2-azidoethyl)phosphonate (11)

o Procedure: Azido-phosphonic acid (8, 1.34 g, 8.87 mmol, 1 eq.) was
(EtSN)1-3HN/iﬁ/\N3 dissolved in HoO (4.5 mL/mmol 8) and added NEts until neutral pH. Af-
terwards the solvent was removed, and co-evaporated with ACN, to give

the activated azido-product as a light green semi-solid, which was used directly without further
purification. 'H NMR (400 MHz, D50O) 6 3.49 — 3.38 (m, 2H), 3.11 (q, J = 7.3 Hz, 8H), 1.95 —
1.83 (m, 2H), 1.18 (t, J = 7.3 Hz, 12H). ¥*C NMR (101 MHz, D,0) § 46.63, 46.07, 27.19 (d, J =

132.4 Hz), 8.20. 3'P NMR (162 MHz, D;0) § 21.87. Coupling in *C due to Carbon-Phosphor.

Lithium (2-azidoethyl)(1H-imidazol-1-yl)phosphinate (13)

0 Procedure[120]: Triethylamine (2-azidoethyl)phosphonate (11, 506 mg, 1.98
(/\/JN'ZD/\NS mmol, 1 eq.) was dissolved in dry DMF (5 mL/mmol 11), and under vig-
N orous stirring was then added dry NEts (0.28 mL, 1.98 mmol, 1 eq.) and
CDI (643 mg, 3.96 mmol, 2 eq.). The reaction proceeded for 3 hours at rt with continued vig-
orous stirring, LCMS confirmed full conversion to (2-azidoethyl)(1H-imidazol-1-yl)phosphinic
acid (12). Lastly the phosphorimidazolide was precipitated as the lithium salt by addition
of lithium perchlorate (LiClO4, 843.5 mg, 7.93 mmol, 4 eq.) in dry acetone (8x DMF vol-
ume)[112], centrifuged and washed with dry acetone, to give the lithium phosphorimidazolide
(13, 271.3 mg, 66%) as an off-white solid. 'H NMR (400 MHz, D;0O) § 7.77 (s, 1H), 7.06 (s,
2H), 3.49 — 3.39 (m, 2H), 2.03 — 1.92 (m, 2H). 3C NMR (101 MHz, D,0) § 135.73, 121.42,
46.06, 28.08 (d, J = 136.6 Hz). 3'P NMR (162 MHz, D20) § 13.51. Coupling in 3C due to
Carbon-Phosphor. HRMS (ESI) m/z: [CsH;LiN5O2P - Im! - Li 4+ H]~ Calcd 150.0074; Found
150.0051 (hydrolyzed).

1C3H3N,
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4.2 Methods

Analytical HPLC
HPLC: Waters €2695 Separations Module.
Column: EC 250/4 NUCLEOSIL 120-5 C18.

ATP-analysis: Solvent C - 15 mM NHyAc in water, Solvent D - 15 mM NHyAc in
ACN/water 9:1. Gradient: 5% D, hold 8 min., gradient: 5% D to 100% D in 1 min., gradient:
100% D to 5% D in 0.5 min., hold 0.5 min. Total run time — 10 min.

Peptide-analysis: Solvent C - 15 mM NH4Ac in water, Solvent D - 15 mM NHjAc in
ACN /water 9:1. Gradient: 5% D hold 3 min., gradient: 5% D to 20% D in 10 min., gradient:
20% D to 70% D in 10 min., gradient: 70% D to 100% D in 5 min., hold 1.5 min., gradient:
100% D to 5% D in 0.5 min., hold 3 min. Total run time — 33 min.

Preparative HPLC
HPLC and column type can be found in appendix A.

Peptides: Solvent A: 15 mM NHyAc in water, Solvent B - 15 mM NH4Ac in ACN/water
9:1. Gradient: 95% A hold 3 min., gradient: 95% A to 80% A in 2 min., gradient: 80% A
to 50% A in 2 min., gradient: 50% A hold in 2 min., gradient: 50% A to 30% A in 3 min.,
gradient 30% A to 0% A in 3 min., gradient: 0% A hold in 3 min., gradient: 0% A to 95% A
in 0.5 min., gradient 95% A hold in 1.5 min. Total run time - 20 min.

ATP: Solvent A: 15 mM NHyAc in water, Solvent B - 15 mM NHyAc in ACN/water 9:1.
Gradient: 95% A hold 5 min., gradient: 95% A to 0% A in 2 min., gradient: 0% A hold in 1
min., gradient: 0% A to 95% A in 1 min., gradient 95% A hold in 1 min. Total run time - 10

min.

4.3 Peptide Synthesis

Peptides were synthesised using solid phase peptide synthesis (SPPS) both automated with
the Alstra from Biotage and manually using a microwave from Biotage during couplings. The
SPPS strategy uses a solid support (resin) for attachment of the growing amino acid chain.
This makes it possible to easily wash between couplings, without washing out the forming
peptide. The overall outline for SPPS can be seen on figure 4.1, and after the linker is added
to the resin the cycle begins. First is the deprotection, where this project utilised the Fmoc-
approach, then addition of the first amino acid and coupling reagents, Oxyma and DIC. This
gives the first completed cycle and leads back to the deprotection. When the last deprotection



4.3 Peptide Synthesis 35

has been performed the resin is cleaved from the resin by acid, this step also removes all

side-chain protection groups.

Resin

Coupling
Reagents

SPPS Cycle
repeated ntimes

Coupling Activation

N A

Figure 4.1: Schematic illustration of SPPS, made wih Biorender.com.

In SPPS the resin is first swelled in DMF before addition of a Fmoc-protected linker under
Oxyma/DIC coupling conditions, 75°C for 5 min under microwave influence. After removal of
the Fmoc-group by 20% piperidine in DMF, the first amino acid is coupled under the same
conditions as for the linker: Oxyma/DIC, 75°C, 5 min, MW. In a continues repeat the peptide
is build up from C- to N-terminal before the final deprotection. To boost the UV signal of the
peptide 4-nitrocinnamic acid (1) was added to the N-terminal manually using Oxyma/DIC
under microwave heating at 75°C for 10 min.

SerUV (2) and SerPUV (3) was synthesized on the automated SPPS Alstra from Biotage,
whereas V1-6 was synthesised manually. During the manual synthesis, the resin is transferred
between a syringe with permanent filter (for the deprotection and wash), to a microwave vial
(for coupling).

For cleavage from the resin, as well as removal of any side chain protection groups, a TFA:H5O:
TIPS (95:2.5:2.5) mixture was used. Afterwards the TFA solution containing free peptide was
concentrated and added ether to precipitate the peptide. The suspension was centrifugated and
decantated, this was repeated a few times, and lastly the peptide was purified by preparative
HPLC.



36




PART 11
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CHAPTER O

Electroactive Molecules

It was briefly mentioned in the introduction (chapter 1) that apart from the orientation of the
protein, the bridge (wire) between the protein and the electrode is also of high importance
to obtaion efficient energy-harvesting conjugates. In the field of electrochemistry, the quinone
family (e.g., benzoquinones, naphthoquinones and anthraquinones[124-127] (AQs), see figure
5.1) is of great interest due to their unique electrochemical properties rising from their very
conjugated nature around the unsaturated diketones[128]. Additionally, they are attractive
molecules for fabricating of electrochemical materials due their low cost[125, 129] and environ-
mental safety[129]. These aqueous organic redox-active compounds[128] are seen in for example
in biosensors[39, 130], flow batteries[126, 131, 132] (biofuel cells) and energy storage[125].

Do) o

1,4-Benzoquinones 1,4-Naphthoquinones 9,10-Anthraquinones

Figure 5.1: Quinone familiy.

The core can be decorated with different substituents to tune the redox properties. It has
previously been shown that both the nature of the substituent and its position[124-126, 133]
will greatly affect the electrochemical properties. Another important role of the substituents,
when it comes to the anthraquinones, is to enhance the overall hydrophilicity[125] as the core

by itself is very hydrophobic, and therefore are not be soluble in aqueous solvents.

Both experimental[126] and computational[124, 125] studies have shown that electron do-
nating groups (EDGs) decrease the redox potential as they can donate electrons to the system,
making them easier to oxidize. In contrast, electron withdrawing groups (EWGs) increase

the redox potential by extending the conjugated system, making it easier to reduce. Either
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property is useful[132] depending on the electrochemical system and setup.

AQ + 2e + 2H* —— AQH,

©§:¢©~ <

Figure 5.2: Anthraquinone being reduced in a 2 electron 2 proton PCET process.

Anthraquinones are reduced to the corresponding 9,10-anthracenediol in a 2 electron 2 pro-
ton PCET (proton-coupled electron transfer) process[127, 134, 135], see figure 5.2. As briefly
mentioned in the introduction, chapter 1, this thesis will investigate the use of anthraquinones
as bridging molecules for an electron harvesting conjugate; therefore, a high redox potential is
desired. Sulphonate is an EWG widely used[128] to tune electrochemical properties as it has
both a desired electronic and solubilising effect. In 2019, Gao et al.[128] published a study
investigating how the position and number of sulphonate-substituents affected the electrochem-
ical properties of anthraquinones. They found that 9,10-anthraquinone with a sulphonate in
position 2 showed the best properties with regards to both reversibility and electrochemical

performance.

Initial Design

Certain requirements were needed when designing the anthraquinone molecule to be in-
corporated in the light-harvesting conjugate. To incorporate it as a covalent attached bridge
between the protein and the electrode, two handles were needed as illustrated in the general
schematic drawing in figure 5.3. Based on the discussing above, the R-groups were planned to
be EWGs.

Handle to further
functionalization

Handle to bind
to electrode

Figure 5.3: Schematic drawing of the AQ bridge design.
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5.1 Synthetic Strategy

First approach to synthesise the decorated anthraquinones was through a Friedel-Crafts acyla-
tion of benzene containing the desired substituents with a relevant phthalic anhydride, followed

by a dehydration and ring closure with HoSO4 and heat as seen on figure 5.4.

1) Friedel-Crafts O

R ? R
N AN 2) Dehydration X AN
| o + @R | [ 2R
% % % %
)

Figure 5.4: Friedel-Crafts strategy.

The general mechanism[136] for the Friedel-Crafts is illustrated on figure 5.5. The Lewis
acid, AlCls, coordinate to one of the carbonyls of the phthalic anhydride, pulling the electrons
from the other carbonyl to form the corresponding acylium ion, leading to ring opening. The
highly electrophilic acylium ion is then attacked by the nucleophilic benzene ring, yielding the
intermediate 2-benzoylbenzoic acid. Reactivity will follow the predictive rules of electrophilic
aromatic substitution (orto/para or meta directing activating vs deactivating), which should

be taken into mind when designing the synthesis[137].

Friedel-Crafts Acylation

AlCI3 ClsAl.
O+
o = EDG —R 7
cl, \_/ o)
o o O
. acylium ion
Dehydration
o BH G2 Comy
AN H* N 2 X X
| R —R — | | TR
Pz A ¥z ¥z
O (e} O

Figure 5.5: Friedel-Crafts mechanism.

Next step is the dehydration. Using concentrated sulphonic acid and extensive heating,
the phenone will form through an intramolecular nucleophilic attack from the benzene ortho
position. These positions are not highly nucleophilic as the ketone is a strong EWG; however,

the energy provided by the heat and the formation of the aromatic anthraquinone system will
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drive the reaction.

In initial attempts, xylene was reacted with either unsubstituted phthalic anhydride or 4-
chlorophthalic anhydride, giving 1,4-dimethylanthraquinone (14) or 7-Chloro-1,4-dimethyl-
anthraquinone (15) respectively, see table 5.1 reaction A. This would allow installation of

a bromide-handle using a radical initiator[138-141], reaction B.

Table 5.1: Reaction conditions for anthraquinone synthesis.

6]
O +
(0]

Entry R1 A

14 H Two steps: AlCls, dry DCM, 40°C, 5 hours, 92%, then HySOy4, 100°C, 1
hour, 53%

15 Cl One pot: AlCl3, MeSO3sH, 95-100°C — no product formation observed

15 Cl Two steps: AlClz, dry DCM, 40°C, 5 hours, 87% (2 peaks), then HySOy,

135°C, 6 hours, 22% cannot dissolve

Unfortunately, the highly hydrophobic nature of the anthraquinone skeleton proved diffi-
cult to work with and the desired compounds were never confirmed by NMR analysis, while
LCMS of the crude reaction mixture showed formation of a product with the desired mass.
The use of benzenes functionalised with more polar groups was investigated but still gave in-
efficient reactions. Therefore, another strategy was designed utilizing commercially available

9,10-anthraquinones with varying functionalities, see figure 5.6.

: o ; 0O NH, O NH,

i S cl SOgH

! | R

| : cl

S o . i O NH, O Br
General 18t Attempt 2nd Attempt

Figure 5.6: Commercially available 9,10-anthraquinones with varying functionalities.
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5.1.1 Commercially Avaliable Anthraguinone

Initial attempts used the 1,4-diamino-2,3-dichloroanthracene-9,10-dione (16) as starting ma-
terial, as this would allow installation of the important sulphonic acid functionality through
substitution of the chlorides with sulphite, and the two aniline amino-groups could be used
for attachment of the required handles. For the sulphonation the effect of the counterion was
studied as both sodium and potassium sulphite can be used. Interestingly, it was found that
when using sodium sulphite, high temperatures gave the desired disulfonic acid (17). However,
it was observed that the reaction was reversible and cooling the reaction to rt, regenerated the
di-chloride, see figure 5.7. Rewardingly, when using potassium as the counterion the reaction
proceeded, and the desired product could be isolated. This observation may be explained by
the ionic strength of the K-CIl bond (dissociation energy 4.43 eV) compared to the Na-Cl (dis-
sociation energy 4.26 eV)[142].

O NH, O NH,
CrCC Crooc
cl SO;H
O NH, O NH,
16 17

Figure 5.7: Addition of the sulphonic acid groups using either NagsSOg3 (reversible) or KoSOj3 (irre-
versible).

With a method in hand to install the sulphonic acid group, methods to install the required
thiol handle was next investigated. Two acylation approaches were taken, A) peptide cou-
pling and B) acetylation with bromoacetyl bromide, which was tried with both the chloride
substituted analogue (16) and the analogue with the sulphonic acid functionalities installed
(17). Tabel 5.2 presents an overview of the couplings investigated. First attempt was using
a trityl (Trt), Fmoc protected serine under basic conditions; however, no product formation
was observed. Second attempt utilized bromoacetyl bromide, which is a very reactive acylation
reagent as the bromide is a very good leaving group. Fortunately, the reaction with bromoacetyl
bromide was successful (compound 18) when using basic conditions at low temperature (table
5.2 reaction 4).

It was next tried to substitute the bromo on the a-carbonyl with Cys(Trt) (allyl protected
on the carboxylic acid) and potassium thioacetate (KSAc). While the reaction with Cys(Trt)
was unsuccessful, the substitution with KSAc proceeded nicely to give the product (19), see
figure 5.8.
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Table 5.2: Reaction conditions tested for acetylation.

Method
A) X = OH, B) X = Br o

)OL o) HNJ\

O NH;
COCL,
R Reagents O‘O
NH,

o]
Sample R R1 Method Conditions Comments
/\FﬁNHFmOC
1 SOsH S(Tn) A DIPEA, 50°C No reaction
/\FﬁNHFmoc
2 Cl S(Tr) A DIPEA, 50°C No reaction
3 Cl /{/SH A 0°C No reaction
1 Cl A B B DIPEA, 0°C Worked, 98%
5 Cl “f\/ Br B 0°C Worked  but
not clean
6 SO4H A B B DIPEA, 0°C — 1t Worked  but
not clean

0 0 o
o Hy o OrS(T o HN)K/BF N T

CrC O‘O CrIC
cl c
O NH» O NH»

18 19

Figure 5.8: Substitution of bromo group on the a-carbonyl.

It was then attempted to install the second handle in a similar fashion by reacting the 2-
(acetylthio)acetamide functionalized anthraquinone (19) with bromoacetyl bromide, followed
by substitution with tert-butyl protected glycine to install the carboxylic acid handle, see figure

5.9. Unfortunately, it was not possible to isolate the desired product.
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0
9 M shc
Q M shc O HN
o HN)K/SAC O HN

cl
a Cl b
corx T CUE T MY
Cl O HN
Cl 5 HN NH
O NH, B o Hro‘Bu
19 O 8

Figure 5.9: Instalment of secound handle. a) bromo acetylbromide. b) ‘BuO-Gly-NH,.

5.1.2 Ullmann Condensation

The strategy was changed and instead the use of sodium l-amino-4-bromo-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonate (20) as starting material was investigated. This anthraquinone
already contains the sulphonic acid group, and two functional groups for attachment of the
required handles. Additionally, has it previously been used in an Ullmann type condensa-
tion[143] or more specific the Ullmann amine synthesis[144] using metallic copper (Cu(0)) and
microwave (MW) heating[145, 146], see figure 5.10.

O NH»>
O NH, SOsH
O‘ SOsNa Cu?, aniline O‘O
MW
O HN x
O Br | —R
20 =

Figure 5.10: Ullmann condensation reaction using Cu(0) and MW heating.

This Ullmann cross-coupling mechanism has been investigated[147-152] for many years.
Experimental evidence shows that many copper species can be used successfully[148], but still
the mechanism is not fully understood[153]. It is generally agreed[147, 148, 154, 155] that Cu(I)
is the active intermediate and the reaction is most likely initiated by an oxidation[148, 155]
of Cu(0) to Cu(I) by atmospheric oxygen[155]. Through an oxidative addition, the Cu(I) is
inserted in between the anthraquinone and the bromide proposedly as the Cu(III) species[143,
148, 151, 156-159] (other mechanism has also been discussed including Cu(II)[152]). The
aniline is introduced to the cycle by a ligand exchange with the bromide, and lastly a reductive
elimination releases the product, illustrated on figure 5.11. It is worth noting that the exact
mechanism may depend on the substrate, as the optimal copper species and medium also
dependent on the substrate[153]. For the 2-sulphonate anthraquinone, Miiller et al. found
that Cu(0) was the optimal catalyst[153], with an aqueous buffer as the medium using MW as



46 5 Electroactive Molecules

the heat source.

Cu®
o MR Oxidation O  NH,
SO0 N
L0
O AN~ O Br
| —R 20
Pz
Reductive elimination Oxidative addition

Figure 5.11: Proposed Cross-Coupling mechanism for the Ullmann condensation.

Inspired by the work of Miiller et al.[146] addition of both an acid-handle (AQ acid, 21)
and an ester-handle (AQ ester, 22), see figure 5.12, was investigated. It was observed that
along with the desired product, a side product was formed due to hydrolysis of the start-
ing material giving the corresponding 1-amino-4-hydroxy-9,10-dioxo-9,10-dihydroanthracene-
2-sulfonate (23). To further investigate the reaction, aiming to limit formation of the side
product, a series of parameters was alternated. These included reaction time, order of reagents

added and pH, but without seeing any effect on the ratio of product to biproduct formation.

After consultation with Prof. Miiller, it was found that the freshness of the aqueous buffer
used as solvent, was of high importance[160-162]. Rewardingly, when the buffer components
(A (base) and B (acid)) was freshly made and kept cold, until being mixed just before the

reaction was started, the reaction proceeded satisfyingly.
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O NH; |\ S5 I O NH
SOH _ : SOgH
L — T 1009
O Br :

OR O OH

Me (22) o)

Figure 5.12: Ullmann condensation as described by Miiller et al.[146]. a) aniline derivative, Cu(0),
phosphate buffer, MW, 120°C, 20 min.

5.1.2.1 Handles on opposite sides

In the original design (figure 5.3 page 40), the thiol handle (for electrode binding) and the
acid/ester handle (for functionalization to attach the enzyme) was placed on each side of the

anthraquinone. Two different pathways were investigated.

Pathway 1; adding the thiol handle before the Ullmann condensation, see figure 5.13. As
described before (section 5.1.1) installation of the thiol was done through an acylation with
bromo acetylbromide followed by substitution with KSAc. However, even though formation of

product was observed by mass-spectrometry it could not be confirmed by NMR.

(0]
o HNJ\/SAC

0
9 NH: M shc SOsH
e 3
SO3zH a,b Q HN c
COrr™ - o
O‘O O HN
O Br

O Br OH

o

20

Figure 5.13: Pathway 1: instalment of the thiol handle using bromo acetylbromide and KSAc, fol-
lowed by the Ullmann condensation. a) bromo acetylbromide. b) KSAc. ¢) Aniline derivative, Cu(0),
phosphate buffer, MW, 120°C, 20 min.

Pathway 2; installation of the thiol handle after the Ullmann condensation. Again, the
Ullmann condensation was proceeded as previously described. For the thiol-handle installation

a series of reactions were investigated, see overview on figure 5.14.

As no product formation was observed for any of the reactions, they will not be further
discussed here. A short summary of the reactions can be found in the experimental section
chapter 7 page 75. One potential explanation for the low reactivity of the amino group orto

to the sulphonic acid may be the formation of a zwitter-ion between the sulphonate and the
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(0]
o HN)K/SAC

SO3H
y O
i g SO3H o
o ’ @Y g

" v g

(0] SAc

Figure 5.14: Pathway 2: first the Ullmann condensation followed by addition of the thiol handle
through: A) Bromoacetyl and KSAc, B) TCFH amide coupling, C) Acryloyl chloride then KSAc, D)
Epoxy, E) Thiirane, F) Ullmann conditions, G) Diazotization then KSAc, H) Diazotization then Nj.
See details in chapter 7.

anilinium (pKag 4.6[136]), see figure 5.15, resulting in a significant decrease in nucleophilicity.

Figure 5.15: Zwitter-ion between the sulphonate and the anilinium.
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5.1.2.2 Handles on the same side

The strategy was changed to install both handles via an Ullmann reaction. The appropri-
ately decorated aniline (25) species was prepared from methyl 3-amino-5-bromobenzoate (24)
by substituting the bromide with thioacetate, to give methyl 3-(acetylthio)-5-aminobenzoate
(25), under cross-coupling conditions using Pds(dba)s, CyPF-'Bu and heating, see figure 5.16A.
The Ullmann condensation proceeded as prior described, see figure 5.16B, to give the 4-((3-
(acetylthio)-5-(methoxycarbonyl)phenyl)amino)-1-amino-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonic acid (26).

A) 1B) O NH,
Br SAc 5 O NHs O‘O SOsH
OMe OMe !
HoN HeN NS o m OMe
24 O 25 O | O Br
: 20 26

SAc

Figure 5.16: A) Synthesis of aniline derivative, a) KSAc, Pda(dba)s, CyPF-‘Bu, toluene, reflux, 24
hours. B) Ullmann condensation, b) Aniline derivative, Cu(0), phosphate buffer, MW, 120°C, 20 min.

For the electrochemical studies both the free carboxylic acid (27) and the protected methyl-
ester (28) was of interest. To identify conditions allowing for selective deacetylation of the
thiol without affecting the ester, different conditions (1 M HCl, 1 M NaOH, 6 M HCI and 6 M
NaOH, 80°C for 4 hours) were tested. The results are shown in figure 5.17. While 1 M NaOH
resulted in full deprotection (27), rewardingly, 1 M HCI allowed selective removal of the thiol
acetyl-group to give 28. With a scaffold for the anthraquinone design in hand studies of the

electrochemical properties were initiated.

; O NHp F
3 SOzH 5
' z L
cL :
: o]
: O HN oH' i
27 ‘ 5
I
;_ -
sH
or S e
O NHp 3
SOsH g F
O‘O 0 s
] O HN OMe ! H3
28 It
© E
SH e e L
0

Time (Min)

Figure 5.17: Selective deprotection study of 26.
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5.2 Electrochemical Study in Solution

First electrochemical study was of the AQ acid (21) and the AQ ester (22) in solution, to get
an idea of the electron transfer properties of the anthraquinone design. The thiol was left out

to prevent monolayer formation on the gold surface.

5.2.1 Experimental Set-up

For all electrochemical studies a three-electrode system was used; consisting of the working
electrode (WE, red), the reference electrode (RE, blue) and the counter electrode (CE, black),
see figure 5.18.

Ipq= Current peak for oxidation

Current peak for reduction = Ip,

AEp = Epq — Epc

O NH,
co™
R=H (21)
O HN Me (22)
Tl or

Analyte °
Buffer + redox compound Epc Epq

Low High

E (V vs. Ag/AgCl)

Figure 5.18: Left: the electrochemical three-electrode set-up used. Right: a general CV with the
relevant information illustrated.

The potential is measured between the working electrode and the reference electrode, while
the current is measured between the working electrode and the counter electrode[163]. The
reference is an Ag/AgCl-type electrode and the counter is a platinum-type electrode. The
working electrode is a nanoporous gold electrode (NPG) which is prepared as described by
Xiao et al.[164] using a dealloying method, see details in experimental section chapter 7 page
75.

For all electrochemical studies, cyclic voltammetry (CV) was used for analysis as this
provides a full description of redox properties, peak heights, and positions. In a CV program
the potential applied ranges from low to high and back to low in a cycle, and the output read is
the current provided. The method gives a diagram showing the oxidation and reduction current-
peaks of the analyte, the potential-separation of peaks Ip. and Ip, is due to diffusion[163] of

the analyte on/off the electrode and is calculated by AEp=Ep,-Ep.. For a reversible system
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it should be 57 mV[163] at 25°C, a system is reversible when both oxidation and reduction

peaks are present.

5.2.2 Recording CVs or Measuring CVs

The CV diagrams, at scan rate 20 mV /s, for both redox compounds at each pH[127] is displayed
in figure 5.19, diagrammed as the current density (1A cm™2) against the potential applied (V).
At first it appears that the AQ acid has well defined oxidation and reduction peaks, however for
the AQ ester the oxidation peak is less defined. This is an indication that AQ acid undergoes

quasi-reversible redox process, while less reversible with AQ ester.

AQ acid (21) AQ ester (22)

-0,8 -0I,6 -OI,4 -0,2 -0,8 -0I,6 -OI,4 -0,2
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 5.19: CVs of AQ acid (21) and AQ ester (22) for all four pHs at 20 mV s~!.

These data points are later used to find the electron transfer rate constant (ks), which gives
an overall idea of the speed of the electron transfer with between the redox compound and the
electrode[165]. However, to ascertain the required parameters, which will briefly be introduced
in section 5.2.3, more CVs were recorded at different scan rates which are shown in figure 5.20
and 5.21.

5.2.3 Data Processing

The theory behind the method of calculating the electron transfer rate constant was introduced
by R. A. Marcus[166] in 1956[167] and is known as the Marcus Theory. Since then many
additions to the field has been made for specific systems and conditions. The Randles-Sevcik

equation 5.1 describes the relation between scan rate (v) and peak current (I,), suitable for
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a diffusion-controlled redox process. The equation also includes the number of electrons (n),

surface area (A), electrolyte concentration (c), and diffusion coefficient (D),

1/2
nFuD) (5.1)

RT
the constants are: F the Faraday constant (96485 C mol !) and R the gas constant (8.314

I, = 0.4463nF Ac (

J K ! mol !), and often the temperature, T, is 298 K, giving the known simplified version

equation 5.2.

I, = 2.69 - 10°n3/2AD'/ 21/ (5.2)

Other constant components determined by the experiment setup is: the number of electrons
(n = 2 for AQ), the surface area of the electrode (A = 0.125663706 cm?, see equation 5.4), and
the concentration of the redox compound in the electrolyte (c = 0.07 mM = 7 10~® mol cm 3).
This leaves the peak current (I, [A]), the scan rate (v [V s !]) and the diffusion coefficient of

the redox compound (D [cm? s 1]), to give equation 5.3:

I, = 0.006692759D/2,/1/2 (5.3)

To normalize the values to the accessible surface area, the current is replaced with the

current density (j [A cm™ ?]), dividing the measured current with the surface area (A)

A = mr? = 1(2mm)? = 7(0.2cm)? = 0.125663706¢m? (5.4)
) . I,
Jp = currentdensity = " (5.5)

To give the relation between the current density and the scan rate

jp = 0.053259283D1/2,/1/2 (5.6)

The current density peak at the cathode (j,.) gives the diffusion coefficient of the oxida-
tion (Do) and at the anode (j,q) for the reduction (Dg). By plotting j, against v the slope
can be used to calculate the diffusion coefficients for the redox compound (equation 5.7), for

convenience the current density and the scan rate is in pA cm™2 and mV s~! respectively.

slope; 2
D=——2 5.7
(53259.28) (5:7)

Do and Dp can then be used to estimate the electron transfer rate constant (k) with
the Nicholson’s method[168], suitable for a diffusion-controlled redox process. The relation

between diffusion coefficient and the electron transfer rate is written as equation 5.8:
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po (B

nFv
T Do

(5.8)

From Nicholson’s method «, a transfer coefficient, is set to 0.5. W is a kinetic parameter
and is related to the peak separation (AE,) as described in table 1 in Nicholsen’s article from
1965[168], ¥ is read from the graph using AE,n. Later Lavagnini et al.[169] derived a function
describing the relation between ¥ and AE,n[165], see equation 5.9.

p — —0-6288 4 0.0021E,n
B 1 —0.017E,n

(5.9)

For this method the AE,n value cannot go below 58.9 mV as the function is a hyperbole
towards this value, also the upper range goes to 299.4 mV where the curve intersects the x-
axis. The electron transfer rate can then be isolated in equation 5.8, to give equation 5.10, and

calculated from the 20 mV /s scan rate, presented in figure 5.19.

v

(B2)" i pov v

Do and Dp will for most systems be equal because the oxidation/reduction reaction is

kg = (5.10)

reversible. When alternating the scan rate, it affects not only the current peak height but
also the position[165, 170] due to the thickness of the diffusion layer. This is true for quasi-
reversible systems[171], where the peak separation increases with the scan rate[165]. The scan
rates tested are 10, 30, 50, 100 and 200 mV/s. In figure 5.20 and 5.21 the current density is
plotted against the potential at the different scan rates, along with the diffusion coefficients
calculated for each pH, for AQ acid (21) and AQ ester (22) respectively.
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Figure 5.20: Collected CVs of AQ acid (21) and diffusion coefficient graphs.
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Figure 5.21: Collected CVs of AQ ester (22) and diffusion coefficient graphs.
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After finding the diffusion coefficient for both oxidation and reduction at each pH, then
the electron transfer rate can be calculated by equation 5.10 derived above, and data from the

20 mV /s scan rate, presented in figure 5.19. The calculations are seen in table 5.3.

Table 5.3: Calculation of electron transfer rate constants.

Compound [pH] Dg (cm? s7!) Dg (em? s71) ¥* kg (em s™1)*  Std. of ks

AQ acid [4.2] 4.08E75 1.35E° 2.23  0.0239 0.00618
AQ acid [5.5] 8.60E~6 2.96E6 2.82  0.0140 0.01329
AQ acid [7.0] 7.33E77 7.22E77 1.61  0.0030 0.00046
AQ acid [9.0] 2.25E76 2.07E6 2.41 0.0078 0.00183
AQ ester [4.2]  3.11E* 1.93E° 2.33  0.0295 0.00848
AQ ester [5.5] 1.01E° 6.90E~6 AEpn out of range
AQester [7.0]  1.12E7¢ 3.35E77 0.28  0.00046 0.000077
AQ ester [9.0]  2.97E¢ 3.35E77 6.50 0.00055 o

* Mean value of 1-3 scans (all experiments are run three times, however not all data could be
used)
** Only one dataset usable

Both the AQ acid (21) and the AQ ester (22) showed optimal electron transfer rate con-
stant, just above 0.02 cm/s, at pH 4.2. This is a reasonable value compared to other compounds
in the literature[172-174], see figure 5.22, therefore it was decided to continue to work with

this core, next with the thiol present.

O ATy G0 O

246x103cms!  1.35x102cm s 1.18x102cms?!  2.97x102cms™ 3.65x103 cm s™'
[172] [172] [173] [173] [174]

Figure 5.22: Electron transfer rate constants from litterature.
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5.3 Electrochemical Study of AQOMe (28)

The electrochemical studies of the AQOMe (28) were performed by PhD Xiaomei Yan, the
study and results can be found in a recent paper[175]. In this study a self-assessment mono-
layer (SAM) was formed with the thiol-functionalized anthraquinone on the gold NPG, by
soaking the electrode in a AQOMe solution as described in the experimental chapter 7 section
7.3. SAMs provide an enhanced control and can eliminate the mass diffusion layer component
as the molecule is covalently attached to the electrode. It also allows for fixed lengths[127]
and designed packing[127]. From the results presented in the paper, it could be concluded
that the AQOMe showed overall well-defined SAM and promising electron transfer properties.
However, when analysing the molecule in solution at pH 7.0 and 9.0 a second redox pair was

observed, see figure 5.23.

AQOMe
20
O NHp
SOzH ~ o
5
O gl
O HN <20
OMe
28 ° *—— pH=4.2
¢ ——pH=55
-40 - pH=7.0
SH o pH=9.0

08 07 06 05 -04 03 -02 -0,
E (V vs. Ag/AgCl)

Figure 5.23: AQOMe (28) and its CVs from electrochemical study in solution obtained by PhD
Xiaomei Yan.

To further investigate the origin of this peak, four compounds were synthesized: AQSH
(29) without the ester, AQO!Bu (30) to see if it originates from hydrolysis of the ester to the
carboxylic acid, AQOMe-dA (31) to see if it was the zwitterion of aniline, and AQaSH (32)

with an aliphatic thiol to see if the thiophenol was responsible for the extra peak.

5.3.1 Synthesis of AQOMe Derivatives

Washkuhn et al. published a study[176] of the hydrolysis stability of different benzoate esters
and based on this study, it was decided to synthesise the tertbutyl (tBu) ester, as this showed

one of the lowest hydrolysis rates.
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Figure 5.24: Synthesis of "Bu derivative (30) and the de-aminated (31). a) 'BuOH, MgSO,, H3SOy,
DCM, rt, overnight. b) NaNOo, 1 M HCI, 0°C, 1 hour then Zn, EtOH.

The esterification was done under acidic conditions[177] with tert-butanol and MgSOy.
To synthesise AQOMe-dNHy (31) without the primary aniline, a diazotization reaction was
done on the thioacetate protected AQOMe (26). To get the analogue functionalised with an
aliphatic thiol, AQaSH (32), the AQ acid (21) was reacted with S-(2-aminoethyl) ethanethioate
hydrochloride (33) in an amide coupling using PyBOP and N-ethylmorpholine. Afterwards
the thioacetate was deprotected with 1 M HCI to give the free thiol (32), see figure 5.25.

HzN\/\SH _a CIHHZN\/\SAC

NH, SOgH SOgH
O‘O SOsH ‘O ‘O
(@) HN O HN
21 HN O 32 \E;\fo
OH

NH NH

° J J

AcS HS

Figure 5.25: Synthesis of the alphatic derivative (32). a) AcCl, TFA, 0°C, 1 hour. b) PyBOP, NEM,
DMEF, rt, overnight. ¢) 1 M HCIl, MeOH, 80°C, overnight.

The synthesis of AQSH (29), without the ester functionality, is described in chapter 6.
Interestingly the colour of the anthraquinone in solution changes from purple to dark blue

when replacing the thiophenol with an aliphatic thiol, see figure 5.26.
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Figure 5.26: Left: AQSH (29). Right: picture of AQaSH (32, blue) and AQSH (29, purple) in
solution.

5.3.2 Electrochemical Study of AQOMe Derivatives in Solution

The CV diagrams' of each derivative, at all four pH, is displayed in figure 5.27, depicted as
current density (pA cm™2) vs potential applied (V) at 20 mV /s (scan rate). By qualitative
analysis it could be concluded that only the aliphatic thiol (AQaSH, 32) had a single peak-pair,

thereby confirming that the thiophenol group gave rise to the second redox pair.
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Figure 5.27: CVs of AQOMe derivatives in solution.

'Dataset for AQOMe-dA (31) and AQO’'Bu (30) was obtained by PhD Xiaomei Yan.
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Berberova et al.[178] reported that thiophenol anions can fragment to the corresponding
radical species and dimerize. The formation of the dimer of AQSH could explain the second
redox peak. That the extra peak only appears at pH 7.0 and 9.0 fits with the pKa of thiophenol
being 6.6[179], therefore, at these pH’s the thiophenol will be mostly on the deprotonated form.
As the thiol is only installed to obtain the SAM on the gold surface of the electrode, this will

not affect their later use as bridging molecules.

5.4 Addition of the Protein Handle

The redox-active molecule was designed to have a handle for later conjugation to the biomolecule.
This was done by reacting DBCO-amine with the anthraquinone (27) benzoic acid functional-

ity, in an amide coupling, to give compound 35, see figure 5.28.

NH» NH,

o)
SOzH SOsH
DO ‘O
O HN

O HN oH /\)L

27

SH

Figure 5.28: Synthetic step to add the click-handle DBCO-amine. a) DBCO-amine, COMU, DIPEA,
DMSO, 0°C — rt, overnight.

The DBCO-amine unit consist of a strained alkyne handle that can be used in copper-
free strain-promoted azide-alkyne cycloaddition (SPAAC) reactions. Due to the very strained
nature of the alkyne, it will in the presence of a good 1,3-dipole act as a dipolarophile and
initiate a Huisgen 1,3-dipolar cycloaddition, see figure 5.30. A 1,3-dipole has a unit of three
atoms which share a dipole[180], this can be generally written as Ta-b-c™, where a is valence
incomplete and positively charged, and ¢ has an unshared electron pair and are negatively
charged. This property applies for the azido group, which is more specifically an ambiphilic
dipole. This means that the roles of HOMO/LUMO is controlled by the substituents of the
dipolarophile as the HOMO/LUMO of the two pairs are very similar, see figure 5.29. If the
substituents are EDGs it will raise the HOMO, giving the 1,3-dipole the role of the LUMO, and
if they are EWGs it will lower the LUMO making the 1,3-dipole the HOMO component[181].
Computational studies[182] of the azido group has shown that the electron distribution likely

has the inner-most nitrogen bearing the negative charge at most times.
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Figure 5.29: HOMO/LUMO influenced by substituents of dipolarophile, inspired by [183].

The DBCO-alkyne is very symmetric and therefore will both regioisomers will be formed
during the click-reaction[184-186], see figure 5.30.

O NHz
cooT
@)
O HN
SH

or reversed

Figure 5.30: Huisgen 1,3-dipolar cycloaddition between the DBCO-unit and an azido-handle.

5.5 Summary

The lead anthraquinone structure has shown promising electrochemical properties and therefore
the next step is to investigate its interaction with the respective enzyme and its function as an

electron bridge. The results from this investigation is presented in chapter 6.
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CHAPTER 6

Anthraguinone as an
Electron Bridge for Enzyme

As introduced in chapter 1 and chapter 5, conjugates of proteins and organic molecules can be
used to transfer electrons and create a current. In this chapter the anthraquinones’ properties
as an electrode-anchored electron bridge via non-covalent binding to redox enzymes are inves-

tigated.

Redox enzymes interacts with its substrate to perform an oxidation/reduction reaction[187,
188]. In a mediated electron transfer mechanism, an oxidizing enzyme oxidizes its substrate and
accepts the electron(s), followed by trasfer of the electron(s) from the enzyme to an electron
mediator, and lastly the mediator will transfer the electron(s) to the electrode’s anode, see
figure 6.1. For a reducing enzyme this would be the opposite; electrons will be transferred from
a cathode to the mediator, and then to the enzyme, which reduces the substrate. Examples
in literature can be found where both types of enzymes have been used in synergy to create a
flow battery[131, 173].

Substrat Enzyme

\ ubstrate p V /

</ g/ ‘/
(0)&

Oxidized

Figure 6.1: Schematic overview of the oxidation/reduction between the conjugate components.
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It has previously been shown by Cosnier et al.[189] that an anthraquinone can non-covalently
bind to a hydrophobic pocket, close to the T1 copper centre, of the enzyme laccase. They
demonstrated that the anthraquinone bound to a carbon nanotube cathode functioned as a
bridge between the enzyme and the cathode. Here, the anthraquinone serves as an electron
transfer “bridge”. A similar hydrophobic pocket exists in the enzyme fructose dehydrogenase
(FDH)[190].

In this chapter the impact of the substituents (R; and Rs), see figure 6.2, on the an-
thraquinones redox properties and the effects on its interaction with the respective enzyme
is investigated. The electrode used in this study is a glassy carbon electrode modified with
a nanoporous gold (NPG) surface, which afterwards has been covered with a monolayer of a
thiol functionalized anthraquinone (AQ). The NPG-AQ is then combined with the enzyme, to
give the final complex (NPG-AQ-E) as illustrated in figure 6.2 (for FDH). Orientation of the
enzyme is of high importance[39] as the distance between the redox centre and the electrode
should not exceed 20 A[191, 192] for direct electron transfer. An anchored bridge molecule can

be designed to assist in the orientation of the enzyme and control the distance.

HO

o
HO' OH
OH
D-Fructose e
OH O
Y OWJ\/OH
O OH FAD

5-keto-D-Fructose

Anode e

Figure 6.2: Schematic illustration of NPG-AQ-Enzyme (FDH Homology model, adapted with permis-
sion from Xinxin Xiao [188]) electrode. For a good electron transfer the heme 2 group needs to be close
to the electrode.
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6.1 Design and Synthesis of Anthraquinones

For studying the non-covalent interaction with the enzyme, four new analogues were synthe-
sised based on the design from chapter 5. A thiol-functionalization is needed for attachment
to the gold surface. The new analogues are the AQ containing; only the thiol handle (AQdd,
36), the thiol handle and the 1-NHy (AQdS, 37), as well as the thiol handle and the 2-SO3H
(AQdA, 38). Lastly the AQ containing the thiol handle and both the 1-NHy and 2-SOsH
functional groups (AQSH, 29) was prepared, see figure 6.4. The AQdd is similar to the AQ
used in the article by Cosnier et al.[189].

Learning from chapter 5, the Ullmann condensation was used to attach the thiophenol, giv-
ing AQSH (29) and from this, the other analogues could be synthesized by orthogonal removal
of one functional group at a time (figure 6.4). First the S-acetyl protected 4-aminothiophenol
(39) needed for the Ullmann condensation was synthesised in three steps, see figure 6.3, from
the 4-aminothiophenol (40). It proved to be important for the yield of the Ullmann reaction
that the thiol was protected. Therefore, first the amino group of 4-aminothiophenol was Boc-
protected (41), followed by acetyl protection of the thiophenol (42). The Boc-protection group

was then selectively removed to give the S-(4-aminophenyl) ethanethioate (39).

/©/NH2 - Q/NHBOC : /©/NHBOC : /O/NHZ
HS HS AcS AcS

40 41 42 39

Figure 6.3: Synthesis of S-(4-aminophenyl) ethanethioate (39). a) BocoO, HoO, rt, 24 hours. b) AcCl,
NEt3, DCM, 0°C, 30 min. ¢) TFA, rt, 30 min.

To synthesize the AQ-derivatives, see figure 6.4, 1-amino-4-bromoanthraquinone-2-sulfonic
acid sodium salt (20) was reacted with S-(4-aminophenyl) ethanethioate (39) in an Ullmann
condensation to give the AQSH (29). Synthesis of AQdA (38) could be achieved by selectively
removing the amino group in a diazotization reaction, while the sulphonic acid was selectively
removed using glucose and base[193], to give the AQdS (37). In this reaction the glucose act
as a reducing agent which leads to formation of HyOo and thereby OH-radicals, which can

mediate the desulphonylation, as reported by Li et al.[194].

The four anthraquinones prepared showed distinct colour differences, relating to their dif-
ferent properties of the compounds[195, 196]. Figure 6.5 shows a 5 mM solution of each of the
compounds. AQSH (29) has a light purple colour, whereas when the electron donating aniline
is removed (AQdA, 38) the purple colour becomes darker. Then when the sulphonic acid is

removed (AQdS, 37) a drastic change is seen as the solution becomes orange, and lastly, the
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Figure 6.4: Synthesis of AQ derivatives. a) 39, Cu(0), phosphate buffer, MW, 120°C, 20 min. b)
NaNOg, 1M HCI, 0°C, 20 sec. then Zn, EtOH. d) gluose, 30 M NaOH, H2O, 80°C, 30 min.

unsubstituted AQdd (36) shows almost no colour. The colour change is an indication of the

change in orbital overlap and electrons contributing to the system[197].

Figure 6.5: Picture of AQ derivative in 5 mM solutions.

6.2 Electrochemical Study as Monolayer

The setup is identical to the one used in chapter 5, consisting of the three electrodes; reference
electrode (Ag/AgCl), counter electrode (platinum wire) and working electrode (NPG-AQ-E,
as described earlier), preparation details can be found in chapter 7. Again, cyclic voltammetry

(CV) is used for testing the electrochemical system.
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Each electrode functionalized with different AQs were analysed under four different condi-
tions: (1) pure buffer solution as a reference, (2) buffer solution with enzyme substrate (Og
for laccase and fructose for FDH), to analyse the direct electron transfer (DET) from the en-
zyme, through the AQ, to the electrode. (3) Buffer solution with a mediator present (ABTS
or FeMeOH) for the mediated electron transfer (MET) reference, and (4) buffer solution with
mediator and enzyme substrate to analyse the MET where the electron transfer goes around
the AQ (and possibly also other centres through the enzyme[188, 198])[199]. MET provides

information about the amount of catalytic active enzyme loaded in total.

6.2.1 Laccase

Inspired by the previously mentioned paper by Cosnier et al.[189], the anthraquinones inter-
actions with the laccase enzyme was studied. Laccase contains a hydrophobic pocket, close to
the T1 copper centre, which an anthraquinone has been demonstrated to non-covalently bind
to. The substrate of laccase is Oy which is reduced to HoO by donation of 4 electrons[200]

from the enzyme, with the electrons coming from the cathode though the mediator.

1,5

|—-o0,
1,0 - +0,

AQSH
DET

0,0 0,2 0.4 0,6
E (V vs. Ag/AgCl)
Figure 6.6: CV from laccase study with AQSH (29).

ABTS is a well-known mediator for laccase[201-203]. The colourless ABTS gives an electron
to the oxidized enzyme, retuning the enzyme to its reduced state. The resulting ABTS ™ has

a blue-greenish strong colour, see figure 6.7A-D.
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Figure 6.7: ABTS as an electron mediator for laccase. (a) the reaction, (b) initial (colour of ABTS),
(c) after reaction (colour of ABTS ™), (d) a drop of ABTS solution on the electrode with enzyme and
O2 (from the air) shows the enzyme being present and active.

After several attempts, studies with the laccase enzyme was stopped. The enzyme was
seen to be present and active on the electrode (as confirmed with ABTS, figure 6.7), however,
it did not interact with any of the anthraquinones. Instead, experiments were continued with

the enzyme fructose dehydrogenase (FDH).

6.2.2 Fructose dehydrogenase

FDH is a sugar oxidating enzyme responsible for the oxidation of D-fructose to 5-keto-D-
fructose (see figure 6.2), in a process where the enzyme gains 2 electrons[199]. These electrons
are then transferred through the bridge molecule (here the anthraquinone) to the electrode. A
homology model of FDH[188] is seen on figure 6.2, illustrating the electrons’ movement from
the substrate through the enzyme (via FAD, heme 3 and heme 2[188]) to the anthraquinone.
With FDH it was possible to obtain a signal for both DET and MET. CV diagrams for all
anthraquinone derivatives can be seen in figure 6.1 as the current density (1A cm?) against

the potential applied (V).

The output signal is highly dependent on the enzyme orientation on the electrode, and
without a covalent bond this will never be consistent. To illustrate this a series of diagrams
from the same anthraquinone, AQdS, on different electrodes are shown individually on table
6.2. This clearly demonstrates the value of developing controlled an site-selective strategies,

for production of consistent bioconjugates in electrocatalytic applications.
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Table 6.1: FDH CV datasets for AQ derivatives. The reference without any enzyme substrate is

marked as “-FT” and with 100 mM substrate (fructose) as “+FT".
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Table 6.2: FDH CV datasets for different electrodes with AQdS (87). The baseline without any
enzyme substrate is marked as “-FT” and with 100 mM substrate (fructose) as “+FT".

Electrode 1 Electrode 2 Electrode 3
E1-FT E2-FT -
1,54 E1+FT 1,54 E2 +FT 1,54 g *Frrr
1,0 1,0 1,0
& o —
0,5 0,5 05
E g 5 g
< = <
2 004 B 200 é 0,0
Q ~ - ~ ~
0,5 0,54 05
1,04 AQas 1,04 AQdS 104 AQdS
DET DET ? DET
0,0 0,2 04 0,6 0,0 0,2 04 0,6 00 02 04 0,
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)
120——E1-FT 1204 E2-FT 120 4 E3-FT
1104 E1+FT 1104 E2+FT 1101 E3+FT
100 100 100
90 90 90 1
80 80 80
H & 704 & 704 & 704
E 60 E o0 E o0
€3 50 50 50 1
E 3 404 = 40 3 40
=~ 30 ™~ 304 ™~ 30
20 20 20
10 — — 10 10
_lg ] — AQUS| _lgj = AQUS| _lg AQdS
20 . : T MET 20 . r : Met 20 - r - MET
0,0 0,2 0,4 0,6 0,0 0,2 04 0,6 0,0 02 04 0,6
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

The electrocatalytic current (Aj) is the difference at DET between the output with enzyme-
substrate (+) and the baseline without (-) at the right switching potential[39, 204], gives a
relative picture of the anthraquinones ability as an electron bridge. The same difference at

MET gives a relative picture of the amount of enzyme loaded onto the electrode, see both on
figure 6.8.

AJpET = JDET, (0.5, — JDET_ (o 5v) (6.1)

AJMET = JMET, o 5v) — IMET_ (o 51 (6.2)

The ratio between the two Ajs gives an idea of how good a direct mediator the an-
thraquinone is compared to the loading of enzyme, a high ratio would indicate that a lot
of electrons are transferred with a low enzyme loading, see figure 6.9. This is called the DET-

capable fraction (xpgr) and is displayed as percentage.

AjpeT

- - 100 6.3
AJjMET (6:3)

XDET =

For the AQs tested it was the AQdA (38) that showed the overall best properties as a

bridge molecule. This is reasonable[205] when comparing to the discussing from chapter 5,
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Figure 6.9: DET-capable fraction (xpger).

as the sulphonic acid enhances the redox potential by elongating the conjugated system[125],
and without the aniline its polarity is probably better matching the hydrophobic pocket of the
enzyme than AQSH (29). AQdd (36) was predicted to fit the pocket best, as it is very similar to
the bare anthraquinone, which has been shown to bind in enzymatic hydrophobic pockets[189,
190]; however, with a relatively weak redox potential compared to the other analogues. AQdS
(37) has the EDG -NHs which lowers the redox potential by donation of lone-pair electron to
the system[124, 205].

6.2.3 Comparison with Mecaptoethanol

To validate the setup and procedure, a SAM of mecaptoethanol (BME) was tested under simi-
lar conditions, as it has shown to bind the enzyme, and have a good surface coverage[188]. As

seen on the CV diagrams, figure 6.10, there is a good signal from the enzyme. In comparison
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to the AQs the Ajpgr is 160 A cm™2.
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Figure 6.10: CV dataset of the set-up validation with mecaptoethanol. The reference without any
enzyme substrate is marked as “-FT” and with 100 mM substrate (fructose) as “+FT".

6.3 Future Work

Among the investigated anthraquinones, the AQdA (38) was found to have promising proper-
ties, for further development. Going forward, the next step would be to optimize the rather low
surface coverage of the AQ on the gold surface, or the disorder[127] of the formed monolayer.
Here it would be feasible to investigate the instalment of a spacer between the anthraquinone
and the electrode. Based on the design of the spacer, it is possible to tune the overall elec-
tronic properties as desired. Examples of reported spacers are alkanes, conjugated systems, or
peptides, which all possess different properties[127]. The alkane chain is flexible and can bend
to allow the AQ to move closer to the electrode surface during electron transfer, whereas the
conjugated is more rigid but can function as an electronic road for the electron transfer (ei-
ther electron hopping or tunnelling[127]). The peptide spacer is inspired by biological electron
transfer, and multiple movement mechanisms has been proposed (contraction/bending, helix

conversion and hopping along the backbone)[127].

Another challenge, mentioned in chapter 1, is the orientation and amount of enzyme im-
mobilized on the electrode. Here a solution would be to covalently bind the enzyme to the
anthraquinone in the right orientation through bioconjugation[39]. The concept and bene-
fits of site-selective bioconjugation was presented in chapter 2 and a promising site-selective

bioconjugation technique that could be used was presented in chapter 3.
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Experimental Section Part |l

General Methodologies relevant for all experimental work can be found in appendix A.

Details for figure 5.14 page 48.

¢ Reaction A and C both utilizes very electrophilic acid halogenides, which has previ-
ously shown good results. However, a second reaction was observed most likely at the

electrophile position, before KSAc was added.

¢ Reaction B was an attempt to do an amide coupling using the TCFH as it has previously

been seen in the group to react well with anilines.

¢ Reaction D and E used a strained three-membered ring which was to be opened by the
nucleophilic attack from the aniline, some precipitation was formed, possibly polymeriza-

tion of the epoxy-reagent.

o Reaction F was an attempt to do an Ullmann coupling with reversed roles (of the an-

thraquinone and benzene) compared to the reaction introduced prior.

e Reaction G and H was a diazotization, forming the diazonium-ion which is a good
leaving group, followed by a substitution on the aniline position with either -SAc or -Nj3

respectively, however only the deaminated was found.

/7.1 Synthesis of Compounds in Chapter 5

General procedure for the pwave mediated Ullmann condensation

Sodium 1-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (20, 1 eq.), the
appropriate aniline (1.1 eq.) and Cu(0) powder (0.25 eq.) was added to a microwave vial
equipped with a stirring bar. The buffer was preferred as described by Bargi and Miiller[160].
Buffer A: NagHPO4-10H20 (CAS 10039-32-4), 0.2 mol, pH 9.67, 7.16 g per 100 mL milli-Q
water. Buffer B: NaHoPO4-2H20 (CAS 13472-35-0), 0.12 mol, pH 4.17, 1.82 g per 100 mL
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milli-Q water. The two buffers are added to the microwave vial just prior to running the
experiment (4:1 of A:B, 25 mL/mmol anthraquinone). The capped microwave vial as heated
to 120° for 20 min in a pwave reactor at 80 W. Subsequently concentrated before purification
on a reverse phase (RF) dry column plug (water as eluent till hydrolysed red biproduct (23)
has been collected, then decrease polarity by gradual addition of ACN).

2-(2,5-dimethylbenzoyl)benzoic acid (14A)

HO.__O Procedure: Modified from [206]. In a dried round bottom flask was phthalic
anhydride (1 g, 6.75 mmol, 1 eq.) and p-xylene (0.92 mL, 7.43 mmol, 1.1
O O eq.) dissolved in dry DCM (2.87 mL/mmol phthalimide anhydride). Anhy-
drous AICl3 (1.8 g, 13.5 mmol, 2 eq.) was added slowly over 10 minutes
(colour change was observed from yellow, to orange then red) and then the mixture was heated
to 40°C. After 4 hours TLC showed that all p-xylene had been used but some phthalimide
anhydride was still present, therefore was an additional 0.3 mL p-xylene added. After an hour
showed TLC full completion and the reaction mixture was allowed to cool to room temperature.
The mixture was slowly added 10% sulphuric acid, then the white precipitate was collected
by suction-filtration and dried until the “gum”-like precipitate became dry crystalline powder
(14A, 1.59 g, 92%). 'H NMR (400 MHz, DMSO) § 12.90 (s, 1H), 7.90 (dd, J = 7.6, 1.4 Hz,
1H), 7.73 — 7.57 (m, 3H), 7.42 (dd, J = 7.4, 1.4 Hz, 1H), 7.29 — 7.19 (m, 2H), 6.91 (d, J =
1.7 Hz, 1H), 2.48 (s, 3H), 2.17 (s, 3H). '3C NMR. (101 MHz, DMSO) 6 198.89, 167.87, 142.91,
137.29, 136.27, 134.85, 132.77, 132.48, 132.08, 131.43, 130.87, 130.48, 130.06, 128.43, 20.84,
20.79. HRMS (ESI) m/z: [C16H1403 - H]~ Caled 253.0870; Found 253.0826.

1,4-dimethylanthracene-9,10-dione (14)

0 Procedure: As by [206]. The benzoyl-benzoic acid (14A, 1.55 g, 6.11 mmol,
1 eq.) was dissolved in conc. sulphuric acid (H2SOy4, 0.96 mL/mmol 14A)
and heated to 100°C for 1 hour, then TLC showed full conversion. The warm

N/

© reaction mixture was then poured onto ice, and after the ice has melted can

the precipitate be collected by suction filtration. The precipitate was washed excessively with
water, and afterwards redissolved in DCM and washed once with water. Anhydrous NasSQOy4
was used to dry the organic phase, which gave the dimethyl anthraquinone (762 mg, 53%) as
a dark brown glittery solid. It was not possible to reddisolve the compound for NMR, but
mass was confirmed by LCMS (calculated [C16H1202+H]™ Caled 237.09):
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5 or 4-chloro-2-(2,5-dimethylbenzoyl)benzoic acid (15A)
HO. _O Procedure: As described for compound 14A. In a dried round bottom flask

was 4-chlorophthalic anhydride (1.3 g, 7.12 mmol, 1 eq.) and p-xylene (1
ol O O mL, 7.83 mmol, 1.1 eq.) dissolved in dry DCM (2.87 mL/mmol phthalimide
anhydride). Anhydrous AlCl3 (1.9 g, 14.24 mmol, 2 eq.) was added slowly
over 10 minutes. After 5 hours at 40°C showed TLC full conversion of the
starting material to two new peaks. The mixture was allowed to cool to room
O O temperature, before slow addition of 10% sulphuric acid, the organic phase
cal was isolated by a separation funnel and evaporated to give a white solid. The
solid was then washed with 10% sulphuric acid and then extensively with
water, to give the product mixture (15A, 1.79 g, 87% - based on NMR integrals 40% a and
60% b). 'H NMR (400 MHz, DMSO) § 7.95 (d, J = 8.4 Hz, 1H b), 7.90 (d, J = 2.2 Hz, 1H
a), 7.80 (dd, J = 8.4, 2.2 Hz, 1H a), 7.73 (dd, J = 8.4, 2.1 Hz, 1H b), 7.57 (d, J = 2.1 Hz, 1H
b), 7.50 (d, J = 8.4 Hz, 1H a), 7.33 — 7.23 (m, 4H), 6.96 (s, 2H), 2.53 (s, 6H), 2.21 (s, 6H).
13C NMR (101 MHz, DMSO) 6 197.78, 197.12, 166.86, 166.70, 144.93, 141.35, 137.57, 136.89,
136.63, 136.56, 136.35, 135.07, 135.04, 135.01, 133.11, 133.06, 133.02, 132.31, 132.19, 132.16,
132.14, 131.71, 131.54, 130.52, 130.32, 129.65, 129.27, 128.12, 20.91, 20.79. HRMS (ESI) m/z:
[C16H13C103 - H]~ Calced 287.0480; Found 287.0430 and 287.0431.
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6-chloro-1,4-dimethylanthracene-9,10-dione (15)

0 Procedure: The benzoyl-benzoic acid mix (15A, 1.77 g, 6.13 mmol, 1 eq.)

cl O‘ was dissolved in conc. sulphuric acid (H2SO4, 1.63 mL/mmol 15A) and

heated to 135°C for 6 hours, then TLC showed full conversion. The warm

© reaction mixture was then poured onto ice, and after the ice has melted can

the precipitate be collected by suction filtration. The precipitate was washed excessively with

water, and afterwards redissolved in EtOAc and washed once with water. Anhydrous NasSOy

was used to dry the organic phase, which gave the dimethyl chloro anthraquinone (369.9 mg,

22%) as a black solid. It was not possible to reddisolve the compound for NMR, but mass
was confirmed by LCMS (calculated [C16H11Cl02+H]|™ Caled 271.72):
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1,4-diamino-2,3-bis(((tetrabutylamino)oxy)sulfonyl)anthracene-9,10-dione (17)
O NH Procedure: The 1,4-diamino-2,3-dichloroanthracene-9,10-dione (16,
O‘O SONBUWs 503 mg, 1.64 mmol, 1 eq.) was dissolved in DMF:H,0 (2:1, 13.7
SOsNBu), mL/mmol 16) and added K2SOs3 (7.7 g, 49 mmol, 30 eq.). Under
O NH. stirring was the mixture heated to 95°C overnight. The next day was
the mixture cooled to room temperature before filtered and extracted with EtOAc and tetra-
butylammonium hydrogen sulphate ((Bu)4N(HSO4)). The organic phase was concentrated
and filtered through a short silica dry column (heptane — EtOAc + 10% MEOH) to give
the tetrabutylammonium salt of the di-sulphonate (17, 676.5 mg, 47%). 'H NMR (400 MHz,
DMSO) § 8.29 — 8.20 (m, 2H), 7.85 — 7.76 (m, 2H), 3.21 — 3.12 (m, 19H), 1.56 (dq, J = 11.9,
7.6, 6.0 Hz, 19H), 1.31 (h, J = 7.4 Hz, 20H), 0.93 (t, J = 7.3 Hz, 28H). '3C NMR (101 MHz,
DMSO) 6 181.72, 181.66, 162.77, 146.08, 144.22, 143.29, 134.79, 134.35, 132.93, 132.83, 127.10,
126.36, 108.93, 57.99, 23.52, 19.68, 13.96. HRMS (ESI) m/z: [C14H19N20gS2 - SO3]~ Caled
317.0238; Found 317.0203.
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N-(4-amino-2,3-dichloro-9,10-dioxo-9,10-dihydroanthracen-1-yl)-2-bromoacetamide
(18)

0 Procedure: The 1,4-diamino-2,3-dichloroanthracene-9,10-dione (16,
o} HNJ\/Br 254 mg, 0.8 mmol, 1 eq.) was dissolved in dry DCM (25 mL/mmol
O‘O c anthraquinone) and added DIPEA (0.16 mL, 1.1 eq.). The solution
cl was cooled to 0°C and under stirring was bromoacetyl bromide (0.07

O NH,

mL, 1 eq.) added dropwise, afterwards was the mixture allow to
warm up to room temperature and stir overnight. The reaction mixture was diluted with
DCM before wash with 2 M HCI, then water, sat. NaHCOj3, and twice brine, the organic
phase was then dried over NasSQy4, and evaporated to dryness to give the bromoacetamide
product (18, 308.6 mg, 98%). 'H NMR (400 MHz, DMSO) § 10.25 (s, 1H), 8.16 (dd, J = 7.4,
1.7 Hz, 1H), 8.05 (dd, J = 7.2, 1.8 Hz, 1H), 7.95 — 7.80 (m, 2H), 4.17 (s, 2H). ¥C NMR (101
MHz, DMSO) § 184.46, 183.08, 165.97, 147.83, 142.24, 134.90, 134.55, 133.78, 133.55, 133.51,
126.80, 126.74, 124.33, 123.84, 111.98, 29.72.

S-(2-((4-amino-2,3-dichloro-9,10-dioxo-9,10-dihydroanthracen-1-yl)amino)-2-oxo-
ethyl) ethanethioate (19)

0 Procedure: Starting from 1,4-diamino-2,3-dichloroanthracene-9,10-
o) HNJ\/SAC dione (16, 1 g, 3.26 mmol, 1 eq.) dissolved in dry DCM (24.5 mL/m-

O‘O cl mol anthraquinone), added dry DIPEA (0.63 mL, 3.58 mmol, 1.1 eq.)
of and cooled to 0°C before dropwise addition of bromoacetyl bromide

O NH (0.63 mL, 3.26 mmol, 1 eq.). After two hours at 0°C was potassium
thioacetate (KSAc, 3.72 g, 32.56 mmol, 10 eq.) added and the reaction mixture was allowed
to stir for an additional hour. The organic solution was then washed with 2 M HCI, water, sat.
NaHCOs, and twice brine, before being dried over NasSQy, and concentrated. The crude mix
was purified by a dry column plug in DCM, to give the ethanethioate anthraquinone (19, 453.1
mg, 33% from dichloro) as a red solid, and unreacted starting material (16) was also recovered
(715.5 mg, 71%). . 'H NMR (400 MHz, DMSO) § 10.10 (s, 1H), 8.15 (dd, J = 7.4, 1.7 Hz,
1H), 8.06 — 8.01 (m, 1H), 7.92 — 7.81 (m, 2H), 3.91 (s, 2H), 2.43 (s, 3H). 13C NMR (101 MHz,
DMSO) ¢ 194.65, 184.43, 183.15, 167.17, 147.71, 142.23, 134.88, 134.53, 133.75, 133.72, 133.51,
126.81, 126.71, 126.52, 124.33, 111.89, 33.28, 30.66. HRMS (ESI) m/z: [C18H12ClaN2OsS -

H]~ Caled 420.9822; Found 420.9719.
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4-((4-amino-9,10-dioxo-3-sulfo-9,10-dihydroanthracen-1-yl)amino)benzoic acid (21)

O  NH, Procedure: General procedure for the pwave mediated Ullmann con-

O‘O SOsH densation (described in the beginning of this section). Starting

from sodium 1l-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-

© BN sulfonate (20, 80 mg), 4-aminobenzoic acid (30 mg), Cu(0) powder
\©\’(OH (3.1 mg), 4 mL buffer A and 1 mL buffer B. The dark blue prod-

O et was isolated (22.7 mg, 26%) by RF plug. 'H NMR (400 MHz,

MeOD) § 8.41 (s, 1H), 8.36 — 8.27 (m, 2H), 8.04 (d, J = 8.1 Hz, 2H), 7.86 — 7.75 (m, 2H), 7.34
(d, J = 8.1 Hz, 3H). HRMS (ESI) m/z: [C21H14N207S + H|™ Caled 439.0594; Found 439.0596.

Methyl 4-aminobenzoate hydrochloride (22A)

o] Procedure[207] 4-aminobenzoic acid (7 g, 51.04 mmol, 1 eq.) was dis-
Meo)‘\©\ solved in methanol (5 mL/mmol) at 0°C and dropwise added thionyl
NH.HCI  chloride (SOCly, 7.45 mL, 102.09 mmol, 2 eq.). Afterwards was the ice

bath removed, the flask was equipped with a condenser, and an oil bath was used to heat the
reaction to reflux. After three hours LCMS showed completion, the reaction was cooled to
rt, and the solvent removed in vacuo to give a HCl-precipitation of the methylester product
(22A, 9.37 g, 98%). 'H NMR (400 MHz, D20) § 8.00 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3
Hz, 2H), 3.83 (s, 3H). 3C NMR (101 MHz, D0O) 6 168.11, 135.82, 131.23, 129.32, 122.61, 52.77.

1-amino-4-((4-(methoxycarbonyl)phenyl)amino)-9,10-dioxo-9,10-dihydroanthra-
cene-2-sulfonic acid (22)

O NH, Procedure: General procedure for the pwave mediated Ullmann con-

O‘O SOzH densation (described in the beginning of this section). Starting

from sodium 1-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-

© BN sulfonate (20, 322 mg), methyl 4-aminobenzoate hydrochloride (22A,

©\,(°Me 164 mg), Cu(0) powder (30 mg), 16 mL buffer A and 4 mL buffer B.

© The dark blue product was isolated (245.9 mg, 15%) by RF plug. 'H

NMR (400 MHz, DMSO) § 11.73 (s, 1H), 8.30 — 8.20 (m, 2H), 8.14 (s, 1H), 7.97 (d, J = 8.1 Hz,

2H), 7.91 — 7.83 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 3.85 (s, 2H). 13C NMR (101 MHz, DMSO)

0 184.01, 182.72, 166.23, 145.36, 145.26, 142.42, 137.78, 134.53, 134.13, 133.78, 133.50, 131.44,

126.57, 124.27, 123.83, 120.48, 114.79, 110.24, 52.38. HRMS (ESI) m/z: [Ca2H16N207S + H]*
Calcd 453.0751; Found 453.0757.
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Methyl 3-(acetylthio)-5-aminobenzoate (25)

0 Procedure: This procedure was published, see [175]. Toluene (15 mL/m-
H2N\©)}\o|v|e mol aniline) was degassed with a nitrogen flow in a dry three-necked round-

bottomed flask equipped with a condenser and a stir bar, before addition of
SAc methyl 3-amino-5-bromobenzoate (24, 2.5 g, 10.87 mmol, 1 eq.), followed by
addition of Pdy(dba)s (509 mg, 0.56 mmol, 0.05 eq.) and CyPF-‘Bu (604.9 mg, 1.09 mmol,
0.1 eq.). The mixture was allowed to stir under a nitrogen atmosphere at room temperature
for 5 min resulting in a dark red coloured solution. Potassium thioacetate (KSAc, 2.48 g,
21.73 mmol, 2 eq.) was then added and the mixture refluxed for 24 hours. Full conversion
was confirmed by TLC. After cooling to room temperature, EtoO was added, and the reaction
filtered to remove precipitated salt. The filtrate was concentrated in vacuo and the mixture
was purified by flash chromatography (DCM:Acetone, 95:5) to yield 1.7g (71 %) of the desired
product (25). 'H NMR (400 MHz, Chloroform-d) § 7.49 (q, J = 1.0, 0.6 Hz, 1H), 7.41 (dd, J =
2.4, 1.5 Hz, 1H), 6.96 (dd, J = 2.4, 1.5 Hz, 1H), 5.32 (d, J = 0.5 Hz, aniline*), 3.91 (d, J = 0.6
Hz, 3H), 2.44 (d, J = 0.6 Hz, 3H). '*C NMR (101 MHz, Chloroform-d) 6 193.69, 166.32, 146.72,
132.00, 129.08, 125.44, 124.89, 117.16, 52.27, 30.26. *The aniline protons did not integrate to

the expected two protons due to rapid exchange. Also, it was observed that the chemical shift
of the signal varied. HRMS (ESI) m/z: [C10H11NO3S + H]™ Caled 226.0532; Found 226.0533.

4-((3-(acetylthio)-5-(methoxycarbonyl)phenyl)amino)-1-amino-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonic acid (26)

O  NH, Procedure[175]: General procedure for the pwave mediated Ull-
O‘O SOzH mann condensation. Starting from sodium 1-amino-4-bromo-9,10-
o) diox0-9,10-dihydroanthracene-2-sulfonate (20, 323 mg), methyl 3-

© HNQ)koMe (acetylthio)-5-aminobenzoate (25, 215 mg), Cu(0) powder (30 mg),

16 mL buffer A and 4 mL buffer B. The violet product (871.3 mg,
52%) was isolated by RF plug from four combined identical reactions.
'H NMR (400 MHz, DMSO) § 10.37 (s, 1H), 8.40 (t, J = 1.8 Hz, 1H), 8.27 — 8.20 (m, 2H), 8.04
(t, J = 1.8 Hz, 1H), 7.95 - 7.88 (m, 2H), 7.72 (t, J = 1.8 Hz, 1H), 7.43 (s, 1H), 3.87 (s, 3H), 2.08
(s, 3H). 13C NMR (101 MHz, DMSO) ¢ 183.83, 182.79, 166.49, 150.46, 147.52, 139.06, 134.51,
134.27, 134.03, 133.88, 132.96, 132.32, 131.18, 128.50, 126.73, 126.69, 124.45, 122.80, 115.82,
112.90, 52.59, 24.64. HRMS (ESI) m/z: [C24H18N20gSs - H]~ Caled 525.0432; Found 525.0324.

SAc
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3-((4-amino-9,10-dioxo-3-sulfo-9,10-dihydroanthracen-1-yl)amino)-5-mercapto ben-
zoic acid (27)

O NH, Procedure: 4-((3-(acetylthio)-5-(methoxycarbonyl)phenyl)amino)-1-
O‘O SOsH amino-9,10-dioxo0-9,10-dihydroanthracene-2-sulfonic acid (26, 104.5
o) mg, 0.2 mmol, 1 eq.) was dissolved in 1M NaOH (70 mL/mmol 26)

© HN\Q)}\OH and added methanol (7.5 mL/mmol 26) in a microwave vial equipped

with a stir bar. The vial was capped and heated to 80°C in an oil

SH bath, after 3.5 hours showed LCMS full deprotection of both the thiol

group and the carboxylic acid. The solvent was removed, and the compound purified on RF

dry column plug (water — ACN) and afterwards freeze dried to give the mercaptobenzoic acid

product as a dark purple solid (41.6 mg, 47%). 'H NMR (400 MHz, DMSO) § 9.72 (s, 1H),

8.30 — 8.16 (m, 2H), 7.97 — 7.83 (m, 2H), 7.65 (s, 1H), 7.30 — 7.27 (m, 2H), 6.71 (t, J = 2.0

Hz, 1H), 5.20 (s, 2H). 3C NMR (101 MHz, DMSO) ¢ 183.75, 182.55, 170.73, 149.49, 147.47,

142.49, 138.93, 134.36, 134.27, 133.81, 133.18, 133.07, 132.57, 131.27, 127.90, 126.71, 126.64,

124.41, 120.82, 117.16, 112.71. HRMS (ESI) m/z: [Cy1H14N207Ss - H]~ Caled 469.0170;
Found 469.0079.

1-amino-4-((3-mercapto-5-(methoxycarbonyl)phenyl)amino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid (28)

O NH Procedure: 4-((3-(acetylthio)-5-(methoxycarbonyl)phenyl)amino)-
O‘O SOsH 1-amino-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid (26, 586.4
o} mg, 1.11 mmol, 1 eq.) was dissolved in 1M HCI (45 mL/mmol
© HNWQD)J\OMe 26) and added methanol (7.2 mL/mmol 26) in a microwave vial
equipped with a stir bar. The vial was capped and heated to 80°C
SH

in an oil bath overnight. LCMS the following day confirmed full
deprotection of the thiol group, which precipitates and was collected by suction filtration and
afterwards freeze dried to give the 3-mercapto-5-(methoxycarbonyl)phenyl product as a dark
purple solid (28, 403 mg, 75%). 'H NMR (400 MHz, DMSO) § 8.30 — 8.16 (m, 2H), 8.00 —
7.84 (m, 3H), 7.63 (s, 1H), 7.61 (s, 1H), 7.51 (s, 1H), 7.37 (s, 1H), 3.86 (s, 3H). 3C NMR (101
MHz, DMSO) ¢ 183.90, 182.94, 165.78, 147.63, 143.08, 139.07, 135.52, 134.61, 134.26, 133.94,
132.92, 132.51, 132.36, 129.62, 129.18, 128.61, 128.20, 126.73, 119.97, 113.09, 52.94. HRMS
(ESI) m/2: [C2ooH16N207S2 + H]™ Caled 485.0472; Found 485.0484.
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1-amino-4-((3-(tert-butoxycarbonyl)-5-mercaptophenyl)amino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid (30)

O  NH, Procedure[177]: DCM (40 mL/mmol 27), MgSO4 (30.7 mg, 0.255
O‘O SOsH mmol, 4 eq.) and HaSOy4 (4 pL, 0.06 mmol, 1 eq.) was stirred for
0 15 min before addition of the 3-((4-amino-9,10-dioxo-3-sulfo-9,10-

° HNﬁotBu dihydroanthracen-1-yl)amino)-5-mercaptobenzoic acid (27, 30 mg,

0.06 mmol, 1 eq.) and tertbutyl alcohol (31 pL, 0.32 mmol, 5 eq.).

The reaction mixture was allowed to stir overnight, the solvent was
then removed and the compound was purified by RF dry column plug and freeze dried to give
the tert-butoxycarbonyl product (30, 19.4 mg, 58%). 'H NMR (400 MHz, DMSO) § 8.30 —
8.15 (m, 2H), 7.98 — 7.84 (m, 2H), 7.56 (s, 1H), 7.29 (s, 1H), 7.21 (s, 1H), 6.97 (s, 1H), 1.24
(s, 9H). 13C NMR (101 MHz, DMSO) ¢ 183.83, 182.80, 167.35, 147.56, 139.11, 134.51, 134.29,
134.06, 133.88, 133.29, 132.98, 132.39, 131.00, 130.11, 128.59, 126.74, 126.69, 117.18, 112.90,
70.25, 29.49, 29.29, 29.17. HRMS (ESI) m/z: [Ca5H22N207S, - H]~ Caled 525.0796; Found
525.0680.

4-((3-mercapto-5-(methoxycarbonyl)phenyl)amino)-9,10-dioxo-9,10-dihydro-

anthracene-2-sulfonic acid (31)

o) Procedure[208]:  4-((3-(acetylthio)-5-(methoxycarbonyl)phenyl)-
O“ SOsH amino)-1-amino-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid
o) (26, 49.7 mg, 0.09 mmol, 1 eq.) was dissolved in 1 M HCI (67
° HN\Q)kOMe mL/mmol 26) and cooled to 0°C. NaNO; (7.1 mg, 0.1 mmol, 1.1
eq.) solution in water (5.6 mL/mmol 26) was then added dropwise,

SH

and after one hour was Zn (71 mg, 1.09 mmol, 11.5 eq.) in ethanol
(22.2 mL/mmol 26) added. The mixture was concentrated and purified by RF dry column
plug (water — ACN) to give the deaminated product (31, 17.5 mg, 36%). 'H NMR (400 MHz,
DMSO) § 9.68 — 9.63 (m, 1H), 8.27 — 8.17 (m, 3H), 8.07 (s, 1H), 8.00 — 7.82 (m, 3H), 7.71 —
7.66 (m, 1H), 7.43 (s, 1H), 3.89 (s, 3H). 13C NMR (101 MHz, DMSO) § 183.92, 182.96, 165.95,
147.54, 140.21, 139.12, 135.63, 135.25, 134.60, 134.49, 134.28, 133.94, 132.93, 132.06, 131.59,
131.03, 130.48, 130.07, 128.95, 126.75, 126.72, 113.08, 52.90. HRMS (ESI) m/z: [C22H15NO7Ss
- H]~ Caled 468.0217; Found 468.0134.

S-(2-aminoethyl) ethanethioate hydrochloride (33)

Acg - NHHCI Procedure: Under nitrogen atmosphere was 2-aminoethantiol (4 g, 51.85
mmol, 1 eq.) added in portions to TFA (0.5 mL/mmol 2-aminoethantiol)
at 0°C under vigorous stirring. Afterwards was acetyl chloride (8.2 mL, 103.7 mmol, 2 eq.)
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added dropwise to the cooled solution, which was allowed to stir for an hour before addition of
Et2O and precipitation of the product. The HCI form of the product was collected by suction
filtration and wash with Et20 (4.8 g, 59%). 'H NMR (400 MHz, DMSO) § 3.10 (t, J = 8.2
Hz, 2H), 2.91 (t, J = 8.2 Hz, 2H), 2.37 (s, 3H). 13C NMR (101 MHz, D50O) § 200.12, 39.22,
29.96, 25.99.

4-((4-((2-(acetylthio)ethyl)carbamoyl)phenyl)amino)-1-amino-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid (34)

O NH, Procedure: 4-((4-amino-9,10-dioxo-3-sulfo-9,10-dihydro-
O‘O SOsH anthracen-1-yl)amino)benzoic acid (21, 20 mg, 0.046 mmol,
1 eq.) was dissolved in DMF (38 mL/mmol 21), then added

O HN H N-ethylmorpholine (NEM, 8.6 pL, 0.273 mmol, 6 eq.) and Py-
\©\”/N\/\SAC BOP (26.6 mg, 50.18 mmol, 1.1 eq.). After 20 minutes was

© S-(2-aminoethyl) ethanethioate hydrochloride (33, 11 mg, 73

mmol, 1.6 eq.) added and the reaction mixture was allowed to stir overnight. LCMS showed
that the reaction was not complete, therefore was additional 33, NEM and PyBOP added to
the mixture and the reaction was left overnight. The following day LCMS showed full conver-
sion and the DMF was removed. The compound was purified by RF dry column plug (water
— ACN) to give a mix of the product (34) and the S-(2-aminoethyl) ethanethioate. It was

chosen to continue with the thiol deprotection without further purification.

1-amino-4-((4-((2-mercaptoethyl)carbamoyl)phenyl)amino)-9,10-dioxo-9,10-
dihydroanthracene-2-sulfonic acid (32)

O NH, Procedure: The crude mix of 4-((4-((2-(acetylthio)ethyl)car-
O‘O SOH bamoyl)phenyl)amino)-1-amino-9,10-dioxo-9,10-dihydro-

anthracene-2-sulfonic acid (34) and S-(2-aminoethyl) ethane-

o N Ny thioate was dissolved in 1 M HCI (0.076 mL/pmol 34) and

O\(N\/\SH methanol (0.0076 mL/ pmol 34), and heated to 80°C overnight.

° Next day the solvent was removed by air flow, and the crude

compound was purified by RF dry column plug (water — ACN) to give the product (32, 22

mg, 97%). 'H NMR (400 MHz, MeOD) § 8.25 (s, 1H), 7.96 — 7.88 (m, 2H), 7.74 — 7.59 (m,

4H), 7.09 (d, J = 8.4 Hz, 2H), 4.84 (s, 0H), 3.76 (t, J = 6.1 Hz, 2H), 3.14 (t, J = 6.1 Hz, 2H).

13C NMR (101 MHz, MeOD) 6 183.63, 182.80, 168.69, 143.94, 142.65, 138.64, 138.47, 133.48,
133.11, 132.91, 128.54, 127.88, 126.07, 125.71, 123.82, 120.40, 113.50, 110.67, 40.01, 23.68.
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1-amino-4-((3-((3-(11,12-didehydrodibenzo[b,f]lazocin-5(6H)-yl)-3-oxopropyl)
carbamoyl)-5-mercaptophenyl)amino)-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonic acid (35)

O  NH Procedure[209]: 4-((3-mercapto-5-(methoxycarbo-
O‘O SOsH nyl)- phenyl)amino)-9,10-dioxo-9,10-dihydro-
o) o] anthracene-2-sulfonic acid (27, 50.5 mg, 107.3
N N nmol) was dissolved in DMSO (11.67 mL/m-
O Vi mol 27), then added dibenzocyclooctyne-amine

SH

(DBCO-amine, CAS: 1255942-06-3 , 44.6 mg, 161
nmol, 1.5 eq.) and DIPEA (37 uL, 214.7 pmol, 2 eq.). The reaction mixture was placed on ice
and COMU® (69 mg, 161 nmol, 1.5 eq.) was added, then the reaction was allowed to warm
to room temperature with continued stirring overnight. Afterwards was DMSO removed by
airflow and the crude residue was first moderately purified by RF dry column plug (water —
ACN), followed by preparative HPLC of the fractions containing product, lastly freeze dried
to give the product. 'H NMR (400 MHz, DMSO) § 10.24 (s, 1H), 8.40 (t, J = 5.6 Hz, 1H),
8.28 - 8.20 (m, 2H), 8.08 (t, J = 1.8 Hz, 1H), 7.95 - 7.86 (m, 2H), 7.65 — 7.58 (m, 2H), 7.51
~7.25 (m, 6H), 7.21 (s, 1H), 7.08 (s, 1H), 6.95 (s, 1H), 5.05 (d, J = 14.0 Hz, 1H), 3.62 (d,
J = 14.0 Hz, 1H), 3.16 — 3.03 (m, 1H), 2.61 — 2.52 (m, 2H), 2.02 — 1.92 (m, 1H). 3C NMR
(101 MHz, DMSO) § 183.84, 182.87, 170.61, 165.32, 151.85, 148.82, 147.56, 141.01, 139.14,
136.63, 134.58, 134.29, 133.91, 133.73, 132.93, 132.85, 132.25, 130.03, 129.50, 128.68, 128.62,
128.49, 128.16, 127.73, 127.25, 126.73, 125.68, 122.94, 121.80, 114.72, 112.94, 108.62, 55.31,
36.42, 24.54. HRMS (ESI) m/z: [C39HasN40O7S9 - H]~ Caled 727.1327; Found 727.1194.

7.2 Synthesis of Compounds in Chapter 6

tert-butyl (4-mercaptophenyl)carbamate (41)

_~_NHBoc Procedure: 4-aminobenzenethiol (40, 1 g, 7.99 mmol, 1 eq.) was dissolved

Hs X | in water (1 mL/mmol) and added Boc anhydride (Boc2O, 2 g, 8.79 mmol,
1.1 eq.), which was allowed to stir for 24 hours at room temperature. The product had precip-
itated and was collected by suction filtration, washed with water, redissolved in EtOAc, dried
over NagSQy, and evaporated to give the Boc-protected product as a pale-yellow solid (1.8 g,
quant.). 'H NMR (400 MHz, DMSO) § 7.47 (d, J = 8.5 Hz, 1H), 7.42 — 7.32 (m, 2H), 7.22
~7.15 (m, 1H), 1.47 (s, 9H). 13C NMR (101 MHz, DMSO) § 153.17, 140.46, 131.20, 130.02,

119.19, 79.84, 28.58, 28.53, 27.33. HRMS (ESI) m/z [C11H15NOS - H]~ Caled 224.0751;
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Found 224.0725.

S-(4-((tert-butoxycarbonyl)amino)phenyl) ethanethioate (42)

NHBoc Procedure[210]: Tert-butyl (4-mercaptophenyl)carbamate (41, 1.8 g, 8
Ac8/©/ mmol, 1 eq.) was dissolved in DCM (1 mL/mmol 41) and NEt3 (2.25 mL,
16 mmol, 2 eq.), cooled to 0°C, and then added acetyl chloride (625 pL,
8.8 mmol, 1.1 eq.). After 30 min. was the reaction complete, confirmed by LCMS, and sat.
NaHCO3 was used to quench the remaining acetyl chloride (still on ice!). The mixture was
then extracted with DCM (2x) and the combined organic phase was dried over NasSO4 and
evaporated to give the Boc-protected ethanethioate product (2.2 g, quant.) as an off-white
solid. 'H NMR (400 MHz, DMSO) § 9.60 (s, 1H), 7.54 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.5
Hz, 2H), 2.39 (s, 3H), 1.49 (s, 9H). '3C NMR (101 MHz, DMSO) § 194.87, 153.10, 141.40,
135.61, 120.18, 119.06, 79.93, 30.40, 28.53. HRMS (ESI) m/z: [C13H17NOsS - H]~ Caled
226.0856; Found 266.0815.

S-(4-aminophenyl) ethanethioate (39)
NH, Procedure: S-(4-((tert-butoxycarbonyl)amino)phenyl) ethanethioate (42,
Acs/©/ 2.14 g, 8 mmol, 1 eq.) was dissolved in TFA (1.74 mL/mmol 42) and allowed
to stir for 30 min. at room temperature, before dilution with DCM (29 mL/mmol 42). The
organic solution was then washed with 1 M NaOH (29 mL/mmol 42), the basic aqueous phase
then extracted with additional DCM (13 mL/mmol 42). The combined organic phase was
dried over NasSO4 and evaporated to give the Boc-deprotected ethanethioate product (761.4
mg, 57%). 'H NMR (400 MHz, DMSO) § 7.02 (d, J = 8.4 Hz, 2H), 6.60 (d, J = 8.4 Hz, 2H),
5.53 (s, 2H), 2.32 (d, J = 0.8 Hz, 3H). '3C NMR (101 MHz, DMSO) § 196.55, 150.75, 136.20,
114.73, 114.63, 30.02. HRMS (ESI) m/z: [C11H15NO3S - H]~ Caled 224.0751; Found 224.0725.

1-amino-4-((4-mercaptophenyl)amino)-9,10-dioxo-9,10-dihydroanthracene-2-
sulfonic acid (AQSH, 29)

O NHp Procedure: General procedure for the pwave mediated Ullmann con-
(\ SOsH densation (described in the beginning of this section). Starting
& from sodium l-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-
° HN\@\ sulfonate (20, 321 mg), S-(4-aminophenyl) ethanethioate (39, 176
SH mg), Cu(0) powder (14 mg), 16 mL buffer A and 4 mL buffer B.
The de-acetylated purple product (266 mg, 79%) was isolated by RF plug. 'H NMR (400
MHz, DMSO) § 9.69 (s, 1H), 8.27 — 8.18 (m, 2H), 7.93 — 7.84 (m, 2H), 7.62 (s, 1H), 7.19 —
7.14 (m, 2H), 6.68 — 6.63 (m, 2H), 5.58 (s, 2H), 2.09 (d, J = 0.9 Hz, 1H). 3C NMR (101
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MHz, DMSO) § 183.80, 182.47, 150.62, 147.33, 139.01, 137.19, 134.98, 134.83, 134.30, 134.25,
133.78, 133.06, 131.66, 127.43, 126.71, 126.62, 115.90, 115.42, 114.63, 112.86. HRMS (ESI)
m/z: [020H14N205SQ - H]_ Caled 425.0271; Found 425.0301.

4-((4-mercaptophenyl)amino)-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid
(AQdA, 38)

o] Procedure[208]:  1-amino-4-((4-mercaptophenyl)amino)-9,10-dioxo-

O‘O SOsH 9,10-dihydroanthracene-2-sulfonic acid (29, 50.0 mg, 0.1 mmol, 1

eq.) was dissolved in 1 M HCI (50 mL/mmol 29) and cooled to

° HN\@\ 0°C. NaNO3 (17 mg, 0.1 mmol, 1.1 eq.) solution in water (5 mL/m-

SH  mol 29) was then added dropwise, and after 20 sec. was Zn (77 mg, 1

mmol, 10 eq.) in ethanol (50 mL/mmol anthraquinone) added. The mixture was concentrated

and purified by RF dry column plug (water — ACN) to give the deaminated product (38, 9.9

mg, 21%) and recovered starting martial (29, 31.4 mg, 63%). 'H NMR, (400 MHz, DMSO) §

8.30 — 8.16 (m, 2H), 8.00 — 7.84 (m, 2H), 7.61 — 7.48 (m, 6H). 3C NMR (101 MHz, DMSO)

6 183.86, 182.81, 147.50, 139.11, 135.48, 134.50, 134.28, 133.88, 133.22, 132.99, 132.06, 131.31,

130.42, 129.85, 128.46, 126.74, 126.69, 112.94. HRMS (ESI) m/z: [CooH13NO5S; + H|* Caled
412.0308; Found 412.0309.

1-amino-4-((4-mercaptophenyl)amino)anthracene-9,10-dione (AQdS, 37)
O NHp Procedure[193]:  1-amino-4-((4-mercaptophenyl)amino)-9,10-dioxo-
O‘O 9,10-dihydroanthracene-2-sulfonic acid (29, 60.0 mg, 0.128 mmol, 1
eq.) was suspended in water (4.4 mL/mmol 29), then added 30
© HN\@\ NaOH (0.5 mL/mmol 29) and heated to 80°C. A glucose solution
SH (30 mg, 0.17 mmol, 1.3 eq.) in water (1.3 mL/mmol 29) was added
dropwise, and after 30 min. was the reaction removed from the heat and allowed to cool
to room temperature while more water was added. The mixture was concentrated and pu-
rified by RF dry column plug (water — ACN) followed by a normal phase dry column plug
(EtOAc:heptane (50:50) — EtOAc) to give the desulphonated product (37, 39.2 mg, 80%) as
an orange solid. "H NMR (400 MHz, DMSO) § 8.67 - 8.60 (m, 1H), 8.41 (dd, J = 7.9, 1.5 Hz,
1H), 8.04 (d, J = 9.2 Hz, 1H), 7.93 — 7.82 (m, 1H), 7.77 (td, J = 7.6, 1.1 Hz, 1H), 7.34 — 7.24
(m, 3H), 6.76 (d, J = 8.4 Hz, 2H), 5.72 (s, 2H). ¥*C NMR (101 MHz, DMSO) § 181.54, 158.48,
151.54, 151.23, 144.90, 137.35, 134.57, 133.81, 133.14, 132.92, 131.81, 130.78, 127.96, 127.74,
124.63, 122.08, 120.96, 118.61, 115.64, 114.78. HRMS (ESI) m/z: [C20H14N205S + H]T Caled

347.0849; Found 347.2306.
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1-((4-mercaptophenyl)amino)anthracene-9,10-dione (AQdd, 36)

o) Procedure:  1-amino-4-((4-mercaptophenyl)amino)anthracene-9,10-
(\ dione (AQdS, 37, 20 mg, 0.058 mmol, 1 eq.) was dissolved in 1 M
Z HCI (50 mL/mmol 37) and cooled to 0°C. NaNO3 (8 mg, 0.12 mmol,

° HN\@\ 2 eq.) solution in water (5 mL/mmol 37) was then added dropwise,

SH  and after 1 min. was Zn (40 mg, 0.58 mmol, 10 eq.) in ethanol (50

mL/mmol 37) added. The mixture was concentrated and purified by RF dry column plug

(heptane — EtOAc — methanol - ACN — DMF) to give the deaminated desulphonated

product (36, 7 mg, 37%) as a pale orange solid. 'H NMR (400 MHz, DMSO) ¢ 8.72 (dd, J =

7.6, 1.1 Hz, 1H), 8.54 (dd, J = 7.3, 1.3 Hz, 1H), 8.39 (dtt, J = 24.0, 8.3, 7.6, 1.3 Hz, 2H), 8.04

(t, J = 8.3, 7.3 Hz, 1H), 7.94 (dd, J = 7.6, 1.2 Hz, 1H), 7.78 (dd, J = 7.6, 1.1 Hz, 1H), 7.20

(br. s, 2H), 6.65 (br. s, 2H). HRMS (ESI) m/z: [CooH13NO2S + H|T Caled 332.0740; Found
332.0884.

/.3 Electrochemical Preparation

The instrument used for obtaining electrochemical data is an AUTOLAB potentiostat. The
laccase enzyme was provided by Anne S. Meyer from DTU Bioengineering and the FDH enzyme

was bought from Sorachim.

7.3.1 Preparation of Electrodes

The reference electrode, Ag/AgCl, was kept in a saturated KCI solution and the counter
electrode, platinum wire, was cleaned with a hydrogen flame before use. For the working
electrode see figure 7.1. The Au/Ag leaves was cut in 0.7x0.7 cm squares and transferred
by a small glass plate to a water bath containing milli-Q water before being transferred to
a bath with concentrated nitric acid, the bath was sealed and placed in 30°C water bath for
30 min. Meanwhile, the bare glassy carbon electrodes (GCE) were first mechanically polished
with aluminium oxide slurry (particle size 1 pm — 0.3 pm — 0.05 pm), then sonicated in
a cold bath for 2x 3 min with absolute ethanol and 2x 3 min with milli-Q water to remove
particles. After the 30 min, the Au leaves were transferred to one milli-Q water bath followed
by another, before one-by-one being transferred to a taller bath where the leaves was deposited
on the polished GCE by having the GCE approach the leaf on the water surface from below
(full schematic illustration on figure 7.1). The GCEs with the leaves was left to dry overnight.
The following day the gold film that did not connect with the carbon surface was removed

by a toothpick and a moist soft tissue, before electrode activation in degassed 1 M sulphonic
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acid. Once again, the, now activated, NPGs were allowed to dry overnight. Common for all

experiments is that the solvent/analyte solution, is degassed by bubbling argon through for 30

min.
30°C for 30 min Transfer
Transfer
— — N ——
e SSESSSS O > e >

.
\\ m m m

J - = =

7

Al-slurry . .

Polish with alumina slurry Coat with gold alloy | Let coating Remove Activate in
dry excess gold 1M H,S0,

Figure 7.1: Schematic illustration of the reparation of the working electrode (WE).

The activation and further cleaning of the electrode in 1 M sulphonic acid is done by
running a CV program with 15 cycles of oxidation-reduction of the gold surface. On the CV
diagrams, the three gold faces (100, 110, 111) can be seen in oxidation peaks and a sharp

reduction peak verifying its cleanness, see figure 7.2.

T Oxidation peaks: Au(100) Au(110) Au(111)
N 7

1(A)

. Reduction peak

T T T T T T T T T T T T T

High

Low E (V vs. Ag/AgCl)

Figure 7.2: CV dataset from the activation of the NPG in 1 M sulphonic acid. Observed are the three
faces of gold (100, 110, 111) and the reduction peak.

During monolayer studies additional steps are needed for the electrode preparation. After
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the activation, the NPGs were soaked in an anthraquinone solution (1-5 mM) overnight. When
soaking the electrode in the AQ-solution the thiol of the AQs will bind to the gold surface. The
AQs will over time cover the whole surface to form a so-called self-assembled monolayer (SAM).
The following day, the electrode is washed in an ethanol beaker for 20 min and afterwards in
a milli-Q water beaker for another 20 min, before allowed to dry overnight. Lastly the, now
anthraquinone coated, NPGs were submersed in an enzyme solution (0.6 mg/mL buffer) and
kept in the fridge overnight. The following day the enzyme-anthraquinone modified NPG
electrodes were washed in cold buffer solution before being used in electrochemical study, see

figure 7.3.

Soak AQ- Wash: EtOH Enzyme
solution then milliQ solution

Figure 7.3: Continued preparation of the WE with the anthraquinone monolayer and enzyme attach-
ment.

7.3.2 Preparation of Solutions

Solution Studies: The anthraquinone stock solutions needs to be 1.5 mM, the solid compound
is dissolved in ethanol and then added milli-Q in the relation 2:1 (EtOH:milliQ)). When added to
the buffer solution at testing the final concentration was 0.07 mM. Four buffers were prepared
and adjusted to different pHs; 100 mM sodium acetate buffer (NaAc) pH 4.2, 100 mM MeclIlvaine
buffer (MCB) pH 5.5, 100 mM phosphate buffer (PB) pH 7.0, and 100 mM PB pH 9.
Monolayer Studies: The anthraquinone soaking-solutions needs to be 1-5 mM, the solid
compound is dissolved in ethanol and then added milli-Q) in the relation 2:1 (EtOH:milli-Q).
The mediator for laccase MET, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
is dissolved in milli-Q to give a 50 mM stock concentration. The mediator for FDH MET,
ferrocene-MeOH (FeMeOH), is dissolved in milli-Q using sonification so that the stock concen-
tration is 5 mM. The substrate for FDH, fructose, was dissolved in milli-Q to reach 2 M for the
stock. For the laccase testing a phosphate buffer was prepared at 200 mM with pH adjusted
to 5.0. For the FDH testing a Mcllvaine buffer was prepared at 100 mM with pH adjusted
to 5.5. The final concentrations during experiments for ABTS, FeMeOH and fructose are 0.2
mM, 0.5 mM and 100 mM respectively.
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Conclusion

In this PhD project, two important elements for developing efficient light energy harvesting

conjugates was investigated. This includes developing methods to ensure correct enzyme-on-

electrode orientation as well as a bridging-molecule allowing efficient electron-transfer.

In Part I, two novel strategies allowing site-selective bioconjugation on proteins contain-
ing natural amino acids was investigated. Both methods utilize the site-specificity provided
by the phosphorylating PKA kinase enzyme. The first strategy utilizes an unnatural ATP
analogue, successfully synthesized in four steps, allowing direct installation of an azido handle
for further functionalization. Unfortunately, due to time limitations, the investigation was
not completed, but it was concluded that the strategy processes good potential and therefore
should be further investigated. The second strategy utilized an efficient phosphorylation us-
ing the kinase enzymes natural substrate (ATP), followed by a pyrophosphorylation reaction
with a phosphorimidazolide reagent, allowing installation of the desired azide-handle. Both
the phosphorylation and the pyrophosphorylation individually proceeded with great satisfac-
tion. The phosphorimidazolide reagent proved to be very stable in an aqueous environment,
allowing investigation of a two-reaction-one-pot strategy. Hereby, it was possible to achieve
a 41% product formation (determined by HPLC) and the plans for further optimization has

been presented.

In Part II, the development of an anthraquinone-based electron transfer bridge to con-
nect the enzyme and the gold-covered electrode, was presented. Through different synthetic
approaches, a procedure for preparation of an anthraquinone containing both a thiol-handle
(for electrode binding) and a handle for further protein functionalisation was developed. The
molecule possessed good electrochemical properties. The anthraquinone design was tested in
solution, where good electron transfer rate constants were observed. Also, good interaction
with the fructose dehydrogenase enzyme was demonstrated. The anthraquinone was shown to
form a monolayer on the gold-surface of the electrode, allowing non-covalent interaction with
the enzyme. Different substitution patterns on the anthraquinone were investigated allowing

design of an electron-transfer bridge for further studies.
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APPENDIX A

General Methodologies

All solvents were of HPLC quality from either Sigma-Aldrich or VWR Chemicals these and

other commercially available reagents were used without further purification. The dry solvents
DCM, Et,0, ACN and DMF were obtained from the in-house PureSolve’™ MD-7 Solvent
Purification System, from Innovative Technology were AlyO3 was used as the stationary phase.
Dry MeOH was purchased from Sigma-Aldrich. For dry reaction was glassware was flame-
dried, and cooled under dry Ny atmosphere before use. Room temperature is approximately
23°C. Chemicals have been bought from Sigma-Aldrich, Combi-Blocks, Fluorochem and fisher

scientific.

'H-NMR, “C-NMR, COSY, HSQC, 3'P-NMR spectras were recorded on Bruker
Ascend spectrometer with a Prodigy cryoprobe operating at 400 MHz or 800 MHz for 'H-
NMR and 101 MHz for 13C-NMR. The specific deuterated solvent is stated for each compound.
Chemical shifts (0) are reported in ppm downfield from TMS ( = 0) using solvent resonance
as the internal standard (chloroform-d, 'H: 7.26 ppm, 3C: 77.16 ppm; dimethylsulfoxide-d6 ,
'H: 2.50 ppm, 3C: 39.52 ppm)[211]. Coupling constants (J) are reported in Hz and the field is
reported in each case. Multiplicities are reported as singlet (s), broad singlet (br. s), doublet
(d), doublet of doublets (dd), doublet of triplets (dt), doublet of doublet of doublets (ddd),
doublet of doublet of triplets (ddt), triplet (t), triplet of doublets (td), quartet (q), pentet (p),
septet (sep) and multiplets (m).

Evaporation of the solvents were performed using a Heidolph Laborota 4000 efficient
under reduced pressure (in vacuo) at different temperatures depending on the boiling point of
the solvents.

Ny atmosphere was used in experiments for obtaining an inert atmosphere in reactions
that would otherwise react with water resulting in undesired side-reactions. No atmosphere
was achieved by applying a rubber septum to the reagent flask and hereafter adding a constant
Ny inlet through a Schlenk line.

Flash chromatography was performed using Merck Geduran Silica gel 60 A (particle
size 40-63 pm) as the stationary phase. The chromatography method which was used, followed
the general method developed by Still et al. [212]. The eluent systems used are specified for
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each product, and are given as a volume ratio.

Reverse phase chromatography was performed using C18 silica gel, which was washed
with methanol before use, in a dry column vacuum set-up.

TLC was performed using Merck Aluminum Sheets which were precoated with silica gel
60 Fa54. By placing spots on the TLC plates containing the different compounds/products in
solution, then the compounds could be separated. The spots were developed using UV-light
or a suitable staining agent, e.g. KMnOy-solution (40 g potassium carbonate, 6 g potassium
permanganate, 600 mL HyO and 5 mL 10% NaOH).

Microwave reactions was performed using a Initiator from Biotage, with proper vials
and caps also purchased from Biotage.

UPLC/MS analysis was run on Waters AQUITY UPLC system equipped with PDA and
either a SQD or a SQD2 electrospray MS detector. Column: Thermo accucore C18 2.6 pm,
2.1 x 50 mm. Column temp: 50 °C. Flow rate: 0.6 mL/min. Acid run: Solvent Al - 0.1%
formic acid en water, Solvent B1 - 0.1% formic acid in ACN. Base run: Solvent A2 - 15 mM
NH4Ac in water, Solvent B2 - 15 mM NHyAc in ACN/water 9:1. Gradient: (short run) 5% B
to 100% B in 2.4 min., hold 0.1 min., total run time 2.6 min. (long run) 5% B to 100% B in 3
min., hold 0.1 min., total run time 5 min.

IR (Infrared) analysis was performed on a Bruker Alpha FT-IR spectrometer from 4000
to 400 cm ™! of a neat sample.

Preparative HPLC purification was performed on a Waters autopurification system con-
sisting of a 2767 Sample Manager, 2545 Gradient Pump and 2998 PDA detector. Column:
XBridge Peptide BEH C18 OBD Prep Column, 130A, 5 m, 19 mm x 100 mm. Column temp:
Ambient. Flow rate: 20 mL/min. Solvent A2 - 15 mM NHyAc in water, Solvent B2 - 15 mM
NH4Ac in MeCN/water 9:1. Gradient: 5% B to 20% B in min., hold min., gradient: 20% B
to 50% B in min., hold min., gradient: 50% B to 70% B in min., hold min., gradient: 70% B
to 100% B in min., hold min., run min., recalibrating the column for min. Total run time - 18

min.
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Additional HPLC-Spectras

Spectra of SerUV (2) unmodified.
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Figure B.1: HPLC spectra of SerUV (2).

Spectra of SerPUV (3) unmodified.
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Figure B.2: HPLC spectra of SerPUV (3).
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Spectra of the pyrophosphorylated SerPUV (3) (SerPUV-P).
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Figure B.3: HPLC spectra of SerPUV-P.
Study of the pyrophosphorylation reaction using either ZnCl, or MgCl,.
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Figure B.4: HPLC results from pyrophosphorylation using either ZnCly or MgCls.
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Phosphorylation with kinase in 50 mM ImB or milli-Q water.
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Figure B.5: HPLC results from phosphorylation in either 50 mM ImB or milli-Q.

Phosphorylation with kinase in 5.04 mM peptide concentration.

30

Control SerUv

20

SerPUV

Absorbance [AU - 10°]

1« Phosphorylation reactions

Creptide = 5.04 mM
Full conversion

Absorbance [AU - 10°]

20 25 30

Time [min]

Figure B.6: HPLC results from phosphorylation in 5.04 mM peptide concentration.
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