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Abstract

Novel Halogenation and Pallado-Biology Strategies for Biological Probes

Anuchit Phanumartwiwath

St. Cross College, University of Oxford

Post-translational modifications (PTMs), which biochemically modify proteins to
generate diversity and control functionality, are important in the field of chemical
biology research. However, typical bioconjugation methods involving nucleophilic
addition of cysteine and lysine residues are limited by their lack of site-specificity. In this
thesis, we have demonstrated the site-selective chemical modification of a variety of

proteins through protein halogenation and subsequent pallado-biology strategies.

The “Tag-and-Modify” approach, developed previously in our group and involving the
creation of a protein tag for further manipulation, is a useful tool for site-selective
chemical modification. Here, we envisioned extending its utility to a novel concept of
[*®F]-radiolabelling of proteins involving direct electrophilic fluorination, thus forming a
C-F bond at a specific modification site and leading to the generation of protein species
applicable for in vivo [*®F]-PET imaging and diagnosis.

We also explored several alternative methods for the installation of C-Br/C-1 bonds onto
a protein of interest. Our first attempts involved the biosynthetic incorporation of a
synthetic bromotryptophan into the protein, however these processes were unsuccessful.
As a workaround, we found IPy,BF,, an iodinating agent, to be very effective as a direct
method for the site-specific installation of C-1 bonds on tyrosine/histidine residues of
proteins. We subsequently demonstrated novel and efficient palladium-catalysed cross-
couplings of the resultant iodinated tyrosine/histidine moieties, leading to the creation of
new C-C bonds. This approach was compatible with a wide range of functionally diverse
boronic acids, using a water-soluble and phosphine-ligand-free Pd-complex catalyst

under fully agueous conditions.

Our novel, successful method for C-C bond formation onto proteins is potentially
applicable to the initial investigation of challenging in vivo Pd cross-coupling of
thyroglobulin, based on our achievement of protein labelling under ex vivo conditions. In
summary, we are able to create new chemical tools for the site-selective/site-specific

chemical modification of proteins, enabling their use as biological probes.
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Chapter 1: Introduction

1.1 Chemical Protein Modification

Many useful chemical tools for site-selective chemical protein modification have been
developed for widespread use over the past few decades™™. These chemical tools can
greatly expand the diversity of protein constructs, resulting in extensions to protein
function and structural diversity'®. The most common strategy for bioconjugation is the
nucleophilic attack of lysine side-chains on electrophiles, which has been widely used in
the field of biochemistry®’. However, the maintenance of protein structure and function
may be significantly impaired by such non-specific protein labelling methods. To
maintain natural protein functions, a variety of chemical approaches for site-selective
modification of both natural and synthetic amino acid residues of proteins is required**®.
Many chemical tools have been designed for specific protein reaction types through the
introduction of either a genetic or chemical tag on the target proteins®*®. For example,
Caddick and Baker developed protein labelling through maleimide-cysteine modification
by a reaction between a thiol protein residue and maleimide derivatives®®. A concept of
the “Tag-and-Modify” approach, developed in the Davis group, can utilise site-selective
protein modification by introduction of a designed chemical protein tag and subsequent

(specific) derivatisation'®*!

. Other approaches based on the copper-catalysed azide-
alkyne cycloaddition (CuAAC) and strain-promoted azide-alkyne cycloaddition
(SPAAC), known as click chemistry, are also widely used for protein labelling in the
complex aqueous conditions required to probe biological systems****®. Details of each

chemical approach for protein modification are described in the following sections.
1.1.1 Chemical Protein Modifications of Natural Amino Acids
Both natural lysine and cysteine residues of the protein are generally chosen as reactive

nucleophiles for protein labelling. Either nucleophilic amines or thiols can potentially

react with an electrophile, resulting in a simple bioconjugation of the protein of interest.
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Chemical Modifications at Cysteine Thiols

The low natural abundance of the cysteine residue found in proteins can enable site-
specific protein modification. The thiol of the cysteine residue acts as a nucleophile
which can be alkylated by either alkyl halides or maleimides, leading to the formation of
a thioether (C-S) bond on proteins (Figure 1.1)***"*° Originally, cysteine alkylation
with alkyl halides was used as a simple and straightforward method which to modify the
protein of interest containing a solvent-exposed and sterically-accessible cysteine.
Chalker and Davis reported the site-specific chemical conjugation of a cysteine variant of
Bacillus lentus subtilisin (SBL-S156C) with 4-iodobenzyl bromide, resulting in the
installation of para-iodophenyl group, linked by the resulting thioether, as a coupling
partner for Pd-mediated Suzuki-Miyaura cross-coupling reactions?®. The cysteine
alkylation approach also facilitated a site-specific methylation of histone H3(K9C)
through a reaction between its single cysteine and an aminoethylating agent (Scheme
1.1)*. The methylated amino thioether could be used as a mimic of an enzymatically
methylated-lysine H3. A simple and convenient method for protein labelling through
maleimide-thiol coupling has been demonstrated on many protein substrates including
enzymes and antibodies. For example, bovine hemoglobin (Hb) was site-selectively
glycosylated by treatment of a cysteine residue of Hb with a lactose-linked maleimide,
and this glycosylated Hb served as a high affinity oxygen carrier®.

Also, Caddick and Baker developed a bifunctional label specific for cysteines using what
they term next-generation maleimides (NGMs), able to further extend protein
functionalities®®?%. For example, selective chemical labelling of the Grb2 SH2 Domain
was demonstrated via dibromomaleimide-cysteine modification, leading to
bioconjugation with dual functionality®. The resultant maleimide-linked thioether protein
could be reversibly cleaved by a thiol (2-mercaptoethanol or glutathione), thereby
regenerating the non-modified protein. Also, the formation of a succinimide bridge of an
antibody fragment was achieved by treatment of a cysteine of an anti-CEA ds-scFv with
PEG-substituted phenoxymaleimide®. Recently, a ‘plug-and-play’ approach for selective
protein labelling has been introduced by the Caddick group?. This method can facilitate
a construction of next generation of antibody-drugs conjugates (ACDs) through
dibromopyridazinedione-cysteine conjugation and subsequent dual click chemistry®*.

Cysteine-mediated protein modification is still attractive to biochemists due to its high
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reliability as a site-specific chemical conjugation that is also straightforward as a scalable

protein reaction.

“Q

SH |\)LN/O Y0

A Protein of Interest

(X =1, Br, OPh, SPh)

Figure 1.1 Chemical protein modifications through reactions of a nucleophilic cysteine
with alkyl halides or maleimides®®*"°,

1). DTT
37°C,1.0h
2). -
HS 9 Br/\/+ ~ s 9
H3-K9C 50 °C, 2.5 h, in dark ~ H3-K 9(me3)

7\

Scheme 1.1 Site-specific installation of a mimic methylated lysine of H3(K9C) through
cysteine alkylation®.

Chemical Modifications at Lysine and N-Terminal Amines

The lysine residue is the most abundant nucleophilic amine of the natural amino acids
found in nature. This makes it attractive for simple nucleophilic methods of protein
modification. Meanwhile, a modification of the N-terminus can be achieved via native
chemical ligation (NCL), resulting in the formation of a new peptide bond between two
polypeptides (Figure 1.2)%. This method has been utilised in the construction of synthetic
polypeptides as well as in the production of either small or medium-sized synthetic
proteins. Within the sequence of amino acids, lysine residues on the protein surface may
be accessible for selective lysine modification by the reaction of the NH, group with

electrophiles such as N-hydroxysuccinimide (NHS), isothiocyanate (NCS), 2-imino-2-
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methoxyethyl (IME), (Figure 1.3)*"%. Generally, the lysine modification is commonly
used for an installation of fluorescent tags by the reaction between fluorophore NHS or
NCS derivatives and lysine side-chains of the protein. This results in the formation of
covalent bonds between fluorescent dye and protein. However, uncontrolled multiple-site
protein labelling through lysine modification is still an issue, due to the difficulty to

achieve site-selective labelling on such an abundant amino acid residue.

o~ ¢
17 .
HoN Peptide A ﬂ' Peptide B COOH
i~ !

NH,

Transthiolesterificaiton

2 o
HzN Peptide A N C Peptide B COOH
Y

NH,

S to N acyl transfer

SH
0
N Peptide B COOH
H N Peptide A oL

Figure 1.2 An efficient ligation method for the construction of synthetic polypeptides
through native chemical ligation (NCL)®

A o
5
<

H HO
N OH
s\)LOMe \n/\s S OH
NH
HO
A Protein of Interest
o
NN co o
Os T
s
HO,C, ) O OH z

s=C=N OH

Figure 1.3 Chemical protein modifications through selective lysine modification with
some designed electrophiles (NHS, NCS or IME)?*%,
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1.1.2 Chemical Protein Modifications of Unnatural Amino Acids

Whilst a protein labelling method involving lysine side-chains modification is simple and
practical, it is limited by reaction selectivity. Owing to uncontrollable multiple-site
labelling, these methods are difficult to apply to site-selective protein modification in
biological conditions. To achieve site-selective protein conjugation, the concept of “Tag-
and-Modify” approach can be employed to modify the protein of interest at pre-defined
sites'®'*°_ There are several genetic methods for incorporation of unnatural amino acids

as protein tags by use of auxotrophic strains®’

or amber codon suppression
technology®*®. Also, a chemical tag installed at pre-defined sites of proteins allows
subsequent site-selective chemical protein modification. Within the field of chemical
biology, there are various approaches which have been developed using novel concepts

in chemistry and genetic engineering.

Chemical Modifications at Dehydroalanine

Dehydroalanine (Dha) is a synthetic precursor useful for the installation of a range of
post-translational protein modifications (PTMSs) including phosphorylation, glycosylation

or methylation'®**"*°, Dha

is formed by treatment of a cysteine residue with an
alkylating agent that can undergo elimination, including O-mesitylenesulfonyl
hydroxylamine (MSH), 2,5-dibromohexanediamide (DBHDA) or 2,5-dibromovalerate. A
“Tag-and-Modify” approach through the formation of Dha as a protein tag and its
subsequent modification by nucleophilic attack has been developed and reported by

Davis and co-workers (Figure 1.4)%3"4

. For example, treatment of Np276-C61
expressed from Nostoc punctiforme with DBHDA gave a Dha-tagged protein which was
subsequently glycosylated to afford Np276-GIcNAc61 (Scheme 1.2)***'. In a further
study, this method enabled site-selective chemical phosphorylation of proteins, in
particular of cAbLys and p38a, with both phosphorylated proteins retaining their protein
function after modification®*“°. Caddick and co-workers have used our alkylating agent
(DBHDA) to intentionally form Dha onto green fluorescent protein (GFP), and
surprisingly a cyclic sulfonium intermediate was detected by LC-MS analysis***. To
confirm the existence of this intermediate, the stable cyclic sulfonium-formed GFP was

treated with a nucleophilic thiol, and it clearly showed a corresponding thiolated product
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as expected. Alternatively, Morrison and Webb have presented a method for the chemical
formation of Dha onto peptides by use of 2,5-dibromovalerate as an alternative alkylating
agent?®. This reagent is able to form multiple Dha-sites on the peptide, and is also

compatible with protein reactions.

o
S—?—OH
(o] OH
1]
HO—II’—SH
OH
\ SH S Vs
SH i AN N
Alkylation VRN
-SH
A Protein of Interest Dehydroalanine (Dha)
OH s NHAc
Alkylating agents OH
HO o OH
fo) HO o
(o) o] SH OH
H NWNH Meo)WBr N
2 r 2 Br
(2,5-Dibromohexanediamide)  (2,5-dibromovalerate)
f
S$-0-NH,
o
(O-mesitylenesulfonylhydroxylamine)
Figure 1.4 Chemical protein modifications through “Tag-and-Modify” approach using
- 10,11,2
Dha as a protein tag'®**#*3',
&Q &7 on &7
AL @ o AL e
7\\ N\ k\'o w o € \ \\c HO! O SH \\ l\ﬂko
- N Be’ NH - HO NN\
SO~ ' 2 e - NHAc L O\-
N K\*K, A K\A& T, AW
AV sn > A - - A\
\/ 1h, 37 °C, pH 8.0 \ 2 h, 37°C, pH 8.0 \/o d
Hoﬁ-mc
Np276-C61 Np276-C61Dha HOud Np276-GIcNAC61

Scheme 1.2 Formation of Np276-GIcNAc61 through bis-alkylation elimination and
subsequent glycosylation**,

Chemical Modifications at Azido and Alkynyl Motifs

The Staudinger reaction, discovered by Hermann Staudinger, is a phosphine-mediated
reduction in which an azide is converted into an amine via an iminophosphorane

intermediate**. This method has been extensively applied for the chemical conjugation of
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proteins in the field of chemical biology, especially as developed by the Bertozzi group*>
' The Staudinger ligation is widely used for a conjugation of an azide tag with a
phosphine group, leading to the formation of an amide bond (Figure 1.5)*". Alternatively,
the original Staudinger ligation may be slightly modified by the use of a thioester
electrophile instead of the ester group. This method, called the “traceless” Staudinger
ligation, facilitates removal of the phosphine group and additionally prevents oxidation

of the phosphine group during a protein reaction®*®

. In recent years, the copper-
catalysed azide-alkyne cycloaddition (CuAAC) reaction has become widespread in
protein bioconjugation reactions due to the fact that the reaction proceeds efficiently and
is compatible with aqueous systems™>*3!>1¢ A reaction of an azide-tagged protein with a
terminal alkyne probe in the presence of Cu(l) catalyst/ligands affords 1,2,3-triazole
products (Figure 1.6). Applications of the CUAAC reactions are illustrated by many
examples of site-specific protein labelling. However, such reactions exhibit a limitation
with regards to labelling under biological conditions, possibly due to the toxicity of the
Cu catalyst towards living cells*. This problem can be solved by use of strain-promoted
azide-alkyne cycloaddition (SPAAC) reaction in which neither Cu catalyst or associated
ligand are required®®. The SPAAC reactions also lead to the formation of a 1,2,3-triazole
product through a reaction between a highly strained cyclooctyne and an azide-
incorporated protein. This SPAAC chemical conjugation method is compatible with
protein labelling in biological environments including in vitro, in cellulo and in vivo
conditions*>*2, The reaction rate of SPAAC reactions can be significantly improved by
use of modified cyclooctyne rings such as difluorinated cyclooctynes (DIFO) and

dibenzocyclooctynes (DIBO)53.

H
Hsco NYO
Ph P
O zPPh, 2 th 0
Staudinger ligation "Traceless" Staudinger ligation

A Protein of Interest (azide)

Y40 e
No N—;’@

pi Ph

Figure 1.5 Chemical protein modification through either Staudinger ligation or
“Traceless” Staudinger ligation*®,
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7

A Protein of Interest (azide)
O O Qe
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Figure 1.6 Chemical protein modification through either copper-catalysed azide-alkyne

cycloaddition (CUAAC)**1*15% or strain-promoted azide-alkyne cycloaddition (SPAAC)
reactions™>*%,

On the other hand, alkyne handles such as homoproparylglycine, alkynyl-pyrrolysine and
cyclooctyne can also be biosynthetically incorporated into proteins using genetic
approaches®***° Alkynyl-tagged proteins can also react efficiently with azide moieties
under either CUAAC or SPAAC reaction conditions (Figure 1.7)>**°.
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Figure 1.7 Chemical protein modification through either CUAAC or SPAAC/SPIEDAC
reaction®*>>*’,
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Chemical Modifications at Aldehydes and Ketones

A carbonyl handle, such as an aldehyde or ketone group, represents an alternative choice
as a tag for subsequent site-specific chemical protein labelling. These resultant modified
proteins can be site-selectively labelled via nucleophilic attack of specific amino
functional groups of synthetic probes (Figure 1.8)°*°. For example, Bertozzi reported
the introduction of a short peptide bearing a formylglycine (FGly) moiety into
recombinant proteins expressed in mammalian cells®®. The FGly served as a unique
aldehyde handle that could be chemically modified through reaction with an aminooxy
fluorescent probe, leading to the formation of an oxime analogue (Figure 1.9)%.
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Y

Figure 1.8 Chemical protein modification through reactions of nucleophilic amines with
genetically carbonyl-encoded proteins®® .
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Figure 1.9 Site-selective protein labelling of the aldehyde-tagged recombinant protein
with aminooxy fluorescent probe®.
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1.2 Protein Halogenation

1.2.1 Fluorination

Several strategies for an introduction of a fluorine atom into proteins have been
developed and reported using either genetic incorporation or chemical protein
fluorination methods®"**®!. Fluorinated proteins are incredibly useful for [**F]-NMR
studies of protein structure and conformational changes, as well as in the [*°F]-

radiolabelling of proteins for preclinical animal studies using [**F]-PET imaging®>©*®.

Genetic Incorporation Methods for the Introduction of Fluorine

A simple method for the incorporation of fluorine into proteins has been reported using a
specific auxotrophic strain which can recognise relevant fluorinated amino acids.
Biosynthetic incorporation, known as selective pressure incorporation (SPI), usually
involves the use of auxotrophic strain for the introduction of fluorine into proteins mostly
expressed in E. coli via supplementation with synthetic fluorinated amino acids. Several
fluorinated amino acids including aliphatic and aromatic residues have been successfully
incorporated into proteins of interest (Figure 1.10)>"%*®'. For example, 4-
fluorophenylalanine (4-FPhe) was globally incorporated into annexin V and azurin using
selective pressure incorporation®. Budisa and co-workers also reported a set of
monofluorinated phenylalanine, tyrosine and tryptophan analogues that was
biosynthetically incorporated into Candida antarctica lipase B through the use of
auxotrophic strains?®®. The disadvantages of this method include low incorporation
efficiency and uncontrolled, global incorporation, possibly due to competitive
incorporation between synthetic amino acids and natural amino acids for all compatible
codons in the genome. As an alternative, residue-specific incorporation of non-canonical
amino acids into proteins has been achieved by amber codon suppression technology as

developed by the Schultz group®33%%

. This method involves the design of an
orthogonal aminoacyl-tRNA synthetase/suppressor aminoacyl tRNA (aaRS/tRNA) pair;

it is now widely used and can also enable higher levels of incorporation.
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Figure 1.10 Genetic incorporation of fluorinated amino acid analogues into proteins®’

29,61,66,67

Chemical Methods for Protein Fluorination

Several incorporation methods of fluorinated amino acids into proteins are based on SPI

and amber codon suppression methods. Alternatively, chemical methods can also furnish

proteins with synthetic fluorinated molecules through either nucleophilic attack or

CUAAC reaction. For example, nucleophilic attack of a cysteine of the New Delhi

metallo-p-lactamase (NDM-1) on an electrophilic fluorinating agent (trifluorobromo

acetone, FBA) resulted in site-selective protein labelling®®. This fluorinated NDM-1 was

used in a study of ligand-metal binding using *°F-NMR spectroscopy (Scheme 1.3).

NDM-1 M67C

(o]

Br\)l\CFg,

o

j,CFs
S

NaPi, pH 7.0
RT, 10 min

Y

Scheme 1.3 Site-selective fluorine labelling of the NDM-1 through a reaction of the
cysteine with FBA®,
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Furthermore, the common protein labelling technique of lysine side-chains can be
applied to protein fluorination. For example, [*|F]-Radiolabelling of Avastin
(Bevacizumab) as a human IgG antibody was performed by multiple labelling of lysine
residues with N-succinimidyl 4-[**F]fluorobenzoate ([*®F]SFB), shown in Scheme
1.4%2% This resulted in the formation of [*®F]-radiolabelled Avastin which was analysed

by radio-HPLC to confirm its high radiochemical purity of 95%.

o o
R
8T 0-N
Q. % \\%3: ,{'\/\/NHz
AW, % n o
% VL ) QN I -
(9,2 47 ,,)/‘ y ) ’
,@& e NaPi, pH 7.4
Pad
v —~ RT, 15 min
. \

Avastin

Scheme 1.4 [*®F]-radiolabelling of Avastin with [*®F]-SFB as an [*®F]-radiolabelled
agent™.

Many site-selective protein labelling strategies have become popular for protein
fluorination reactions. Davis and co-workers reported a chemical method of site-specific
chemical protein fluorination by reactions of an alkynyl-tagged protein with
fluoroglucosyl azides through Cu(l)-catalysed 1,3-cycloaddition reaction (Scheme 1.5)%.
Also, our “Tag-and-Modify” approach enabled chemical incorporation of a
fluoroglycosyl thiol as well as [*®F]-radiolabelling of proteins. SBL-S156C as a model
protein was treated with MSH to form Dha as a protein tag, and subsequently attacked by
a thiofluoroglycoside at a pre-defined Dha site (Scheme 1.6)*°. The advantage of the
chemical methods lies with the ease of their application to the [*°F]-radiolabelling of
proteins; biosynthetic incorporation methods, on the other hand, are limited in this
regard, in part due to the half-life of the [*®F]-radiotracer (~110 min).
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Scheme 1.5 Site-specific chemical installation of fluorosugars into proteins (Qbeta and
SspG) through CUAAC reactions®®,
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Scheme 1.6 Either [*°F]-substitution or [18F]-radiolabelling of the SBL-156Dha through
“Tag-and-Modify” approach'®®*.

1.2.2 Chlorination

Genetic Incorporation Methods for the Introduction of Chlorine

There are few reports of biosynthetic incorporation of chlorinated amino acids into
proteins; however, chlorine substitution onto proteins is still attractive to extend the

functionality of proteins. Some chlorinated aliphatic amino acid analogues including
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chlorinated valine and leucine residues were successfully incorporated into E. coli
peptidyl-Pro cis-trans isomerase B (PpiB) by cell-free protein synthesis methods™. On
the other hand, no incorporation of chlorinated isoleucine analogues into PpiB was
observed by protein mass spectrometry analysis. Some non-canonical aromatic amino
acid derivatives containing chlorine atoms can be also incorporated into proteins by use
of either SPI or UAG stop-codon suppression. Residue-specific incorporation of 4-
chlorophenylalanine (4-CIPhe) into luciferase showed a replacement of the natural
phenylalanine with its chlorinated analogue through association with a phenylalanyl-
tRNA synthetase mutant (A294G PheRS)™. Similarly, 3-chlorotyrosine (3-CITyr) was
biosynthetically incorporated into either green fluorescent protein (GFP) or highly stable
green fluorescent protein (GFPHS) by use of E. coli tyrosine-auxotrophic cells
(JW2581)"2. Also, an efficient incorporation of 6-chlorotryptophan (6-CITrp) into
recombinant proteins was demonstrated using Lactococcus lactis Trp auxotrophic cells

via co-expression of a tryptophanyl-tRNA synthetase (TrpRS) of L. lactis®.

Rae S e e

CO,H H,N CO,H CO,H CO,H
((3S)-Chlorovaline) ((3R)-Chlorovaline) ((4S)-Ch|oroleucme) ((4R) Chloroleucine)

o OH NH

cl
H,N” >CO,H H,N” CO,H H,N” CO,H

(4-Chlorophenylalanine) (3-Chlorotyrosine) (6-Chlorotryptophan)
\_ _J

Figure 1.11 Genetic incorporation of chlorinated amino acid analogues into proteins®"*

72

Chemical Methods for Protein Chlorination

There are also few studies of either enzymatic or direct chemical methods for protein
chlorination. One such report, by Kettle and co-workers, used a system of

myeloperoxidase / human neutrophils with a combination of both hydrogen peroxide
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(H,0,) and chloride (CI"), generating a hypochlorous acid (HOCI)”®. This chlorinating
agent directly reacted with tyrosine residues of a short model peptide, Gly-Gly-Tyr-Arg.
This reaction proceeded via the formation of a chloramine (generated through reaction of
an amino group with HOCI) and subsequent tyrosine chlorination. Also, Dean and co-
workers used HOCI to investigate a chlorination reaction of tyrosine residues in the
presence of a mixture of tyrosine amino acids (free) and proteins (bovine serum albumin,
BSA and low density lipoprotein)™. 3,5-dichlorotyrosine residues were detected, derived
from both BSA and lipoproteins. However, the HOCI reagent as a strong oxidising agent,

would be difficult to apply to protein chlorination under mild conditions.
1.2.3 Bromination

Genetic Incorporation Methods for the Introduction of Bromine

Several strategies have been developed for the biosynthetic incorporation of non-
canonical aromatic amino acid analogues with bromo substituents into proteins. These
brominated proteins can be useful as coupling partners for palladium-mediated cross-
coupling reactions. Via a similar strategy to that adopted for the aforementioned 4-ClIPhe,
site-specific incorporation of the p-bromophenylalanine residue (4-BrPhe) into luciferase
was achieved by using a nonsense suppressor of the phenylalanyl-tRNA synthetase
(A294G PheRS)™. Alternatively, incorporation of 4-BrPhe into dihydrofolate reductase
(DHFR) was demonstrated through an expression system involving a phenylalanyl-tRNA
synthetase (PheRS) and E. coli phenylalanine auxotroph™. Also, 3-bromotyrosine (3-
BrTyr) residues were site-specifically introduced into glutathione S-transferase (GST)
using an engineered codon translation machinery (a tyrosine aaRS/tRNA pair from
Methanocaldococus jannaschii)’®. In a study of the structural stability of GST, a
significant stability enhancement was found upon multiple-site incorporation of bulky
halogenated groups, due to their occupancy of an internal space and induction of
stabilising interaction between non-canonical and neighbouring amino acid residues.
Bromotryptophan analogues (5-BrTrp/6-BrTrp) could be site-specifically incorporated
into bacterial proteins with fidelity through the use of either L. lactis Trp auxotrophic
cells or amber codon suppression (yeast phenylalanyl-tRNA synthetase (yPheRS
(T415G))/amber suppressor tRNA (ytRNA™cya ue)) .

17
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Figure 1.12 Genetic incorporation of brominated aromatic amino acid analogues into
proteins®®">"®,

Chemical Methods for Protein Bromination

There are not many reports of direct chemical methods for protein bromination. Wu and
Hazen investigated an enzymatic system for a study of oxidative tissue damage in vivo
through aromatic bromination of protein tyrosine residues using either eosinophil
peroxidase (EPO) or myeloperoxidase (MPO) and a reactive brominating species
(HOBI/OBr)™. It was found that EPO-catalysed bromination system was effective under
physiological conditions of halides and H,O,. A mixture of brominated products (3-
bromotyrosine and 3,5-dibromotyrosine) derived from EPO-induced protein oxidation
served as biomarkers for indication of tissue injury in vivo. Furthermore, Kato and Osawa
reported a chemical method for the installation of bromotyrosine residues on bovine
serum albumin (BSA) and other immunogens using N-bromosuccinimide (NBS) as a

brominating agent®°.

1.2.4 lodination

Genetic Incorporation Methods for the Introduction of lodine

Protein iodination is a useful method for the installation of “tags” for further chemical
protein modification as well as to facilitate protein structure determination using X-ray
crystallography. lodinated proteins can be a good candidate for subsequent C-C bond
formation through palladium-mediated cross-coupling reactions. Schultz reported the
site-specific introduction of p-iodo-L-phenylalanine (4-1Phe) into bacteriophage T4
lysozyme using a tyrosine aaRS/tRNA pair from M. jannaschii®*. This method is able to
selectively introduce heavy iodine atoms into proteins without a perturbation of the

original protein structure, sometimes needed to solve the phasing problem in protein
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crystallography. By a similar procedure, 3-iodo-L-tyrosine (3-1Tyr) was also site-
specifically incorporated into proteins in mammalian cells using an amber suppressor
Bacillus stearothermophilus TyrRS and tRNA™" pair®. A combination of engineering a
designed E.coli tyrosyl-tRNA synthetase (V37C195) and an amber suppressor tRNA™'
could allow site-specific incorporation of the 3-ITyr into proteins in eukaryotic

translation systems®.

H,N” CO,H H,N” ~CO,H

(4-lodophenylalanine) (3-lodotyrosine)
\ J

Figure 1.13 Genetic incorporation of iodinated aromatic amino acid analogues into
proteins®%,

Chemical Methods for Protein lodination

Biosynthetic incorporation methods of iodinated aromatic amino acids into proteins by
use of bioengineering technology have been previously described. A few reports show
chemical methods for protein iodination through either direct electrophilic aromatic
substitution (SgAr) or indirect protein iodination. For example, bis(pyridine)iodinium (1)
tetrafluoroborate (IPy,BF;) as a mild iodinating agent can react with tyrosine residues
existing in peptides or proteins®®. Direct iodination of proteins through SgAr was
demonstrated by treatment of model proteins (insulin, lysozyme, and 1,3-1,4-f-D-4-
gluconohydrolase) with IPy,BF, in an aqueous media®. Multiple-site labelling of
tyrosine residues was confirmed by both MALDI-TOF and MSMS analysis. The
advantages of this method are its fast, direct, site-selective protein iodination and its
biocompatibility. Alternatively, a method for indirect protein iodination through CUAAC
reaction has been described, in which a reaction between Hpg-tagged protein and 2-
azido-5-iodobenzoic acid in the presence of Cu(ll) catalyst (Scheme 1.7) affords a 1,2,3-

triazole ring with iodinated substituents™.
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Scheme 1.7 Indirect chemical method for protein iodination through CuUAAC reaction®.

Furthermore, [*°1] or [**!1] radioisotopes are often used in protein radiolabelling, and the
resultant [**°1] / [**1]-labelled protein can be used for an investigation of biodistribution
in preclinical animal studies. For example, [*°I]-radiolabelling of three protein hormones
(including human growth hormone (HGH), thyroid-stimulating hormone (TSH), and
human luteinising hormone (LH)) was achieved by treatment with a combination of N-
hydroxysuccinimidyl-3-(4-hydroxyphenyl)propionate (known as the Bolton-Hunter
reagent), Na'?l, and chloramine-T as an oxidising agent®. This reaction occurred via
nucleophilic attack of lysine residues, leading to the formation of covalent amide bonds.
Aside from the Bolton-Hunter reagent, lodogen® (1,3,4,6-tetrachloro-3a,60-
diphenylglycoluril) acts as an oxidising agent and is widely used for radioiodination of
proteins®’. This reagent can potentially generate a reactive iodine species from oxidation
of Na'?®| source. The application of the lodogen® for protein [***I]-radiolabelling was
first reported by Fraker and Speck®. For example, tyrosine residues of fibrinogen and
urokinase were labelled by use of a combination of lodogen® and I, leading to high

labelling efficiency and minimal disruption of the protein function®.
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Figure 1.14 Structures of IPy,BF,, lodogen®, Bolton-Hunter reagent, and chloramine-T,
respectively®* 8%,
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Figure 1.15 Direct iodination of proteins by use of IPy,BF, or a combination of
lodogen® and Na'?[3487#,

1.3 Palladium-Mediated Reactions of Proteins

Recent advances in transition metal-catalysed reactions in the field of chemical biology

90,91

have been demonstrated and are widely used for chemical protein modification such

as Cu-catalysed reaction (CuAAC)?1315187  pd.mediated reactions (Suzuki-

01102 4nd Ry-

Miyaura?®®%*  Sonogashira®® or Heck®'®), Rh-mediated reactions
catalysed reactions (Olefin cross metathesis)!®*%. In this chapter, we mainly focus on
Pd-catalysed cross-coupling reactions, which are suitable to site-specifically modify
proteins in aqueous systems. For example, a protein containing a genetically encoded
4-1Phe can undergo site-specific cross-coupling to a variety of boronic acid substrates,

leading to extended protein functionality via C-C bond formation®***,

1.3.1 Suzuki-Miyaura Cross-Coupling Reaction

The Suzuki-Miyaura cross-coupling reaction, discovered by Akira Suzuki, is widely used
in organic synthesis, particularly in C-C bond formation'®*%. The reaction proceeds
through a coupling of an organoboron compound to either a vinyl or an aryl halide in the
presence of palladium catalyst and base'®%’. The mechanism of the Suzuki-Miyaura
reaction proceeds via sequential oxidative addition, transmetallation and reductive
elimination stages (Figure 1.16)*’. The oxidative addition of R’X to Pd (0) forms an
organopalladium intermediate, which is followed by transmetallation of a boron-ate
complex (R = aryl, vinyl or alkyl) with palladium, giving a second organopalladium
species. Subsequent reductive elimination generates Pd(0) from Pd(Il), forming a new C-

C bond (R-R”) and turning over the catalytic cycle.

21



Chapter 1: Introduction

Pd(0) / Ligands
R'-X + R-B(OR"), ——> R-R’
base
R,R' = aryl, vinyl, alkyl R" = H, alkyl
X =1, Br, OTf
L,Pd(0
RR nPd(0) o
reductive oxidative
elimination addition

transmetallation

(R"0),B-X R-B(OR"),

Figure 1.16 Mechanism of Suzuki-Miyaura Cross-Coupling Reaction'®%’,

An initial study of Suzuki-Miyaura cross-couplings of proteins proceeded from the
investigation of the coupling of a 4-IPhe-incorporated WW domain peptide of the Pinl
protein to a series of phenylboronic acids, in the presence of disodium
tetrachloropalladate (Na,PdCl,)'®. This method was able to catalyse the formation of
C-C coupling products with excellent yields, quantified by HPLC and MALDI-TOF
analysis. A further study of the Pd-mediated Suzuki reaction on proteins was
demonstrated by residue specific incorporation of p-boronophenylalanine (4-BPhe) into
T4 lysozyme, and subsequent treatment of the modified T4 lysozyme with a fluorescent
aryl iodide and Pd,(dba)s'®. Unfortunately, this method gave a low coupling protein
yield and was unsuitable for most protein substrates, due to the harsh and denaturing
conditions required (high temperature (70 °C) and long reaction times (15 h). Various
water-soluble phosphine ligands such as TPPMS, TPPTS, and TXPTS have been suitable
for aqueous Pd cross-couplings of small molecules, but these ligands are highly

expensive and require an inert atmosphere'°

. We have previously reported a new Pd
catalyst system containing a simple ligand (2-amino-4,6-dihydroxypyrimidine, ADHP =
L1), which has since been widely used in aqueous Pd-mediated reactions of proteins®.
This Pd catalyst is highly soluble in aqueous systems, is air-stable, and does not require
phosphine ligands. Chalker and Davis demonstrated aqueous Suzuki-Miyaura cross-

couplings using a Bacillus lentus subtilisin (SBL) variant as a model protein®. To start
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with, the SBL variant (SBL-C156) was treated with p-iodobenzyl bromide, leading to the
formation of a 4-iodobenzyl residues as a chemical protein tag. The iodobenzyl SBL was
subsequently tested for Pd cross-coupling reactions with a series of boronic acids in the
presence of the water-soluble Pd catalyst (Scheme 1.8). These reactions proceeded under

mild conditions (37 °C, pH 8.0) that could also be applied to other protein substrates®*
94,111
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Scheme 1.8 Suzuki-Miyaura cross-coupling of the iodoaryl SBL with R-B(OH),%.

To extend the capabilities of this aqueous Pd-catalysed system, Spicer and Davis reported
an efficient system for site-selective Suzuki-Miyaura cross-couplings of furan-3-boronic
acid to a moltaose binding protein (MBP) mutant containing a genetically encoded
4-1Phe residue, in the presence of [L1],Pd(OAc),”. After 2 h reaction time, full
conversion to the C-C coupled protein product was observed by LC-MS analysis. Also,
3-mercaptopropionic acid was discovered to be an efficient Pd scavenger, causing a
significant improvement in LC-MS signal as compared to untreated protein samples, and
thus facilitating analysis. Furthermore, this Pd catalyst with ADHP ligands was used to
facilitate C-C bond formation between the 4-IPhe-encoded Z-domain protein and a
fluorescent dye, 3-(dansylamino)phenylboronic acid**2. The formation of the fluorescent
cross-coupled protein was confirmed by LC-MS, and a protein band on SDS-PAGE was

clearly visualised under UV light (365 nm) to give a bright yellow fluorescent signal.
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Davis and co-workers have also reported site-selective protein PEGylation through Pd-
catalysed reactions®’. A study of the Pd-catalysed C-C bond formation onto a model
iodinated amino acid (NHBoc-4-iodophenylalaine, Boc-p-IPhe) with monomethoxy PEG
phenylboronic acids (including 2kDa and 20kDa) was initially investigated by use of Pd
catalysts bearing various pyrimidine or guanidine ligands (L1-L4)%. Formation of C-C
coupling products (with good to excellent yields, 68-93%) containing either a shorter or
longer PEG linkage was monitored by *H-NMR and MS spectrometry, indicating high
efficiency of either pyrimidine or guanidine-based Pd catalysts. Optimised reaction
conditions were further applied to an investigation of Pd-catalysed Suzuki-Miyaura
PEGylation reactions of proteins®. Both chemically/genetically iodinated Np276 and
SBL proteins were partially coupled to the mPEG2k phenylboronic acid, as observed by
SDS-PAGE, MALDI-TOF and MSMS analysis, giving PEGlyated proteins with a good

level of product conversion (up to 70%) (Scheme 1.9).
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Scheme 1.9 Site-specific Pd-mediated Suzuki-Miyaura PEGylation of model proteins
using Pd catalysts with various pyrimidine and guanidine ligands®2.

Spicer and Davis further investigated the application of our Pd catalyst to biological
systems through Pd-mediated cell-surface labelling of E.coli outer membrane protein C
(OmpC)®. Fluorescent signals of fluorescein-coupled OmpC could be clearly detected on
the outer membrane of E.coli bacterial surface via confocal laser scanning microscopy.

Also, a flow cytometry-based study of cell viability to palladium toxicity was performed
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after treatment of cells with trypan blue. It was found that Pd catalyst used at high

concentrations (2000 uM) showed no significant level of Pd toxicity towards cells.

1.3.2 Sonogashira Cross-Coupling Reaction

The Sonogashira cross-coupling reaction, discovered by Kenkichi Sonogashira, is
important and is widely used in organic synthesis*****°. The Pd-mediated reaction
through Sonogashira cross-coupling also facilitates the formation of C-C bonds through a
coupling between a terminal alkyne and an aryl/vinyl halide under mild conditions****°,
In terms of its mechanism, the Sonogashira reaction is similar to the Pd-catalysed
Suzuki-Miyaura cycle but incorporates an additional catalytic cycle of the copper catalyst

, required for substrate activation (Figure 1.17)*4.

Pd(0) / Ligands

R-X + H——R' R——R’
Cu(l) / base
R,R' = aryl, alkenyl, alkyl
X =1, OTf, Br, CI
R'————R
R-X
L,Pd(0)
reductive oxidative
elimination addition
R

R——— Fl’d"-L
L

trans/cis
isomerisation

| | CuX

R R";N + H—=——R'

Figure 1.17 Mechanism of Sonogashira Cross-Coupling Reaction***,

Pd-catalysed protein modification based on Sonogashira reactions was first reported by
Kodama et.al**®. This method proceeded via site-specific incorporation of a 4-1Phe
residue into Ras protein through amber codon suppression. The iodinated Ras protein

was subsequently coupled to a biotinylated alkyne in the presence of a combination of
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Pd(OAc),, TPPTS, and CuOTf, leading to site-specific biotinylation of the Ras protein*®.
The presence of biotinylated protein was confirmed by western blot and MS
spectrometry analysis including LC-MS and MSMS. In a similar vein, the Davis water-
soluble Pd catalyst has been widely used not only in Suzuki cross-couplings, but also in
Sonogashira reactions. Lin and co-workers reported copper-free Sonogashira reactions
for protein functionalisation by treatment of ubiquitin containing a genetically
incorporated alkyne with a broad range of functionalised aromatic iodide substrates in the
presence of a water-soluble Pd catalyst”’. A further example of Sonogashira cross-
coupling between para-iodophenyl dihydrofolate reductase (eDHFR) and 5-ethylnyl
fluorescein, by use of the Pd(OAc),(ADHP), catalyst, was reported by Wombacher
et.al®®. This work presented a two-step protein labelling approach involving enzyme-
mediated peptide labelling and palladium-mediated Sonogashira cross-coupling, leading
to site-specific C-C bond installation of the fluorescent probe. Chen and co-workers
reported a method of Pd-catalysed Sonogashira cross-coupling for site-specific protein
labelling inside E.coli bacterial cells by treatment of either an alkyne-incorporated GFP
or OspF with an iodophenyl fluorescent probe (Iphe-FL525) in the presence of Pd(NO3),
catalyst (Figure 1.18)%.

,

Y
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Figure 1.18 Chemical protein modification through Sonogashira cross-coupling
reactions®™ ',
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1.3.3 Heck Cross-Coupling Reaction

The Heck cross-coupling reaction is also crucial for the formation of C-C bonds from the
reaction of an aryl/vinyl halide and an olefin in the presence of Pd catalyst and base'!"
119 The palladium catalytic cycle of the Heck cross-coupling reaction proceeds via
sequential oxidative addition, syn-addition, B-hydride elimination and reductive
elimination stages (Figure 1.19)"**. The oxidative addition of R’X to Pd (0) forms an
organopalladium intermediate followed by insertion of an activated alkene with
palladium, giving an organopalladium species. Subsequent B-hydride elimination then
generates a new C-C bond. The Pd(0) catalyst is finally regenerated by reaction of the
resultant palladium complex with a base.

Pd(0) / Ligands R
R-X + /\ R' b—> R’ /\/
ase

R,R' = aryl, alkenyl, alkyl
X =1, OTf, Br, CI

baseHX

R—X
L,Pd(0)
reductive oxidative
elimination addition
- L
H—Pcli"-X R—P(I:I"-X

L

=\

B-hydride syn-addition R

A R Pd'L,X
eliminaiton

H R’

Figure 1.19 Mechanism of Heck Cross-Coupling Reaction*®"".

The Pd-catalysed Heck reaction is also applicable to chemical protein modification in
aqueous systems. An initial study of this Heck reaction of proteins was carried out by
treatment of the 4-1Phe-incoporated Ras protein with a biotinylated alkene substrate in
the presence of Pd(OAc), and TPPTS*®. Disappointingly, this reaction condition gave
the cross-coupled protein with very low conversion (2%). Recently, Dekker and co-
workers reported a new method for protein labelling through aqueous Pd-catalysed
oxidative Heck reaction which was successfully demonstrated on a model study of an

100

enzyme 4-oxolocrotonate tautomerase variant (4-OT R61C)™". A cysteine residue of the
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4-0OT (R61C) was first converted into a maleimide linker with a terminal olefin, and
subsequently treated with a series of substituted phenylboronic acids in the presence of
Pd(OACc),/BIAN (Scheme 1.10). The resulting C-C coupled products were detected by
LC-MS analysis in excellent to quantitative yields. This oxidative Heck cross-coupling
system showed an efficient fluorescent labelling of the terminal alkene-tagged 4-OT in
cell lysates. In a previous study, Dekker and co-workers applied this method to
fluorescently label terminal alkene-tagged histones in vitro through aqueous oxidative
Heck cross-coupling reaction®®. Cross-coupling of the alkene-bound 4-OT with a
biotinylated phenylboronic acid was performed by use of Pd(OAc), with EDTA as a
ligand, instead of the original Pd/BIAN catalyst®®. Full conversion of the biotinylated
protein was observed by LC-MS, comparable to results obtained with two other Pd
complex catalysts (BIAN or ADHP).

This current approach would be applicable to in vitro monitor labelling of histone lysine
acylation by using terminal alkenyl carboxylates and biotinylated phenylboronic acid,

leading to the detection of luminescent signals of the modified histones.

\
'\‘ “OH
. 4
! : Pd(OAc),/BIAN ::
/ o or / o
‘ \7 JJ: Pd(OAc),/EDTA ‘ \7 —
2 N RT, 24 h, pH 7.0 ¢ o N
g
o o)

Q:J\s
4-0T

Scheme 1.10 Aqueous Pd-catalysed oxidative Heck cross-coupling of alkene-bound 4-
OT with a series of substituted phenylboronic acids®*%.
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1.4 The Aims of this Thesis

Advances in chemical protein modification methods have in turn led to an ever-
expanding range of applications, such as the generation of antibody drug conjugates
(ADCs), extension of protein functionality, and monitoring of protein reactions in
biological systems. It is therefore apparent that the further development of new tools for
selective chemical protein modification is crucial in the field of chemical biology and

bioengineering.

In this thesis, we mainly focus on two topics of chemical protein modification: protein
halogenation and subsequent palladium-mediated cross-coupling reactions. First, we
develop a direct chemical method for electrophilic protein fluorination through an
extension of our “Tag-and-Modify” concept as a proof of principle, and also apply this
method to direct [*®F]-radiolabelling of proteins. Next, we explore either genetic
incorporation or direct chemical methods for site-specific installation of C-X bonds (X =
Br, 1) onto proteins as coupling partners for subsequent Pd-catalysed cross-coupling
reactions. To start with, biosynthetic incorporation of unnatural aromatic amino acids
into proteins of interest is investigated using auxotrophic bacterial strains with unnatural
tRNA synthetases. In an alternative approach, we investigate protein iodination through
direct chemical installation of C-1 bonds onto proteins, utilising a mild iodinating agent.
To further investigate site-specific Pd-mediated bioconjugation, a model study of small
molecules/proteins based on our aqueous Pd-mediated Suzuki-Miyaura cross-coupling
system is discussed. Finally, we extend the application of our pallado-biology strategy to
protein labelling under challenging biological conditions. It is expected that our research
can extend the scope of chemical protein modification as well as enable new applications

of our chemical toolkit in the context of biological probes.

29




Chapter 1: Introduction

1.5 Bibliography

Q) Walsh, C. T.; Garneau-Tsodikova, S.; Gatto, G. J., Jr. Protein
posttranslational modifications: the chemistry of proteome diversifications. Angew.
Chem. Int. Ed. Engl. 2005, 44, 7342-7372.

2 Boutureira, O.; Bernardes, G. J. Advances in chemical protein
modification. Chem. Rev. 2015, 115, 2174-2195.

3) Spicer, C. D.; Davis, B. G. Selective chemical protein modification. Nat
Commun 2014, 5, 4740.

4) Sletten, E. M.; Bertozzi, C. R. Bioorthogonal chemistry: fishing for
selectivity in a sea of functionality. Angew. Chem. Int. Ed. Engl. 2009, 48, 6974-6998.

(5) Krall, N.; da Cruz, F. P.; Boutureira, O.; Bernardes, G. J. Site-selective
protein-modification chemistry for basic biology and drug development. Nat. Chem.
2016, 8, 103-113.

(6) Gong, Y.; Pan, L. Recent advances in bioorthogonal reactions for site-
specific protein labeling and engineering. Tetrahedron Lett. 2015, 56, 2123-2132.

(7) Basle, E.; Joubert, N.; Pucheault, M. Protein chemical modification on
endogenous amino acids. Chemistry & biology 2010, 17, 213-227.

(8) Marculescu, C.; Kossen, H.; Morgan, R. E.; Mayer, P.; Fletcher, S. A.;
Tolner, B.; Chester, K. A.; Jones, L. H.; Baker, J. R. Aryloxymaleimides for cysteine
modification, disulfide bridging and the dual functionalization of disulfide bonds. Chem.
Commun. 2014, 50, 7139-7142.

9) Smith, M. E. B.; Schumacher, F. F.; Ryan, C. P.; Tedaldi, L. M;
Papaioannou, D.; Waksman, G.; Caddick, S.; Baker, J. R. Protein Modification,
Bioconjugation, and Disulfide Bridging Using Bromomaleimides. J. Am. Chem. Soc.
2010, 132, 1960-1965.

(10)  Chalker, J. M.; Bernardes, G. J.; Davis, B. G. A 'Tag and Modify'
Approach to Site-Selective Protein Modification. Acc. Chem. Res. 2011, 44, 730-741.

(11) Chalker, J. M.; Gunnoo, S. B.; Boutureira, O.; Gerstberger, S. C.;
Ferndndez-Gonzalez, M.; Bernardes, G. J. L.; Griffin, L.; Hailu, H.; Schofield, C. J.;
Davis, B. G. Methods for converting cysteine to dehydroalanine on peptides and proteins.
Chem. Sci. 2011, 2, 1666.

(12)  Link, A.J.; Tirrell, D. A. Cell Surface Labeling of Escherichia coli via
Copper(l)-Catalyzed [3+2] Cycloaddition. J. Am. Chem. Soc. 2003, 125, 11164-11165.

(13) Link, A.J.; Vink, M. K. S.; Tirrell, D. A. Presentation and Detection of
Azide Functionality in Bacterial Cell Surface Proteins. J. Am. Chem. Soc. 2004, 126,
10598-10602.

(14) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A
Stepwise Huisgen Cycloaddition Process: Copper(l)-Catalyzed Regioselective “Ligation”
of Azides and Terminal Alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596-2599.

(15)  Sletten, E. M.; Bertozzi, C. R. From Mechanism to Mouse: A Tale of Two
Bioorthogonal Reactions. Acc. Chem. Res. 2011, 44, 666-676.

(16) Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.; Finn,
M. G. Bioconjugation by Copper(l)-Catalyzed Azide-Alkyne [3 + 2] Cycloaddition. J.
Am. Chem. Soc. 2003, 125, 3192-3193.

(17)  Gunnoo, S. B.; Madder, A. Chemical Protein Modification through
Cysteine. Chembiochem. 2016, 17, 529-553.

30



Chapter 1: Introduction

(18) Tedaldi, L. M.; Smith, M. E. B.; Nathani, R. I.; Baker, J. R.
Bromomaleimides: new reagents for the selective and reversible modification of cysteine.
Chem. Commun. 2009, 6583.

(19) Chalker, J. M.; Bernardes, G. J.; Lin, Y. A.; Davis, B. G. Chemical
modification of proteins at cysteine: opportunities in chemistry and biology. Chem Asian
J 2009, 4, 630-640.

(20)  Chalker, J. M.; Wood, C. S. C.; Davis, B. G. A Convenient Catalyst for
Aqueous and Protein Suzuki—Miyaura Cross-Coupling. J. Am. Chem. Soc. 2009, 131,
16346-16347.

(21)  Simon, M. D.; Chu, F.; Racki, L. R.; de la Cruz, C. C.; Burlingame, A. L.;
Panning, B.; Narlikar, G. J.; Shokat, K. M. The site-specific installation of methyl-lysine
analogs into recombinant histones. Cell 2007, 128, 1003-1012.

(22) Zhang, Y.; Bhatt, V. S.; Sun, G.; Wang, P. G.; Palmer, A. F. Site-
Selective Glycosylation of Hemoglobin on Cys (93. Bioconjug. Chem. 2008, 19, 2221-
2230.

(23)  Morrison, P. M.; Foley, P. J.; Warriner, S. L.; Webb, M. E. Chemical
generation and modification of peptides containing multiple dehydroalanines. Chem.
Commun. 2015, 51, 13470-13473.

(24)  Maruani, A.; Smith, M. E.; Miranda, E.; Chester, K. A.; Chudasama, V.;
Caddick, S. A plug-and-play approach to antibody-based therapeutics via a
chemoselective dual click strategy. Nat Commun 2015, 6, 6645.

(25) Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B. H. Synthesis of
proteins by native chemical ligation. Science 1994, 266, 776-778.

(26) Robinson, M. A.; Charlton, S. T.; Garnier, P.; Wang, X. T.; Davis, S. S;
Perkins, A. C.; Frier, M.; Duncan, R.; Savage, T. J.; Wyatt, D. A.; Watson, S. A.; Davis,
B. G. LEAPT: lectin-directed enzyme-activated prodrug therapy. Proc. Natl. Acad. Sci.
U.S.A. 2004, 101, 14527-14532.

(27)  Biava, H.; Budisa, N. Evolution of fluorinated enzymes: An emerging
trend for biocatalyst stabilization. Engineering in Life Sciences 2014, 14, 340-351.

(28) Budisa, N.; Wenger, W.; Wiltschi, B. Residue-specific global fluorination
of Candida antarctica lipase B in Pichia pastoris. Mol Biosyst 2010, 6, 1630-1639.

(29) Salwiczek, M.; Nyakatura, E. K.; Gerling, U. I.; Ye, S.; Koksch, B.
Fluorinated amino acids: compatibility with native protein structures and effects on
protein-protein interactions. Chem. Soc. Rev. 2012, 41, 2135-2171.

(30) Petrovic, D. M.; Leenhouts, K.; van Roosmalen, M. L.; Broos, J. An
expression system for the efficient incorporation of an expanded set of tryptophan
analogues. Amino acids 2013, 44, 1329-1336.

(31) EIl Khattabi, M.; van Roosmalen, M. L.; Jager, D.; Metselaar, H.;
Permentier, H.; Leenhouts, K.; Broos, J. Lactococcus lactis as expression host for the
biosynthetic incorporation of tryptophan analogues into recombinant proteins. Biochem. J
2008, 409, 193-198.

(32) Chin,J. W.; Cropp, T. A.; Anderson, J. C.; Mukherji, M.; Zhang, Z.;
Schultz, P. G. An Expanded Eukaryotic Genetic Code. Science 2003, 301, 964-967.

(33) Liu, C. C,; Schultz, P. G. Adding new chemistries to the genetic code.
Annu. Rev. Biochem 2010, 79, 413-444.

(34) Wang, F.; Robbins, S.; Guo, J.; Shen, W.; Schultz, P. G. Genetic
incorporation of unnatural amino acids into proteins in Mycobacterium tuberculosis.
PLoS One 2010, 5, €9354.

31



Chapter 1: Introduction

(35) Wang, L.; Brock, A.; Herberich, B.; Schultz, P. G. Expanding the Genetic
Code of Escherichia coli. Science 2001, 292, 498-500.

(36) Wang, L.; Schultz, P. G. Expanding the genetic code. Angew. Chem. Int.
Ed. Engl. 2004, 44, 34-66.

(37) Bernardes, G. J. L.; Chalker, J. M.; Errey, J. C.; Davis, B. G. Facile
Conversion of Cysteine and Alkyl Cysteines to Dehydroalanine on Protein Surfaces:
Versatile and Switchable Access to Functionalized Proteins. J. Am. Chem. Soc. 2008,
130, 5052-5053.

(38) Chalker, J. M.; Lercher, L.; Rose, N. R.; Schofield, C. J.; Davis, B. G.
Conversion of cysteine into dehydroalanine enables access to synthetic histones bearing
diverse post-translational modifications. Angew. Chem. Int. Ed. Engl. 2012, 51, 1835-
1839.

(39) Chooi, K. P.; Galan, S. R.; Raj, R.; McCullagh, J.; Mohammed, S.; Jones,
L. H.; Davis, B. G. Synthetic phosphorylation of p38alpha recapitulates protein kinase
activity. J. Am. Chem. Soc. 2014, 136, 1698-1701.

(40)  Gunnoo, S. B.; Finney, H. M.; Baker, T. S.; Lawson, A. D.; Anthony, D.
C.; Davis, B. G. Creation of a gated antibody as a conditionally functional synthetic
protein. Nat Commun 2014, 5, 4388.

(41) Fernandez-Gonzélez, M.; Boutureira, O.; Bernardes, G. J. L.; Chalker, J.
M.; Young, M. A.; Errey, J. C.; Davis, B. G. Site-selective chemoenzymatic construction
of synthetic glycoproteins using endoglycosidases. Chem. Sci. 2010, 1, 709.

(42) Nathani, R.; Moody, P.; Smith, M. E.; Fitzmaurice, R. J.; Caddick, S.
Bioconjugation of green fluorescent protein via an unexpectedly stable cyclic sulfonium
intermediate. Chembiochem. 2012, 13, 1283-1285.

(43) Nathani, R. I.; Moody, P.; Chudasama, V.; Smith, M. E.; Fitzmaurice, R.
J.; Caddick, S. A novel approach to the site-selective dual labelling of a protein via
chemoselective cysteine modification. Chem. Sci. 2013, 4, 3455-3458.

(44)  Staudinger, H.; Meyer, J. Uber neue organische Phosphorverbindungen
[11. Phosphinmethylenderivate und Phosphinimine. Helv. Chim. Acta 1919, 2, 635-646.

(45) Kiick, K. L.; Saxon, E.; Tirrell, D. A.; Bertozzi, C. R. Incorporation of
azides into recombinant proteins for chemoselective modification by the Staudinger
ligation. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 19-24.

(46)  Saxon, E.; Bertozzi, C. R. Cell Surface Engineering by a Modified
Staudinger Reaction. Science 2000, 287, 2007-2010.

(47) van Berkel, S. S.; van Eldijk, M. B.; van Hest, J. C. Staudinger ligation as
a method for bioconjugation. Angew. Chem. Int. Ed. Engl. 2011, 50, 8806-8827.

(48) Bernardes, G. J. L.; Linderoth, L.; Doores, K. J.; Boutureira, O.; Davis, B.
G. Site-Selective Traceless Staudinger Ligation for Glycoprotein Synthesis Reveals
Scope and Limitations. Chembiochem. 2011, 12, 1383-1386.

(49) Hong, V.; Steinmetz, N. F.; Manchester, M.; Finn, M. G. Labelling Live
Cells by Copper-Catalysed Alkyne-Azide Click Chemistry. Bioconjug. Chem. 2010, 21,
1912-1916.

(50)  Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. A Strain-Promoted [3 + 2]
Azide—Alkyne Cycloaddition for Covalent Modification of Biomolecules in Living
Systems. J. Am. Chem. Soc. 2004, 126, 15046-15047.

(51) Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R. In Vivo
Imaging of Membrane-Associated Glycans in Developing Zebrafish. Science 2008, 320,
664-667.

32



Chapter 1: Introduction

(52) Chang, P. V.; Prescher, J. A.; Sletten, E. M.; Baskin, J. M.; Miller, I. A.;
Agard, N. J.; Lo, A.; Bertozzi, C. R. Copper-free click chemistry in living animals. Proc.
Natl. Acad. Sci. U.S.A. 2010, 107, 1821-1826.

(53) Jewett, J. C.; Sletten, E. M.; Bertozzi, C. R. Rapid Cu-Free Click
Chemistry with Readily Synthesized Biarylazacyclooctynones. J. Am. Chem. Soc. 2010,
132, 3688-3690.

(54) Plass, T.; Milles, S.; Koehler, C.; Schultz, C.; Lemke, E. A. Genetically
encoded copper-free click chemistry. Angew. Chem. Int. Ed. Engl. 2011, 50, 3878-388L1.

(55) Plass, T.; Milles, S.; Koehler, C.; Szymanski, J.; Mueller, R.; Wiessler,
M.; Schultz, C.; Lemke, E. A. Amino acids for Diels-Alder reactions in living cells.
Angew. Chem. Int. Ed. Engl. 2012, 51, 4166-4170.

(56) Li, Y.;Pan, M.; Li, Y.; Huang, Y.; Guo, Q. Thiol-yne radical reaction
mediated site-specific protein labeling via genetic incorporation of an alkynyl-L-lysine
analogue. Org Biomol Chem 2013, 11, 2624-2629.

(57) McKay, C. S.; Finn, M. G. Click chemistry in complex mixtures:
bioorthogonal bioconjugation. Chemistry & biology 2014, 21, 1075-1101.

(58) Agarwal, P.; van der Weijden, J.; Sletten, E. M.; Rabuka, D.; Bertozzi, C.
R. A Pictet-Spengler ligation for protein chemical modification. Proc. Natl. Acad. Sci.
U.S.A. 2013, 110, 46-51.

(59) King, M.; Wagner, A. Developments in the field of bioorthogonal bond
forming reactions-past and present trends. Bioconjug. Chem. 2014, 25, 825-839.

(60)  Wu, P.; Shui, W.; Carlson, B. L.; Hu, N.; Rabuka, D.; Lee, J.; Bertozzi, C.
R. Site-specific chemical modification of recombinant proteins produced in mammalian
cells by using the genetically encoded aldehyde tag. Proc. Natl. Acad. Sci. U.S.A. 20009,
106, 3000-3005.

(61) Buer, B. C.; Marsh, E. N. Fluorine: a new element in protein design.
Protein Sci. 2012, 21, 453-462.

(62) Kuchar, M.; Pretze, M.; Kniess, T.; Steinbach, J.; Pietzsch, J.; Loser, R.
Site-selective radiolabeling of peptides by (18)F-fluorobenzoylation with [(18F)]SFB in
solution and on solid phase: a comparative study. Amino acids 2012, 43, 1431-1443.

(63) Marsh, E. N. Fluorinated proteins: from design and synthesis to structure
and stability. Acc. Chem. Res. 2014, 47, 2878-2886.

(64) Rydzik, A. M.; Brem, J.; van Berkel, S. S.; Pfeffer, I.; Makena, A.;
Claridge, T. D.; Schofield, C. J. Monitoring conformational changes in the NDM-1
metallo-beta-lactamase by 19F NMR spectroscopy. Angew. Chem. Int. Ed. Engl. 2014,
53, 3129-3133.

(65) Tang, G.; Zeng, W.; Yu, M.; Kabalka, G. Facile synthesis ofN-
succinimidyl 4-[18F]fluorobenzoate ([18F]SFB) for protein labeling. J. Labelled Compd.
Radiopharm. 2008, 51, 68-71.

(66) Budisa, N.; Pipitone, O.; Siwanowicz, I.; Rubini, M.; Pal, P. P.; Holak, T.
A.; Gelmi, M. L. Efforts towards the Design of ‘Teflon’ Proteins: In vivo Translation
with Trifluorinated Leucine and Methionine Analogues. Chemistry & Biodiversity 2004,
1, 1465-1475.

(67) Eichler, J. F.; Cramer, J. C.; Kirk, K. L.; Bann, J. G. Biosynthetic
incorporation of fluorohistidine into proteins in E. coli: a new probe of macromolecular
structure. Chembiochem. 2005, 6, 2170-2173.

(68) Boutureira, O.; D'Hooge, F.; Fernandez-Gonzalez, M.; Bernardes, G. J.;
Sanchez-Navarro, M.; Koeppe, J. R.; Davis, B. G. Fluoroglycoproteins: ready chemical

33



Chapter 1: Introduction

site-selective incorporation of fluorosugars into proteins. Chem. Commun. 2010, 46,
8142-8144.

(69) Boutureira, O.; Bernardes, G. J.; D'Hooge, F.; Davis, B. G. Direct
radiolabelling of proteins at cysteine using [18F]-fluorosugars. Chem. Commun. 2011,
47,10010-10012.

(70)  Stigers, D. J.; Watts, Z. I.; Hennessy, J. E.; Kim, H. K.; Martini, R.;
Taylor, M. C.; Ozawa, K.; Keillor, J. W.; Dixon, N. E.; Easton, C. J. Incorporation of
chlorinated analogues of aliphatic amino acids during cell-free protein synthesis. Chem.
Commun. 2011, 47, 1839-1841.

(71) Ibba, M.; Hennecke, H. Relaxing the substrate specificity of an
aminoacyl-tRNA synthetase allows in vitro and in vivo synthesis of proteins containing
unnatural amino acids. FEBS Lett. 1995, 364, 272-275.

(72)  Ayyadurai, N.; Deepankumar, K.; Prabhu, N. S.; Budisa, N.; Yun, H.
Evaluation and biosynthetic incorporation of chlorotyrosine into recombinant proteins.
Biotechnology and Bioprocess Engineering 2012, 17, 679-686.

(73) Domigan, N. M.; Charlton, T. S.; Duncan, M. W.; Winterbourn, C. C.;
Kettle, A. J. Chlorination of Tyrosyl Residues in Peptides by Myeloperoxidase and
Human Neutrophils. J. Biol. Chem. 1995, 270, 16542-16548.

(74)  Fu, S.; Wang, H.; Davies, M.; Dean, R. Reactions of Hypochlorous Acid
with Tyrosine and Peptidyl-tyrosyl Residues Give Dichlorinated and Aldehydic Products
in Addition to 3-Chlorotyrosine. J. Biol. Chem. 2000, 275, 10851-10858.

(75) Sharma, N.; Furter, R.; Kast, P.; Tirrell, D. A. Efficient introduction of
aryl bromide functionality into proteins in vivo. FEBS Lett. 2000, 467, 37-40.

(76) Ohtake, K.; Yamaguchi, A.; Mukai, T.; Kashimura, H.; Hirano, N.;
Haruki, M.; Kohashi, S.; Yamagishi, K.; Murayama, K.; Tomabechi, Y.; Itagaki, T.;
Akasaka, R.; Kawazoe, M.; Takemoto, C.; Shirouzu, M.; Yokoyama, S.; Sakamoto, K.
Protein stabilization utilizing a redefined codon. Sci Rep 2015, 5, 9762.

(77)  Kwon, L.; Tirrell, D. A. Site-Specific Incorporation of Tryptophan
Analogues into Recombinant Proteins in Bacterial Cells. J. Am. Chem. Soc. 2007, 129,
10431-10437.

(78) Kwon, I.; Wang, P.; Tirrell, D. A. Design of a Bacterial Host for Site-
Specific Incorporation of p-Bromophenylalanine into Recombinant Proteins. J. Am.
Chem. Soc. 2006, 128, 11778-11783.

(79)  Wu, W.; Chen, Y.; Avignon, A. d.; Hazen, S. L. 3-Bromotyrosine and 3,5-
Dibromotyrosine Are Major Products of Protein Oxidation by Eosinophil Peroxidase:
Potential Markers for Eosinophil-Dependent Tissue Injury in Vivo Biochemistry 1999,
38, 3538-3548.

(80) Kato, Y.; Kawai, Y.; Morinaga, H.; Kondo, H.; Dozaki, N.; Kitamoto, N.;
Osawa, T. Immunogenicity of a brominated protein and successive establishment of a
monoclonal antibody to dihalogenated tyrosine. Free Radic Biol Med 2005, 38, 24-31.

(81) Xie, J.; Wang, L.; Wu, N.; Brock, A.; Spraggon, G.; Schultz, P. G. The
site-specific incorporation of p-iodo-L-phenylalanine into proteins for structure
determination. Nat. Biotechnol. 2004, 22, 1297-1301.

(82) Hino, N.; Hayashi, A.; Sakamoto, K.; Yokoyama, S. Site-specific
incorporation of non-natural amino acids into proteins in mammalian cells with an
expanded genetic code. Nat Protoc 2006, 1, 2957-2962.

(83) Kiga, D.; Sakamoto, K.; Kodama, K.; Kigawa, T.; Matsuda, T.; Yabuki,
T.; Shirouzu, M.; Harada, Y.; Nakayama, H.; Takio, K.; Hasegawa, Y.; Endo, Y.; Hirao,
l.; Yokoyama, S. An engineered Escherichia coli tyrosyl-tRNA synthetase for site-

34



Chapter 1: Introduction

specific incorporation of an unnatural amino acid into proteins in eukaryotic translation
and its application in a wheat germ cell-free system. Proc. Natl. Acad. Sci. U.S.A. 2002,
99, 9715-9720.

(84) Espufia, G.; Andreu, D.; Barluenga, J.; Pérez, X.; Planas, A.; Arsequell,
G.; Valencia, G. lodination of Proteins by IPy2BF4, a New Tool in Protein Chemistry.
Biochemistry 2006, 45, 5957-5963.

(85) Dong, S.; Moroder, L.; Budisa, N. Protein lodination by Click Chemistry.
Chembiochem. 2009, 10, 1149-1151.

(86) Bolton, A. E.; Hunter, W. M. The Labelling of Proteins to High Specific
Radioactivities by Conjugation to a ***I-Containing Acylating Agent. Biochem. J 1973,
133, 529-539.

(87) Ynak, T.; Akgon, Z.; Yildirim, Y.; Duman, Y.; Erenel, G. Self-
radioiodination of iodogen. Appl. Radiat. Isot. 2001, 54, 749-752.

(88) Fraker, R. J.; Speck, J. C. Protein and cell membrane iodination with a
sparingly soluble chloramide 1,3,4,6-tetrachloro 5,6-diphenylglycouril. Biochem.
Biophys. Res. Commun. 1978, 80, 849-857.

(89) Millar, W. T.; Smith, J. F. B. Protein lodination Using lodogen(R). Int. J.
Appl. Radiat. Isot. 1983, 34, 639-641.

(90)  Antos, J. M.; Francis, M. B. Transition metal catalyzed methods for site-
selective protein modification. Curr. Opin. Chem. Biol. 2006, 10, 253-262.

(91) Yang, M.; Li, J.; Chen, P. R. Transition metal-mediated bioorthogonal
protein chemistry in living cells. Chem. Soc. Rev. 2014, 43, 6511-6526.

(92) Dumas, A.; Spicer, C. D.; Gao, Z.; Takehana, T.; Lin, Y. A.; Yasukohchi,
T.; Davis, B. G. Self-liganded Suzuki-Miyaura coupling for site-selective protein
PEGylation. Angew. Chem. Int. Ed. Engl. 2013, 52, 3916-3921.

(93) Spicer, C. D.; Davis, B. G. Palladium-Mediated Site-Selective Suzuki-
Miyaura Protein Modification at Genetically Encoded Aryl Halides. Chem. Commun.
2011, 47, 1698-1700.

(94)  Spicer, C. D.; Triemer, T.; Davis, B. G. Palladium-Mediated Cell-Surface
Labeling. J. Am. Chem. Soc. 2012, 134, 800-803.

(95) Hauke, S.; Best, M.; Schmidt, T. T.; Baalmann, M.; Krause, A.;
Wombacher, R. Two-step protein labeling utilizing lipoic acid ligase and Sonogashira
cross-coupling. Bioconjug. Chem. 2014, 25, 1632-1637.

(96) Li, J.; Lin, S.; Wang, J.; Jia, S.; Yang, M.; Hao, Z.; Zhang, X.; Chen, P. R.
Ligand-free palladium-mediated site-specific protein labeling inside gram-negative
bacterial pathogens. J. Am. Chem. Soc. 2013, 135, 7330-7338.

(97) Li, N.; Lim, R. K. V.; Edwardraja, S.; Lin, Q. Copper-Free Sonogashira
Cross-Coupling for Functionalization of Alkyne-Encoded Proteins in Aqueous Medium
and in Bacterial Cells. J. Am. Chem. Soc. 2011, 133, 15316-153109.

(98) Li, N.; Ramil, C. P.; Lim, R. K.; Lin, Q. A genetically encoded alkyne
directs palladium-mediated protein labeling on live mammalian cell surface. ACS Chem
Biol 2015, 10, 379-384.

(99) Ourailidou, M. E.; Dockerty, P.; Witte, M.; Poelarends, G. J.; Dekker, F.
J. Metabolic alkene labeling and in vitro detection of histone acylation via the aqueous
oxidative Heck reaction. Org Biomol Chem 2015, 13, 3648-3653.

(100) Ourailidou, M. E.; van der Meer, J. Y.; Baas, B. J.; Jeronimus-Stratingh,
M.; Gottumukkala, A. L.; Poelarends, G. J.; Minnaard, A. J.; Dekker, F. J. Aqueous
oxidative Heck reaction as a protein-labeling strategy. Chembiochem. 2014, 15, 209-212.

35



Chapter 1: Introduction

(101) Antos, J. M.; Francis, M. B. Selective Tryptophan Modification with
Rhodium Carbenoids in Agueous Solution. J. Am. Chem. Soc. 2004, 126, 10256-10257.

(102) Antos, J. M.; McFarland, J. M.; lavarone, A. T.; Francis, M. B.
Chemoselective Tryptophan Labeling with Rhodium Carbenoids at Mild pH. J. Am.
Chem. Soc. 2009, 131, 6301-6308.

(103) Lin, Y. A.; Chalker, J. M.; Davis, B. G. Olefin metathesis for site-
selective protein modification. Chembiochem. 2009, 10, 959-9609.

(104) Lin, Y. A.; Chalker, J. M.; Floyd, N.; Bernardes, G. J. L.; Davis, B. G.
Allyl Sulfides Are Privileged Substrates in Aqueous Cross-Metathesis: Application to
Site-Selective Protein Modification. J. Am. Chem. Soc. 2008, 130, 9642-9643.

(105) Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling Reactions
of Organoboron Compounds. Chem. Rev. 1995, 95, 2457-2483.

(106) Suzuki, A. Recent advances in the cross-coupling reactions of
organoboron derivatives with organic electrophiles, 1995-1998. J. Organomet. Chem.
1999, 576, 147-168.

(107) Johansson Seechurn, C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V.
Palladium-catalyzed cross-coupling: a historical contextual perspective to the 2010 Nobel
Prize. Angew. Chem. Int. Ed. Engl. 2012, 51, 5062-5085.

(108) Qjida, A.; Tsutsumi, H.; Kasagi, N.; Hamachi, 1. Suzuki coupling for
protein modification. Tetrahedron Lett. 2005, 46, 3301-3305.

(109) Brustad, E.; Bushey, M. L.; Lee, J. W.; Groff, D.; Liu, W.; Schultz, P. G.
A genetically encoded boronate-containing amino acid. Angew. Chem. Int. Ed. Engl.
2008, 47, 8220-8223.

(110) Polshettiwar, V.; Decottignies, A.; Len, C.; Fihri, A. Suzuki-Miyaura
cross-coupling reactions in aqueous media: green and sustainable syntheses of biaryls.
ChemSusChem 2010, 3, 502-522.

(111) Gao, Z.; Gouverneur, V.; Davis, B. G. Enhanced Aqueous Suzuki—
Miyaura Coupling Allows Site-Specific Polypeptide 18F-Labeling. J. Am. Chem. Soc.
2013, 135, 13612-13615.

(112) Wang, Y. S.; Russell, W. K.; Wang, Z.; Wan, W.; Dodd, L. E.; Pai, P. J.;
Russell, D. H.; Liu, W. R. The de novo engineering of pyrrolysyl-tRNA synthetase for
genetic incorporation of L-phenylalanine and its derivatives. Mol Biosyst 2011, 7, 714-
717.

(113) Sonogashira, K.; Tohda, Y.; Hagihara, N. A Convenient Synthesis of
Acetylenes: Catalytic Substitutions of Acetylenic Hydrogen with Bromoalkenes,
lodoarenes, and Bromopyridines. Tetrahedron Lett. 1975, 16, 4467-4470.

(114) Chinchilla, R.; Najera, C. Recent advances in Sonogashira reactions.
Chem. Soc. Rev. 2011, 40, 5084-5121.

(115) Doucet, H.; Hierso, J. C. Palladium-based catalytic systems for the
synthesis of conjugated enynes by sonogashira reactions and related alkynylations.
Angew. Chem. Int. Ed. Engl. 2007, 46, 834-871.

(116) Kodama, K.; Fukuzawa, S.; Nakayama, H.; Sakamoto, K.; Kigawa, T.;
Yabuki, T.; Matsuda, N.; Shirouzu, M.; Takio, K.; Yokoyama, S.; Tachibana, K. Site-
specific functionalization of proteins by organopalladium reactions. Chembiochem. 2007,
8, 232-238.

(117) Whitcombe, N. J.; Hii, K. K.; Gibson, S. E. Advances in the Heck
chemistry of aryl bromides and chlorides. Tetrahedron 2001, 57, 7449-7476.

36



Chapter 1: Introduction

(118) Heck, R. F. The palladium-catalyzed arylation of enol esters, ethers, and
halides. A new synthesis of 2-aryl aldehydes and ketones. J. Am. Chem. Soc. 1968, 90,
5535-5538.

(119) Heck, R. F. Acylation, methylation, and carboxyalkylation of olefins by
Group VI metal derivatives. J. Am. Chem. Soc. 1968, 90, 5518-5526.

(120) Kodama, K.; Fukuzawa, S.; Nakayama, H.; Kigawa, T.; Sakamoto, K.;
Yabuki, T.; Matsuda, N.; Shirouzu, M.; Takio, K.; Tachibana, K.; Yokoyama, S.
Regioselective carbon-carbon bond formation in proteins with palladium catalysis; new
protein chemistry by organometallic chemistry. Chembiochem. 2006, 7, 134-139.

37



Chapter 2

Site-Selective and Direct Electrophilic C-F

Bond Formation on Proteins



Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

2.1 Introduction

2.1.1 Methods for C-F Bond Formation

2.1.2 Fluorination Tools in Biology

2.2 A Novel “Tag-and-Modify” Approach for Direct Electrophilic
Protein Fluorination

2.3 Site-Selective [**F]-Radiolabelling of Proteins for Preclinical Animal
Studies

2.4 Direct Electrophilic Aromatic Fluorination of Proteins

2.5 Conclusion

2.6 Experimental

2.7 Bibliography

39




Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

2.1 Introduction

The aim of this chapter is to investigate a novel concept of direct electrophilic protein
fluorination through “Tag-and-Modify” approach and is applicable to direct [*°F]-
radiolabelling of proteins for a preclinical animal study.

2.1.1 Methods for C-F Bond Formation

Several chemical methods for fluorination have been developed and are useful in
application in a number of organic syntheses involving the formation of fluorinated
natural products or pharmaceutical molecules'®. The fluorination reaction can be
essentially classified into two reaction classes depending on the polarity of the X-F bond;
nucleophilic fluorination and electrophilic fluorination. Currently, a variety of powerful
fluorinating agents are commercially available for use in each fluorination reaction type
(Figure 2.1)424>7,

( Nucleophilic FIuorination)

F
F |_F
F F

I
o s HCO o~ -5
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Figure 2.1 Useful fluorinating agents suitable for nucleophilic or electrophilic
fluorination reactions’?*>".

1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis (tetrafluoroborate) (F-
TEDA-BF,4), known as Selecfluor bis(tetrafluorborate), is used as an strongly

electrophilic fluorine source, and this commercially available reagent is stable, non-toxic
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and also suitable for some reactions performed in aqueous systems*’®. For example,
treatment of estrone with Selectfluor bis(tetrafluoroborate) in an aqueous medium gave a
10p-fluorinated-1,4-estradiene-3,17-dione  (Scheme 2.1)*°. The reaction of this
fluorinating reagent with a cinchona alkaloid has also been demonstrated, affording a

cinchona alkaloid N-fluoroammonium salts that was useful for subsequent catalytic

enantioselective fluorination'*?,
— H
o) ¢l o)
‘NL 98F, + -
[ Nt 4 BF,
/ F ¥
F
> MeO
H,0, 60 °C
HO 73% o
Estrone Fluorinated estradienedione

Fluorinated Cinchona alkaloid

Scheme 2.1 Use of Selectfluor bis(tetrafluoroborate) for electrophilic fluorination
reactions of small molecules®*2,

2.1.2 Fluorination Tools in Biology

There are several different ways to introduce fluorine atoms to a protein of interest,
which use either direct or indirect fluorination methods***®. Budisa and co-workers
reported the biosynthetic incorporation of monofluorinated variants of phenylalanine,
tyrosine and tryptophan into a non-glycosylated mutant of Candida antarctica lipase B
(CalB N74D) using P. pastoris auxotrophic strains for each respective amino acid
analogue (Figure 2.2)™. Incorporation of each fluorinated analogue was achieved and

confirmed by LC-MS analysis.

: :OH F
F

HN™ "CO,H H,N” ~CO,H

5-Fluorotryptophan m-Fluorotyrosine p-Fluorophenylalanine

Figure 2.2 Biosynthetic incorporation of monofluorinated analogues into CalB N74D".
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Furthermore, we have previously demonstrated site-specific *°F or [®F]-labelling of a
model protein SBL-156Arl with para-'°F or [*®F]-radioactive phenylboronic acid through
aqueous Suzuki-Miyaura reaction in the presence of the efficient Pd catalyst (Scheme
2.2)*. The radiolabelled SBL was confirmed by both UV and radioactive HPLC profiles,
leading to the first Pd-catalysed incorporation of an [*®F]-radiosynthetic compound into

the protein.

P p
o ()

() ['®F]

A . N
’,5»)‘;‘37 156 \©\ ' ); '4/ 156
o "'z,,\a,/\@\ B(OH)z 9 w N O
! k_-l’ ¢ P A

‘\Q .3 \/(\1 7 ! Q“}'J ‘/(\, ﬁ

.
18 L g— ®
- > 18
v/ ¢ N7 NH, | PA(OAc), [ ['8F]
‘Q 4 ) | 2
! 2
L3
SBL-156Ar-I 3] ['8F]-radiolabelled SBL

37 °C, 30 min (2-5 %RCY)

Scheme 2.2 [*°F]-labelling of SBL-156Arl via Suzuki-Miyaura cross-coupling®.

A useful strategy for [*®F] atom incorporation into either peptides or proteins is now
widely used for radiopharmaceutical and in vivo [**F]-PET imaging purposes®®®. An
[*®F]-labelled annexin V was prepared from the reaction of N-succinimidyl 4-
[*®F]fluorobenzoic acid with the multiple lysine side-chains of wild-type annexin V
(Scheme 2.3)**%°. Annexin V is well-known as an apoptosis biomarker, which can detect
cell-death phenomena®2°. For example, in vivo imaging of an animal model induced by
intravenous injection of cycloheximide (CXM) showed a higher uptake of [‘*F]-

radiolabelled annexin V as compared to an untreated animal®

. Whilst such a simple
[*8F]-labelling of proteins through nucleophilic attack of lysine residues can be achieved,
the method still requires a prosthetic group for the [*3F]-labelled molecules, and the non-

specificity of the labelling method may lead to interference with protein function.

d.} 15 min, RT, pH 8.5

>0 A’
N
Annexin V H
[18F] n

['8F]-radiolabelled Annexin V
Scheme 2.3 [18F]-radiolabelling of wild-type annexin V using N-succinimidyl 4-
[*8F]fluorobenzoic acid®?®,
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2.2 A Novel “Tag-and-Modify” Approach for Direct Electrophilic
Protein Fluorination

Prior work in our group showed successful direct fluorination of small molecules using
our “Tag-and-Modify” approach. We then moved forward to a set of model proteins
including Np276, Qbeta, and Histone (H3) to study novel method for direct C-F bond
formation on proteins. A particular focus of this thesis was the study of a biologically
functional protein, Annexin V (ANV), and its application as a biomarker for apoptosis.
The wild-type ANV contains a single cysteine residue (C316), which can be chemically
modified to Dehydroalanine (Dha). The use of Dha as a protein tag has been developed
by our group, and this tag facilitates site-selective protein modification by nucleophilic
attacks (from various nucleophiles e.g. thiosugar, thiophosphate) at pre-defined Dha sites
from cysteines®°. There are several methods for the introduction of fluorine atoms into
proteins using either direct or indirect labelling. However, some methods suffer from a
lack of selectivity and show a loss of protein function after non-specific protein labelling.
In proof-of-concept work, we have demonstrated the novel concept of direct, fast, and
site-selective C-F bond formation on proteins, resulting in the creation of new C-F bonds

at Dha-sites with minimal perturbation of protein function and structure (Scheme 2.4).

” "
Tag-and-Modify Approachj X=H ;Dfa (Imine)
/—Cl = OH ; Hfa (Hemiaminal)
[NJ (20TH)
BrBr
DBHDA Selectfluor
Protein Tag (Dha) Formation Novel Protein Fluoriantion
Protein of Interest Dehydroalanine (Dha) Fluorinated Protein
0 Cl o
w“ m_/( (1/_ 1%
: H,N 20T N 4) N-acyliminium OH
N J\KLL S | trapping
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H o (Selectfluor bis(triflate)) I o o
(V Imine
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'd N\
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T S0 N> g, @4/ :@
Sl WJ BED
e ¥ Yo,
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J

Scheme 2.4 A novel concept of direct electrophilic C-F bond formation of proteins
through “Tag-and-Modify” approach.
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Initially, treatment of wild-type ANV(C316) with dithiothreitol (DTT) as a reducing
agent cleaved a disulfide bond to give a monomer prior to the bis-alkylation elimination
of a free cysteine. After DTT treatment, we attempted to prepare the Dha-containing
protein for investigation of the fluorination reaction by treatment of the reduced cysteine
with 2,5-dibromohexanediamide (DBHDA) as an alkylating agent. However, LC-MS
analysis showed no Dha formation onto ANV (Figure 2.3), possibly due to the
inaccessibility of the cysteine residue which is buried in a helix portion of the protein
(Figure 2.4).
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316%"( 2D 316\\ﬁ'{ )
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[0 g Q}ﬁ%%‘ 2. O 0 N 9,,;‘5’% &
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Figure 2.3 ESI-MS spectrum of wild-type ANV(C316) after attempted Dha formation by
use of DBHDA as an alkylating agent.

1
20000 22000

Figure 2.4 X-ray crystal structure (RCSB PDB-1ANW) shows a cysteine residue of
wild-type ANV buried in helices (red highlighted).
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Unfortunately, several attempts of Dha formation onto ANV in mild conditions failed.
Reactions performed in denaturing conditions were envisioned as one possible way to
solve this problem in order to increase the accessibility of the Dha reaction site. Thus,
wild-type ANV(C316) was treated with DBHDA under denaturing conditions (3M
GdmcCl, pH 8.0). It was found that ANV(Dha316) completely formed, and was detected
by LC-MS with the observed peak of Dha (MW: 35773 Da) corresponding to its
calculated mass (MW: 35771 Da) (Figure 2.5).
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Figure 2.5 ESI-MS spectrum of wild-type ANV(C316) treated with DBHDA in
denaturing conditions.

Unfortunately, despite the improved reaction conversion, subsequent refolding of
ANV(Dha316) failed completely. Thus, we considered increasing the temperature as an
alternative, mildly unfolding condition. A slight increase of temperature from 37 to 45 °C
showed that ANV(Dha316) was successfully formed, and confirmed by LC-MS (Figure
2.6).
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Figure 2.6 ESI-MS spectrum of wild-type ANV(C316) treated with DBHDA at 45°C.

To confirm installation of the Dha tag, we carried out two chemical control experiments.
Treatment of ANV(Dha316) with 2-mercaptoethanol (8-ME) indeed showed a f-ME
adduct formed by nucleophilic attack of thiol (5-ME) on Dha. On the other hand, no
disulfide bridge formation of ANV(Dha316) after DTNB treatment was detected by LC-

MS, confirming the absence of any remaining cysteine (Figure 2.7).
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Figure 2.7 ESI-MS spectrum of f-ME adduct confirmed by treatment of ANV(Dha316)
with f-ME and DTNB as chemical controls.

After bis-alkylation/elimination of the wild-type annexin V, ANV(Dha316) was used as a
starting material for an initial study of protein fluorination reactions. A chemical method
for direct C-F bond formation onto protein was initially investigated by treatment of
ANV(Dha316) with Selectfluor bis(triflate) (0.5-2.0 equiv.), resulting in the formation of
a mixture of fluorinated products (Dfa/Hfa) detected by LC-MS (Table 2.1).
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General conditions: a). ANV(Dha316) in NaH,PO, (50 mM, pH 8) and Selectfluor bis(triflate) in
acetone at 42 °C for 15 min unless otherwise indicated. b). Calculated by LC-MS.

Table 2.1 Optimisation of fluorination reactions of ANV(Dha316) using Selectfluor
bis(triflate) as a fluorinating agent.
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Figure 2.8 ESI-MS spectra of fluorinated ANV from reactions of ANV(Dha316) treated
with 0.5-2.0 equiv. Selectfluor bis(triflate) as a fluorinating agent.
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We further investigated chemoselectivity between the Dha-tagged ANV and the wild-
type ANV by reactions of either ANV(Dha316) or ANV(C316) with 20 equiv.
Selectfluor bis(triflate) (Scheme 2.5). Unfortunately, the fluorinated protein was not
clearly detected by LC-MS analysis which generated a complex ESI-MS spectrum. The
fluorinated annexin V was alternatively characterised by SDS-PAGE, western blot, CD
and MSMS, which clearly showed the protein was not degraded. When analysed by
MSMS, it was found that ANV(Dha316) showed a preferential chemoselectivity over
wild-type ANV by the detection of the corresponding fluorinated ANV (Dfa/Hfa). In the
case of wild-type annexin V, a methionine-oxidised product was the major product
observed by MSMS, and the fluorinated tyrosine was also shown at a low level of
detection based on comparative expectation values. (See experimental details, Table
2.5).
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Scheme 2.5 A chemoselectivity comparison of Dha-tagged ANV and wild-type ANV.

A mixture of the fluorinated products was further examined by MSMS analysis,
indicating that formation of dehydrofluoroalanine (Dfa) on the protein backbone was
found on the desired peptide (ALLLLCGEDD) (Figure 2.9). Furthermore,
hydroxyfluoroalanine (Hfa) existing in an equilibrium based on our proposed mechanism
(Scheme 2.4) was also detected, which showed the desired modification at Dha316

(Figure 2.9). As a side reaction, some methionine residues were oxidised by Selectfluor
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bis(triflate), but these oxidised products had no major effect on the protein function (See

a following session).
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Figure 2.9 Peptide fragmentation (ALLLLCGEDD) shows modification sites of either
Dfa or Hfa using Mascot and Biolynx software, respectively.

Biologically, ANV acts as a biomarker for cell-death detection, and shows specific
binding to phosphatidylserine (PS), which allows movement from the inner to the outer
cellular membranes caused by apoptosis®®°. For apoptosis experiments, we used Alexa
Fluoro™488 NHS ester as a fluorescent dye, propidium iodide (P1) as a nuclei staining
dye (a marker for dead cells), and actinomycin D as an apoptosis inducer. In order to test
its activity, fluorescent labelling of a mixture of the fluorinated annexin V was
successfully conducted by lysine modification of ANV(Dfa/Hfa316) with Alexa
Fluoro™488 NHS ester (See experimental details, Figure 2.41). The fluorescently-
labelled ANV (Dfa/Hfa316) was used to investigate its binding activity to PS in the outer
membrane, resulting in observation of green fluorescent signals on HEK293 cells’ outer
cellular membranes (Figure 2.10). This ANV(Dfa/Hfa316) (I1) showed a similar trend of
the binding activity as compared to wild-type ANV (I) with a fluorescent tag. Two

control experiments were used to investigate selectivity. The first control (111) showed no
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binding of the labelled ANV(Dfa/Hfa316) on cellular membrane when apoptosis was not
induced by actinomycin D in HEK293. The latter control (1V) also showed no binding
affinity of the labelled fluorinated ANV, after all apoptotic HEK293 cells were blocked
by pre-treatment with non-fluorescently-labelled wild-type ANV prior to addition of the
labelled ANV(Dfa/Hfa316). According to the apoptosis experimental results, it was
found that the chemically modified annexin V still remained its protein function post

chemical fluorination reactions.

Wild-type

Hfa/Dfa

Control

Blocking

Figure 2.10 Fluorescent images of apoptosis detection in HEK293 cells treated with
fluorescently-labelled ANV(wild-type and Dfa/Hfa316). Channel A = bright field;
Channel B = AlexaFluor™488-labelled ANV (WT or Hfa/Dfa); Channel C = propidium
iodide (PI); Channel D = merged Channels (A+B+C or B+C); Scale bar = 50 um. (I)
AlexaFluor™488-labelled WT-ANV (6 pg), Actinomycin D, and PI. (11) AlexaFluor™
488-labelled Dfa/Hfa (6 pg), Actinomycin D and PI. (I11) AlexaFluor ™488-labelled
Dfa/Hfa (6 pg) and PI (negative control of (Il) with no Actinomycin-D). (IV) Pre-
incubation with unlabelled WT-ANV (27 ng), Actinomycin-D and PI followed by
addition of AlexaFluor"™488-labelled Dfa/Hfa (4.5 pg).

50




Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

2.3 Site-Selective [**F]-Radiolabelling of Protein for Preclinical Animal
Studies

We were able to extend our new protein fluorination concept to [*F]-radiolabelling of
proteins as late-stage fluorination. As previously described, ANV(Dha316) used as a
substrate was treated with [®F]-Selectfluor bis(triflate) directly generated from a reaction
of Selectfluor precursor with [*®F]F,*® A reaction was then performed at 42 °C for 15
min prior to purification by simple desalting columns. After desalting, the [*°F]-labelled
ANV was analysed by a radio-HPLC showing a protein peak labelled by [**F]-
radioactive Selectfluor bis(triflate). The wild-type ANV was also treated with radio-
Selectfluor bis(triflate) as a control, resulting in no formation of [*®F]-labelled ANV
detected by the radio-HPLC (Figure 2.11). This result supports chemoselectivity for Dha

residues over any naturally occurring residues of the wild-type protein.
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Figure 2.11 A comparison between [**F]-radiolabelling of ANV(Dha316) and
ANV/(C316) shows a preferential labelling of the Dha-tag over the wild-type evidenced
by each radio-HPLC profile.

The application of this methodology in a preclinical animal study was demonstrated by in
vivo imaging of cell-death detection through positron emission tomography (PET)
imaging. The radioactivity of the purified radiotracer was measured and subsequently
injected intravenously, leading to imaging of cell-death in liver treated with
cycloheximide as a potent inducer of apoptosis (Figure 2.12). For blocking experiments

as a control, excess non-radiolabelled annexin V was directly injected to mature rats pre-
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treated by cycloheximide. After 1 h incubation, the [‘®F]-radiolabelled annexin V was

next injected to visualise cell-death in liver tissue (Figure 2.12). In this control, lower

binding of the radiolabelled annexin V was observed at cellular surfaces of the injured

liver comparable to direct injection of the radiolabelled tracers, due to pre-treatment with

non-radiolabelled protein. According to the plot, it clearly showed an increase binding

caused by apoptosis, which could be blocked by pre-treatment of excess wild-type

annexin V. This demonstrated that this novel method is both straightforward and useful

in the [*®F]-radiolabelling of proteins without structural disruption.
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Figure 2.12 2D time-course [*®F]-PET imaging of the apoptosis detection of cell-death in
liver injured by pre-treatment of cycloheximide as a potent apoptotic inducer. This plot
shows an increased binding with direct injection of the [*®F]-radiotracer (ANV)(blue
curve), which was reduced by cycloheximide-treated animals with excess amount of non-

radiolabelled tracers (red curve).
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2.4 Direct Electrophilic Aromatic Fluorination of Protein

As previously mentioned, we observed a low level of tyrosine fluorination upon
treatment of wild-type annexin V with Selectfluor (as a control), although the
predominant reaction in this case was methionine oxidation, possibly due to the elevated
temperature. We reasoned that we could optimise this process towards direct
electrophilic aromatic fluorination reactions on non-Dha-containing proteins, thus
providing an alternative fluorination manifold to the previously discussed Dha-
fluorination. The wild-type ANV contains 12 tyrosine residues, allowing the use of this
protein as a model study of tyrosine fluorination. New C-F bonds formation at tyrosine
residues was successfully observed upon treatment of wild-type ANV with Selectfluor
bis(tetrafluoroborate) (Table 2.2). A mixture of fluorinated products consisting of

difluorotyrosine and oxidised methionine was observed by LC-MS and MSMS analysis.

OH / 4—Cl = OH
I, [{ﬁvj 2BF, - \\I
2 :t‘g:,' “’)‘ J ‘ 12 F ; K&\"‘V‘ LoF o Jiza
}".,_:‘:g §‘“\V§ _“c’}% (1,5,10, 20 equiv. ) ¥ }""_:.; §*¢‘§ ¥ ;J”v
K g @ AE > N @ AE
=52 ) 5 % 50 mM NaH,PO,, pH 8.0, - %{v’ 6%
>0 rt, 20 min >0
MW 35805
Entry ANV Selectfluor Reaction Product conversion (%)"
(wild-type)  bis(tetrafluoroborate) conditions?
(equiv.) (equiv.) ]
1 1 1 25 C, 20 min SM (82)
diF-Tyr (18)
2 1 5 25 °C, 20 min diF-Tyr (91)
diF-Tyr + Met(O) (9)
3 1 10 25 °C, 20 min diF-Tyr (90)
diF-Tyr + Met(O) (10)
3 1 20 25 °C, 20 min diF-Tyr (72)

diF-Tyr + Met(O) (18)

General conditions: a). ANV (wild-type) in NaH,PO, (50 mM, pH 8) and Selectfluor
bis(tetrafluoroborate) in H,O at 25 °C for 20 min unless otherwise indicated; SM: starting
material. b). Calculated by LC-MS. Met(O) = Methionine-oxidised products

Table 2.2 Optimisation of tyrosine fluorination of wild-type ANV using 1-20 equiv.
Selectfluor bis(tetrafluoroborate) as a fluorinating agent.
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Figure 2.13 ESI-MS spectrum of wild-type ANV treated with 1 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.14 ESI-MS spectrum of wild-type ANV treated with 5 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.15 ESI-MS spectrum of wild-type ANV treated with 10 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.16 ESI-MS spectrum of wild-type ANV treated with 20 equiv. Selectfluor
bis(tetrafluoroborate).
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After protein modification, the function of the fluorinated annexin V was examined for
apoptosis detection. Fluorescent labelling of both wild-type and fluorinated annexin
V(diF-Tyr) was accomplished by treatment of wild-type and fluorinated proteins with 30
equiv. FITC (Figure 2.17). The FITC-labelled proteins were then purified by fluorescent

dye removal columns, prior to cell-death detection experiments.
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Figure 2.17 ESI-MS spectrum of fluorinated ANV (diF-Tyr) labelled with 30 equiv.
FITC dye.

%
l

To confirm whether modified proteins are still active after fluorination reactions, we have
demonstrated apoptosis detection. All fluorescent images of apoptotic-induced HEK293
cells were acquired by treatment of cells with fluorescent proteins/dyes prior to imaging
using a confocal laser scanning microscope (Figure 2.18). All active modified proteins
showed fluorescent signals from apoptotic-induced HEK 293 cells (inducer: actinomycin
D). Entries (I-111), the wild-type and fluorinated ANV (treated by 5 and 20 equiv.
Selectfluor bis(tetrafluorborate)) showed both green (proteins) and red (nuclei)
fluorescent signals, but the entry (1V) as a control showed no signals due the absence of
actinomycin D. According to the blocking experiment, entry (V) revealed only red
fluorescent signals from pre-treated cells by actinomycin D and subsequent non-

fluorescent labelled wild-type ANV. Similarly to a previous study, this method also had
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no influence on protein function. The modified annexin V after fluorination reaction was

still active.

Wild-type

Wild-type
(5 equiv. F)

Control Wild-type
(20 equiv. F*)

Blocking

Figure 2.18 Fluorescent images of apoptosis detection in HEK293 cells treated with
fluorescently-labelled ANV (wild-type and diF-Tyr): Channel A = bright field; Channel B
= propidium iodide (PI); Channel C = FITC-labelled ANV (WT or diF-Tyr); Channel D
= merged channels (A+B+C); Scale bar = 50 um. (I) FITC-labelled WT-ANV (4.4 ng),
Actinomycin D, and Pl. (II) FITC-labelled ANV (treated by 5 equiv. Selectfluor
bis(BF,), diF-Tyr) (4.4 ng), Actinomycin D and PI. (111) FITC-labelled ANV (treated by
20 equiv. Selectfluor bis(BF;), diF-Tyr) (4.4 ug) Actinomycin D and PI. (IV) FITC-
labelled ANV (treated by 5 equiv. Selectfluor bis(BF,), diF-Tyr) (4.4 pg) and PI (negative
control of (I1) with no Actinomycin D). (V) Pre-incubation with unlabelled WT-ANV (27
ug), Actinomycin D and PI; followed by addition of the FITC-labelled ANV (treated by
5 equiv. Selectfluor bis(BF,), diF-Tyr) (4.4 ug).
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2.5 Conclusion

In conclusion, our “Tag-and-Modify” approach enables direct C-F bond formation at pre-
chemically installed sites (Dha) onto proteins of interest. A modified annexin V
(Dha316) was used as a model protein to show fluorination on a protein backbone with
minimal perturbation of wild-type structure. Based on this strategy, we were able to
develop an efficient method for the [‘®F]-radiolabelling of annexin V, thus enabling in
vivo apoptosis detection of cell-death in liver by [**F]-PET imaging. This novel approach
shows the first report of direct, rapid and chemoselective incorporation of C-F bonds on
protein, with applications for late-stage fluorination as well as application of real-time
imaging of biologically-relevant processes. Furthermore, we are able to extend this
methodology to create new C(sp?)-F bonds on accessible tyrosine residues of the wild-

type annexin V through direct chemoselective electrophilic aromatic fluorination.

(Late-Stage Fluorination Technology through "Tag-and-Modify" Approachj
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Scheme 2.5 Two novel strategies for protein fluorination through a “Tag-and-Modify”
approach as well as direct electrophilic aromatic fluorination for C-F bond formation of
proteins.
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2.6 Experimental
Direct Electrophilic C-F Bond Formation of Annexin V at Dha-Site

2.6.1 Expression of Wild-type Annexin V*’

The protein expression of wild-type annexin V was initially started from the
transformation of the plasmid DNA, pET12a PAPI, (1 pL, conc. 150 ng/pL) into
Novagen E.coli BL21/(DE3) singles competent cells. A single colony of annexin V
bacterial cells was picked up and grown in 10 mL of LB media as a small starting culture
containing ampicillin (100 pg/mL). This starting culture was incubated at 37 °C
overnight, and was then used to inoculate 1 L of LB media containing ampicillin (100
pg/mL). Cell cultures were incubated at 37 °C until an optical density value (ODggo ~0.6-
0.7) was observed. The protein expression was induced by addition of 1 mM IPTG, and
was further incubated at 37 °C for 4 h. After the incubation periods complete, the cell
cultures were harvested by centrifugation (7,000 rpm, 10 min, 4 °C). The cell pellet was
re-suspended in 40 mL of TBS buffer (50 mM Tris.HCI, 150 mM NacCl, pH 8.0), and was
then centrifuged (7,000 rpm, 10 min, 4 °C). The cell pellet was re-suspended in 40 mL of
CaCl, buffer (50 mM Tris.HCI, 10 mM CaCl,, pH 7.2), and was then lysed with a
combination of DNase (5 mg) and EDTA-free protease inhibitor cocktail (0.5 tablet). The
cell suspension was gently shaken at 4 °C for 10 min on the rocking shaker, then
sonicated (3 x 2 min), and the cell debris was harvested by centrifugation (20,000 rpm,
20 min, 4 °C). The supernatant was gently decanted and further discarded. The cell pellet
was re-suspended in 20 mL of EDTA buffer (50 mM Tris.HCI, 20 mM EDTA, pH 7.2),
and was then centrifuged (20,000 rpm, 20 min, 4 °C). The supernatant was collected and
filtered through a 0.45 pm membrane filter, and was then dialysed with 3 x 2 L of Tris
buffer (20 mM Tris.HCI, pH 8.0) at 4 °C overnight. The dialysed solution was purified
by anion exchange column chromatography by running a gradient between buffer A (20
mM Tris.HCI, pH 7.8) and buffer B (20 mM Tris.HCI, 500 mM NacCl, pH 7.8) to afford
the purified protein. This protein was then concentrated and ultrafiltered using a vivaspin
column concentrator with a 10,000 Da MW cut-off membrane (3,750 rpm, 15 min, 4 °C).
The protein was then filtered through a 0.20 um membrane filter, and dialysed with 4 x 1
L of HEPES-Na buffer (20 mM HEPES-Na, 100 mM NaCl, pH 7.4) at 4 °C. The final

58



Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

concentration of the purified protein was calculated as 33.6 mg/L using a NanoDrop
1000 Azgo spectrophotometry. Annexin V was further filtered through a 0.20 pm
membrane filter, then aliquoted into 20 x 200 pL of aliquots which were flash frozen
with liquid nitrogen and stored at -80 °C for further manipulation. The desired protein
was analysed by LC-MS spectrometry (Calc: 35805 Da (Met-truncation) and Obs: 35805
Da), and further structural analysis was done using circular dichroism (CD) spectrometry.
The secondary structure of this protein was found to contain a pattern of a-helices, and its

melting temperature (Tr,,) was approximately 50 °C.
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Figure 2.19 SDS-PAGEs and FPLC chromatogram show purification of wild-type
annexin V expressed in E.coli BL21 (DE3), CD spectrum of the wild-type annexin V
(conc. 0.5 mg/mL in 50 mM NaH,PO, pH 8.0) and its melting temperature, T, =50 °C.

Sequence of Wild-type Annexin V

MAQVLRGTVT DFPGFDERAD AETLRKAMKG LGTDEESILT LLTSRSNAQR QEISAAFKTL
FGRDLLDDLK SELTGKFEKL IVALMKPSRL  YDAYELKHAL KGAGTNEKVL TEIIASRTPE
ELRAIKQVYE EEYGSSLEDD VVGDTSGYYQ RMLVVLLQAN RDPDAGIDEA QVEQDAQALF
QAGELKWGTD  EEKFITIFGT RSVSHLRKVF DKYMTISGFQ IEETIDRETS GNLEQLLLAV
VKSIRSIPAY LAETLYYAMK GAGTDDHTLI RVMVSRSEID  LFNIRKEFRK  NFATSLYSMI
KGDTSGDYKK  ALLLLCGEDD
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Figure 2.20 ESI-MS spectrum of wild-type annexin V expressed from E.coli
BL21(DEJ).

Control : Ellman’s Reagent (DTNB) Addition
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An aliquot of wild-type annexin V (C316) (4.19 nmol, 1.50 mg/mL, 100 uL) in 50 mM
NaH,POy, pH 8.0 was treated with a solution of DTNB in DMSO (0.419 umol, 8.3 pL
from a stock solution, conc. 20 mg/mL), and the reaction mixture was shaken at room
temperature for 1 h. The protein was purified using a vivaspin column concentrator with
a 10,000 Da MW cut-off membrane (9x times) loading fresh 50 mM NaH,PO,, pH 8.0
each time. The purified protein was analysed by LC-MS spectrometry (Calc: 36002 Da
and Obs: 36005 Da).
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Figure 2.21 SDS-PAGE and ESI-MS spectrum of wild-type annexin VV(C316) treated
with 100 equiv. DTNB.

2.6.2 Dehydroalanine (Dha) Formation of the Annexin V(C316)

SH
316&,; 3 316\ 9
L™ Y- 50 equiv. DTT 8 /Y
S ‘*“;‘Qa o RT, 20 min &%a&a s
H»T“*:\)’ é; = ‘u:‘?/,/%@ > "»T“':« N w N‘V/JD
N L @A g o NF g @A
v d
2 ge | O K )
0 2 BrBr NH, S0
(500 equiv.)
MW 35805 50 mM NaH,PO,, pH 8.0, MW 35771

45°C, 1 h 40 min

An aliquot of wild-type annexin V(C316) (48.3 nmol, 1.92 mg/mL, 0.9 mL) in 50 mM
NaH,PQO,, pH 8.0 was treated with a solution of DTT in H,O (2.42 pmol, 43 pL from a
stock solution, (8.6 mg/mL), and the reaction mixture was shaken at room temperature
for 20 min. A solution of DBHDA in DMF (24.2 pmol, 9 x 5.4 pL from a stock solution,
conc. 150 mg/mL) was added to each aliquot of the protein mixture (9 x 100 pL), then
was vortexed briefly. Each reaction mixture was allowed to shake at 45 °C for 1 h 40

min. After the reactions complete, each sample was combined and collected as an aliquot

61



Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

(10 pL) which was analysed by LC-MS spectrometry (Calc: 35771 Da and Obs: 35773
Da). The protein was purified using a vivaspin column concentrator with a 10,000 Da

MW cut-off membrane (9x times) loading fresh 50 mM NaH,PQO,, pH 8.0 each time.
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Figure 2.22 SDS-PAGE and ESI-MS spectrum of wild-type annexin VV(C316) treated
with 500 equiv. DBHDA.

Control: Ellman’s Reagent (DTNB) Addition

CO,H
NO,
HO,C S<
o
) :‘l%; ‘—'/;"‘ N » O,N
W) 00D oY 100 equiv.
'g“:"' e =% J\Q) (100 equiv) »  No reaction
KBS = & HS
@ =N
S é 4 50 mM NaH,PO,, pH 8.0,
>0 RT,1h
MW 35771

An aliquot of annexin V (Dha316) (4.33 nmol, 1.55 mg/mL, 100 pL) in 50 mM
NaH,PQO,, pH 8.0 was treated with a solution of DTNB in DMSO (0.433 pmol, 8.6 pL
from a stock solution, conc. 20 mg/mL), and was shaken at room temperature for 1 h.
The protein was purified using a vivaspin column concentrator with a 10,000 Da MW
cut-off membrane (9x times) loading fresh 50 mM NaH,PQO,4, pH 8.0 each time. The
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purified protein was analysed by LC-MS spectrometry (Calc: 35771 Da and Obs: 35771
Da).
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Figure 2.23 SDS-PAGE and ESI-MS spectrum of annexin V (Dha316) treated with 100
equiv. DTNB.

Control: 2-Mercaptoethanol (#-ME) Addition

4
316N\ ¢ © oH 316%; .
BT v S BT
5 _&Q - é&"x:aj, )J® excess - 3} g&x\gj‘) ¥

K "o @z a5 L, BT @RS

=2 - O 50 mM NaH,PO,, pH 8.0, 23° &

A ®)] rt,2 h >0

MW 35771 MW 35848

An aliquot of annexin V(Dha316) (0.81 nmol, 1.45 mg/mL, 20 pL) in 50 mM NaH,PO,,
pH 8.0 was mixed with a solution of 2-mercaptoethanol (5-ME) (1.0 pL) by vortexing
briefly. The reaction mixture was allowed to shake at room temperature for 2 h. An

aliquot (5 puL) was directly analysed by LC—MS spectrometry (Calc: 35848 Da and Obs:
35850 Da).
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Figure 2.24 SDS-PAGE and ESI-MS spectrum of annexin V (Dha316) treated with
excess p-ME.

2.6.3 Direct Electrophilic Fluorination Reactions of Annexin V

Fluorination of the Annexin V(Dha316)

X = H (Dfa)
Cl
ﬁl,f _ F = OH (Hfa)
N LN 2011 X
316 39 B F 316 Ng )
2> 4Y- RN
) FERS=OF ~ . ) peo= 0¥
> N0~ A (0.5, 1.0, 2.0 equiv. ) e 0~ _f
A - Sep6 3PS
B Ty &2 aS 50 mM NaH,PO,, pH 8.0 Ny ‘Q}:f,,g A
=5e] é ) 42°C, 15 min QS )
B0 >0
MW 35771 MW 35789 (Dfa)
MW 35807 (Hfa)

Each aliquot of annexin V(Dha316) (8.67 nmol, 1.55 mg/mL, 200 pL) in 50 mM
NaH,PQO,, pH 8.0 was mixed with a solution of Selectfluor bis(triflate) in acetone (4.34,
8.67, 17.3 nmol, 1.0, 2.0, 4.1 puL from a stock solution, conc. 2.0 mg/mL) by vortexing
briefly. After 15 min of shaking at 42 °C, each aliquot was analysed by LC-MS
spectrometry (Dfa; Calc: 35789 Da and Obs: 35789 Da, Hfa; Calc: 35807 Da and Obs:
35808 Da) after desalting by vivaspin column concentrators with a 10,000 Da MW cut-
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off membrane (6x times) loading fresh 50 mM NaH,PO,, pH 8.0 each time. Protein

samples were flash frozen with liquid nitrogen and stored at —80 °C.

Entry ANV(Dha316) Selectfluor Reaction Results (Da) Product
(equiv.) bis(triflate) conditions? conversion (%)°
(equiv.)
1 1.0 0.5 42 °C, 15 min 35772 (Dha) 63
35790 (Dfa) 27
35809 (Hfa) 13
2 1.0 1.0 42 °C, 15 min 35771 (Dha) 42
35789 (Dfa) 39
35808 (Hfa) 19
3 1.0 2.0 42 °C, 15 min 35770 (Dha) 14
35788 (Dfa) 34
35805 (Hfa) 34

General conditions: a). ANV(Dha316) in NaH,PO, (50 mM, pH 8) and Selectfluor bis(triflate) in

acetone at 42 °C for 15 min unless otherwise indicated. b). Calculated by LC-MS.

Table 2.3 Optimisation of fluorination reactions of ANV(Dha316) using Selectfluor
bis(triflate) as a fluorinating agent.

.
12345

1 = Wild-type ANV
2 = Dha-ANV
3 = Dha-ANV + 0.5 equiv. Selectfluor
4 = Dha-ANV + 1.0 equiv. Selectfluor
5 = Dha-ANV + 2.0 equiv. Selectfluor

Figure 2.25 SDS-PAGE of wild-type annexin V (C316), annexin V(Dha316), and
annexin V(Dha316) treated with 0.5, 1.0, and 2.0 equiv. Selectfluor bis(triflate),

respectively.
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Figure 2.26 ESI-MS spectrum of annexin V (Dha316) treated with 0.5 equiv. Selectfluor

bis(triflate).
CRL336572 137 (2.334) TOF MS ES+
100 145
®
[If . i e T T e T T T . RN SUN S S A a
700 " 500 000 1000 1100 1200 1300 " 1450 " 1500 1800 1700 1800 1900 | 2000 ' 2100 2200 2300 2400
CRIL336572 137 (2.334) D TOF MS ES+
38771 1.80e3
100+ Calculated mass : 35771 Da  Calculated mass : 35789 Da  Calculated mass : 35807 Da .
Observed mass : 35771 Da Observed mass : 35789 Da  Observed mass : 35808 Da
F F
OH
N . N
316 (Vo8 316 ey (,),_ 316 V)
Es (5 = ) | > é’/A
mass

20000 22000 24000 26000 28000 30000 32000 34000 36000 38000

Figure 2.27 ESI-MS spectrum of annexin V (Dha316) treated with 1.0 equiv. Selectfluor
bis(triflate).
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Figure 2.28 ESI-MS spectrum of annexin V (Dha316) treated with 2.0 equiv.
Selectfluor bis(triflate).

Fluorination of the Annexin V(Dha316)

(] ,—Cl X = H (Dfa)
(N% _ F = OH (Hfa)
N\ pAs 20Tf K"‘
316\ )) ¥ 36N
" 8 ol /Y
) W . ) pER O
e (20 equiv.) — s 200 L
&g:‘\:‘,' g "\Va v) > p e A\E_‘E‘)J’é
N *,,c,( & 50 mM NaH,PO,, pH 8.0 b\',y - el A
Q) é@\ 42 °C, 15 min %,;3 é\%
0O
MW 35771 MW 35789 (Dfa)
MW 35807 (Hfa)

An aliquot of annexin V(Dha316) (8.67 nmol, 1.55 mg/mL, 200 uL) in 50 mM NaH,PO,,
pH 8.0 was mixed with a solution of Selectfluor bis(triflate) in acetone (173 nmol, 7.5 pL
from a stock solution, 11.0 mg/mL) by vortexing briefly. After 15 min of shaking at 42
°C, an aliquot was analysed by LC-MS spectrometry after desalting by a vivaspin
column concentrator with a 10,000 Da MW cut-off membrane (6 x times) loading fresh
50 mM NaH,PO,, pH 8.0 each time. The LC-MS showed a complex ESI-MS spectrum,
which was then further investigated by MS/MS analysis. Dfa and Hfa were observed on
the desired peptide (ALLLLCGED), and some methionine-oxidised products were also

found. A protein sample was flash frozen with liquid nitrogen and stored at —80 °C.
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Figure 2.29 SDS-PAGE of wild-type annexin V(C316), annexin V(Dha316), and
annexin V(Dha316) treated with 20 equiv. Selectfluor bis(triflate).
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Figure 2.30 Peptide fragmentation of Dfa (C-316) ALLLLCGEDD analysed by Mascot
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Figure 2.31 Peptide fragmentation of Hfa (C-316) ALLLLCGEDD analysed by Biolynx.
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Control: Fluorination of Wild-type Annexin V(C316)

SH (\ ,—cCl i{
K N [NJ 2071
1) . ¥ AY
a5 AR e
A W\ v (20 equiv. ) }9‘. \ @»&s‘»‘a +4 y
P e & V*’}\@ . TSP E S
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N é\ v 42°C, 15 min N S
&0 /0 02
MW 35805 MW 35837

An aliquot of wild-type annexin V(C316) (6.79 nmol, 1.62 mg/mL, 150 pyL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of Selectfluor bis(triflate) in acetone (136
nmol, 5.9 pL from a stock solution, conc. 11.0 mg/mL) by vortexing briefly. After 15
min of shaking at 42 °C, each aliquot was analysed by LC-MS spectrometry (Calc:
35837 Da and Obs: 35840 Da) after desalting by a vivaspin column concentrator with a
10,000 Da MW cut-off membrane (6 x times) loading fresh 50 mM NaH,PQO,4, pH 8.0
each time. Also, MSMS analysis showed a majority of methionine-oxidised products,
and also detected a monofluorinated tyrosine product. The purified protein sample was
flash frozen with liquid nitrogen and stored at —80 °C.
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Figure 2.32 SDS-PAGE and ESI-MS spectrum of wild-type annexin V(C316) treated
with 20 equiv. Selectfluor bis(triflate).
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Figure 2.33 Peptide fragmentation of oxidised methionine (M-28) AMKGLGTDEESIL
TLLTSR analysed by Mascot database.

2.6.4 Proteins Characterisation

Circular Dichroism (CD) Spectroscopy
Each protein sample (200 pL) was prepared at a concentration of 0.5 mg/mL in 50 mM
NaH,PO,, pH 8.0, transferred into a quartz cuvette (1.0 mm path length, Starna

scientific) and analysed by CD spectroscopy. Parameters on the Chirascan CD

spectrometer were as follows;

1. Millidegrees 4. Sampling

- Absorbance - Time per point (s) 1.000

- Auto PM - Current Time per point (s) 1.000
2. Temperature (°C) 25.0 5. Baseline
3. Wavelength - 50 mM NaH,PQq4, pH 8.0

- Low 195.0 nm

- High 300.0 nm

- Step 1.0
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Figure 2.34 A comparison of circular dichroism (CD) spectra of wild-type annexin
V(C316), annexin V(Dha316), and annexin V(Dha316) treated with 2 and 20 equiv.
Selectfluor bis(triflate), respectively.

Western Blotting Analysis
(See general experimental considerations in appendix)

Entry Antibodies Blocking agent  Dilution  Conditions
Anti-Human Annexin V monoclonal BSA in TBST 1:20,000 1h, RT
antibody produced in mouse
1 (Primary) 1gG2a
Anti-Mouse IgG (whole molecule) BSAiInTBST  1:20,000 1h, RT
alkaline phosphatase antibody produced in
goat (Secondary)
Anti-Human Annexin V monoclonal BSA in TBST 1:20,000 1h, RT
antibody produced in mouse
2 (Primary)lgG1
Anti-Mouse IgG (whole molecule) BSAiInTBST  1:20,000 1h, RT

alkaline phosphatase antibody produced in

goat (Secondary)

BCIP/NBT used as an alkaline phosphatase substrate.
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Figure 2.35 Western blot of wild-type and modified annexin V (Dha, 2equiv.F*_Dha,
and 20equiv.F*_Dha) stained by both anti-human annexin V monoclonal antibody
produced in mouse (primary antibody) and anti-mouse IgG alkaline phosphatase
antibody produced in goat (secondary antibody).

Peptide Mapping of Fluorinated Annexin V (Dfa/Hfa316)
(See general experimental considerations in appendix)
Fluorinated Annexin V (Dfa/Hfa316):
Annexin V (Dha316) treated with 20 equiv. Selectfluor bis(triflate).

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence

1 41.2 1044.5332 1044.5139 9.8x 10" Cys — Dfa ALLLLCGEDD
(C-316)

2 68.9 2050.0616 2050.0647 6.4x 10° Oxidation AMKGLGTDEESI
(M-28) LTLLTSR

3 54.1 1142.6845 1142.6893 35x10° Oxidation LIVALMKPSR
(M-85)

4 105.8 1817.8506  1817.8508 2.1x10™  Oxidation YMTISGFQIEETI
(M-214) DR

5 77.8 1748.8695 1748.8670 5.1x10°® Oxidation SIPAYLAETLYY
(M-259) AMK

6 71.9 1289.6326 1289.6330 2.1x 107 Oxidation NFATSLYSMIK
(M-299)

Table 2.4 Peptide fragmentation of Dfa (C-316) ALLLLCGEDD and methionine-
oxidised products (M-28, M-85, M-214, M-259, M-299) analysed by Mascot database.
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Figure 2.36 Peptide fragmentatlon of Dfa and Hfa (C-316) ALLLLCGEDD analysed by
Mascot and Biolynx, respectively.

Methionine-Oxidised Annexin V:
Wild-type annexin V (C316) treated with 20 equiv. Selectfluor bis(triflate).

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence

1 116.6  2050.0616  2050.0616 2.2x10™"  Oxidation =~ AMKGLGTDEESI
(M-28) LTLLTSR

2 105.0 1817.8507  1817.8506 1.7x10™  Oxidation YMTISGFQIEETI
(M-214) DR

3 90.6  1748.8654  1748.8695 5.9x10°  Oxidation SIPAYLAETLYY
(M-259) AMK

4 100.0 2112.9684  2112.9674 4.2x10™  Oxidation NFATSLYSMIKG
(M-299) DTSGDYK

5 422  2437.2167  2437.1999  0.00021 Fluoro KVFDKYMTISGF
(Y-213) QIEETIDR

Table 2.5 Peptide fragmentation of methionine-oxidised products (M-28, M-214, M-259,
M-299) and monofluorotyrosine (Y-213) analysed by Mascot database.
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Figure 2.37 Peptide fragmentation of oxidised methionine (M-28) AMKGLGTDEESIL
TLLTSR analysed by Mascot database.
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After fluorination (ANV (Dha316) treated with 2 and 20 equiv. Selectfluor bis(triflate)),

each set of fluorinated proteins (Dfa/Hfa316) was incubated at different temperature (-80,

4, 25, and 37 °C). After a completion of incubation period, each protein aliquot was

further run on SDS-PAGE, it showed no hemiaminal cleavage onto protein backbone.
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Figure 2.38 SDS-PAGES show protein stability of the fluorinated ANV (2equiv.F" and
20 equiv. F*_Dha) comparable to wild-type ANV performed at different temperature.
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2.6.5 Fluorescent Labelling of the Annexin V

Labelling of Wild-type Annexin V(C316) with Alexa Fluor™ 488 NHS Ester Dye

oY AY- 8
) RSO ) RS OF
S WA 1/ Wy 20 X
i . (Alexa Fluor 488) A ~ e Y\ o
S 6 3D - L6 3P
(L g . golo g (10, 30 equiv.) By = g€ 350 ¢ N
\:" 6 4 50 mM NaH,PO,, pH 8-9 S L4 H
O rt,1h Y‘O n
MW 35805 MW 36320 (n = 1xAlexa Fluor)

MW 36835 (n = 2xAlexa Fluor)
MW 37350 (n = 3xAlexa Fluor)
MW 37865 (n = 4xAlexa Fluor)
MW 38380 (n = 5xAlexa Fluor)

Each aliquot of wild-type annexin V in 50 mM NaH,PO, (7.21 nmol, 1.29 mg/mL, 200
ulL) was added 10 uL freshly prepared 1 M NaHCOg solution, then followed by addition
of a solution of Alexa Fluor™ 488 NHS ester dye in DMSO (72.1, 216 nmol, 4.6, 13.9
uL from a stock solution, conc. 10.0 mg/mL). Each reaction mixture was incubated at
room temperature for 1 h, then unconjugated dyes were removed by dye removal
columns (according to the Thermo Scientific’s instruction). The fluorescent-conjugated
annexin V was observed by either LC-MS analysis (10 equiv. Alexa Fluor™ 488 NHS
ester dye) or SDS-PAGEs visualised by both visible and UV light (365 nm). Protein

samples were flash frozen with liquid nitrogen and stored at —80 °C.

Entry ANV(C316)  Alexa Fluor™ 488 Reaction Results (Da)
(equiv.) NHS ester dye conditions?
(equiv.)

1 1 10 RT,1h 36324 (1x)
36840 (2)
37356 (3x)
37873 (4x)
38389 (5x)

2 1 30 RT,1h ND.

General conditions: a). ANV(C316) in NaH,PO, (50 mM, pH 8) and Alexa Fluor™ 488 dye

in DMSO at 25 °C for 1 h unless otherwise indicated. ND. = Not Detectable

Table 2.6 Fluorescent labelling of wild-type ANV(C316) with 10 or 30 equiv. Alexa
Fluor™ 488 NHS ester dye.
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3 2 = Wild-type ANV + 10 equiv. Alexa Fluor 488 dye
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5 = Wild-type ANV + 30 equiv. Alexa Fluor 488 dye (UV)
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Figure 2.39 SDS-PAGE of wild-type annexin V treated with 10 and 30 equiv. Alexa
Fluor™ 488 NHS ester dye detected by visible and UV light (365 nm).
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Figure 2.40 ESI-MS spectrum of wild-type annexin V treated with 10 equiv. Alexa
Fluor™ 488 NHS ester dye.
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Labelling of Fluorinated Annexin V(Dfa/Hfa) with Alexa Fluor™ 488 NHS Ester
Dye

X = H (Dfa) NH
FX = OH (Hfa) F 2 2n
X
K] . /\/\l\/NHZI kl
43 8- V8
a8 21 o QY
) g O3 ) RO
N N0~ B A N0
; }c.,w:* é-' \:9__6 $ )@ (Alexa Fluor 488) ; »g“;;' §»~x:§( 4 )V@
i,é? K ]}‘;,Jv @\‘\' (10 equiv.) )\;f ‘la ﬁ;"y @\"
—d
(S (% =-4) o/
} 50 mM NaH,PO,, pH 8-9 Y
0 rt,1h 0

Fluorinated Annexin V Fluorescent labelled Annexin V

Each aliquot of fluorinated annexin V (2 equiv. F* and 20 equiv. F*_Dha) in 50 mM
NaH,PO, (6.87, 6.26 nmol, 1.23, 1.12 mg/mL, 200 pL) was added 10 pL freshly
prepared 1 M NaHCOjs solution, then followed by addition of a solution of Alexa Fluor™
488 NHS ester dye in DMSO (68.7, 62.6 nmol, 4.4, 4.0 uL. from a stock solution, conc.
10.0 mg/mL). Each reaction mixture was stirred at room temperature for 1 h, then
unconjugated dyes were removed by dye removal columns (according to the Thermo
Scientific’s instruction). The LC-MS showed complex ESI-MS spectra, which were then
further investigated by SDS-PAGE and Western blot. The fluorescent-conjugated
annexin V run on SDS-PAGEs was visualised by visible and UV light. Protein samples

were flash frozen with liquid nitrogen and stored at —80 °C.

Entry ANV(Dfa/Hfa316)  Alexa Fluor'™ 488 Reaction Results (Da)
(equiv.) NHS ester dye conditions®
(equiv.)
1 1 10 RT,1h ND.

(2 equiv. F*_Dha)

2 1 10 RT,1h ND.
(20 equiv. F*_Dha)

General conditions: a). ANV(Dfa/Hfa316) in NaH,PO, (50 mM, pH 8) and Alexa Fluor™ 488

dye in DMSO at 25 °C for 1 h unless otherwise indicated. ND. = Not Detectable

Table 2.7 Fluorescent labelling of wild-type ANV(Dfa/Hfa316) with 10 equiv. Alexa
Fluor™ 488 NHS ester dye.
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SDS-PAGE Western blot
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2 = Dha-ANV (2equiv. F*) +10 equiv. Alexa Fluor 488 dye
III 3 = Dha-ANV (20equiv. F*) + 10 equiv. Alexa Fluor 488 dye
4 = Dha-ANV (2equiv. F*) +10 equiv. Alexa Fluor 488 dye (UV)
5 = Dha-ANV (20equiv. F*) + 10 equiv. Alexa Fluor 488 dye (UV)
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Figure 2.41 SDS-PAGEs of fluorinated ANV (2 equiv. F" and 20 equiv. F*_Dha) treated
with 10 equiv. Alexa Fluor™ 488 NHS ester dye and detected under visible and UV light
(365 nm), and Western blot of the fluorescently-labelled fluorinated ANV (2 equiv. F*
and 20 equiv. F*_Dha) using anti-human annexin V monoclonal antibody.

1 2 3

2.6.6 Biological Activity of Wild-type and Modified Annexin V

Investigation of the In Vitro Apoptosis Assay

HEK 293 cells were grown in 20 mL of dulbecco’s modified eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) and a 1% mixture of streptomycin and
penicillin. A HEK 293 cells suspension (1 mL) was diluted in 10 mL media, then
incubated at 37 °C for 3 days. After the incubation period complete, a suspension of HEK
293 cells (100 pL) was diluted with 200 pL fresh DMEM media for each well of slide
chamber (8 x wells), then continuously incubated at 37 °C overnight. HEK 293 cells
were apoptotic-induced by a solution of actinomycin D in DMSO (10 pL, conc. 1.0
png/mL) and incubated at 37 °C for 30 min. Cells were washed with cold-PBS buffer (200
ML), then re-suspended in 200 puL of annexin-binding buffer (10 mM HEPES-Na, 140
mM NaCl, and 2.5 mM CaCl,, pH 7.4). Each cell suspension was stained by Alexa
Fluor™488-labelled annexin V (WT_ANV, 2equiv. F*_Dha, and 20equiv. F* Dha) (6
Mg, conc. 1.5-2.0 mg/mL) and a solution of propidium iodide (PI) in PBS buffer (10 uL,
conc. 100 pg/mL). For a blocking experiment, apoptotic-induced HEK 293 cells were
pre-treated by an excess amount of the non-fluorescent labelled wild-type ANV (27 ug,
conc. 9.0 mg/mL) for 5-10 min at room temperature, and subsequently treated with both
Pl and Alexa Fluor™488-labelled wild-type ANV or fluorinated ANV. The cell

suspension was allowed to incubate at room temperature for 15 min in the dark, washed
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twice with annexin-binding buffer (200 L), then cell samples were observed by a

confocal laser scanning microscopy (LEICA).

Proteins/Dyes Act-D Pl
Entry Remarks
(C =1.5-2.0 mg/mL) (2.0 pg/mL) | (100 pg/mL)
1 Alexa Fluor™ 488 WT_ANV (6 ug) 10 pL 10 pL Late apoptosis
2 Alexa Fluor™ 488 2eqF Dha (6 pg) 10 pL 10 pL Late apoptosis
3 Alexa Fluor™ 488 20eqF Dha (6 pg) 10 pL 10 pL Late apoptosis
4 Alexa Fluor™ 488 WT_ANV (6 ug) - 10 pL Control: Apoptosis not induced
5 Alexa Fluor™ 488 2eqF_Dha (6 pg) - 10 pL Control: Apoptosis not induced
6 Alexa Fluor™ 488 20eqF _Dha (6 ug) - 10 pL Control: Apoptosis not induced
7 - - - Control: Live cells
8 - 10 pL 10 uL Control: Necrotic cells
9
Alexa Fluor™ 488 dye (6 ug) - - Control: Non-specific binding
10 ™ S
Alexa Fluor™ 488 dye (6 ug) 10 uL 10 uL Control: Non-specific binding
11 o Control: Live/dead cells
Fluorescein diacetate dye (6 pg) - 10 uL o
staining
12 WT_ANV (27 pg) + _ _
™ 10 pL 10 pL Blocking experiment
Alexa Fluor™ 488 WT_ANV (4.5 ug)
WT_ANV (27 pg) + _ _
13 ™ 10 pL 10 pL Blocking experiment
Alexa Fluor™ 488 2eqF _Dha (4.5 ug)
WT_ANV (27 pg) + _ _
14 ™ 10 uL 10 uL Blocking experiment
Alexa Fluor™ 488_20eqF _Dha (4.5 ug)

The incubation period for apoptotic induction was at 37 °C for 0.5h. ANV = Annexin V, WT = Wild-type,
2egF_Dha/ 20 egF_Dha = Fluorinated Annexin V, Act-D = Actinomycin D, Pl = Propidium iodide,

Table 2.8 Apoptotic detection experiments of HEK 293 cells induced by actinomycin D
and subsequtnely stainned by fluorescent-labelled ANV and PI.

1. Wild-type ANV labelled with Alexa Fluor™ 488 dye (Entry 1)
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2. Fluorinated ANV (2equiv.F*_Dha) labelled with Alexa Fluor™ 488 dye
(Entry 2)

3. Fluorinated ANV (20equiv.F*_Dha) labelled with Alexa Fluor™ 488 dye
Entry 3)

5. Fluorinated ANV (2equiv.F*_Dha) labelled with Alexa Fluor™ 488 dye,
control (Entry 5)

| ‘3—}.4_/‘_{.'4\}\
o,
- [\\} N ‘;\‘: } ‘s_
e AR e
NA\EE pe Nl
i LN | AN
6. Fluorinated ANV (20equiv.F*_Dha) labelled with Alexa Fluor™ 488 dye,
~control (Entry 6)
. T 3
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7. Live cells (Entry 7)
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8. Necrotic cells (Entry 8)
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12. Non-labelled wild-type ANV, and wild-type ANV labelled with Alexa
Fluor™ 488 dye, blocking experiment (Entry 12)

13. Non-labelled wild-type ANV, and fluorinated ANV (2 equiv. F*_Dha)
labelled with Alexa Fluor™ 488 dye, blocking experiment (Entry 13)

¥\ | %
3 %
) .’\‘ \f:) r‘h‘":
¥ - 3"‘\}—;\7‘,~’5 Ve %
£ > ¢ Sl ‘. ) ‘.‘“.“\‘\’;’_‘
= Ny = > ',‘41'_." i
N S
LA
B 570 § G5
L@l A2
~ ==Y e Rl .»J')/
EIT)

| W ST 4 = EIm o pond Be
~ LFY

14. Non-labelled wild-type ANV, and fluorinated ANV (20 equiv. F*_Dha)
labelled with Alexa Fluor™ 488 dye, blocking experiment (Entry 14)

Figure 2.42 Fluorescent images of apoptotic-induced HEK 293 cells using a confocal
laser scanning microscopy (LEICA) and scale bar 50 um : channel | = bright field,
channel 11 = fluorescent-labelled annexin V or dye, channel Il = propidium iodide (PI),
and channel IV = merged channels I+11+H1/11+111.
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2.6.7 [*®*F]-Radiolabelling of the Annexin V using [®F]-Selectfluor bis(Triflate)
(Performed by Dr. Anna Kirjavainen, Dr. Sarita Forsback, Prof. Olof Solin: Turku PET
Centre, and Dr. Matthew Schombs: Department of Chemistry, University of Oxford.)

Radiosynthesis of [*®F]-Selectfluor bis(Triflate) followed a procedure which was reported

by Gouverneur and co-workers*®.

[°F]-Radiolabelling of the Annexin V (Dha316)

Cl
—N4_ 18
A\ [NL? 20Tf
316 1y 18¢ 316 o
o AY- F 4% aY-
W.‘:\ )\ ) L;I;Qa y (20 equiv.) 1":“5 ’ ‘;’;\'\
y \2g A . . wY \ SN %
» 6.‘ Y - <\ VA
~>Tvg.,’?‘_v - u—?"%\\@ »Tw:* e 3“”?@
Ny = @ od:\— 50 mM NaH,PO,, pH 8.0 ey —‘Q}Q_Jg @e«
o ) 42 °C, 15 min \‘,‘ 9]
>0 (RCY 0.4 %) &0
Annexin V(Dha316) [lsF]-labelled Annexin V

An aliquot of annexin V (Dha316) (20.27 nmol, 1.45 mg/mL, 500 uL) in 50 mM
NaH,PO,, pH 8.0 was mixed with a solution of [‘®F]-Selectfluor bis(triflate) in acetone
(405.4 nmol, 16.2 pL from a stock solution, conc. 2.0 umol, 80 puL) by vortexing briefly.
After 15 min of shaking at 42 °C, the reaction mixture was desalted by a PD 10 minitrap
G-25 column pre-equilibrated with PBS buffer, pH 7.3. Each protein fraction (200 uL)
was collected in eppendorf tubes, then analysed by RP-HPLC with both UV and
radioactivity detectors.

| UV-HPLC

-1 Radio-HPLC

e

Figure 2.43 UV and radio-HPLC profiles of annexin VV(Dha316) treated with 20 equiv.
[*®F]-Selectfluor bis(triflate).
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Control: [*®F]-Radiolabelling of Wild-type Annexin V(C316)

SH ﬁll +/—c1
D -
N 20Tf
316 N\ gt
o AY-
) e O
e _V‘..s‘\‘_x‘a AL (20 equiv.)
Sy © _‘V)JQ - N i
# A n'd > 0 reaction
N Ve A 50 mM NaH,PO,, pH 8.0
oy é o 42°C, 15 min
>

‘Wild-type Annexin V(C316)

An aliquot of wild-type annexin V(C316) (22.34 nmol, 1.60 mg/mL, 500 pL) in 50 mM
NaH,PO,, pH 8.0 was mixed with a solution of [*F]-Selectfluor bis(triflate) in acetone
(446.8 nmol, 17.8 uL from a stock solution, conc. 2.0 pmol, 80 pL) by vortexing briefly.
After 15 min of shaking at 42 °C, the reaction mixture was desalted using a PD 10
minitrap G-25 column pre-equilibrated with PBS buffer, pH 7.3. Each protein fraction
(200 pL) was collected in eppendorf tubes, then analysed by RP-HPLC with both UV
and radioactivity detectors.

| UV-HPLC

- Radio-HPLC

Figure 2.44 UV and radio-HPLC profiles of wild-type annexin V(C316) treated with 20
equiv. ['®F]-Selectfluor bis(triflate).
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Preparation of [*®F]-radiolabelled Annexin V

o
316\4} - lsF'N+ ot 3165,; )
SR . S
CRERY  cmnoiee W e @Ras
>0 A ®)
Annexin V(Dha316) ['8F]-labelled Annexin V
(Same procedure mentioned in section 2.6.7)
Entry  ANV(Dha316) Selectfluor Reaction Radioactivity RCY
(equiv.) bis(triflate) Conditions (MBq) (%)
(equiv.)
1 1 20 42 °C, 15 min 3.38 04
(1.45 mg/mL)
2 1 20 42 °C, 15 min 2.38 0.5
(2.79 mg/mL)
3 1 20 42 °C, 15 min 7.00 0.8
(2.79 mg/mL)
4 1 20 42 °C, 15 min 5.80 0.5
(1.42 mg/mL)
5 1 20 42 °C, 15 min 4.00 0.3
(1.42 mg/mL)
6 1 20 42 °C, 15 min 3.92 0.5
(1.25 mg/mL)
7 1 20 42 °C, 15 min 4.63 0.7
(1.25 mg/mL)
8 1 20 42 °C, 15 min 3.23 0.5
(1.25 mg/mL)
9 1 20 42 °C, 15 min 131 0.1

(1.42 mg/mL)

General conditions: ANV(Dha316) in NaH,PO, (50 mM, pH 8) and [®F]-Selectfluor

bis(triflate) in acetone (c = 2.0 umol) at 42 °C for 15 min, unless otherwise indicated.

Table 2.9 Preparation of [°F]-radiolabelled annexin V by treatment of ANV(Dha316)
with 20 equiv. [‘®F]-Selectfluor bis(triflate).
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Figure 2.45 Radio-HPLC profiles of [‘®F]-radiolabelled annexin V by treatment of
ANV/(Dha316) with 20 equiv. [**F]-Selectfluor bis(triflate).

2.6.8 Preclinical Animal Studies by [**F]-PET Imaging Technique

(Performed by Dr. Alex M. Dickens, Prof. Daniel C. Anthony: Department of
Phramacology, University of Oxford and Prof. Merja Haaparanta-Solin: Turku PET
Centre.)

Adult male SD rats (200-250 g) were anesthetised using 2.5% isoflurane in air. All
animal experiments followed by current EU guidelines were ethically approved by the
Southern board of Finland for animal ethics (ESAVI-2010-04454/Ym-23). An
intravenous injection of cycloheximide (CXM) (10 mg) into animals (h = 4) was
performed to induce the liver injury 4 h prior to imaging. For control model, animals (n =
4) was intravenously injected by saline and left for 4 h prior to in vivo imaging. For the
control studies, an injection of non-radiolabelled annexin V into animals was first carried
out before subsequent injection of the [*®F]-labelled ANV/(Dfa/Hfa). The two animals
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treated by CXM were subjected to a monitor of time-course PET/CT 2D images by
PET/CT scanner during a time period of 60 min. One animal was pre-treated with wild-
type annexin V (on the left) for 30 min, where as, the animal (on the right) received a
vehicle control injection 30 min before straight injection of the [*®F]-labelled annexin V.
According to experiments between control and apoptosis induction, a mixture of [**F]-
labelled ANV/(Dfa/Hfa) (1.73 £ 0.8 MBq) was injected into the lesioned (n=4) or control
animals (n=4). During imaging, one lesioned animal (treated by CXM) died was
therefore excluded from experimental analysis. These PET/CT 3D images were captured
by PET/CT scanner after addition of entire radioactivity in the liver for 45 min. The
uptake of the [*®F]-radiotracer in the liver spherical ROI’s of the same volumes was

quantified, and the average SUV value was also calculated.

0-10 mins 10-20 mins 20-30 mins

Non-lesioned

30-40 mins 40-50 mins 50-60 mins

7.82 x 104 MBq/mL 2.38 x 105\ Bg/mL i
Low binding High binding

L =blocked by ANV + I8F-ANY, R = straight 1SF-ANV
20000 —e— AnV binding 15000
—=— Blocked AnV binding p—
5 2 10000{ _——
a Q
= 3
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? #5000
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0 1000 2000 3000 4000 Saline  Cycloheximide

Time/s

Figure 2.46 Time-course PET/CT 2D images of a comparative study of the apoptosis
detection of cell-death liver injured by injection of CXM (L = blocking, R = straight
injection) and PET/CT 3D images between CXM-treated and untreated animals. The plot
shows an increased binding with direct injection of the [*®F]-radiotracer (ANV) (blue
curve), which was reduced by CXM-treated animals with excess amount of cold tracer
(red curve). Comparison binding of [**F]-radiotracer in CXM-treated and untreated
animals
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Direct Electrophilic Aromatic Fluorination of Wild-type Annexin V

2.6.9 Fluorination of Wild-type Annexin V using Selectfluor bis(tetrafluoro borate)

OH (1 —Cl OH
(NE
879 [IN+\7 2BF, s
4%/ A%) 4%/ A9)
Qe || 12 F ) acad D SY Foo i
}Q"- ) & ‘5}% 1,5,10, 20 equi ,99& . 6‘"‘”\\@ o33
. l\'?‘*'b; A K S (131020 equiv.) = ‘."L:\*‘b" - 5/‘?’%@
> QR - KTy @2 e
joe) o) 50 mM NaH,PO,, pH 8.0, o0 é A
>0 rt, 20 min >0
MW 35805 MW 35841 (diF-Tyr)

Each aliquot of wild-type annexin V (4.2 nmol, 1.52 mg/mL, 100 pL) in 50 mM
NaH,POy4, pH 8.0 was mixed with a solution of Selectfluor bis(tetrafluoroborate) in H,O
(4.2, 21, 42, 84 nmol, 0.3, 1.5, 3.0, 6.0 uL from stock solution, conc. 5.0 mg/mL) by
vortexing briefly. After 20 min of shaking at room temperature, each aliquot was
analysed by LC—MS spectrometry (diF-Tyr; Calc: 35841 Da and Obs: 35839 Da) after
desalting by vivaspin column concentrators with a 10,000 Da MW cut-off membrane (8-
9 x times) loading fresh 50 mM NaH,PO,, pH 8.0 each time. Protein samples were flash

frozen with liquid nitrogen and stored at —80 °C.

Entry ANV Selectfluor Reaction Product
(wild-type)  bis(tetrafluoroborate) conditions? conversion (%)°
(equiv.) (equiv.)
1 1 1 25 °C, 20 min SM (82)
diF-Tyr (18)
2 1 5 25 °C, 20 min diF-Tyr (91)

diF-Tyr + Met(O) (9)
3 1 10 25 °C, 20 min diF-Tyr (90)
diF-Tyr + Met(O) (10)

3 1 20 25 °C, 20 min diF-Tyr (72)
diF-Tyr + Met(O) (18)

General conditions: a). ANV (wild-type) in NaH,PO, (50 mM, pH 8) and Selectfluor
bis(tetrafluoroborate) in H,O at 25 °C for 20 min unless otherwise indicated; SM: starting
material. b). Calculated by LC-MS. Met(O) = Methionine-oxidised products

Table 2.10 Optimisation of tyrosine fluorination of wild-type ANV using 1-20 equiv.
Selectfluor bis(tetrafluoroborate) as a fluorinating agent.
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Figure 2.47 ESI-MS spectrum of wild-type annexin V treated with 1 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.48 ESI-MS spectrum of wild-type annexin V treated with 5 equiv. Selectfluor
bis(tetrafluoroborate).

89




Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

CRL348851 132 (2.249) TOF M3 ES+
100 897 ggg 327

854\875 970

854 997 1/025

834 1055
1121
# Tsz i 1196
797,

0 T T T T T T T T T T e e e o o i e = e i e e o Py mfz
800 Q00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
CRL348851 132 (2.249 . TOF MS ES+

(2249) (10 equiv. Selectfluor™) wsai3 +36 e
100+ 35843
Calculated mass : 35841 Da (2xF) on
Observed mass : 35843 Da
435~ F
QL >
= SO 60~ o "
AT o +72
K " & A
[>Yg=2oy 35883
S-S i
o)
35800 360
0 T T T T T T T T T T T T T T T . ey mass
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000

Figure 2.49 ESI-MS spectrum of wild-type annexin V treated with 10 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.50 ESI-MS spectrum of wild-type annexin V treated with 20 equiv. Selectfluor
bis(tetrafluoroborate).
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Figure 2.51 SDS-PAGE of wild-type annexin V treated with 1, 5, 10, and 20 equiv.
Selectfluor bis(tetrafluoroborate), respectively.

Control: Ellman Addition to Fluorinated Annexin V (diF-Tyr)

NO.
HO,C
COH
O,N
F F
S S
SH OH Ss” S OH
316& Dy \ "
2 .’) F NO, 316 » :_‘)) F
COH ) RS OF )

\
N & Y i S\ a0~ Y
»& o) &" :E % J\@ a0 equiv) ’ »T«J\W & x:@y ’J\&)
(02 A vl AS o KBS T @ A
%/; é % 50 mM NaH,PO,, pH 8.0 o0 é 9
0 rt, 1h &0
MW 35841 MW 36038

An aliquot of fluorinated annexin V (5 equiv.F*_ANV) (3.07 nmol, 2.20 mg/mL, 50 pL)
in 50 mM NaH,PO,4 pH 8.0 was mixed with a solution of DTNB in DMSO (307 nmol,
6.1 pL from stock solution, conc. 20 mg/mL) by vortexing briefly. After 1h of shaking at
room temperature, an aliquot was analysed by LC-MS spectrometry (Calc: 36038 Da and
Obs: 36036 Da) after desalting by a vivaspin column concentrator with 10,000 Da MW
cut-off membrane (8-9 x times) loading fresh 50 mM NaH,PO,, pH 8.0 each time. A
protein sample was flash frozen with liquid nitrogen and stored at —80 °C.
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Figure 2.52 SDS-PAGE of fluorinated annexin V (5 equiv.F*_ANV) treated with 100
equiv. DTNB.
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Figure 2.53 ESI-MS spectrum of fluorinated annexin V(diF-Tyr) treated with 100 equiv.
Ellman’s reagent.
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2.6.10 Proteins Characterisation

Circular Dichroism (CD) Spectroscopy

(Same procedure mentioned in section 2.6.4)
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80
BO
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S(4) =20 equiv. F+_WT-ANV
Conc.=0.5mg/mLin50 mM NaPi, pH 8.0

Circular Dichroism (mdeg)

20 \\
WT-ANV .
e 1 equiv, F*_WT-ANV,

p\/ 5, 10, 20 equiv. F*_WT-ANV!

200 210 220 230 240 250 260 270 280 280 300
Vvavelength (nm)

Figure 2.54 A comparison of circular dichroism (CD) spectra of wild-type annexin V,
and wild-type annexin V treated with 1, 5, 10 and 20 equiv. Selectfluor bis
(tetrafluoroborate), respectively.

Western Blotting Analysis
(See general experimental considerations in appendix)

- Blocking _ .
Entry Antibodies ¢ Dilution Conditions
agen

Anti-Human Annexin VV monoclonal BSAiIin TBST 1:20,000 1h RT
antibody produced in mouse
1 (Primary)lgG1
Anti-Mouse IgG (whole molecule) BSAiInTBST 1:20,000 1h, RT
alkaline-phosphatase antibody produced
in goat (Secondary)
BCIP/NBT used as an alkaline phosphatase substrate.
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35
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1 = Wild-type ANV +FITC

2 = Wild-type ANV (5 equiv. F*) +FITC

3 = Wild-type ANV (20 equiv. F*) + FITC

4 = Wild-type ANV +FITC (UV)

5 = Wild-type ANV (5 equiv. F*) + FITC (UV)
6 = Wild-type ANV (20 equiv. F*) + FITC (UV)

15

40 I
» I 1 = Wild-type ANV +FITC

2 = Wild-type ANV (5 equiv. F*) + FITC
20 3 = Wild-type ANV (20 equiv. F*) + FITC

Figure 2.55 SDS-PAGEs and Western blot of wild-type ANV labelled with FITC dye
and fluorinated ANV (diF-Tyr) labelled with FITC.

Peptide Mapping of the Fluorinated Annexin V(diF-Tyr)
(See general experimental considerations in appendix)

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence

1 61.1  2924.1560 2923.2120 1.9x 10° Difluoro  QVYEEEYGSSL
(Y-129)  EDDVVGDTSGY
YQR

2 92.8  2242.0640 2241.0623 12x10°  Oxidation = NFATSLYSMIKG
(M-299)  DTSGDYKK

Table 2.11 Peptide fragmentation of difluoro-Tyr (Y-129) QVYEEEYGSSLEDDVV
GDTSGYYQR and methionine-oxidised product (M-299) NFATSLYSMIKGDTSG
DYKK analysed by Mascot database.
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Figure 2.56 Peptide fragmentation of difluorotyrosine (Y-129) QVYEEEYGSSLEDDV
VGDTSGYYQR analysed by Mascot database.

Protein Stability
(Same procedure mentioned in section 2.6.4)
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Figure 2.57 SDS-PAGES show protein stability of fluorinated ANV (5 equiv.F" and 20
equiv. F*_ANV) comparable to wild-type ANV performed at different temperature.

2.6.11 Fluorescent Labelling of the Annexin V
Labelling of Wild-type Annexin V with Fluorescein Isothiocyanate (FITC) Dye

P : d
S 200 o ) Y . 000
}& - 6"‘)‘},& 7S Y (30 equiv.) . \ @A@ %3 i S
o AN e & - l*'?" S 54/ & JL
Ny g oY o 50 mM NaH,PO,, pH 8-9 L @ S Ny on
5o 6 J rt,1h =) é ) NN
>0 SO )
MW 35805 MW 36194 (n =1 x FITC)

MW 36583 (n =2 x FITC)
MW 36972 (n =3 x FITC)

95



Chapter 2: Site-Selective and Direct Electrophilic C-F Bond Formation on Proteins

An aliquot of wild-type annexin V (9.22 nmol, 1.65 mg/mL, 200 pL) in 50 mM
NaH,POy, pH 8.0 was mixed with a freshly prepared solution of 1 M NaHCOj3 (40 uL)
and a solution of FITC dye in DMSO (276 nmol, 3.56 pL from stock solution, conc. 30
mg/mL) by vortexing briefly. After 1h of shaking at room temperature, an aliquot was
analysed by LC-MS after removal of excess FITC dye using a dye removal column
(according to the Thermo Scientific’s instruction). The purified protein sample was flash
frozen with liquid nitrogen and stored at —80 °C.

Entry ANV FITC Reaction Product
(wild-type) (equiv.) conditions® (Da)
(equiv.)
1 1 30 25 'C, 60 min 35804 (SM)

36194 (1xFITC)
36583 (2xFITC)
36973 (3XFITC)
37362 (4xFITC)

General conditions: a). ANV (wild-type) in NaH,PO, (50 mM, pH 8) and FITC in DMSO at
25 °C for 60 min unless otherwise indicated; SM: starting material.

Table 2.12 Fluorescent labelling of wild-type ANV with 30 equiv. FITC.

225

150
100 ==
75 W

50 W
5 @ = 1= Wild-type ANV
. = 2 = Wild-type ANV + 30 equiv. FITC
5 & 3 = Wild-type ANV + 30 equiv. FITC (UV)

15 -

10

Figure 2.58 SDS-PAGE of wild-type annexin V labelled with 30 equiv. FITC dye under
visible and UV (365 nm) light.
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Figure 2.59 ESI-MS spectrum of wild-type annexin V labelled with 30 equiv. FITC.

Labelling of Fluorinated Annexin V with Fluorescein Isothiocyanate (FITC) Dye

) st B , st S
};‘”‘.‘ @»&x‘a $4 ¥ (30 equiv.) L\ 2
=y ) S S »> )
N g, @E A - 5T o
o o é ) 2} 50 mM NaH,PO,, pH 8-9 > é

] 21
\(‘/@ rt,1h

MW35841 MW 36230 (n =1 x FITC)
MW 36619 (n =2 x FITC)
MW 37008 (n = 3 x FITC)

Each aliquot of fluorinated annexin V (5 equiv. F*_ANV: 9.04 nmol, 1.69 mg/mL, 200
pL and 20 equiv. F*_ANV: 8.93 nmol, 1.60 mg/mL, 200 pL) in 50 mM NaH,PO4, pH 8.0
was mixed with a freshly prepared solution of 1 M NaHCOg3 (40 pL) and a solution of
FITC dye in DMSO (271 nmol (5 equiv. F*_ANV), 3.50 uL and 268 nmol (20 equiv.
F*_ANV), 3.50 pL from stock solution, conc. 30 mg/mL) by vortexing briefly. After 1h
of shaking at room temperature, an aliquot was analysed by LC-MS after removal of

excess FITC dye using a dye removal column (according to the Thermo Scientific’s
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instruction). The purified protein samples were flash frozen with liquid nitrogen and
stored at —80 °C.

Entry ANV FITC Reaction Product
(equiv.) (equiv.) conditions® (Da)
1 1 30 25 'C, 60 min 35838 (SM)
(5equiv. F*_ANV) 36228 (1xFITC)

36616 (2xFITC)
37005 (3xFITC)

2 1 30 25 °C, 60 min 35898 (SM)
(20equiv. F*_ANV) 36289 (1xFITC)
36678 (2xFITC)

General conditions: a). ANV (diF-Tyr) in NaH,PO, (50 mM, pH 8) and FITC in DMSO at 25
°C for 60 min unless otherwise indicated; SM: starting material.

Table 2.13 Fluorescent labelling of the fluorinated ANV with 30 equiv. FITC.

225

150 ==
100
75 -

50 W
1 = Wild-type ANV
B - e 2 =WT-ANV (5 equiv. F*) + 30 equiv. FITC dye
oW Wi
- v ';' 3=WT-ANV (20 equiv. F*) + 30 equiv. FITC dye

25 - 4 = WT-ANV (5 equiv. F*) + 30 equiv. FITC dye (UV)
5=WT-ANV (20 equiv. F*) + 30 equiv. FITC dye (UV)

15 -

10
1 2 .3 EIENGES

Figure 2.60 SDS-PAGE of fluorinated annexin V (5 equiv. F* and 20 equiv. F*_ANV,
respectively) labelled with 30 equiv. FITC fluorescent dye.
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Figure 2.61 ESI-MS spectrum of fluorinated annexin V (5 equiv. F*_ANV) labelled with
30 equiv. FITC.
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Figure 2.62 ESI-MS spectrum of fluorinated annexin V (20 equiv. F*_ANV) labelled
with 30 equiv. FITC.
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2.6.12 Apoptotic Detection of the FITC-labelled Annexin V

(Same procedure mentioned in section 2.6.6)

Entr Proteins/ Dyes Actinomycin D Pl Comments
y (2.2 mg/mL) (1.0 ug/mL) (100 pg/mL)

1 FITC WT_ANV (4.4 ug) 10 uL 10 uL Late apoptosis

2 FITC_5eqF _ANV (4.4 ug) 10 pL 10 pL Late apoptosis

3 FITC_20eqF _ANV (4.4 pg) 10 pL 10 pL Late apoptosis

4 FITC_WT_ANV (4.4 ug) - 10 pL Control : apoptosis not induced

5 FITC 5eqF ANV (4.4 ug) - 10 uL Control : apoptosis not induced

6 FITC_20eqF _ANV (4.4 ug) - 10 uL Control : apoptosis not induced

7 - 10 uL 10 uL Control : necrotic cells

8 FITC (4.4 pg) - - Control : non-specific binding

9 FITC (4.4 pg) 10 uL 10 uL Control : non-specific binding

10 Fluorescein diacetate (4.4 ug) - 10 uL Control : live/dead cells staining
WT_ANYV (unlabelled, 27 pg) . .

11 FITC_WT ANV (4.4 1g) 10 uL 10 uL Blocking experiment
WT_ANYV (unlabelled, 27 pg) . .

12 FITC_5eqF ANV (4.4 jg) 10 uL 10 uL Blocking experiment

13 WT_ANV (unlabelled, 27 1g) 10 uL 10 uL Blocking experiment

FITC_20egF_ANV (4.4 ug)

The incubation period for apoptotic induction was at 37 °C for 1h.

ANV = Annexin V, WT = Wild-type, FITC = Fluorescein isothiocyanate, Pl = Propidium iodide
5eqF ANV /20 eqF_ ANV = Fluorinated Annexin V

Table 2.14 Apoptotic detection of HEK 293 cells induced by actinomycin D and
subsequently stainned by fluorescent-labelled annexin V and PlI.

1. Wild-type ANV labelled with FITC dye (Entry 1)
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3. Fluorinated ANV (20 equiv.F*_ANV) labelled with FITC dye (Entry 3)

5. Fluorinated ANV (5 equiv.F*_ANV) labelled with FITC dye, control (Entry 5)
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8. Non-specific binding — Live cells (Entry 8)

9. Non-specific binding — Dead cells (Entry 9)

11. Non-labelled wild-type ANV, and wild-type ANV labelled with FITC dye, blocking
experiment (Entry 11)

12. Non-labelled wild-type ANV, and fluorinated ANV (5 equiv.F*_ANV) labelled with
FITC dye, blocking experiment (Entry 12)
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13. Non-labelled wild-type ANV, and fluorinated ANV (20 equiv.F*_ANV) labelled with
FITC dye, blocking experiment (Entry 13)

Figure 2.63 Fluorescent images of the apoptotic-induced HEK 293 cells using a confocal
laser scanning microscopy (LEICA) and scale bar 50 um : channel I = bright field,
channel 11 = PI, channel 11l = fluorescent-labelled annexin V or dye, and channel IV =
merged channels I+11+111.
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3.1 Introduction

The aim of this chapter is to investigate new biosynthetic incorporation systems for
introduction of bromotryptophan into the protein and subsequent site-specific protein

modification using aqueous Pd-mediated Suzuki-Miyaura reactions.
3.1.1 Synthesis of Bromotryptophan

The photophysical characteristics of tryptophan (Trp) and its analogues can be used to
investigate many vital protein functions including protein-protein interactions, protein
folding or unfolding mechanisms or ligand binding®. Nagarathnam and Johnson
described a synthesis of 5-bromo-DL-tryptophan (5-Br-Trp) 1 using indole chemistry
(Scheme 3.1)*. The synthesis of 5-Br-Trp 1 proceeded from treatment of 4-
bromophenylhydrazine 2 with 2-ketobutyric acid 3 under acid conditions, affording 5-
bromoindole ethyl ester 4. Subsequent base-promoted decarboxylation, followed by N-
protection and bromination of the resultant species 5, gave corresponding N-protected 3-
bromoethylindole 6. Treatment of 6 with diethyl acetamidomalonate in the presence of
NaH in THF gave the intermediate 7 followed by deprotection and hydrolysis to afford 5-
bromotryptophan 1.

o

L~ ) )
N=NH, 0 3 N 1. NaOH N
_— > )—COEt " o /
Br Br 2. A Br
EtOH, H* . s
2
74% 92%
1)BuLi | 92%
o
1]
O}
1]
o
CO,Et 2)NBS ¥ 96%
H SO,Ph SO,Ph
N 1) NaOH N AcHN” ~CO,Et N
< B S
7 7 NaH, THF 7
Br CO,H  2)H;S0, Br COzEt) ath Br
2 Br
1 7 83% 6
NH, 76% NHAc °

Scheme 3.1 Synthesis of 5-bromotryptophan 1°.

An alternative synthesis of 5-bromo-DL-tryptophan 1, and N-protected 5-bromo-DL-

tryptophan 13, using 5-bromoindole 8 as a precursor was reported by Prasitpan and co-
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workers in excellent yield (Scheme 3.2)°. An alkylation of 5-bromoindole 8 with
hydroxyiminopropanoate 9 gave bromoindolyl ester 10. Reduction of 10 was achieved
using zinc powder under acidic conditions affording tryptophanyl ethyl ester 11. This
amine 11 was used as an intermediate in the formation of 5-bromotryptophan 1 and its N-
protected analogue 13. Formation of target tryptophan 1 was successful after hydrolysis
of amine 11 under basic conditions. Alternatively, Boc protection of the amine followed

by ester saponification gave N-Boc-5-bromo-Trp 13.

B
Zn/HOAc
—_——
Br HON” ~CO,Et 74%

Na,CO;, CH,Cl, H,N” >CO,Et

73%

NaOH
98%
MeOH
H H
N N H
NaOH
) Br «—— ) Br N
MeOH ) Br
BocHN” “CO,H ogy  BOCHN” “CO,Et

Scheme 3.2 Formation of 5-bromotryptophan 1 and its N-protected analogue 13°.

3.1.2 Biosynthetic Incorporation of Tryptophan Analogues into Proteins

Recent advances have described different methods for genetic incorporation of unnatural
amino acids into recombinant proteins using auxotrophic strains, stop codon suppression
or genetic engineering ****°. 5-Hydroxytryptophan (5-OH-Trp) 14 and 7-azatryptophan
(7-Aza-Trp) 15 are Trp analogues which have been previously introduced into bacterial
proteins due to their structural similarity to natural tryptophan located in proteins'™
Hogue and co-workers studied the biosynthetic incorporation of 5-OH-Trp 14 and 7-Aza-
Trp 15 into bacterial proteins, with the tryptophanyl-tRNA synthetase (TrpRS) playing a
key role in the incorporation of these analogues™?. These could be applied to

investigating protein-protein interactions as characteristic fluorescent probes.
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H H
y O
HO 2~
H,N H,N
COH CO,H
14 15

5-Hydroxytryptophan (5-OH-Trp) 7-Azatryptophan (7-Aza-Trp)

Figure 3.1 Structures of 5-hydroxytryptophan 14 and 7-azatryptophan 15.

5-Fluorotryptophan (5-F-Trp) 16 was biosynthetically incorporated into protein J, which
was originally from Salmonella typhimurium, by use of a tryptophan auxotroph with 70%
incorporation efficiency®*. Broos and co-workers described the use of Lactococcus lactis
as an expression host for incorporation of Trp analogues into recombinant proteins®.
Tryptophan auxotrophs of L. lactis were modified by deletion of Trp synthase genes.
This approach allowed the high efficiency of 7-Aza-Trp 15, 5-F-Trp 16 and 5-OH-Trp 14
incorporations (97%, 97% and 89% respectively). 5-Methyltryptophan (5-Me-Trp) 17
was also successfully biosynthetically incorporated into recombinant proteins, with

evidence of incorporation from MALDI-TOF mass spectra, shown in Figure 3.2.

00000000000

100 - 5-OH-Trp 1235.6 Da X= "o /
H,N 14
CO,H
H
100 - N
5-methylTrp 1233.6 Da X = p
1 T Me
17
H,N
CO,H

Rel. intensity (%)

H
101 5FTrp 1237.6 Da N
1 /
50 - X= F "
E . H,N
: COH

0 T e

a H
1007 7.AzaTrp 1220.6 Da Ny N
T - I
50 X= (;8
i 15
. H,N
0 co,

1200 1210 1220 1230 1240 1250 1260

m/z

Figure 3.2 Tryptic fragment of PA6* (natural tryptophan, m/z = 1219.6 Da) with the
incorporation of different Trp analogues and subsequent analysis by MALDI-TOF®. The
figure is adapted with permission by Biochem. J. 2008, 409, 193-198. Copyright 2008
Portland Press.
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Halogenated tryptophan derivatives including 6-bromotryptophan (6-Br-Trp) 18, 6-
chlorotryptophan (6-CI-Trp) 19 and benzothienylalanine (BT) 20 have all been
incorporated into murine dihydrofolate reductase (MDHFR) with 298% fidelity using a
designed phenylalanyl-tRNA synthetase, yPheRS (T415G)*. SDS-PAGE analysis of

mDHFR incorporated with different halogenated tryptophan derivatives is shown in

3RRR

CO,H

Figure 3.3.

(5-BrTrp) (6-BrTrp) (6-CITrp) (BT)

MW  Uninduced &CIW 6BrW

ol i ! a ! ! a
3.0 KDa e
— K q -y =y

21.5 KDa 4 mDHFR_38Am

- (23.3 kDa)

14.4 KDa \_

Figure 3.3 SDS-PAGE analysis of mDHFR incorporated with different Trp analogues™.
The figure is adapted with permission by J. Am. Chem. Soc. 2007, 129, 10431-10437.
Copyright 2007 American Chemical Society.

3.1.3 Suzuki-Miyaura Cross-Coupling Reaction of Proteins

Previous work in our group has led to the development of an efficient Pd-pyrimidine
catalyst, [L1],Pd(OAc),, which is generated from treatment of 2-amino-4,6-
dihydroxypyrimidine with sodium hydroxide and addition of palladium acetate (Scheme
3.3)21%. This catalyst is useful in the Suzuki-Miyaura cross-coupling of amino acids and

proteins in fully agueous media.

HO NaQ NaO

=N NaOH, H,0 =N Pd(OAc), =N
N —NH: N —NH: A N/>_NH2 - Pd(OAc),
N N

HO NaO NaO 2

[L1],Pd(OAc),

Scheme 3.3 Preparation of Pd-pyrimidine catalyst [L1],Pd(OAc),"**°.
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Chalker and Davis described the cross-coupling of halo-phenylalanine and tyrosine
derivatives with phenyl boronic acid using the aforementioned soluble Pd catalyst,
[L1],Pd(OAC) in excellent yields, except the chloro- variant (Table 3.1)*,

B(OH),
X ©/ O NaQ

—N
H,0, K;HPO,, HCO,H O
bl blnte [Pdl=| & /—NH:|- Pd(OAc),
N
BocHN” “CO,H 37 °C,openair  gocHN” NCO,H NaO ,
[Pd]
(X=Cl, Br,1)
Entry SM Pd Loading Conditions Coupling product Yield (%)
Cl Ph
1 /(©/ 1% 37 °C, 4h /(©/ 0
BocHN™ “CO,H BocHN™ “CO,H
Br Ph
2 /(©/ 1% 37 °C, 4h 98
BocHN” “~CO,H BocHN” “CO,H

2

Ph
1% 37 °C, 4h /(©/ 95
BocHN™ "CO,H

BocHN™ "CO,H

OH OH
1% 37 °C, 4h /(©iph 94
CO,H

BocHN™ "CO,H BocHN

3=

Table 3.1 A model study of Suzuki reactions using aqueous pyrimidine-based Pd
catalyst™.

Interestingly, Wang and co-workers have reported a synthesis of aromatic-substituted
bulky and hydrophobic tryptophan derivatives through Suzuki-Miyaura cross-coupling
reactions in the presence of Pd(OAC),, P(o-tolyl); and K,COs (Scheme 3.4)"".
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Boc Boc
N N
Pd(OAc),, P(o-tolyl);
) Br F N Ar
M Ar-B(OH)
CbzHN OMe 2 CbzHN OMe

o DME, K,CO;, 80°C o

Ar-B(OH), = MeOO—B(OH)z @—B(OH)z

90% 91% 89% B(OH),

Scheme 3.4 Palladium-catalysed cross-coupling reactions of tryptophan derivatives with
aryl boronic acids'’.

3.2 Synthetic Strategy of 5-Bromotryptophan

Our synthesis of the target 5-bromo-DL-tryptophan 1 followed the synthetic approach
originally described by Prasitpan et. al°. The synthesis of 5-Br-Trp 1 proceeded from a
preparation of hydroxyiminopropanoate 9 obtained by the reaction of ethyl
bromopyruvate 21 with NH,OH<HCI in a solvent mixture of 1:1 CHCI3/H,O (Scheme
3.5). Formation of oxime 10 was achieved by a C3-alkylation of 5-bromoindole 8 with

hydroxyimino propanoate 9 in dichloromethane in the presence of Na,COs.

N H
8 N
o] o N\ B S
NH,OH- HCI r
Br/\")J\O/\ — Br/\IHLO/\ —_— >
CHCI;/ H,0
o) 3/ Hy ho Na,COy, CH,Cl, |\ o_-
21 94% 9

Br

82% o 10

Scheme 3.5 Synthesis of oxime 10.

Reduction of oxime 10 using zinc powder under acidic conditions resulted in the
formation of amino acid ethyl ester 11 in 76% vyield (Scheme 3.6). The resulting
tryptophanyl ethyl ester 11 was hydrolysed using NaOH in methanol, affording the
desired 5-bromo-DL-tryptophan 1 in 73% yield.

ZI
ZI

N Br Zn N Br  NaOH, MeOH N Br
)
HON ~ HOAc HoN NS 73% H,N OH
fe) 76%

Scheme 3.6 Preparation of target tryptophan 1.
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The amino group of 11 was protected using Boc,O in the presence of Et;N and '‘BuOH to
afford N-Boc-5-bromotryptophan ester 12 and subsequent hydrolysis of 12 using
NaOH/MeOH gave the corresponding N-Boc-5-bromotryptophan 13 in 65% yield over 2
steps (Scheme 3.7).

H H
Br Boc,0, Et;N, ‘BuOH N g, NaOH, MeOH ) B
E— - _—
o o
H,N ~ 81% BocHN ~ 80% BocHN OH
(o] (o] [e)

1 12 13

Scheme 3.7 Formation of N-Boc-5-bromotryptophan 13.

3.3 Model Studies of Suzuki-Miyaura Cross-Coupling Reactions

To extend our aqueous Pd cross-coupling system to challenging halogenated tryptophan
residues, we investigated cross-coupling of the model substrate N-protected-5-
bromotryptophan 13 to phenylboronic acid in the presence of Pd catalyst solution at 37
°C. Pleasingly, we observed the formation of a new C-C bond at C-5 of the indole ring,
providing 5-phenyl-N-Boc-tryptophan 22 in 98% yield (Scheme 3.8).

N
oo I
BocHN BocHN OH

o
/)—NH2 Pd(OAc), 2

NaO
[L1]

Na,HPO,, 37°C  98%

Scheme 3.8 Formation of 5-phenyl-N-Boc-tryptophan 22 through aqueous Suzuki-
Miyaura cross-coupling.

The pyrimidine-based Pd catalyst [L1],Pd(OAc), was assembled by the reaction of 2-
amino-4,6-hydroxypyrimidine as a ligand with NaOH to generate an intermediate able to
co-ordinate to palladium acetate, as previously shown in Scheme 3.3**'°. The advantages
of this catalyst are its solubility in aqueous media and stability at ambient temperature for
months, which are useful for protein modification through aqueous Suzuki-Miyaura

cross-coupling. Additional halogenated tryptophan derivatives were also tested under
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similar conditions (Table 3.2). It was found that N-Boc-5-bromotryptophan was
accessible to the Suzuki reaction with PhB(OH), to give N-Boc-5-phenyltryptophan as a
product in excellent yield (Entry 1). Surprisingly, N-Boc-6-bromotrptophan was
unreactive, possibly due to electronic effects of the indole ring system (Entry 2). N-Boc-
5-chlorotryptophan gave no desired product, despite the reaction the forcing conditions
of reflux and tetra-n-butylammonium bromide (TBAB) used as bromide additive (Entry
3,4). Alternatively, a coupling of NHAc-5-bromotryptophan with PhB(OH), afforded 5-
phenyl-acetamidotryptophan in 80% vyield, but NHAc-5-chlorotryptophan showed no
reaction (Entry 5,6).

OH

RHN NaO RHN OH
° \_:})—NHZ - Pd(OAc), °
NaO L] 2
Na,HPO,
Entry R X Temperature (°C) R-eaction Yield
time (h) (%)
1 N-Boc 5-Bromo 37 6 98
2 N-Boc 6-Bromo 37 6 SM
3 N-Boc 5-Chloro 37 6 SM
4° N-Boc 5-Chloro 105 6 SM
S NHAC 5-Bromo 37 6 80
6 NHAC 5-Chloro 37 6 SM

a). The reaction was performed with TBAB (2.0 equiv). All reactions were carried out
in aqueous media. SM = starting material.
‘Table 3.2 Suzuki-Miyaura cross-coupling of halogenated Trp analogues with PhB(OH),
in the presence of [L1],Pd(OAc), catalyst.

Next, we investigated the efficiency of different Pd catalysts by loading different ligands
for the cross-coupling of 5-bromo-N-Boc tryptophan 13 with PhB(OH), (Scheme 3.9).
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H H
N ) O
Br Na,HPO, _ O
OH o OH

BocHN H,0, [LX],Pd(OAc), BocHN
o o)
(o]
13 s7°c 22
NaO N NaO ) JLH NH NH
- = = /
L= \ )—NH, \ )N N7 NH, \NJ\N/ HZNJ\NHZ
N NN I I
NaO NaO
L1 L2 L3 L4 L5

Scheme 3.9 Investigation of Pd catalyst efficiency on a model study of Suzuki reaction.

A set of pyrimidine-based Pd catalysts, involving 2-amino-4,6-dihydroxypyrimidine L1
and (N,N-dimethyl)-2-amino-4,6-dihydroxypyrimidine L2 ligands, was tested on Suzuki
reactions, resulting in the formation of phenyl-coupled products in quantitative yield
(Table 3.3). Based on guanidine-based Pd catalysts, 1,1,3,3-tetramethylguanidine L4
gave the desired product, but unfortunately 1,1-dimethylguanidine L3 was unreactive
under these conditions. Surprisingly, guanidine hydrochloride L5 used as a ligand did not

form a complex with Pd(OAC),.

Entry Ligands Crude Product Yield (%0) [M+Na]*
1 L1 100 403.2
2 L2 100 403.2
3 L3 0 405.1 (Br™)
4 L4 100 403.2
5 L5 - -

Table 3.3 A comparative study of efficiency of [LX],Pd(OAc), catalyst through Suzuki
reactions.

To investigate a rate of product formation, a ratio of starting material and C-C coupled
products was monitored using 500 MHz NMR spectrometry on each different reaction
time point (0.5, 1.5, and 2.5h). It was found that all ligands showed excellent coupling
ability between 5-bromo-N-Boc tryptophan 13 and PhB(OH), after 1.5 h reaction time
(Table 3.4). Furthermore, Pd-catalysts with L2 and L4 ligands showed a completion of

Pd cross-coupling reactions within 30 minutes.
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Reaction Time (h)

Crude Product

Entry Ligands 0.5 15 2.5 _ [M+Na]”
) ) ) Yields (%)
Ratio (starting material : product)
1 L1 3:4 0:1 0:1 100 403.2
2 L2 0:1 0:1 0:1 100 403.2
3 L4 0:1 0:1 0:1 100 403.2

Table 3.4 Rate of phenyl-coupled product formation monitored by "H-NMR
spectrometry and confirmed by MS.

The coupling product 22 was detected by observation of *H-NMR spectra from each
different reaction time point using the well-resolved proton peak of the NHBoc group. It
was found that conversion was complete from starting material 13 to product 22. For
example, [L2],Pd(OAc), palladium complex gave the coupling product 22 in quantitative
yield within 30 minutes (Figure 3.4).

NaO

—N
/
N | -Pd(OA
H \ »f>_ [ | oA, g
NaO
PhB(OH),

BocHN” “~CO,H

BocHN™ “CO,H
13 22

10% D,0 in H,0

J

70 13 12

0.9 0.8

75 11 10
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 3.4 *H-NMR spectra of 5-phenyl-N-Boc-tryptophan 22 from each different
reaction time point using [L2].Pd(OAC),.
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3.4 Investigation of Biosynthetic Incorporation Systems

To investigate and optimise biosynthetic incorporation systems of the synthetic
tryptophan analogue 1 into proteins, we initially tested this system with annexin V due to
its presence of a single tryptophan (W-187) (Scheme 3.10). As mentioned previously
(chapter 2), this protein has utility as a potential biomarker for the detection of apoptosis.

H
N

H
N
N\ \ Br
'\_\ E.coli Trp-auxotroph ’j\
187\ " -,v.h,\l B> e -v.'\:\l
of v LR - SYS8SE e
& s < A, €X
@) I n @%- s e e
¥‘ \\ ) \“V-‘ .,A'1 «\ \\ \.‘V.. l'lv]
Q\ﬁ/ \{K VUGN \ Q\‘ \{\— WD
Br
CO,H

H,N

Scheme 3.10 A model study for biosynthetic incorporation of 5-Br-Trp into wild-type
annexin V (W187) using E. coli Trp-auxotroph.

We first attempted to incorporate 5-bromotryptophan (5-Br-Trp) into annexin V using the
Trp-auxotroph E.coli ATCC49980. After replacing L-Trp with 5-Br-Trp in new minimal
medium (NMM), protein expression was induced by addition of IPTG and then incubated
at 30 °C overnight. Samples were further prepared for SDS-PAGE analysis, however no
bands corresponding to the mutant protein could be observed, compared to wild-type
annexin V as a marker (Figure 3.5).

1 =0 hincubation

2 =1 h incubation

3 =2 h incubation

4 = 3 h incubation

5 =4 h incubation

6 = 18h incubation

7 = Pellet in TBS buffer

8 = Pellet in CaCl, buffer
9 = Pellet in EDTA buffer
10 = Pellet in BugBuster solution
11 =Wild-type annexin V

bowod o Y
!

1 2 3 4 5 6 7 8 9 101

Figure 3.5 SDS-PAGE shows unsuccessful incorporation system of the annexin V
supplemented with 5-Br-Trp using ATCC 49980 as a Trp-auxotroph.
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Since no labelled protein was observed, the tryptophan auxotroph (ATCC 49980) may
not be compatible for biosynthetic incorporation of 5-Br-Trp into annexin V. As such,
two alternative Trp-auxotrophic strains, JW 1254-2 and CAG 18455, were selected to
investigate the expression of the 5-Br-Trp incorporated annexin V under similar growth
conditions. Disappointingly, no mutant annexin V was detected on the SDS-PAGE from
expression conditions shown in Table 3.5, possibly due to unsuitable conditions or

toxicity of the synthetic tryptophan.

Entry  Trp-auxotrophs Supplements Media Expression Conditions
1 ATCC 49980 5-Br-Trp NMM 1 mM IPTG, 30 °C, 16 h
2 JW 1254-2 5-Br-Trp NMM 1 mM IPTG, 30 °C, 16 h
3 CAG 18455 5-Br-Trp NMM 1 mM IPTG, 30 °C, 16 h

Table 3.5 Attempted incorporations of 5-Br-Trp into annexin V using various tryptophan
auxothrophs (ATCC 49980, JW 1254-2, and CAG 18455, respectively).

Given the successful expression of wild-type annexin V in E.coli BL21(DE3), we
envisioned that this strain could be used to express the mutant annexin V (5-Br-ANV) in
the presence of glyphosate as an enzyme inhibitor of the synthesis of aromatic amino
acids'®'°. However, after protein purification, LC-MS analysis showed no evidence of
bromotryptophan incorporation, with only wild-type annexin V detected, indicating that
the glyphosate inhibition was not sufficient (Figure 3.7).

H
N
o o 7
! <
HO ~~i""0OH
OH CO,H
Glyphosate 3-Indoleacrylic acid

Figure 3.6 Structures of glyphosate and 3-indoleacrylic acid as enzyme inhibitors.
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Figure 3.7 ESI-MS spectrum of wild-type annexin V expressed in E.coli BL21(DE3)
using NMM supplemented with 5-Br-Trp and glyphosate.
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As an alternative, a similar protocol was attempted but using 3-indoleacrylic acid (IAA)

as a tryptophan synthase inhibitor®>. However, no protein variant could be detected by

LC-MS analysis (Figure 3.8).
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Figure 3.8 ESI-MS spectrum of wild-type annexin V expressed in E.coli BL21(DE3)
using NMM supplemented with 5-Br-Trp, IAA and glyphosate.

After several unsuccessful attempts involving the use of Trp-auxotrophs, we focused

instead on ability of the V. cholerae tryptophanyl-tRNA synthetase (TrpRS) to carry

synthetic tryptophan residues and incorporate them into the protein. To start with,

incorporation of 5-Br-Trp into annexin V was tested by co-transformation of the annexin

V and TrpRS plasmids in E. coli BL21(DE3). Unfortunately, incorporation systems

failed and showed only wild-type annexin V detected by LC-MS analysis (Figure 3.9).

Several expression conditions were tested on this TrpRS-associated incorporation

system, but no incorporation of the synthetic tryptophan into annexin V was seen in any

case (Table 3.6).
Entry Bacterial cells Supplements Media Expression Results
Conditions (Da)
_ 1 mM IPTG,
1 E.coli BL21(DE3) - NMM 35805
30°C,16h
1 mM IPTG,
2 E.coli BL21(DE3) 5-Br-Trp NMM 35805
30°C,16h
. 1 mM IPTG,
3 E.coli BL21(DE3)  5-OH-Trp + IAA NMM 35806
30°C,16h
) 1 mM IPTG,
4 E.coli BL21(DE3)  5-Br-Trp + IAA NMM 35805
30°C,16h
] 5-Br-Trp + 1 mM IPTG,
5 E.coli BL21(DE3) NMM 35805
glyphosate 30°C,16h

Table 3.6 Investigation of biosynthetic incorporation systems using tryptophanyl t-RNA

synthetase (TrpRS).
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Figure 3.9 ESI-MS spectra of wild-type annexin V expressed with TrpRS in E.coli
BL21(DE3) using NMM supplemented with either 5-OH-Trp or 5-Br-Trp, respectively.

Further examination of the molecular biology revealed that the original plasmid of
annexin V (pET12a PAPI) possessed a T7-promoter which may be incompatible with
these tryptophan auxotrophs, so the modification of this plasmid has been further
investigated. The pQE8OL-Kan vector (6xHis-tag) containing a T5-promoter may be
suitable for the protein expression by use of a newly constructed plasmid. First, the
annexin V gene was amplified by polymerase chain reaction (PCR) using designed DNA
primers and was analysed by agarose gel electrophoresis, with subsequent purification.
Next, either PCR fragments or the pQE8OL-Kan vector was doubly digested by both
Hindlll-HF and BamHI-HF as restriction enzymes. After digestion, the annexin V gene
was inserted into the digested vector. The ligation mixture was finally transformed into
E.coli tryptophan auxotroph ATCC 49980, and also incubated at 37 °C overnight.
Unfortunately, no presence of single bacterial colonies was observed (Figure 3.10).

122




Chapter3: Biosynthetic Incorporation of Synthetic Tryptophan Analogue into Proteins
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Figure 3.10 a). PCR fragments, b). Double digestion of PCR and pQE80L-Kan vector,
and c). Transformation of the ligation mixture into E.coli tryptophan auxotroph ATCC
49980.

The plasmid construction was repeated with the same procedure mentioned above, but
the ligation mixture was transformed into different types of bacterial cells (Table 3.7).
Trp-auxotroph, ATCC 49980 was initially attempted to use as bacterial cells, there was
no single colony on LB agar plate observed. Alternatively, E.coli BL21 (DE3) was also
investigated, but there was no detection of the presence of any single colonies.
Furthermore, some ultracompetent cells (XL10-Gold and XL1-Blue) offering the highest
transformation efficiencies were used for this transformation of the ligation mixture. It
was found that only XL10-Gold cells showed the presence of many single colonies on

the LB agar plate.

Entry Bacterial cells Restriction enzymes Vector Results
1 ATCC 49980 -
2 E.coli BL21 (DE3) BamHI-HF & HindllI-HF pQESOL-Kan -
3 XL10-Gold (Double digestion) (T5-promoter) +
4 XL1-Blue -

Table 3.7 Transformation of the newly constructed plasmid (annexin V gene and
pQES80L-Kan vector) into different bacterial cells.

This plasmid construct was confirmed by DNA sequencing and showed an insertion of
annexin’s gene with a correct amino acid sequence corresponding to the original plasmid

(pET12a PAPI). Initial investigation of the new plasmid construct transformed into E.coli
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tryptophan auxotroph ATCC4 9980 showed many single colonies on a NMM agar plate
containing L-tryptophan. Incorporation systems of 5-Br-Trp into annexin V using Trp-
auxotrophic strains were investigated by optimisation of several expression conditions.
However, no detection of bromotryptophan incorporation into annexin V was observed
using different Trp-auxotrophic strains, possibly due to unsuitable conditions or non-
efficient Trp-auxotrophs (Table 3.8). The purified protein was further analysed by LC-
MS, and the ESI-MS spectrum showed a molecular weight of 37219 Da, which
correlated to a wild-type annexin V (6xHis-tag) (Figure 3.11).

Entry Plasmids Bacterial strains Conditions Results
ATCC 49980 LB, 1 mM IPTG, Wild-type
1 pQES8OL-Kan
CAG 18455 30°C,16h (37221 Da)
2 (T5-promoter and i
) NMM, 5-Br-Trp, Not incorporated
3 6xHis-tag) ATCC 49980

1 mM IPTG, 30 °C, 16 h (37219 Da)

Table 3.8 Attempted incorporation of 5-Br-Trp into annexin using new plasmid construct
and Trp-auxotrophs.

CRL376262 122 (2.084) TOF MS ES+
1004 ara2z1 3.01e3
Calculated mass : 37221 Da (Hiss-Wild-type) N
\
Observed mass: 37221 Da 3
187 ek ‘&’,vh‘\
. 7 ERAL e
'2 \‘(: iy \{t{/‘\\\)}
S
e . . e N " . . A
0 T T . T ll T T T T T T T T ‘_'“_‘.LI T T T 4 mass
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000
CRL376219 118 (2.016) TOF MS ES+
100+ 37219 4.02e3
Calculatedmass: 37221 Da (Hiss-Wild-type) N
1 37299 Da (Hiss-5Br-Trp) 9
Observed mass:37219Da e "’l@","'\l
<] § A BCcog
ST
<‘ \5,)’ WS
L Lo L Kt sl L . ! M st &
0 ) T T T T T T T T T T T T T T T T T T mass
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000

Figure 3.11 ESI-MS spectra of the Hisg-wild-type annexin V expressed in Trp-
auxotrophic strain (ATCC 49980) using LB or NMM supplemented with 5-Br-Trp,
respectively.
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3.5 Conclusion

Synthesis of 5-bromotryptophan 1 and its protected analogue 13 was achieved in
excellent yield by the synthetic route reported by Prasitpan and co-workers®. N-Boc-5-
bromotryptophan 13 was used as a substrate for the optimisation of Suzuki reaction
conditions. All pyrimidine analogues (L1 and L2) and the guanidine (L4) were excellent
ligands for a model study of 5-Br-Trp with PhB(OH),. We initially investigated
biosynthetic incorporation systems for annexin V which would be used to perform
biological Suzuki reactions. However, our attempts toward the incorporation of 5-Br-Trp
1 into annexin V were unsuccessful by use of either E. coli BL21(DE3) or E. coli Trp-
auxotrophic strains (ATCC 49980, JW1254-2, and CAG 18455) under different growth
conditions. No modified annexin V was produced in any bacterial strains (Table 3.9),
possibly due to unsuitable growth conditions or the toxicity of the tryptophan analogues.
Also, the new plasmid construct (T5 promoter) was not compatible for biosynthetic
incorporation systems and was unable to introduce bromotryptophan into this protein by
association of tryptophan auxotrophic strain (ATCC 49980). Hence, the incorporation of
5-Br-Trp into annexin V may need to be further investigated in order to afford the desired

protein to allow chemical modification through Suzuki-Miyaura cross-coupling reactions.
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. Bacterial ] Expression
Entry Plasmids ) Supplements  Media o Results
Strains Conditions
1 mM IPTG,
1 ATCC 49980 5-Br-Trp NMM
30°C,16h
1 mM IPTG, No protein
2 JW 1254-2 5-Br-Trp NMM )
30°C,16h expression
1 mM IPTG,
3 CAG 18455 5-Br-Trp NMM
pET12a PAPI 30°C,16h
(T7 promoter) 5-Br-Trp NMM 1 mM IPTG,
4 BL21(DE3)
glyphosate orAIM  30°C,16h
5-Br-Trp 1 mM IPTG,
5 BL21(DE3) NMM
IAA 30°C,16h
BL21(DE3) 1 mM IPTG,
6 5-Br-Trp NMM
+ TrpRS 30°C,16h  Wild-type
1 mM IPTG, annexinV
7 ATCC 49980 - LB
30°C,16h
pQES8OL-Kan 1 mM IPTG,
8 CAG 18455 - LB
(T5 promoter) 30°C,16h
1 mM IPTG,
9 ATCC 49980 5-Br-Trp NMM
30°C, 16 h

Table 3.9 Attempted expression of the 5-Br-Trp incorporated annexin V by either Trp-

auxotrophic strains or E.coli BL21(DE3).
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3.6 Experimental

The numbering of the core structure used in this study is initially counted from nitrogen

atom used as the first position in the indole ring;

1“ 7'7

23\
33 3
OH

6

H,N
o}

3.6.1 Chemical Synthesis

Ethyl-3-bromo-2-hydroxyiminopropanoate (9)

o o
NH,OH-HCI
s o oo~ Ao
o CHCl3/ H,0 N

21 rt, 18h

94%

Hydroxylamine hydrochloride (10.4 g, 150 mmol) was dissolved in a 1:1 mixture of
distilled water (60 mL) and chloroform (60 mL). Ethyl bromopyruvate 21 (19.5 g, 12.6
mL, 100 mmol) was added dropwise to the rapidly stirred biphasic mixture which was
left overnight at room temperature. The reaction mixture was diluted with a 1:1 mixture
of distilled water (50 mL) and DCM (50 mL) and the layers were separated. The aqueous
layer was extracted with DCM (2 x 50 mL) and the organic layers were combined and
dried over MgSO,. Removal of the solvent in vacuo afforded -ethyl-3-bromo-2-
hydroxyiminopropanoate 9 as a white solid (19.8 g, 94%); mp: 75-76 °C, lit.*! 75-77 °C;
IR (Vmax, KBr): 3316, 1725, 1445, 1374, 1326, 1272, 1227, 1199, 1115, 1028 cm™; &
(400 MHz, CDCl3) 10.09 (1H, br. s, NOH), 4.39 (2H, g, J 7.2, OCH,), 4.27 (1H, s,
CH,Br), 1.39 (3H, t, J 7.2, CH3); 8¢ (100 MHz, CDCls) 161.6 (C=0), 147.9 (C=N), 62.5
(OCH,), 15.1 (CH3Br), 14.0 (CHs); LRMS m/z (ESI): Found 210.0 [M+H]", calc
CsHeBr'®NO; (210.0), found 212.0 [M+H]", calc CsHeBr**NO; (212.0). Spectroscopic

data in accordance with the literature??,
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Ethyl-2-hydroxyimino-3-(5-bromoindol-3-yl)-propanoate (10)

H H
N N
Br/YLOA r Br

L
-

o
wo Na,CO3, CH,Cl,  LioN ~
rt, 18h o
9 82% 10

A solution of ethyl-3-bromo-2-hydroxyiminopropanoate 9 (3.00 g, 14.0 mmol) in dry
CH.Cl; (20 mL) was added dropwise to a stirred solution of 5-bromoindole 8 (5.49 g,
28.0 mmol) and Na,COj3 (2.97 g, 28.0 mmol) in dry CH,Cl, (30 mL) under a nitrogen
atmosphere. The reaction mixture was stirred overnight at room temperature. The
precipitate was collected by filtration and washed with CH,Cl, (20 mL) and water (2 x 20
mL). The solid collected was suspended in hot CH,Cl, and filtered to afford the desired
product, ethyl-2-hydroxyimino-3-(5-bromoindol-3-yl)-propanoate 10 as a white solid
(3.79 g, 82%); mp: 179-180 °C, 1it.°180-181 °C; IR (Vmax, KBr): 3384, 3260, 2988, 1707,
1423, 1380, 1300, 1206, 1132, 1102, 1041, 1023 cm™; &y (400 MHz, DMSO-dg) 12.47
(1H, s, NH-indole), 11.11 (1H, br. s, NOH), 7.75 (1H, d, J 1.7, H-4), 7.30 (1H, d, J 8.6,
H-7), 7.17 (2H, m, H-2 and H-6), 4.14 (2H, g, J 7.1, OCH,), 3.87 (2 H, s, CH,), 1.19
(3H, t, J 7.1, CHj3); 6¢c (100 MHz, DMSO-ds) 163.9 (C=0), 149.7 (C=N), 134.6 (C-7"),
128.8 (C-3%), 125.7 (C-3), 123.4 (C-6), 121.0 (C-4), 1135 (C-7), 111.1 (C-2), 108.6 (C-
5), 60.8 (OCHy), 19.9 (CH,), 14.0 (CHa3); LRMS m/z (ESI): Found 325.0 [M+H]", calc
CisHuBr'®N,0; (325.0), found 327.0 [M+H]", calc CisHwBr¥'N,O; (327.0).
Spectroscopic data in accordance with the literature®.

5-Bromo-DL-tryptophan ethyl ester (11)

ZTI

H
N
\ |\

Br Zn Br
—»

HON I o~ :%\; H,N o
10 76% 1
Zinc dust (2.00 g, 30.4 mmol) was added portionwise to a stirred solution of ethyl-2-
hydroxyimino-3-(5-bromoindol-3-yl)-propanoate 10 (3.30 g, 10.1 mmol) in HOAc (75

mL). The reaction mixture was stirred overnight under a nitrogen atmosphere at room
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temperature. The zinc was removed by filtration and washed with HOAc (20 mL). The
filtrate was concentrated in vacuo to afford yellow oil which was triturated with 1 M HCI
(15 mL). The formed precipitate was collected by filtration and washed with chilled
distilled water (2 x 15 mL) and dried to give 5-bromo-DL-tryptophan ethyl ester
hydrochloride 11 as a white solid (2.40 g, 76%); mp: 125-126 °C; IR (Vmax, KBI): 3271,
2889, 1737, 1591, 1517, 1463, 1435, 1319, 1282, 1252, 1206, 1106, 1053, 1017, 1085
cm™; 8y (400 MHz, DMSO-dg) 11.4 (1H, s, NH-indole), 8.62 (2H, br. s, NH,), 7.71 (1H,
d, J 2.0, H-4), 7.35 (1H, d, J 8.6, H-7), 7.32 (1H, d, J 2.4, H-2), 7.19 (1H, dd, J 8.6, 2.0,
H-6), 4.19 (1H, app t, CH), 4.06 (2H, m, OCH,), 3.42 (1H, dd, J 12.0, 4.0, CH,), 3.23
(1H, dd, J 12.0, 8.0, CHy), 1.10 (3H, t, J 7.1, CHg); 8¢ (100 MHz, DMSO-dg) 169.3
(C=0), 135.0 (C-7"), 128.9 (C-37), 126.9 (C-3), 123.7 (C-6), 120.5 (C-4), 113.7 (C-7),
111.4 (C-2), 106.4 (C-5), 61.8 (OCH,), 52.7 (CH), 25.9 (CH,), 13.8 (CH3); LRMS m/z
(ESI): Found 311.0 [M+H]", calc Ci3H15Br’°N,O, (311.0), found 313.0 [M+H]", calc

C1sH15Br¥*N,0, (313.1). Spectroscopic data in accordance with the literature®.

5-Bromo-DL-tryptophan (1)

H H

N N

\ \

gr  NaOH, MeOH Br
_
o OH

HoN ~ rt, 18h H N

o 73%

1" 1

A solution of 1M NaOH (12.9 mL, 12.9 mmol) was added dropwise to a stirred solution
of 5-bromo-DL-tryptophan ethyl ester 11 (2.00 g, 6.43 mmol) in MeOH (40 mL). The
reaction mixture was left to stir overnight under a nitrogen atmosphere at room
temperature. The solution was filtered and concentrated in vacuo and then neutralised
with 1 M HCI. The white precipitate formed was collected by filtration and dried
thoroughly to afford 5-bromo-DL-tryptophan 1 as a white solid (1.33 g, 73%); mp: 253-
255 °C, lit.> 261-262 °C; IR (Vmax, KBr): 3448, 3408, 3023, 1665, 1584, 1460, 1407,
1355, 1144, 1100 cm™; &y (400 MHz, DMSO-dg) 11.13 (1H, br. s, NH-indole), 7.75 (1H,
d, J 1.7, H-7), 7.31 (1H, d, J 8.6, H-4), 7.25 (1H, d, J 2.2, H-2), 7.16 (1H, dd, J 8.6, 1.7,
H-6), 3.41 (1H, dd, J 12.7, 5.6, CH), 3.22 (1H, dd, J 12.7, 5.6, CH,), 2.99 (1H, dd, J 12.7,
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5.6, CH.); 8¢ (100 MHz, DMSO-ds) 169.8 (C=0), 135.0 (C-7°), 129.3 (C-3"), 125.9 (C-
3), 123.3 (C-6), 120.9 (C-4), 113.3 (C-7), 111.0 (C-2), 109.5 (C-5), 54.8 (CH), 26.8
(CH,); LRMS m/z (ESI): Found 283.0 [M+H]", calc Ci;H1,Br'°N,0, (283.0), found
285.0 [M+H]", calc C1;H1,Br**N,0, (285.0). Spectroscopic data in accordance with the

literature®.

N-Boc-5-bromo-DL-tryptophan ethyl ester (12)

H H

N N

N Br Boc,0, Et;N, ‘BuOH N Br

[— .
o

H,N ~ rt, 18h BocHN oL~

o 81% o

1 12

Di-tert-butyl-dicarbonate (2.55 mL, 11.1 mmol) was added to a stirred solution of 5-
bromo-DL-tryptophan ethyl ester 11 (1.50 g, 4.82 mmol) in '‘BUOH (45 mL) under a
nitrogen atmosphere at room temperature. Triethylamine (1.55 mL, 11.1 mmol) was
added dropwise to the reaction mixture and allowed to stir overnight. The solution was
concentrated in vacuo and the solid obtained was purified using flash chromatography
(100% DCM) to afford N-Boc-5-bromo-DL-tryptophan ethyl ester 12 as a white solid
(1.60 g, 81%); mp: 149-150 °C, lit.> 149-150 °C; IR (Vmax, KBr): 3396, 2985, 1736, 1673,
1518, 1454, 1368, 1351, 1293, 1267, 1220, 1170, 1100, 1058, 1025 cm™; &y (400 MHz,
DMSO-dg) 11.09 (1H, s, NH-indole), 7.67 (1H, s, H-4), 7.31 (1H, d, J 8.6, H-7), 7.24
(2H, m, H-2 and Boc-NH), 7.16 (1H, dd, J 8.6, 1.7, H-6), 4.13 (1H, td, J 8.3, 5.6, CH),
4.03 (2H, m, OCH,), 3.07 (1H, dd, J 16.0, 8.0, CHy), 2.99 (1H, dd, J 12.0, 8.0, CH,),
1.32 (8H, s, Boc-H), 1.23 (1H, br. s, Boc-H), 1.10 (3H, t, J 7.1, CHs); ¢ (100 MHz,
DMSO-dg) 172.2 (C=0), 155.3 (NHC=0), 134.8 (C-7°), 129.1 (C-3"), 125.6 (C-3), 123.4
(C-6), 120.6 (C-4), 113.4 (C-7), 111.1 (C-2), 109.9 (C-5), 78.2 ((CH3)sC-Boc), 60.4
(OCHy), 54.9 (CH), 28.1 (Boc-CHg), 26.6 (CH,), 14.0 (CH3); LRMS m/z (ESI): Found
433.1 [M+Na]", calc CigHxsBr'°N,OsNa (433.1), found 435.1 [M+Na]®, calc
C1sH23Br¥*N,0,Na (435.1). Spectroscopic data in accordance with the literature®.
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N-Boc-5-bromo-DL-tryptophan (13)

ZI

H
N

\ \
Br NaOH, MeOH Br
o B OH
BocHN ~ rt, 18h BocHN
80%
12 13

N-Boc-5-bromo-DL-tryptophan ethyl ester 12 (500 mg, 1.22 mmol) was dissolved in
MeOH (10 mL) under N, and 1 M NaOH (2.44 mL, 2.44 mmol) added dropwise. The
reaction was left to stir overnight. The solution was concentrated to half volume in vacuo
and then neutralised with 1 M HCI. The white precipitate was collected by filtration and
dried thoroughly to afford N-Boc-5-bromo-DL-tryptophan 13 (320 mg, 80%) as a white
solid; mp: 161-163 °C, lit.> 162-163 °C; IR (Vmax, KBr): 3359, 2978, 1714, 1649, 1403,
1368, 1247, 1204, 1163, 1106, 1053, 1027 cm™; &y (400 MHz, DMSO-dg) 11.08 (1H, s,
NH-indole), 7.72 (1H, s, H-4), 7.31 (1H, d, J 8.6, H-7), 7.22 (1H, d, J 2.0, H-2), 7.17
(1H, dd, J 8.6, 1.7, H-6), 7.02 (1H, d, J 8.2, Boc-NH), 4.11 (1H, td, J 8.7, 4.7, CH), 3.11
(1H, dd, J 14.5, 6.9, CHy), 2.95 (1H, dd, J 14.5, 6.9, CH>), 1.32 (8H, s, Boc-H), 1.21 (1H,
s, Boc-H); 8¢ (100 MHz, DMSO-dg) 174.2 (C=0), 155.3 (NHC=0), 134.8 (C-7), 129.2
(C-37),125.5 (C-3), 123.3 (C-6), 120.7 (C-4), 113.4 (C-7), 111.1 (C-2), 110.3 (C-5), 78.0
(Boc-C(CHs3)3), 54.8 (CH), 28.2 (Boc-CHg), 26.7 (CH,); LRMS m/z (ESI): Found 405.0
[M+Na]*, calc CigH1oBr’°N,OsNa  (405.0), found 407.0 [M+Na]*, calc

C1sH19Br¥* N,04Na (407.0). Spectroscopic data in accordance with the literature®.

Preparation of palladium catalyst solution [L1],Pd(OAc).

HO NaO NaO

—N NaOH =N Pd(OAc), =N
i\:)—NHZ - g\:»—NHZ . %\:/)—NHz " Pd(OAc),
ud N H,0 Nad N 65 °C, 45 min J N
65 °C, 5 min z

[L1],Pd(OAc),

0.1 M NaOH (2.00 mL) was added to 2-amino-4,6-dihydroxypyrimidine (13.0 mg, 0.10
mmol) and the pyrimidine was fully dissolved by stirring rapidly at 65°C for 5 minutes.
Pd(OACc), (11.0 mg, 0.05 mmol) was added to the resulting solution which was stirred at
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the same temperature for further 45 minutes. [L1],Pd(OAc), catalyst was obtained as a

homogenous golden-orange solution which was diluted to 5 mL with distilled water to

yield a 0.01 M catalyst stock solution***%%,

2-Dimethylamino-4,6-dihydroxypyrimidine (L2)

HO
o O NH NaOEt —N

- HS0, /
/\OJ\/U\O/\ * \NJLNHz g\:,‘?—N\

| EtOH

HO
L2

Dimethylmalonate (0.28 mL, 1.84 mmol) and dimethylguanidine sulfate (0.50 g, 1.84
mmol) were dissolved in ethanol. NaOEt (21% w/v in EtOH, 2.38 mL, 7.36 mmol) was
added dropwise in the reaction mixture, then allowed to stir overnight at room
temperature. The white precipitate formed in solution was diluted with 5 mL H,0O, then
neutralised with 1M HCI. The resulting white solid was filtered, washed with H,O and
dried, then crude product was used for the next step without purification. 4 (400 MHz,
DMSO-ds) 10.55 (2H, br. s, OH), 4.67 (1H, s, H-3), 3.00 (6H, s, 2xCH3); 3¢ (100 MHz,
DMSO-ds) 168.0 (C-3), 155.0 (C-2, C-4), 78.3 (C-6), 37.1 (2xCH3); LRMS m/z (ESI):
Found 178.0 [M+Na]", calc CsHyN3O,Na (178.1), Spectroscopic data in accordance with

the literature'*?*,

Preparation of palladium catalyst solution [L2],Pd(OAc).

HO NaO NaO

=N, NaOH =N Pd(OAc), =N/
i\: />—N\ _— g\: />—N\ \ />—N\ - Pd(OAc),
N H,0 N 65 °C, 45 min N
HO NaO NaO 2
65 °C, 5 min

[L2],Pd(OACc),

0.1 M NaOH (1.00 mL) was added to a solution of 2-dimethylamino-4,6-dihydroxy
pyrimidine (7.75 mg, 0.05 mmol) in H,O, the pyrimidine was fully dissolved by stirring
rapidly at 65°C for 5 min. Pd(OAc), (5.5 mg, 0.025 mmol) was added to the resulting
solution which was stirred at the same temperature for further 45 min. [L2],Pd(OAc),
catalyst was obtained as a homogenous golden-orange solution which was diluted with

distilled water (2.5 mL) to yield a 0.01 M catalyst stock solution**?*?*,
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Preparation of palladium catalyst solution [L3],Pd(OAc).

NH Pd(OAc) hH
C)2
\N)LNHZ. H,80, _— R \NJLNHZ Pd(OAc),
| NaOH, H,0 I
rt, 3h 2

[L3],Pd(OAc),

0.1 M NaOH (1.50 mL) was added to a solution of 1,1-dimethylguanidine sulfate (40.9
mg, 0.15 mmol) in H,O, then allowed to stir for 5 min at room temperature. Pd(OAc),
(16.8 mg, 0.075 mmol) was added to the reaction mixture stirred at the same temperature
for further 3 h. [L3],Pd(OAc), catalyst was obtained as a homogenous dark brown
solution which was diluted with distilled water (3 mL) to yield a 0.01 M catalyst stock

solution**?3,

Preparation of palladium catalyst solution [L4],Pd(OACc).

NH Pd(OAc) NH
c), .
A s |~y | Pe©A),
[ NaOH, H,0 (-
rt, 3h 2

[L4],Pd(OACc),

0.1 M NaOH (1.50 mL) was added to a solution of 1,1,3,3-tetramethylguanidine (17.3
mg, 0.15 mmol) in H,0O, then allowed to stir for 5 min at room temperature. Pd(OAc),
(16.8 mg, 0.075 mmol) was added to the reaction mixture stirred at the same temperature
for further 3 h. [L4],Pd(OAc), catalyst was obtained as a homogenous dark brown

solution which was diluted with distilled water (3 mL) to yield a 0.01 M catalyst stock

solution**?3,

N-Boc-5-phenyl-DL-tryptophan (22)

Vs
B(OH),

Na,HPO, 60 °C, 1h

Br
2).[NaO
OH OH

—N
BocHN
3 \ N/)—NH2 Pd(OAc), I

13 22
NaO [L1] 2

37 °C, 6h
98%

-
-

BocHN
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N-Boc-5-bromo-DL-tryptophan 13 (50 mg, 0.13 mmol), phenyl boronic acid (48 mg, 0.39
mmol) and Na,HPO, (992 mg, 6.50 mmol) were dissolved in distilled water (5 mL), the
reaction mixture was stirred at 60°C for 1h. The reaction was then cooled to 37 °C,
[L1],Pd(OAC), catalyst solution (0.65 mL, 6.5 umol) was added and allowed to stir
rapidly for 6 h. The reaction mixture was diluted with ethyl acetate (15 mL) and 1 M HCI
(15 mL). The aqueous layer was extracted with EtOAc (2 x 15 mL) and the combined
organic layers were washed with brine (20 mL), dried over MgSQO,. The solution was
filtered and concentrated in vacuo to yield a colourless oil which was purified by flash
chromatography (10-20% MeOH/DCM) to give N-Boc-5-phenyl-DL-tryptophan 22 as a
light golden solid (49 mg, 98%); mp: 320 °C (decomposed); IR (Vmax, KBr): 3324, 2923,
2853, 1649, 1578, 1407, 1368, 1250, 1162, 1051 cm™; 8 (400 MHz, MeOD) 7.83 (1H, s,
H-2), 7.65 (2H, d, J 7.1, 2 x Ar-H), 7.40 (4H, m, 2 x Ar-H, H-6 and H-7), 7.25 (1H, app
t, Ar-H), 7.11 (1H, s, H-4), 4.38 (1H, app t, CH), 3.42 (1H, app dd, CH,), 3.17 (1H, dd J
13.9, 6.7, CH,), 1.31 (7H, s, Boc-H), 1.13 (2H, br. s, Boc-H); 6c (126 MHz, MeOD)
157.7 (C=0), 144.4 (NHC=0), 137.6 (C-7"), 133.5 (C-5), 129.7 (Ar-Cipso), 129.6 (2 x Ar-
Cand C-3), 128.3 (2 x Ar-C), 127.1 (Ar-C), 125.4 (C-4), 122.0 (C-6), 118.2 (C-2), 112.5
(C-7), 112.2 (C-3), 80.4 (Boc-C(CHs)s), 57.6 (CH), 28.7 (Boc-CHj3), 29.2 (CH,); HRMS
m/z (ESI): Found 403.1626 [M+Na]", calc Cy,H,4N,04Na (403.1628).

5-Phenyl-NHAc-DL-tryptophan (24)

1).
O-von

Na,HPO, 60 °C, 1h

Br
2).| NaO
OH —N OH

AcHN
\ )—NH.|- Pd(OAc), o
N

23
NaO [L1] 2 24

37 °C, 6h
80%

7z
7 "z

AcHN

5-Bromo-NHAc-DL-tryptophan 23 (50 mg, 0.15 mmol), phenyl boronic acid (56 mg, 0.46
mmol) and Na;HPO, (1.09 g, 7.70 mmol) were dissolved in distilled water (5 mL), the
reaction mixture was stirred at 60°C for 1h. The reaction had cooled to 37 °C, Pd-
pyrimidine catalyst solution [L1],Pd(OAc), (0.77 mL, 7.7 umol) was added and allowed
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to stir rapidly for 6 h. The reaction mixture was diluted with ethyl acetate (15 mL) and 1
M HCI (15 mL). The aqueous layer was extracted with EtOAc (2 x 15 mL) and the
combined organics were washed with brine (20 mL), dried over MgSO,. The solution
was filtered and concentrated in vacuo to yield a colourless oil which was purified by
flash chromatography (15-20% MeOH/DCM) to afford 5-Phenyl-NHAc-DL-tryptophan
24 as a light yellow solid (40 mg, 80%); mp: 300 °C (decomposed); IR (Vmax, KBTI):
2923, 2853, 1579, 1460, 1096 cm™; &y (400 MHz, MeOD) 7.84 (1H, s, H-2), 7.64 (2H, d,
J7.3,2x Ar-H), 7.38 (4H, m, 2 x Ar-H, H-6 and H-7), 7.23 (1H, m, Ar-H), 7.12 (1H, s,
H-4), 4.62 (1H, app t, CH), 3.43 (1H, dd J 14.6, 6.1, CH,), 3.17 (1H, dd J 14.6, 6.1,
CH,), 1.83 (3H, s, CH3); & (126 MHz, MeOD) 172.8 (C=0), 144.2 (NHC=0), 137.5 (C-
7%), 133.3 (C-5), 129.9 (Ar-Cipso), 129.6 (2 x Ar-C), 128.1 (2 x Ar-C and C-3°), 127.0
(Ar-C), 125.2 (C-4), 121.9 (C-6), 117.9 (C-2), 112.6 (C-3), 112.5 (C-7), 57.1 (CH), 28.8
(CH,), 22.8 (CH3); HRMS m/z (ESI): Found 345.1196 [M+Na]®, calc CigH1gN,O3Na
(345.1210).

Efficiency of Pd catalysts with different ligands (L1-L4)

1).
C-oom

Na,HPO, 60 °C, 1h

7z
7 “zx

Br
2).  [LX],Pd(OAc), O
OH OH
BocHN 37 oc, 3h BocHN
o o
13 22
NaO N NaO N J\H NH
= - = /
LX = \ />_NH2 \ />—N \N NHZ \NJLN/
N NN | I
NaO NaO
L1 L2 L3 L4
100% 100% 0% 100%

N-Boc-5-bromo-DL-tryptophan 13 (25 mg, 0.065 mmol), phenyl boronic acid (23.8 mg,
0.195 mmol) and Na,HPO, (227 mg, 1.95 mmol) were dissolved into distilled water
(3 mL), the reaction mixture was stirred at 60°C for 1 h. The reaction had cooled to 37
°C. Each Pd-catalyst solution [LX],Pd(OAc), (0.32 mL, 3.25 umol) was added to the
reaction mixture, then allowed to stir rapidly for 3 h. The reaction mixture was diluted
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with ethyl acetate (5 mL) and 1 M HCI (5 mL). The aqueous layer was extracted with
EtOAc (2 x 10 mL), then the combined organics were washed with brine (10 mL) and
dried over MgSO,. The solution was filtered and concentrated in vacuo to yield a yellow
solid as a crude product of N-Boc-5-phenyl-DL-tryptophan 22 ; LRMS m/z (ESI): Found
403.2 [M+Na]", calc C,H24N,0,4Na (403.2).

Entry Ligands Reaction Time Crude Product Yield [M+Na]*
(h) (%)
1 L1 3 100 403.2
2 L2 3 100 403.2
3 L3 3 0 405.1 (Br™)
4 L4 3 100 403.2

Table 3.10 Comparative study of the efficiency of Pd catalysts with different ligands
(L1-L4) for Suzuki-Miyaura cross-coupling reactions of 13 with PhB(OH),.

'H-NMR study of a ratio of product formation using Pd-catalyst (L1-L4)

s
B(OH),

H
N o N
Na,HP 7°C, 1h
\ 2 4 37 °C, h A O
Br
2). [LX],Pd(OAc),
OH OH
BocHN 37°C, 0.5, 1.5 & 2.5h. BocHN
o o
13 22
NaO NaO NH
LX =N =N/ L
= \ />—NH2 \ />—N\ \N N/
N N | |
NaO NaO
L1 L2 L4

N-Boc-5-bromo-DL-tryptophan 13 (9 mg, 0.024 mmol), phenyl boronic acid (8.78 mg,
0.072 mmol) and Na;HPO,4 (102 mg, 0.72 mmol) were dissolved into distilled water
(2.5 mL), the reaction mixture was stirred using thermoshaker at 37 °C for 1 h. Each
[LX],Pd(OAC), catalyst solution (0.12 mL, 1.20 umol) was added, then allowed to stir at
37 °C for 3 h. The solution (0.60 mL) was collected at each different time (0.5, 1.5 and
2.5 h.), then solution was added 1 M HCI (0.10 mL). Each solution was transferred into

136




Chapter3: Biosynthetic Incorporation of Synthetic Tryptophan Analogue into Proteins

the NMR tubes, then 10 % volume of D,O was also added and mixed together. All
samples were monitored by observation of ‘H-NMR spectra compared with starting

material and phenylboronic acid using 500 MHz NMR spectrometry.

Reaction Time (h)
Crude Product

Entry Ligands 0.5 15 2.5 _ [M+Na]”
) ) ) Yields (%)
Ratio (starting material : product)
1 L1 3:4 0:1 0:1 100 403.2
2 L2 0:1 0:1 0:1 100 403.2
3 L4 0:1 0:1 0:1 100 403.2

Table 3.11 Efficiency of Pd-catalysts monitored by "H-NMR spectrometry.

NaO

=N NHBoc
\ )—NH; | Pd(0Ac),
N
NaO 2
A 25h | A . A AN
| 15h J
A i A r A WA
0.5h
PhB(OH), "
L T |
5-Br-N-Boc-Trp J
N J “ A " A A J
rmmmmmmmmmw
10 9 8 7 6 5 4 3 2 1

Chemical Shift (ppm)

Figure 3.12 *H-NMR spectra of Suzuki reactions using [L1],Pd(OAc),.
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Figure 3.13 'H-NMR spectra of Suzuki reactions using [L2],Pd(OAC),.

AP-combined-PhB(OH)2-TMG.esp

NH NHBoc
\NJLN/ Pd(OAc),
o, l
1 25h ) J " I[ N |
l 1.5h v A |l . J«_»_UL JL
Il

0.5h

PhB(OH),

5-Br-N-Boc-Trp

k Y . |
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Figure 3.14 "H-NMR spectra of Suzuki reactions using [L4],Pd(OAc),.
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3.6.3 Biosynthetic Incorporation of Unnatural Aromatic Amino Acids into Annexin
\%

General Procedure for Biosynthetic Incorporation Systems and Protein purification

Attempted protein expression proceeded from transformation of the plasmid pET12a-
PAPI (T7 promoter) or pQE8OL-Kan (T5 promoter and 6xHis-tag) in Trp-auxotrophs
(ATCC49980, JW1254-2 or CAG 18455) or Novagen E.coli BL21(DE3) singles
competent cells. A single colony of annexin V bacterial cells was picked and grown in 5
mL of LB medium at 37 °C overnight, then the pellet was transferred into 200 mL of
NMM containing an appropriate antibiotic. Cell cultures were inoculated at 37 °C until
ODgoo ~0.6-0.7 observed and boosted with supplements (See each table). Protein
expression was induced by addition of 1 mM IPTG. Cell cultures were incubated at 30
°C for 16 h, then centrifuged (7000 rpm, 10 min, 4 °C) and re-suspended in 40 mL of
TBS buffer (50 mM Tris.HCI, 150 mM NaCl, pH 8.0), and followed by further
centrifugation (7,000 rpm, 10 min, 4 °C). The cell pellet was re-suspended in 40 mL of
CaCl; buffer (50 mM Tris.HCI, 10 mM CaCl,, pH 7.2) and lysed with DNase (5 mg) and
0.5 tablet of free-EDTA protease inhibitor. The cell suspension was gently stirred at 4 °C
for 10 min, then sonicated (3 x 2 min), and the cell debris was collected by centrifugation
(17,000 rpm, 20 min, 4 °C). The supernatant was decanted and discarded, then the cell
pellet was re-suspended in 20 mL of EDTA buffer (50 mM Tris.HCI, 20 mM EDTA, pH
7.2). The cell suspension was centrifuged (17,000 rpm, 20 min, 4 °C), then the
supernatant was collected and filtered with 0.45 pum membrane filter. Each protein
sample was analysed by either SDS-PAGE or LC-MS analysis.
Antibiotics used: Ampicillin (100 mg/L) for pET12a-PAPI (T7 promoter)

Kanamycin (50 mg/L) for pQE80L-Kan (T5 promoter)

Kanamycin (50 mg/L) for V. cholerae TrpRS plasmid
Expression scale used: 100, 200 and 1,000 mL
Supplements used: 5-OH or 5-Br-Trp for protein modification

glyphosate or 3-indoleacrylic as an enzyme inhibitor
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Bacterial growth media recipes

1. Auto-induction medium 1 L (2 mL 1 M MgSQ,, 0.2 mL 1000 x trace elements,

20 mL 50 x 5052, 10 mL 25% aspartate, 20 mL 50 X M, 20 mg all amino acids,
except tryptophan and cysteine, and 928 mL MilliQ water)?.

1000 x trace elements (100 mL)

50 mL 0.1 M FeCl3.6H,O (2.70 g)
2 mL 1.0 M CaCl,.2H,0 (15.8 g)
1 mL 1.0 M MnCl,.4H,0 (19.8 g)
1 mL 1.0 M ZnS0,4.7H,0 (28.8 g)
1 mL 0.2 M CoCl,.6H,0 (4.76 g)
2 mL 0.1 M CuCl;,.2H,0 (1.70 g)
1 mL 0.2 M NiCl,.6H,0 (4.76 g)
2 mL 0.1 M Na;Mo0,4.2H,0 (2.42 g)
2mL 0.1 M Na,SeO; (1.73 g)
2mL 0.1 M H3BOs (0.62 g)

36 mL MilliQ water

50 x 5052 (1 L)
- 25 % glycerol (250 g)
- 2.5 % D-glucose (25 g)
- 10 % a-lactose (100 g)
- MilliQ water (730 mL)
50xM (1L)
- 1.25 M Na;HPO4 (335 g)
-1.25 M KHPO4 (170 g)
-2.5M NH,CI (134 g)
- 0.25 M NayS0O, (35.5 g)
- MilliQ water (700 mL)
- 25 % aspartate
(100 mL), pH 7
- Aspartic acid (25 g)
- MilliQ water (84 mL)

2. New minimal medium (NMM) 1 L (11.41 g 50 mM K,;HPO,.2H,0, 2.99 g 22
mM KH,PO,4, 496 mg 8.5 mM NaCl, 991 mg 7.5 mM MgSO,, 991 mg 7.5 mM
(NH4),S04, 120 mg 1 mM MgSQy, 3.60 g 20 mM D-glucose, 9.0 uL 1 M CaCls,,
3.6 uL 1 M FeSQ,4.7H,0, 10 uL trace elements, 10 mg thiamine, 10 mg biothin,

50 mg each all amino acids, except tryptophan, and 1 L MilliQ water)

Trace elements (100 mL)

- 250 mg CuS04.5H,0
- 592ZnS0,4.7H,0

- 50 mg MnSQO4.H,0O

- 47 mg (NH,4)2.M0O,
- 100 mL MilliQ water

26,27
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Investigation of Biosynthetic Incorporation Systems using Trp-auxotroph

Trp-auxotroph n

NMM, 30 °C, 16 h

1 mM IPTG
H
N
\
Br
CO,H
H,N
) ) Expression
Entry  Trp-auxotrophs Plasmids Supplements Media o
Conditions
1 mM IPTG,
1 ATCC 49980 pET12a-PAPI 5-Br-Trp NMM
30°C,16h
1 mM IPTG,
2 JW 1254-2 pET12a-PAPI 5-Br-Trp NMM
30°C,16h
1 mM IPTG,
3 CAG 18455 pET12a-PAPI 5-Br-Trp NMM
30°C,16h

Expression scale: entry 1, 1 L and entry 2-3, 200 mL
Supplement: entry 1, 5 mL and entry 2-3, 1 mL of the 5-Br-Trp stock solution (50 mM)
Protein extraction: entry 2-3, 300 UL BugBuster® protein extraction reagent

225
150
100

-3 88858

1 =0 h incubation
2 =1 h incubation
3 =2 h incubation
4 = 3 h incubation
5 = 4 h incubation

25 . - ' h
6 = 18h incubation
15 . > Fr ¥ 7 = Pellet in TBS buffer
. - 8 = Pellet in CaCl, buffer
0 » 9 = Pellet in EDTA buffer

R RN
: .

10 = Pellet in BugBuster solution
11 = Wild-type annexin V
1 2 3 4 5 6 7 8 9 10 11

Figure 3.15 SDS-PAGE of the attempted incorporation of 5-Br-Trp into annexin V using
E.coli tryptophan auxotroph ATCC 49980. No desired protein was detected by SDS-
PAGE.
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S

225 -
150
100
75
5

-
35 '

-

o
15 .
0 .-

12 3 45

1=JW 1254-2, LB, 30 °C, 16h

2 = CAG 18455, LB, 30 °C, 16h
3= CAG 18455, NMM, 30 °C, 16h
4 = JW 1254-2, NMM, 30 °C, 16h

5 = Wild-type annexin V

Figure 3.16 SDS-PAGE of the attempted incorporation of 5-Br-Trp into annexin V using
E.coli tryptophan auxotroph JW 1254-2 and CAG 18455, respectively. No desired

protein was detected by SDS-PAGE.

Investigation of Biosynthetic Incorporation Systems using E.coli BL21(DE3) and

Enzyme Inhibitor

E.colil BL21(DE3)

30°C,16 h
1 n:M IPTG _ %\{l :
; s%S
N Y
\ \'/\
Br
COH
H,N
Enzyme inhibitor
] ] Enzyme ] Expression
Entry Bacterial cells Plasmids Supplements T Media o
inhibitors Conditions
) 1 mM IPTG,
1 E.coli BL21(DE3) pET12a-PAPI 5-Br-Trp glyphosate NMM
30°C,16h
) 1 mM IPTG,
2 E.coli BL21(DE3) pET12a-PAPI 5-Br-Trp glyphosate AIM
30°C,16h
) 1 mM IPTG,
3 E.coli BL21(DE3) pET12a-PAPI 5-OH-Trp glyphosate AIM
30°C,16h
) IAA 1 mM IPTG,
4 E.coli BL21(DE3) pET12a-PAPI 5-Br-Trp NMM
glyphosate 30°C,16h

Expression scale: entry 1, 200 mL and entry 2-4, 100 mL

Supplements: entry 1, 150 mg and entry 2,4, 75 mg of 5-Br-Trp and entry 3, 75 mg of 5-OH-Trp
entry 1, 200 mg and entry 2-4,100 mg of glyphosate
entry 4, 100 pL of the IAA stock solution (10 mg/mL)
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Figure 3.17 SDS-PAGE and ESI-MS spectrum of the attempted incorporation of 5-Br-
Trp into annexin V expressed in E. coli BL21(DE3) using NMM supplemented with

glyphosate
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Figure 3.18 SDS-PAGE and ESI-MS spectrum of the attempted incorporation of 5-Br-
Trp into annexin V expressed in E. coli BL21(DE3) using AIM supplemented with

glyphosate.
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Figure 3.19 ESI-MS spectrum of the attempted incorporation of 5-OH-Trp into annexin
V expressed in E. coli BL21(DE3) using AIM supplemented with glyphosate.
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Figure 3.20 SDS-PAGE and ESI-MS spectrum of the attempted incorporation of 5-Br-
Trp into annexin V expressed in E. coli BL21(DE3) using NMM supplemented with

glyphosate and 3-indoleacrylic acid (IAA).
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Investigation of Biosynthetic Incorporation Systems using E.coli BL21(DE3) and
Tryptophanyl-tRNA Synthetase (TrpRS)

E.colil BL21(DE3)
TrpRS (V. cholerae)
NMM, 30 °C, 16 h
1mM IPTG

» <4
; Xy
N Y |
\ \ Vo r\'/\
Br
S>:cozH
H,N
] ) ) Expression
Entry Bacterial cells Plasmids Supplements Media o
Conditions
) pET12a-PAPI 1 mM IPTG,
1 E.coli BL21(DE3) - NMM
TrpRS (V. cholerae) 30°C,16h
) pET12a-PAPI 1 mM IPTG,
2 E.coli BL21(DE3) 5-Br-Trp NMM
TrpRS (V. cholerae) 30°C,16h
_ pET12a-PAPI 5-OH-Trp+ 1 mM IPTG,
3 E.coli BL21(DE3) NMM
TrpRS (V. cholerae) IAA 30°C,16h
) pET12a-PAPI 5-Br-Trp+ 1 mM IPTG,
4 E.coli BL21(DE3) NMM
TrpRS (V. cholerae) IAA 30°C,16h
) pET12a-PAPI 5-Br-Trp + 1 mM IPTG,
5 E.coli BL21(DE3) NMM
TrpRS (V. cholerae) glyphosate 30°C,16h

Expression scale: 200 mL
Supplements: entry 2,4-5, 100 pL of the 5-Br-Trp stock solution (20 mg/mL)
entry 3, 100 pL of the 5-OH-Trp stock solution (20 mg/mL)
entry 3-4, 25 uL of the 1AA stock solution (10 mg/mL)
entry 5, 200 uL of the glyphosate stock solution (100 mg/mL)
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Figure 3.21 ESI-MS spectrum of wild-type annexin V expressed with V. chlolerae
TrpRS in E. coli BL21(DE3) using NMM.
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Figure 3.22 ESI-MS spectrum of wild-type annexin V expressed with V. chlolerae
TrpRS in E. coli BL21(DE3) using NMM supplemented with 5-Br-Trp.
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Figure 3.23 ESI-MS spectrum of wild-type annexin V expressed with V. chlolerae
TrpRS in E. coli BL21(DE3) using NMM supplemented with 5-OH-Trp and 1AA.
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Figure 3.24 ESI-MS spectrum of wild-type annexin V expressed with V. chlolerae
TrpRS in E. coli BL21(DE3) using NMM supplemented with 5-Br-Trp and 1AA.
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Figure 3.25 ESI-MS spectrum of wild-type annexin V expressed with V. chlolerae
TrpRS in E. coli BL21(DE3) using NMM supplemented with 5-Br-Trp and glyphosate.

3.6.4 Plasmid Construction of the Annexin V Plasmid into pQE80L-Kan
Vector

Forward primer: AGT CGT GGA TCC GCA CAG GTT CTC AGA GGC ACT GTG

Reverse primer: AGT CGT AAG CTT TTAGTC ATC TTC TCC ACA GAG CAG CAG

Each 10 uM forward and reserve primers (1 pL), DNA template of the annexin V
plasmid (pET12a PAPI), and PfuUltra 1l Hotstart2 x Master Mix (25 uL) were added in a
PCR eppendorf, then filled up with sterilised MilliQ water to a totally final volume of 50
ML. The reaction tube was placed in the PCR machine whose programme was set up as

follows.
Segments Number of cycles Temperature Duration
1 1 95°C 2 min
95°C 20 sec
2 30 72°C 20 sec
72°C 30 sec
3 1 72 °C 3 min

1% Agarose gel (0.5 g agarose, 50 mL 1 x TAE buffer, and 5 pL DNA visualising agent)
was prepared to analyse the PCR product being extracted by QIAquick gel extraction kit
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(Qiagen). DNA PCR fragment (14 pL) was re-suspended in the 10 x NEBuffer 4 (2 uL),
then followed by addition of two restriction enzymes, BamHI-HF (2 uL) and HindllI-HF
(2 pL). The pQES8OL-Kan vector (10 pL) was also re-suspended in the 10 x NEBuffer 4
(2 pL), then followed by addition of the BamHI (2 pL) and Hindlll (2 pL), and adjusted
volume to 20 pL with sterilised MilliQ water (4 uL). Both DNA PCR fragment and
pQEB8OL-Kan vector reaction tubes were incubated at 37 °C for 4 h, then further purified
by PCR purification kit and eluted by sterilised MilliQ water (30 pL). A 3:1 ratio mixture
of the digested PCR fragment and vector (9 pL) was dissolved in a 2 x quick ligation
buffer (10 uL), then followed by addition of quick ligase (1 pL) and incubated at room
temperature for 1 h. The ligation mixture was transformed into E.coli tryptophan
auxotrophic strain ATCC 49980 and XL10-Gold ultracompetent cells, then plated on the
LB agar plate containing kanamycin as an antibiotic.

1 kb

(a) (d)

Figure 3.26 a). PCR band (~1 kb) on agarose gel, b). Digested PCR fragment (~1 kb)
and pQE8OL-Kan vector (4.7 kb), and c-d). Transformation of the ligation mixture into
XL10-Gold ultracompetent cells and E.coli tryptophan auxotroph ATCC 49980,
respectively.

Sequencing of the Colony PCR of pQES80L-Kan derived from XL10-Gold
Ultracompetent Cells

Each 10 uM forward and reserve primers (1 puL), DNA template of the pQE8OL-Kan
derived from XL10-Gold ultracompetent cells, and PfuUltra Il Hotstart2 x Master Mix
(25 pL) were added in a PCR eppendorf, then filled up with sterilised MilliQ water to a
totally final volume of 50 pL. The reaction tube was placed in the PCR machine whose

programme was set up as follows.
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Segments Number of cycles Temperature Duration
1 1 95°C 2 min
95°C 20 sec
2 30 72°C 20 sec
72°C 30 sec
3 1 72°C 3 min

1% Agarose gel (0.5 g agarose, 50 mL 1 x TAE buffer, and 5 uL DNA visualising agent)
was prepared to analyse the PCR product being extracted by QIAquick gel extraction kit
(Qiagen). The purified plasmid DNA (10 pL, 100 ng/pL) was prepared for DNA
sequencing. The DNA sequence of the plasmid DNA (pQES80L-Kan) exactly matched
with the original annexin V gene from the pET12a PAPI plasmid. This plasmid DNA
was transformed into XL10-Gold and XL1-Blue cells on LB agar plate, then picked up in
5 mL LB culture. The overnight culture was prepared for 50% glycerol stock which was
kept in the -80 °C freezer.

MetRGSHHHHHHGSAQVLRGTVTDFPGFDERADAETLRKAMetK
GLGTDEESILTLLTSXSNAQRQEISAAFKTLXGRDLLDDLKSEL
TGKFEKLIVALMetKPSRLYDAYELKHALKGAGTNEKVLTEIIAS
RTPEELRAIKQVYEEEYGSSLEDDVVGDTSGYYQRMetLVVLLQ
ANRDPDAGIDEAQVEQDAQALFQAGELKWGTDEEKFITIFGTR
SVSHLRKVFDKYMetTISGFQIEETIDRETSGNLEQLLLAVVKSIR
SIPAYLAETLYYAMetKGAGTD

Figure 3.27 Amino acid sequence of the new plasmid construct (pQE80L-Kan), and
transformation of the pQE8OL-Kan into XL1-Blue and XL10-Gold cells.
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Expression of Wild-type Annexin V (pQE80L-Kan) using Trp-auxotroph

) ) ) Expression
Entry  Bacterial cells Plasmids Supplements  Media o
Conditions
1 mM IPTG,
1 ATCC 49980 pQES8OL-Kan - LB
30°C,16h
1 mM IPTG,
2 CAG 18455 pQE8OL-Kan - LB
30°C,16h
Expression scale: 200 mL
w| B
» 1= Pellet in TBS buffer
9 2 = Pellet in CaCl, buffer
CRL376262 122 (2.084) 5| . *re 3 = Pellet in EDTA buffer TOF MS ES+
100 866 % ! ® 76
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S B3
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Figure 3.28 SDS-PAGE and ESI-MS spectrum of wild-type annexin V (6xHis-tag)
expressed in E.coli tryptophan auxotroph ATCC 49980.
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Figure 3.29 SDS-PAGE and ESI-MS spectrum of wild-type annexin V (6xHis-tag)
expressed in E.coli tryptophan auxotroph CAG 18455.

Investigation of Biosynthetic Incorporation Systems using Trp-auxotroph (1)

Trp-auxotroph

(ATCC49980)
NMM, 30 °C, 16 h
= >
H
N
\
Br
COH
H,N
) ) ] Expression
Entry Bacterial cells Plasmids Supplements Media o
Conditions
1 mM IPTG,
1 ATCC 49980 pQES8OL-Kan 5-Br-Trp NMM
30°C,16h

Expression scale: 200 mL
Supplements: 3x20 mg of 5-Br-Trp
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(For Western blot: See general experimental considerations in appendix)

Entry Proteins Antibodies Dilution

Primary Secondary

1 Annexin V Monoclonal - 1:5,000
(6xHis-tag) anti-polyhistidine alkaline
phosphatase antibody

produced in mouse

BCIP/NBT used as an alkaline phosphatase substrate.

w3 1=Pellet in TBS buffer  (5-Br-W)
100
75 1 ‘ .
! 2 = Pellet in CaCl, buffer (5-Br-W)
CRL276219 115 (2.018) o W § TOF M3 ES+
_ : a2
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% » ! »"
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Figure 3.30 SDS-PAGE, corresponding Western blot (using monoclonal anti-
polyhistidines alkaline phosphatase antibody) and ESI-MS spectrum of the attempted
incorporation of 5-Br-Trp into annexin V expressed in E.coli tryptophan auxotroph
ATCC 49980 using NMM supplemented with 5-Br-Trp.
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4.1 Introduction

The aim of this chapter is to optimise a chemical method for site-specific protein
iodination reactions and also to investigate bioconjugation reactions of the iodinated
protein using our aqueous palladium-catalysed systems through either Suzuki-Miyaura or
Sonogashira cross-coupling. The application of this system to a novel chemical method

for palladium-mediated ubiquitination is also investigated.
4.1.1 Peptide and Protein lodination Reactions

A synthesis of bis(pyridine)iodinium(l) tetrafluoroborate (IPy,BF,), a potential iodinating
agent, was first reported by Barluenga and co-workers?. Formation of the IPy,BF,
proceeded from treatment of HgO*2BF,-SiO; with both iodine and pyridine in DCM
(Scheme 4.1)*2. Alternatively, this compound was also more safely synthesised by use of
AgBF;-SiO; instead of the original HgO*2BF,-SiO,, as reported by Davis et. al (Scheme
4.1)%.

(Barluenga's Method)

1. Pyridine
HgO-2BF,-SiO, > |Py,BF,

2.1,

DCM, 1h, rt B ]

IPyzBF4 = Z N\T,N N

(Davis’'s Method) 3

1. Pyridine BF4
AgBF,-SiO, > IPy,BF,

2.1,

DCM, 1h, 23 °C

Scheme 4.1 Preparation of the IPy,BF, as an iodinating agent by Barluenga and Davis’
methods, respectively’™.

IPy,BF, is also useful in iodination reactions of both peptides and proteins via
electrophilic aromatic iodination (Scheme 4.2)**°. Furthermore, electrophilic aromatic
iodination of proteins (bovine insulin, lysozyme, and 1,3-1,4-$-D-4-glucanohydrolase)

has been demonstrated by use of IPy,BF, as a mild and selective iodinating agent®. All
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protein reactions showed multiple-site labelling of the most accessible tyrosine residues,
as subsequently confirmed by MALDI-TOF and MSMS analysis. In the case of
lysozyme, a histidine residue was also selectively iodinated by IPy,BF, under acidic
conditions (pH5.9).

DCM,rt

/©/ 60 %
HO HO
i

Scheme 4.2 lodination reaction of activated aromatic residues in peptide>.
4.1.2 Palladium-Catalysed Cross-Coupling Reactions of Proteins

Chemical modification of proteins is widely used in extension of the functionality of
proteins and structural diversity. Many tools for this purpose now exist, such as native

chemical ligation’, C-C bond formation®*!, glycosylation reactions'***

or
cycloaddition'**°. Chalker and Davis reported a new pyrimidine-based Pd catalyst
containing a simple ligand (2-amino-4,6-dihydroxypyrimidine, L1), which has since been
widely used in aqueous Pd-mediated reactions of proteins®?®?!. This water-soluble Pd
catalyst was used to facilitate new single C-C bond formation at p-iodobenzyl cysteine
installed at position 156 of Bacillus lentus subtilisin (SBL) under aqueous conditions

(Scheme 4.3)°.

D D

K‘ =S ( ~
o~ 4

» ¥ =/ s » ¥ /s
s o T EVQPN I V59 /Iy

V‘J}; 7 ( NaO yv,@(, s |
LYo p B —N (a7 p %

"\ A1 \ /)—NH,|" Pd(OAc), ) i

SBL-156-SAr-l N SBL-156 Coupling Product

NaO
[L1] 2

37 °C, NaP;, pH 8.0
Scheme 4.3 Suzuki-Miyaura cross-coupling of iodoaryl SBL with R-B(OH),’.
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Spicer and Davis also reported genetic incorporation of p-iodophenylalanine into maltose
binding protein (MBP) using UAG stop-codon suppression®. This protein could be
chemically modified by use of a water-soluble and air-stable Pd catalyst to afford the
cross-coupled product, as detected by LC-MS analysis (Scheme 4.4).

13 (HOB. 13
™ o] i
X L/\©\ \Q )
TNy vK TN v<
(@J'.l'c" | {_@J’,;'.‘. =
S\ Ja YL L U 5\ ¥ e o]
S D) % i Yo ) ax e —
S0 S NaO S S
o3 ) ,g}{}*)) (&Y iz ,«g}{)«))
{\r/(. %}\i \ q />_NH2 - Pd(OAc), i\t;{;‘ . ;}\i ;
s\, N -
k\l& y NaO ‘\1, )
= [L1] 2 <
MBP-13Arl MBP-13 Coupling Product

37 °C, NaP;, pH 8.0

Scheme 4.4 Site-selective Suzuki-Miyaura cross-coupling of iodophenyl MBP?.

Sonogashira cross-coupling is an alternative Pd-mediated reaction involving the
formation of a new C-C bond between a terminal alkyne with an aryl or vinyl halide, in
the presence of Pd catalyst. Copper-free Pd-mediated Sonogashira reactions of the
ubiquitin (UBQ) bearing a genetically encoded alkyne with a set of functionalised
aromatic iodide substrates were first reported by Lin and co-workers (Scheme 4.5)%.
These reactions were facilitated by a water-soluble Pd catalyst containing (N,N -

dimethyl)-2-amino-4,6-dihydroxy pyrimidine, L2 as a ligand.

NaO

—N /
F i\: N/>—N\ - Pd(OAc), ﬁ A

—‘s // NaO 5 —% //
4 YA [ _ " 4
P — P
UBQ-Hpg UBQ Coupling Product

- xSy 6

Scheme 4.5 A model study of aqueous copper-free Sonogashira reactions of the Hpg-
tagged ubiquitin using our efficient Pd catalyst®*.
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Furthermore, Sonogashira cross-coupling of para-iodophenyl dihydrofolate reductase
(eDHFR) with 5-ethylnyl fluorescein as a fluorescent dye using a pyrimidine-based Pd
catalyst was reported by Wombacher and co-workers®®. Site-specific C-C bond formation
between eDHFR and the fluorescent probe was achieved by a two-step protein
modification process, via enzymatic peptide labelling and subsequent Sonogashira

reaction.
4.1.3 Ubiquitination

Ubiquitin is a small protein containing 76 amino acids (8.5 kDa) that is found in almost
all eukaryotic organisms®*?°. Its conjugation to proteins, known as ubiquitination, targets
the protein degradation. Ubiquitination occurs through three steps - activation,
conjugation, and ligation - involving specific enzymes, which are ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3), respectively
shown in Figure 4.1%%, A linkage between ubiquitin molecules and a lysine side-chain
of the protein target is made via an isopeptide bond, leading to the attachment of either a
single ubiquitin  molecule (monoubiquitination) or several ubiquitin  units

(polyubiquitination) to the protein. This process is repeated to form a small ubiquitin tag,

which associates with the proteasome, leading to protein degradation®%.
(uB
< @@
Ce1) = & ez 1
@®@—oEm — > gEY |
e 8 Gubstrate E——
ubstrate K

Activation Conjugation
Ligation

w Degradation

Proteasome

BN
/\9\\/\
N\S\

Peptides

Figure 4.1 Ubiquitination mechanism involving activation, conjugation, ligation, and
degradation®*?’.

Apart from enzymatic ubiquitination, a recent report shows chemical linkages generated

by copper(l)-catalysed alkyne-azide cycloaddition (CuAAC) reaction between
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genetically modified UBQ (based on amber codon suppression and use of Met-
auxotroph) and a protein of interest containing a propargyl tag, leading to the formation
of a polyubiquitin tag, as observed by SDS-PAGE (Scheme 4.6)%.

(A protein of interest)

CuAAC reaction

Modified UBQ Polyubiquitination
Scheme 4.6 A new method for chemical polyubiquitinaiton of the protein of interest
through CuAAC reactions®®,

4.2 Site-specific Protein lodination Reactions

As previously discussed in chapter 3, the biosynthetic incorporation of 5-Br-Trp into
annexin V through either use of tryptophan auxotropic strain or Trp-tRNA synthetase
(TrpRS) was unsuccessful, possibly due to incompatible incorporation systems during
protein expression. In this chapter, we alternatively investigated a direct method to
chemically install C-1 bonds at tyrosine residues which could then be further modified by
Pd-mediated reactions (Suzuki-Miyaura and Sonogashira cross-coupling reactions) for
the creation of new C-C bonds. Initially, Barluenga’s reagent (IPy,BF,) was investigated
as a reactive iodinating agent for the installation of C-I bonds on tyrosine residues of a
protein of interest. We tested a set of model proteins including insulin, monocyte
chemoattractant protein-1 (MCP-1) or C-C motif chemokine (CCL2), and ubiquitin
(UBQ) by treatment of these proteins with IPy,BF, (Scheme 4.7).
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Direct Protein lodintion

Ubiquitin
L Insulin Chemokine-CCL2 )
Scheme 4.7 A protein model study for direct protein iodination by use of Barluenga’s
reagent.

We chose insulin for our first model study based on a previous study”. Insulin as isolated
from either human or bovine source has four natural tyrosine residues. Reactions of wild-
type insulin were investigated by reacting with IPy,BF,, leading to the formation of
multiply-iodinated products (Figure 4.2). Surprisingly, we found that iodination occurred
not only on tyrosine, but also on histidine (as previously observed only in lysozyme). The
insulin iodinated by 20 equiv. IPy,BF, was digested by trypsin, affording the peptides
containing desired chemical modifications (C-1) at histidine (2x) and tyrosine (4x)
moieties (See experimental details, Table 4.21).

BF,
C } & <\ /:N_l_N:\ />
(20 equiv.)
v 100 mM NaHCO;, pH 9.6 v
, 10 min, RT

MW 5733 MW 7245
CRL348318 120 (2.199) 12x1-Tyr/His TOF MS ES+
7244 11065
1004
Calculated mass: 7245 Da ‘
Observed mass : 7244 Da of >>3>4¥ ‘\(_\
‘ :
a
= I ‘,\
7248 < Nz
7118 -
G741 576993 [ (
\J
il | Ll e

T T u T T T T T T T T T T T f J T T T T T T T T T T u T T T ¥ | mass
5000 5250 5500 5750 6000 6250 6500 6750 7000 7250 7500 7750 8000 8250 8500  8Y50

Figure 4.2 ESI-MS spectrum of wild-type insulin treated with 20 equiv. IPy,BF,.
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Next, MCP-1, as a chemokine-CCL2, was also studied by treatment of wild-type MCP-1
with IPy,BF, (10 equiv.), giving iodinated protein as observed by LC-MS (Figure 4.3).
Formation of new C-I bonds onto both tyrosine (2x) and histidine (1x) of the MCP-1 was
also confirmed by MSMS analysis (See experimental details, Table 4.22).

BF,
O+

(10 equiv.)

10 mM K,HPO,, 100 mM NaCl,
5 mM MgCl,, pH 7.5

RT, 30 min

MW 8798 MW 9554

6xI1-Tyr/His
9551

Calculated mass : 9554 Da \ _
Observed mass : 9551 Da Qom {
I 2 k?
9425 N\
‘ IA«H]\_I/ \. \

L

Figu'rew4.3“ESI-I\/‘I‘S épecfrum of V\'/iIthype MCP-1 treated with 10 _equi'\/._iPyngF4.

v

Alternatively, ubiquitin (UBQ), a small protein containing each single tyrosine (1x) and
histidine (1x), is a good candidate for protein iodination. This protein was treated with
IPy,BF, (15 equiv.), giving iodinated products (including an oxidised methionine)
observed by LC-MS (Figure 4.4). Both iodinated tyrosine and histidine moieties of the
UBQ and its oxidised methionine were also detected by MSMS analysis (See
experimental details, Table 4.23). Based on these results, we reasoned that this iodinated
ubiquitin could be a useful model for investigation of Pd-mediated reactions to minimise
undesired modification at undesired positions/sites.
BF,
-0

(15 equiv.)

50 mM NaH,PO,, pH 8.0

RT, 90 min

MW 8565 MW 9085 (O)
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CRL355630 110 (1.875) 4x1-Tyr/His TOF WS ES+
100+ 9084 1.08e5

Calculated mass : 9085 Da
Observedmass : 9084 Da

0 " _IJL_ .

§000 6500 7000 7500 8000 8500 0000 @500 10000

' mass

10500 11000 11500

Figure 4.4 ESI-MS spectrum of wild-type ubiquitin treated with 15 equiv. IPy,BF,.

4.3 Palladium-Mediated Reactions of Proteins
4.3.1 Suzuki-Miyaura Cross-Coupling Reactions

A model study of aqueous Suzuki-Miyaura cross-coupling (SMC) reactions of the UBQ
was investigated by use of our aqueous Pd catalysts containing various ligands, resulting
in the formation of new C-C bonds at specific sites (Scheme 4.8). Compared to our
previous study of a genetically incorporated IPhe residue, tyrosine and histidine residues

represent novel and challenging targets for Suzuki cross-coupling on proteins.

BF, - ©/B(0H)2
@N—I:NQ

Wild-type ubiquitin

LX=

L1 L2 L3 L4

Scheme 4.8 A model study of Suzuki-Miyaura cross-coupling reactions of the iodinated
ubiquitin with boronic acids in the presence of an aqueous Pd catalyst.

Initially, all ligands (L1-L4) of Pd catalysts were investigated by reactions of iodo-
Tyr/His UBQ with PhB(OH),. It was found that two Pd catalysts containing L2 or L4
ligand showed a highly efficient conversion of a starting material to desired coupling

products with full consumption of starting material. We decided to use [L2],Pd(OAc),
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catalyst for a further investigation of all Pd-mediated reactions. Optimisation of reaction
conditions was studied by varying the amounts of PhB(OH),, ranging from 500 to 2000
equiv. in order to compare the conversion to C-C cross-coupled products. The reaction
revealed that there was no significant change, even upon addition of excess amounts of
PhB(OH); to reactions (Figure 4.5). The reaction would ideally use minimal and optimal

amounts of boronic acid/Pd catalyst in order to avoid undesired side-reactions.

©5(0H)Z

(500-2000 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

NaO

=N /
A N/)—N\ -Pd(OAc),
NaO
[L2]
then DTT (2x50 equiv.), 37 °C, 30 min

MW 9085 (O)

2 (50 equiv.)

=
% =
CRL355000 113 (1.924) ® o TOF MS ES+
1004 8810 & 4.10e4
Entry 1 (500equiv. PhB(OH),) 8886 )
- ‘
N 7
| B(OH N §
= ©/ (OH), 6794 ‘ 2
S
0 e L. - FRRRNRT RN PP pialle -L TR ! Lok bl o ool I bttt oo
T T 1 T 1 T 1 T T T T T T T T T T T T T T T
000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500
=
%
CRL355082 114 (1.941) < TOF MS ES+
=
100- g 8886 4934
H (32]
Entry 2 (1000equiv. PhB(OH),) 010
=
= B(OH), %
N
8734
S
n
0 IL. TR T I Loyl [T ol 1l Ulg By L1l i il L g el mass
T T 1 T T T U T T T T T T T T T T T T T T
000 500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11600
=
Q
CRL355084 114 (1.942) o 3 TOF M3 ES+
100- % 8886 GEled
Entry 3 (2000equiv. PhB(OH),) 8
=
B B(OH), %
o~
8734
N
0 I_I_I*_L.J.I\ , -III.‘I ; TP T ‘ . I.;JJ IIH‘-I\I ‘l; - ,‘..‘l.mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 4.5 ESI-MS spectra of the iodo-Tyr/His ubiquitin treated with 500-2000 equiv.
PhB(OH), and 50 equiv. [L2],Pd(OAC),.
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To confirm an installation of new C-C bond at tyrosine and histidine residues, the
phenyl-coupled product digested by trypsin was analysed by nanoLC-MSMS. Both post-
translational modifications, diPh (Y-59) and diPh (H-68), on this peptide
(TLSDYNIQKESTLHLVLR) were found by MSMS analysis (See experimental detail,
Table 4.24). To investigate the scope of our aqueous Pd cross-coupling reactions of
iodinated ubiquitin to a wide range of boronic acids with diverse functionalities were
carried out in the presence of the [L2],Pd(OAc), catalyst (Scheme 4.9).

/©/B(0H)z
R

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

NaO

—N /
\ />—N - Pd(OAc),
N \
MW 9085 (0) Nad

[L2] 2 (50 equiv.)

then DTT (2x50 equiv.), 37 °C, 30 min

\
B(OH), \/054 BF.K" B‘Ngko
[ ©/ (OH), ©/ ©/ ©/ 0_&0

©/B(OH)Z Q/B(OH)Z B(OH), /©/B(OH)2 /©/B(OH)2
(©/ HO' MeO
OH
/©/B(OH)2/©/B(OH)2 /©/B(OH)2 B(OH), B(OH), B(OH), B(OH),
: 0 o
F cl Br /Nj(©/ - HO,C 0N
o
B(OH), B(OH), B(OH), B(OH), (o} S N,o X B(OH): N B(OH),
[Q Q CL {Lz Q s OO0
o
o m WO JCWIN'SE
KFsB é HN” N~ HN” N~
|(+ | |
N
(HO),B

B(OH), B(OH),

OH
@\/\/B(OH)Z HB@O\/\/B(OH)Z

OH

Scheme 4.9 Suzuki-Miyaura reactions of the iodo-Tyr/His ubiquitin with various boronic
acids.
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To compare the rate of conversion, we used some neutral phenylboronic acid derivatives.
Both B(OH), and B(OR), (pinacol ester) showed a better conversion of C-1 bonds to new
C-C coupled bonds as compared to potassium trifluoroborate (BF3;K) and N-
methyliminodiacetic acid (MIDA). For example, a reaction of the iodo-Tyr/His ubiquitin
with phenylboronic acid pinacol ester gave multiple C-C bonds without remaining

starting material as observed by LC-MS (Figure 4.6).

CRL355520 110 (1.875)
100- 8810 5
X
<

| \y
L JJJ i
0 e B i o it st Lt il Ll

b , L s s
6000 6500 7000 7500 | 8000 . 8500 9000 | @500 | 10000 | 10500 41000 | 11500

TOF MS ES+
5.76e4

= Mass

Figure 4.6 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv.
PhB(OR); (R = pinacol ester) and 50 equiv. [L2],Pd(OAC)..

For a further study of the SMC reactions, electron-rich substituents of the phenylboronic
acids were tested on same conditions mentioned previously. All candidates worked very
well in the presence of the [L2],Pd(OAc), catalyst, forming multiple C-C bonds with
different ratio of the coupling products. For example, treatment of the iodo-Tyr/His
ubiquitin with 4-methylphenylboronic acid showed predominantly three new C-C bonds
on both residues as observed by LC-MS (Figure 4.7).

.
CRL355184 114 (1.943) % TOF MS ES+
100~ 8852 5 00e4
— <
8942
B(OH), £ g
= N
/©/ 6762
\
[ mL TN | L T db P | L " 4 mass
T T f f T T 1 T T f 1 f T T T T T T T f
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 4.7 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 4-Me-
PhB(OH), and 50 equiv. [L2],Pd(OAC),.

In addition, phenylboronic acid derivatives bearing an electron withdrawing substituent
were also investigated. Surprisingly, all possible coupling products were observed by

LC-MS without remaining starting materials. For example, when the iodo-Tyr/His
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ubiquitin was coupled to 4-nitrophenylboronic acid, the bi-, tri-, and tetra-arylated

coupling products were detected by LC-MS (Figure 4.8).

TOF MS ES+

CRL355228 113 (1.925)
7.73e3

1004

mass

0 T
6000 6500 7000 7500 8000 8500 9000 95‘00 ' WUUICIU 1USIUU ' ﬁll.ll]U ' 115‘00 '

Figure 4.8 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 4-
NO,-PhB(OH); and 50 equiv. [L2],Pd(OAC),.

In terms of steric effects, we also investigated SMC reactions which were performed with
some more hindered ortho-mono/dimethyl PhB(OH),. As expected, methyl groups at
either meta or para position showed C-C forming bonds without a detection of remaining
starting materials (Figure 4.9), on the other hand, no desired product was detected by LC-
MS when the iodo-Tyr/His ubiquitin reacted with 2,5-diMePhB(OH), (Figure 4.10).
Only starting material (4xl) and deiodinated products (2-3xI) were observed by LC-MS.

CRL355536 111 (1.692) ¢l i TOF MS ES+
100+ 8852 & 467e4
8942

re
B(OH) <
2
N 3
8762
A
" L.
" Jli e L
0 T J'\L Tt |lm|h T < T T o |“‘| T I|I 4 T T T mass
6000 6500 7000 7500 G000 8500 9000 9500 10000 10500 11000 11500

Figure 4.9 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 3-Me-
PhB(OH), and 50 equiv. [L2],Pd(OAC),.

g
CRL355339 114 (1.943) é TOF MS ES+
1004 9085 1.28e5
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™
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Figure 4.10 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 2,5-
diMe-PhB(OH); and 50 equiv. [L2],Pd(OAC),.
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We also investigated some electronically-challenging heterocyclic substrates on SMC
reactions. Thienylboronic acids showed the best conversion of the coupling products
shown in Figure 4.11. A partial formation of C-C bond forming products was found by
LC-MS upon treatment of the UBQ with furanylboronic acid. In case of N-heterocyclic
boronic acids, there was no product formation observed by LC-MS, possibly due to their

poor aqueous solubility or lowered reactivity.

=
CRL357031 119 (2.028) é TOF MS ES+
100 1534

T Mass

0- T T T T T T T
6000 6300 7000 7500 G000 6500 9000 9500 10000 10500 11000 11500

Figure 4.11 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 3-
thienylB(OH), and 50 equiv. [L2],Pd(OAC),.

Apart from aromatic systems, Pd cross-coupling of the iodo-Tyr/His ubiquitin with
alkenylboronic acids was demonstrated, but the reactivity was less good as compared to
aromatic C(sp?)-C(sp?) systems. A mixture of 3-phenylpropene C-C coupling products
was partially observed by LC-MS (Figure 4.12), but the reaction failed when treating
with a glucose-derived coupling partner.

CRL355522 114 (1.044) (3xpropenyl/1xI)
100- 9056

/
©/\/\B(OH)2 ga40 |2060
0

6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

TOF MS ES+
3.55e4

mass

Figure 4.12 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 3-
phenylpropenylB(OH), and 50 equiv. [L2],Pd(OAC),.

To extend this Pd-mediated system to the fluorescent labelling of proteins, the iodo-
Tyr/His UBQ was coupled to various fluorescent boronic acids. Only two fluorophores,

coumarinyl boronic acid pinacol ester and cyclictriolborate, were successful in SMC
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coupling reactions of the UBQ (Figure 4.13). Others, including coumarinyl

trifluoroborate, and dansyl dye derivatives, caused protein degradation.

CRL355765 111 (1.891)
100

TOF MS ES+
1.23e4

7 T T T UNAREE] T T T T T T T T T T T T T T T mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 4.13 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv.
potassium coumarinyl cyclictriolborate and 50 equiv. [L2],Pd(OAc)..

4.3.2 Sonogashira Cross-Coupling Reactions

Our aqueous Pd-mediated system showed many successful examples of SMC reactions
of the iodo-Tyr/His UBQ with various aromatic boronic acids. We then applied this
system to another type of Pd-mediated reaction, the Sonogashira cross-coupling. To
investigate Sonogashira cross-coupling reactions, the iodo-Tyr/His UBQ was treated with
1-propargyl-p-D-glucopyranose  (propynyl-O-glucose) in the presence of the
[L2],Pd(OAC), catalyst. After 4 h at 37 °C, coupling products and unreactive iodinated
ubiquitin were detected by LC-MS as shown in Table 4.1. An increase in amounts of
both propynyl-0-glucose (750-1000 equiv.) and [L2],Pd(OAc), catalyst (75-100 equiv.)
showed a better conversion to cross-coupled ubiquitin as compared to lesser amounts of
alkyne and [L2],Pd(OAc), catalyst, however, the ESI-MS signal resolution was poor.
The iodo-Tyr/His ubiquitin was treated with 500 equiv. propynyl-o-glucose and 50
equiv. [L2],Pd(OAc), catalyst, giving optimal conversion to C-C coupling product
(Figure 4.14).
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(250-1000 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

g

NaO

—N /
N |- OH
g\: rf>_ (|- Pd(oAc),

MW 9085 (O) (o) o MW 9177
Na@ L2] 2 Hﬂg%:
(25-100 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min
Entry lodo-UBQ Propynyl-O- [L2],Pd(OACc), Products conversion
(equiv.) glucose (equiv.) (%)
(equiv.)

1 1 250 25 9084 Da (4x1+0) (70)
9175 Da (3xI+O+glu-alkyne) (30)

2 1 500 50 9084 Da (4xI+0) (70)
9176 Da (3xI+O+glu-alkyne) (30)

3 1 750 75 9084 Da (4xI+0) (59)
9175 Da (3xI+O+glu-alkyne) (41)

4 1 1000 100 9084 Da (4x1+0) (62)

9176 Da (3xI+O+glu-alkyne) (38)
*The reaction mixture was treated with DTT (3 x Pd equiv.) for 30 min prior to mass analysis.
O = Met (oxidation) / ESI-MS baseline subtracted.

Table 4.1 Investigation of Sonogashira cross-couplings of the iodo-Tyr/His ubiquitin
with various amounts of 1-propargyl-p-D-glucopyranose and [L2],Pd(OAC),.

CRL368602 141 (2.402) TOF M3 ES+

100+ 9084 14084

50 equiv. [L2],Pd(OAc),

9176

7500 8000 6500

T Mass

6000 6500 7000 9000 9500 10000 10500 11000 11500

Figure 4.14 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose and 50 equiv. [L2],Pd(OAC),.

Initially, DTT was used as a Pd scavenger, but we observed protein cleavage of ubiquitin
(MW = 6.5 kDa) by LC-MS analysis. We thus sought a mild alternative Pd scavenger

which would minimise undesired protein cleavage. QuadraSil™ MP (thiol) and AP
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(amine) as a metal scavenger (functionalised silica gel) could potentially remove Pd
metal from the protein without protein cleavage (Figure 4.15). Both QuadraSil™ are

useful in removal of Pd metal from the protein reaction prior to LC-MS analysis.

CRL368602 141 (2.402) TOF MS ES+
100+ 9084 1.44e4
DTT
OH
HS 2
ES \/\/\SH
OH
b A i b i g o Al

6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

CRL369882 145 (2.471) TOF M3 ES+

100+ 9084 717e3

QuadraSil™ MP

it

it hif b L L b il N AL LAY
7500 11000 11500

6000 6500

CRL369884 145 (2.468) TOF MS ES+
100+ 9084 7.26e3

QuadraSil™ AP

g;JD BSD a l] o UU o " M ; I.. i - l] i .ILk I 1150 T mass
Figure 4.15 A comparative study of an efficiency of Pd scavengers for Sonogashira
reactions.

4.4 Palladium-Mediated Ubiquitination

To extend the capabilities of this protein Pd-mediated cross-coupling reaction, a
methionine of wild-type ubiquitin was biosynthetically transformed into a
homopropargylglycine (L-Hpg) at the N-terminus by use of a Met-auxotroph.
Subsequently, ubiquitination between Hpg-tagged ubiquitin and iodinated proteins of

interest was initially investigated through Sonogashira reaction (Scheme 4.10). This

173



Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

system would be useful for in vitro protein degradation by Pd-mediated ubiquitination of

the protein of interest.

Vi
4 % H,N™ “CO,H
\§j Biosynthetic Incorporation <<=
pET12-Ub Hpg-tagged ubiquitin
(Ubiquitin)

Scheme 4.10 Proposed pathway of chemical ubiquitnation through Pd-mediated reaction.

Biosynthetic incorporation of L-Hpg into the ubiquitin was achieved by use of Met-
auxotroph (B834 (DE3)), resulting in an installation of an N-terminal alkyne tag of the
UBQ. Unfortunately, there was not full incorporation of Hpg into ubiquitin, with 80% of
the desired analogue observed by LC-MS analysis (Figure 4.16). However, we deemed

this enough to begin model studies since the Met-containing side-product should not be

)

H,N” > COH

capable of cross-coupling.

Y

B834 (DE3)
Met-auxotroph

CRL368686 140 (2 385) Hpg TOF MS ES+

100+ 8542 6.37e4

Calculated mass : 8543 Da
Observed mass : 8542 Da

Met
8564

Figure 4.16 ESI-MS spectrum of the alkyne-incorporated ubiquitin using Met-auxotroph,
B834 (DE3).

mass

As a starting point for chemical ubiquitination, we reasoned that proteins containing a
genetically encoded p-iodoPhe residue could represent good model systems for Pd cross-
coupling reactions to this modified ubiquitin. lodoPhe-tagged glycogenin-1 (GYG) was
initially tested with the ubiquitin containing the alkyne tag, unfortunately the cross-
coupled proteins were not observed by either LC-MS or SDS-PAGE analysis. This may
cause from an inaccessibility of the p-iodoPhe residue of the GYG protein (Figure 4.17).
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(1 equiv.) (50 equiv.)
GYG-195pIPhe UBQ-1Hpg
MW 29696 MW 8542

CRL368319 110 (1.873)
100

Calculated mass: 29696 Da
Observed mass: 29691 Da

20000

22000

24000 26000

28000

NaQ

—=N /
A N/>—N\ - Pd(OAc),

NaO
[L2] 2

(50 equiv.)
V7

7 >

50 mM NaPi, pH 8.0

37°C, 4h
UBQ-1Hpg Coulping Product
MW 38238
)
=
o X
o E
= [}
: 5é
TOF MS ES+
29691 . b 4 173e3
") -
« * % Iphe-GYG

Hpg-UBQ

mass

30000 32000 34000 36000 38000

Figure 4.17 An attempted Sonogashira cross-coupling reaction of the p-iodoPhe GYG
with Hpg-tagged ubiquitin.

Alternatively, genetically encoded p-iodoPhe maltose-binding protein (MBP) (6xHis-tag)
was treated with an excess of the Hpg-tagged ubiquitin in the presence of the
[L2],Pd(OAC), catalyst, but no formation of cross-coupled proteins was observed by LC-

MS, SDS-PAGE, and Western blot (using anti-polyhistidines antibody) (Figure 4.18).

NaQ

=N
13 /
oWt %\: DN |- paconcr,
= S0 | Nad
@ 2
. & 6 [L2]
@\?’q“ * 1 (25 equiv.)
87 9y ‘\‘:‘a A -
L &) by //
5 50 mM NaPi, pH 8.0
(1 equiv.) (50 equiv.) 37°C, 4h
MBP-13plPhe UBQ-1Hpg UBQ-1Hpg Coupling Product
MW 43708 MW 8542 MW 52123
-
100 kDa = -~ = dimer
CRL370779 149 (2.540) Calculated mass: 8543 Da 2 E] TOF MS ES+
100y %4 Observed mass : 8542 D Siodg ES] 8 @ mee 4oee
Served mass : a - 1= Hpg-UBQ
4 2 = Reaction mixture
& 3 = Iphe-MBP (His-tag)
| 8564
# 10 kDa = Western blot
UBQ (by anti-His monoclonal antibody)
8592 py
7 123123
0 T t P t T T Y T T T T T T T | Mass
10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000

Figure 4.18 An attempted Sonogashira cross-coupling reaction of the p-iodoPhe MBP
with Hpg-tagged ubiquitin.
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Unfortunately, Pd-mediated ubiquitination was unsuccessful through Sonogashira cross-
coupling reactions of the Hpg-UBQ with some model proteins bearing a p-iodoPhe
residue. However, we further investigated the Pd cross-couplings between iodo-Tyr/His
and Hpg-tagged UBQ. Treatment of the iodo-Tyr/His ubiquitin with the excess Hpg-
tagged ubiquitin was performed at 37 °C for 4h in the presence of the [L2],Pd(OAc),
catalyst (Table 4.2). Unfortunately, no formation of cross-coupled ubiquitin species was
observed by either LC-MS or SDS-PAGE (Figure 4.19 and 4.20). On the other hand, the
iodo-Tyr/His ubiquitin could undergo cross-coupling to propynyl-0-glucose under the
same conditions used in the protein reactions shown in Figure 4.21. The failure of these
attempted Pd-mediated reactions may be due to an inaccessibility of the N-terminal
alkyne tag of the ubiquitin. This may be further investigated by site-directed mutagenesis
to install Met at a more accessible position on the protien surface, enabling its subsequent
replacement with the Hpg alkyne tag at this position. The improved accessibility may

improve the Pd-mediated reaction, leading to ubiquitination.

—N /
N .
\ N/>— |- Pacoac),

1 Lz 2
74 # -
50 mM NaPi, pH 8.0
37 °C, 4h
UBQ-59ITyr-68IHis UBQ-1Hpg
MW 9085 MW 8542 Ubiquitinylated Coupling Product
Entry lodo-UBQ Hpg-UBQ [L2],Pd(OAC), Reaction Results

(equiv.) (equiv.) (equiv.) conditions (LC-MS)
1 1 50 5
2 1 50 10

Unreactive Hpg-
3 1 100 10 tagged Ubiquitin
37°C,4h was only observed.

4 1 100 20 (8543 Da)
5 1 200 20
6 50 1 5

General conditions : lodo-Tyr/His UBQ in NaH,PO,4 (50 mM, pH 8), Hpg-UBQ in NaH,PO, (50
mM, pH 8), [L2],Pd(OACc), in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h, unless otherwise
indicated.

Table 4.2 Attempted Sonogashira cross-couplings of the iodo-Tyr/His ubiquitin and Hpg
tagged ubiquitin.
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CRL374059 150 (2.559) TOF MS ES+
100+ 8543 2.74e4
Entry 1 o543 Calculated mass : 8543 Da (Hpg)
Observed mass: 8543 Da
]
At
8550 8600
0.\\.L"'H..\.\.\.\‘.\.\\.\...\.mass
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100+ 8543 4.14e4
Entry 2 513 Calculated mass : 8543 Da (Hpg)
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# 1 B8
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UUUL " 7]
o BE;EI VESOO
R R e e e B L A L B A st s T
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Entry 3 8543 56 Calculated mass: 8543 Da (Hpg)
s Observed mass: 8543 Da
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. f\,\ “
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WJ I '\u VLA
—_

8550 8600
U.\.\J\Lﬁ\“.\.....T.\.“\.\.“‘\\.\.mass
6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

CRL374078 146 (2.489) TOF MS ES+
1004 8556 7.39e3
Entry 4 ase6 Calculated mass: 8543 Da (Hpg)
8543
Observed mass : 8543 Da
8593 8643
8593
= 8574

8950 8600
0 T U T ‘I J| T |~ T T # T T T t T T T \“Ll T T T \‘ukl e T T l| mass
6000 T000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

CRL374345 142 (2.421) TOF MS ES+
100- 8556 1.57e4
Entry 5 565 Calculated mass : 8543 Da (Hpg)
Observedmass: 8543 Da
-
v
e
8550 8600
0 \.“T“.fu\".’ﬂ..\.\'\.\.\.\.."“\\.\. mass
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CRL374226 146 (2.488) TOF MS ES+
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]
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Figure 4.19 ESI-MS spectra of the iodo-Tyr/His ubiquitin (1 equiv.) with Hpg-tagged
ubiquitin (50-200 equiv.) in the presence of [L2],Pd(OAc),.catalyst (5-20 equiv.) [Entry
1-5], and the iodo-Tyr/His ubiquitin (50 equiv.) with Hpg-tagged ubiquitin (1 equiv.) in
the presence of [L2],Pd(OACc),.catalyst (5equiv.) [Entry 6].
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225
150
18 - tpetn | 4
2 =1-UBQ (lequiv.), Hpg-UBQ (50 equiv.), PdL2 (5 equiv.)
50 = 3 =1-UBQ (lequiv.), Hpg-UBQ (50 equiv.), PdL2 (10 equiv.)
35 N 4 =1-UBQ (lequiv.), Hpg-UBQ (100 equiv.), PdL2 (10 equiv.)
s o 5=1-UBQ (lequiv.), Hpg-UBQ (100 equiv.), PdL2 (20 equiv.)
6 = I-UBQ (lequiv.), Hpg-UBQ (200 equiv.), PdL2 (20 equiv.)
15 LN - 7 =1-UBQ (50equiv.), Hpg-UBQ (1 equiv.), PdL2 (5 equiv.)
10 8 =1-UBQ (conc.)

1 2 3 4 5 6 7 8

Figure 4.20 SDS-PAGE shows Hpg-tagged ubiquitin bands from each reaction mixture
(Lane 2-6), on the other hand, the iodo-Tyr/His ubiquitin bands from the reaction mixture
(Lane 7).

A No reaction
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—N
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(1 equiv.) O o7~ o

(200 equiv.) /%0
H@o>" on
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Figure 4.21 A comparative study of Pd-mediated Suzuki reactions between (1) iodo-
Tyr/His UBQ + Hpg-tagged UBQ and (2) iodo-Tyr/His UBQ + propynyl-0-glucose.
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4.5 Conclusion

Three model proteins including insulin, MCP-1, and UBQ were used for a study of
protein iodination reactions by use of Barluenga’s reagent (IPy,BF;) (Scheme 4.11).
Based on MSMS results, we found that naturally occurring tyrosine and histidine
residues in model proteins reacted with this iodinating agent, resulting in the creation of
new C-I bonds at specific modification sites. The IPy,BF, is a good chemical tool for
residue-specific iodination reactions of the protein of interest.

(20 equiv.)

HN/:N v 100 mM NaHCO3, pH 9.6
F 10 min, RT

BF,

(10 equiv.)

10 mM K;HPO,, 100 mM NaCl,
5 mM MgCl,, pH7.5

RT, 30 min

MW 8798

BF,

S,

(15 equiv.)

by
?

50 mM NaH,PO,, pH 8.0

RT, 90 min
MW 8565 MW 9085 (O)

Scheme 4.11 Chemical approach for direct C-1 bonds formation onto model proteins by
use of IPy,BF,.

We decided to use the UBQ as a model study for aqueous Suzuki-Miyaura cross-
coupling reactions, due to their presence of each single tyrosine and histidine residues.
Treatment of the iodo-Tyr/His ubiquitin with various phenylboronic acid derivatives in

the presence of the [L2],Pd(OAc), catalyst enabled C-C bond formation to an extensive
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range of substrates (Scheme 4.12). Our Pd cross-coupling system is useful for site-
specific bioconjugation, including fluorescent labelling, at novel and challenging
tyrosine/histidine residues of the UBQ. This soluble [L2],Pd(OAc), catalyst is air-

insensitive, soluble, and efficient for Suzuki reactions in aqueous systems.

R

/©/B(OH)2
R

(500 equiv.)

50 mM NaH,POy,, pH 8.0,
37°C,4h

NaO

¥ \{ N,
\ N/>—N\ - Pd(OAc),
MW 9085 (0) Nad

()
(50 equiv.)

then DTT (2x50 equiv.), 37 °C, 30 min

/

2 ) = Products formed
B(OH), é;& Br B"i;ko B(OH), = Products forme
\/ : ‘/ O / O o—\’/ /n\(@‘/ mBKOH)J O = No reaction (SM)

° OH 2< = Protein degraded

/©/B(0H)z B(OH); B(OH), CC(OH)Z B(OH),
Q @; (o) —’::5:)@/ / HB@ N BOHX
[}
B(OH), B(OH), B(OH)2 /©/B(0H)z
o]
B OIS G v oA I ' ’

B(OH),
B(OH), B(OH), N /©/
(_Z v (\_/Z v (j/ k/j/ YO KF4B (HO)B
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B(OH), B(OH), B(OH), m m (0N Bm
A O O Y
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Scheme 4.12 Aqueous Suzuki-Miyaura cross-coupling reactions of the iodo-Tyr/His
ubiquitin with a broad range of aromatic boronic acid derivatives.

We are now investigating chemical ubiquitination through Sonogashira/Suzuki cross-
coupling reactions. A biosynthetic replacement of the Met of the ubiquitin with L-Hpg
was achieved by use of Met-auxotroph (B834 (DE3)). Cross-coupling of this modified
UBQ (with the terminal alkyne tag) to iodinated proteins was attempted. Unfortunately,
cross-coupled proteins were not detected by either protein mass spectrometry or SDS-
PAGE analysis; this may arise from many factors including steric effect or moderate

efficiency of [L2],Pd(OACc), catalyst through Sonogashira reactions.
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4.6 Experimental Details

4.6.1 Protein lodination

lodination of Insulin
BF,
(20 equiv.) \\
100 mM NaHCO3, pH 9.6
W 10 min, RTp YW

MW 5733 MW 7245

An aliquot of the bovine insulin (26.1 nmol, 1.0 mg/mL, 150 uL) in 100 mM NaHCOs3,
pH 9.6 was mixed with a solution of IPy,BF, in DMF (522 nmol, 3.9 uL from stock
solution, conc. 50.0 mg/mL) by vortexing briefly. After 10 min of shaking at RT, an
aliquot was analysed by LC-MS after desalting by PD SpinTrap G-25 column pre-
equilibrated with 100 mM NaHCOs, pH 9.6. A protein sample was flash frozen with
liquid nitrogen and stored at —20 °C.

Entr Insulin IPy,BF, Time Products
y (equiv.) (equiv.) (min) (Da)
1 1 20 10 6741 (8xl), 6867 (9xI), 6993

(10x1), 7118 (11xI), 7244 (12xI)

General conditions : Insulin in NaHCO; (100 mM, pH 9.6), IPy,BF, in DMF (c = 50
mg/mL), at 25 °C for 10 min.

Table 4.3 Tyrosine iodination of the insulin using IPy,BF,.

CRL348318 129 (2 199) TOF MS ES+
100- 1450 1812 2953
1836
1450 1837
g_
1399 1425
s
1374.. 1780
Ly
0 T T T T T T . T T U T T T T T T T T T T T miz
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
CRL348318 129 (2 199) TOF MS ES+
100 7244 1.10e5
Calculated mass : 7245 Da (12xl) :
HO:
Observedmass: 7244 Da bt ‘\L_\
{a
ES 1 v [
7248 >
6741 7118 ( -

5ag75993 i 2 ‘

\J
bl | [ des

T T T AR RARRE LAALE RS LA T IR T RARAN AR T T g T RpAR} mass
5000 5250 5500 5750 6000 6250 6500 6750 FOOO 7250 7500 7750 BOOO 8250 8500 8750

Figure 4.22 ESI-MS spectrum of the insulin treated with 20 equiv. IPy,BF4 (10 min).
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lodination of MCP-1

BF,
D

(10 equiv.)

10 mM K,HPO,, 100 mM NacCl,
5 mM MgCl,, pH 7.5

RT, 30 min

MW 8798 MW 9554

An aliquot of the MCP-1 (5.68 nmol, 1.0 mg/mL, 50 uL) in 10 mM K;HPO,, 100 mM
NaCl, 5 mM MgCl,, pH 7.5 was mixed with a solution of IPy,BF, in DMF (56.8 nmol,
2.1 uL from stock solution, conc. 10.0 mg/mL) by vortexing briefly. After 30 min of
shaking at RT, an aliquot was analysed by LC-MS after desalting by a vivaspin column
concentrator with a 3,000 Da MW cut-off membrane (6x times) loading the sample and
fresh 10 mM K;HPO,4, 100 mM NaCl, 5 mM MgCl,, pH 7.5 each time. A protein sample
was flash frozen with liquid nitrogen and stored at —20 °C.

Entr MCP-1 IPy,BF, Time Products
y (equiv.) (equiv.) (min) (Da)
1 1 10 30 9425 (5xI), 9551 (6xI)

General conditions : MCP-1 in K,HPO,, NaCl, MgCl, (10 mM, 100 mM, 5 mM, pH 7.5),
IPy,BF, in DMF (c = 10 mg/mL), at 25 °C for 30 min.
Table 4.4 Tyrosine iodination of the MCP-1 using IPy,BF,.

1911.24

9551

Calculated mass : 9554 Da (6x1) \
Observed mass : 9551 Da <HO©/> { '
I 2 @
9425 N/
I%NIEI/ \

o

o

G 000 | Aao 750 | 8060 | B2s0 750 | 10600 | 1035

Figure 4.23 ESI-MS spectrum of the MCP-1 treated with 10 equiv. IPy,BF, (30 min).
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lodination of UBQ

BF,
<\ /;i‘__l__'d:\ /;
(15 equiv.)

50 mM NaH,PO,, pH 8.0

RT, 90 min

MW 8565 MW 9085 (O)

An aliquot of the UBQ (27.2 nmol, 2.33 mg/mL, 100 uL) in 50 mM NaH,PO,, pH 8.0
was mixed with a solution of IPy,BF, in DMF (190 nmol, 7.1 puL from stock solution,
conc. 10.0 mg/mL) by vortexing briefly. After 90 min of shaking at RT, an aliquot was
analysed by LC—MS after desalting by PD SpinTrap G-25 column pre-equilibrated with
50 mM NaH,PO,, pH 8.0. A protein sample was flash frozen with liquid nitrogen and
stored at —20 °C.

Entr UBQ IPy,BF, Time Products
Y (equiv.) (equiv.) (min) (Da)
1 1 15 90 9084 (4x1+0)

General conditions : UBQ in NaH,PO, (50 mM, pH 8.0), IPy,BF, in DMF (c = 10 mg/mL),
at 25 °C for 90 min. O = Oxidised methionine

Table 4.5 Tyrosine iodination of the UBQ using IPy,BF,.

CRL355630 110 (1.875) TOF M3 ES+
1136 2 66e3
o 1010
100 1299
909
1299
827
137 1815
B 1818
768 1134
0 T T T T T T T T T T T - T T T T T T T f mz
600 800 1000 1200 1400 1600 1800 2000 2200 2400
CRL358630 110 (1.875) TOF MS ES+
100+ 9084 1.98e5

Calculated mass : 9085 Da
Observed mass: 9084 Da

b

0 T T T T T T f T T T T T ferpnds T T T paman T
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 4.24 ESI-MS spectrum of the ubiquitin treated with 15 equiv. IPy,BF4 (90 min).

mass
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4.6.2 Aqueous Suzuki-Miyaura Cross-Coupling Reactions

Effects of ligands (L1-L4) of Pd catalysts

@rB(OH)z

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

[LX],Pd(OAc), (50 equiv.)

L1 L2 L3

then DTT (2x50 equiv.), 37 °C, 30 min

59

| (G, e

2

NH
\TJ\T/

L4

Each aliquot of the iodo-Try/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of PhB(OH); in a ratio of 1:3 DMF/50 mM
NaH,PO, mixture (1,650 nmol, 4 pL from stock solution, conc. 50.0 mg/mL) by
vortexing briefly. Each [LX],Pd(OAc), catalyst solution (165 nmol, 16.5 pL, conc. 0.01

M) was added to each reaction mixture which was vortexed briefly. After 4 h. of shaking
at 37°C, each aliquot was analysed by LC-MS after addition of DTT solution in H,O

(2xtimes) (165 nmol, 1.25 pL, from stock solution, conc. 20.0 mg/mL) and stirring at 37

°C for 30 min. Protein samples were flash frozen with liquid nitrogen and stored at —20

°C.
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lodo-UBQ PhB(OH), [LX],Pd(OAc), Time Products
(equiv.) (equiv.) (equiv.) (h) (Da)
1 1 500 i 1 9085 (4x1+0)

Entry

9 1 i 50 [L1] 1 9085 (4x1+0)
8658 Da (1xPh+0),
8734 Da (2xPh+0Q),
8810 Da (3xPh+0Q),

8783 Da (1xI+1xPh+0),

8860 Da (1xI+2xPh+0),

8909 Da (2xI+1xPh+0),

8959 Da (3x1+0)

3 1 500 50 [L1] 4

8734 Da (2xPh+0),
8810 Da (3xPh+0),
4 1 500 50[L2] 4 8886 Da (4xPh+O)
8658 Da (1xPh+0),
8734 Da (2xPh+0),
8810 Da (3xPh+0),
8886 Da (4xPh+0),
8784 Da (1xI+1xPh+0),
8860 Da (1xI+2xPh+0),
8908 Da (2x1+1xPh+0),

5 1 500 50 [L3] 4

8658 Da (1xPh+0Q),
8734 Da (2xPh+0),
6 1 500 50 [L4] 4 8810 Da (3xPh+0),
8886 Da (4xPh+Q)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), PhB(OH), in 1:3
DMF/NaH,PO, and 0.01 M [LX],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine
Table 4.6 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His ubiquitin
with PhB(OH), using palladium [LX],Pd(OAc), catalysts.
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CRL354838 111 (1.892) TOF MS ES+
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Figure 4.25 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv.

PhB(OH); (control).
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Figure 4.26 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.

[L1],Pd(OAC), (control).
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Figure 4.27 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L1],Pd(OAC), and 500 equiv. PhB(OH),.
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Figure 4.28 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. PhB(OH)..
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Figure 4.29 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L3].Pd(OAC), and 500 equiv. PhB(OH),.
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Figure 4.30 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L4],Pd(OAC), and 500 equiv. PhB(OH),.
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Effect of amounts of phenylboronic acid

©/B(OH)2

(500-2000 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

HO .
NaO O \ 4 Q

—N
/
\ />—N\ -Pd(OAc), O 59
MW 9085 (0) N l L MW 8889 (0)

NaO .
L2l 2 (50 equiv.)

then DTT (2x50 equiv.), 37 °C, 30 min

Y

Each aliquot of the iodo-Try/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of PhB(OH); in a ratio of 1:3 DMF/50 mM
NaH,PO,4 mixture (1,650 nmol (500 equiv.), 4 uL from stock solution, conc. 50.0 mg/mL,
3,300 nmol (1,000 equiv.) 2 uL and 6,600 nmol (2,000 equiv.) 4 pL from stock solution,
conc. 200.0 mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst solution (165 nmol,
16.5 uL, conc. 0.01 M) was added to each reaction mixture which was vortexed briefly.
After 4 h. of shaking at 37°C, each aliquot was analysed by LC-MS after addition of
DTT solution in H,O (2xtimes) (165 nmol, 1.25 pL, from stock solution, conc. 20.0
mg/mL) and stirring at 37 °C for 30 min. Protein samples were flash frozen with liquid

nitrogen and stored at —20 °C.

Entr lodo-UBQ PhB(OH), [L2],Pd(OAc), Time Products
Y (equiv.) (equiv.) (equiv.) (h) (Da)
8734 (2xPh+0),
8810 (3xPh+0),
! ! 500 50 4 8886 (4xPh+0)
8734 (2xPh+0),
8810 (3xPh+0Q),
2 ! 1000 50 4 8886 (4xPh+0)
8734 (2xPh+0),
3 1 2000 50 4 8810 (3xPh+0),
8886 (4xPh+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), PhB(OH), in 1:3 DMF/
NaH,PO, and 0.01 M [L2],Pd(OACc), in NaOH at 37 °C for 4 h, unless otherwise indicated.
O = Oxidised methionine
Table 4.7 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His ubiquitin
with various amounts of PhB(OH),
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Figure 4.31 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OACc), and 500 equiv. PhB(OH),.
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Figure 4.32 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 1000 equiv. PhB(OH)s.
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Figure 4.33 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 2000 equiv. PhB(OH)s.

Effect of electron donating groups as substituents of R-B(OH),

/@/B(OH)Z
R

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

Y

NaO

=N,
\ N/>—N\ - Pd(OAc),

NaO
[L2] 2

(50 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

©/B(0H)z /©/B(0H)z B(OH), /©/B(OH)2 /©/B(OH)2
(©/ HO MeO
OH

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 uL) in 50 mM
NaH,PQO,, pH 8.0 was mixed with a solution of R-PhB(OH), in a ratio of 1:3 DMF/50
mM NaH,PO4 mixture (1,650 nmol, 4-5 pL from stock solution, conc. 50.0 mg/mL) by
vortexing briefly. A [L2],Pd(OAc), catalyst solution (165 nmol, 16.5 uL, conc. 0.01 M)

MW 9085 (O)

was added to each reaction mixture which was vortexed briefly. After 4 h. of shaking at
37°C, each aliquot was analysed by LC-MS after addition of DTT solution in H,O
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(2xtimes) (165 nmol, 1.25 uL, from stock solution, conc. 20.0 mg/mL) and stirring at 37
°C for 30 min. Protein samples were flash frozen with liquid nitrogen and stored at —20
°C.

Entry lodo-UBQ PhB(OH), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)
1 1 500 50 8733 (2xPh+0)
(R=H) 8810 (3xPh+0)
8885 (4xPh+0)
2 1 500 50 8671 (1xMe-Ph+0Q)
(R = Me) 8762 (2xMe-Ph+0)
8852 (3xMe-Ph+0)
8942 (4xMe-Ph+0)
3 1 500 50 8687 (1XHOCH,-Ph+0)
(R = CH,OH) 8793 (2xHOCH,-Ph+0)
8900 (3XxHOCH,-Ph+0Q)
9006 (4XxHOCH,-Ph+0)
4 1 500 50 8673 (1xOH-Ph+0)
(R=0H) 8765 (2xOH-Ph+0)
8799 (1XOH-Ph+0O+1xl)
8858 (3XxOH-Ph+0)
8892 (2xOH-Ph+0O+1xl)
8950 (4xOH-Ph+0)
5 1 500 50 8687 (1xOMe-Ph+0)

(R = OMe) 8793 (2xOMe-Ph+0)
8900 (3xOMe-Ph+0)
9006 (4xOMe-Ph+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in 1:3
DMF/ NaH,PO, and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine
Table 4.8 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His ubiquitin
with different electron donating groups of PhB(OH),.
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Figure 4.34 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. PhB(OH),.
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Figure 4.35 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-Me-PhB(OH)s.
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Figure 4.36 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-HOCH,-PhB(OH)s.
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Figure 4.37 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-HO-PhB(OH)s.
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Figure 4.38 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-OMe-PhB(OH),.

Effect of electron withdrawing groups as substituents of R-B(OH);
R

OB(OH)Z
R

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

\j

NaO

—N /
\ N/>—N\ -Pd(OAc),
NaO

MW 9085 (O)

Lz "2
(50 equiv.)

then DTT (2x50 equiv.), 37 °C, 30 min

/©/B(OH)2/©/ B(OH), /©/ B(OH), B(OH), /©/B(OH)2 B(OH), B(OH),
i : IS
F cl Br /N\”/©/ —:s' HO,C O,N
0

1
o

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 uL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of the R-PhB(OH), in a ratio of 1:3 DMF/50
mM NaH,PO4 mixture (1,650 nmol, 4-6 uL from stock solution, conc. 50.0 mg/mL) by
vortexing briefly. A [L2],Pd(OAc), catalyst solution (165 nmol, 16.5 pL, conc. 0.01 M)
was added to each reaction mixture which was vortexed briefly. After 4 h. of shaking at
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37°C, each aliquot was analysed by LC-MS after addition of DTT solution in H,O
(2xtimes) (165 nmol, 1.25 uL, from stock solution, conc. 20.0 mg/mL) and stirring at 37
°C for 30 min. Protein samples were flash frozen with liquid nitrogen and stored at —20
°C.

Entry lodo-UBQ R-PhB(OH), [L2],Pd(OAc), Products
(equiv.) (equiv.) (equiv.) (Da)

1 1 500 50 8770 (2xF-Ph+0)

(R=F) 8864 (3xF-Ph+0)

8958 (4xF-Ph+0Q)

2 1 500 50 8803 (2xClI-Ph+0)

(R=CI) 8913 (3xCI-Ph+0)

9023 (4xCI-Ph+0)

3 1 500 50 Protein degraded

(R=Br)

4 1 500 50 8715 (1xMeNHCO-Ph+0)
(R =NHCO) 8848 (2xMeNHCO-Ph+0)

8981 (3xMeNHCO-Ph+0)
9114 (4xMeNHCO-Ph+0)

5 1 500 50 8736 (1xMeO,S-Ph+0)
(R = MeO,S) 8890 (2xMe0,S-Ph+0)

9044 (3xMe0,S-Ph+0)

9198 (4xMeO,S-Ph+0)

6 1 500 50 8701 (1XCOOH-Ph+0)
(R = CO,H) 8822 (2xCOOH-Ph+0)

8942 (3xCOOH-Ph+0)

9062 (4XxCOOH-Ph+0)

7 1 500 50 8824 (2xNO,-Ph+0)
(R = NO,) 8944 (3xNO,-Ph+0)
9066 (4XxNO,-Ph+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in 1:3
DMF/NaH,PO, and 0.01 M [L2],Pd(OAC), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine
Table 4.9 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His ubiquitin
with different electron withdrawing groups of PhB(OH)..
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Figure 4.39 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OACc), and 500 equiv. p-F-PhB(OH)s,.
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Figure 4.40 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-CI-PhB(OH),.
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Figure 4.41 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-MeNHCO-PhB(OH)s.
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Figure 4.42 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-MeO,S-PhB(OH),.
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Figure 4.43 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-HO,C-PhB(OH)..
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Figure 4.44 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-NO,-PhB(OH)..
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Effect of boronic acid derivatives

©/B(OR),,

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

NaO

59

g\%rj)—N( - Pd(OAc), O
N l L MW 8889 (O)

MW 9085 (O) NaG

()
(50 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

\
o N
B(OH), E'L:,g< BFoK" . Yo
[sacadvalos

Each aliquot of the iodo-Try/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of PhB(OR), in a ratio of 1:3 DMF/50 mM
NaH,PO, mixture (1,650 nmol, 3-4 uL from stock solution, conc. 50.0 mg/mL for
PhB(OH), and conc. 100.0 mg/mL for pinacol ester, BF;K, and MIDA) by vortexing
briefly. A [L2],Pd(OACc), catalyst solution (165 nmol, 16.5 pL, conc. 0.01 M) was added
to each reaction mixture which was vortexed briefly. After 4 h. of shaking at 37°C, each
aliquot was analysed by LC-MS after addition of DTT solution in H,O (2xtimes) (165

nmol, 1.25 pL, from stock solution, conc. 20.0 mg/mL) and stirring at 37 °C for 30 min.

Protein samples were flash frozen with liquid nitrogen and stored at —20 °C.
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Entry lodo-UBQ PhB(OR), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)

1 1 500 50 8733 (2xPh+0)
(R=H) 8810 (3xPh+0)
8885 (4xPh+0)
2 1 500 50 8734 (2xPh+0)
(R = Pinacol ester) 8810 (3xPh+0)
8886 (4xPh+0)
3 1 500 50 8657 (1xPh+0)
(R =BF:K) 8734 (2xPh+0)
8810 (3xPh+0)
4 1 500 50 8658 (1xPh+0)
(R =MIDA) 8734 (2xPh+0)
8810 (3xPh+0)
8886 (4xPh+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO,4 (50 mM, pH 8), R-PhB(OH), in 1:3
DMF/NaH,PO, and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine

Table 4.10 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His
ubiquitin with different bond acid derivatives of PhB(OH)s,.

CRL355180 114 (1.042) TOF MS ES+
100+ 414

H miz

CRL355180 114 (1.942) [ } TOF MS ES+
100- 8810 gggs \ 3074
N

Calculated mass : 8812 Da (3xPhe)
Observed mass: 8810 Da
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Figure 4.45 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC); and 500 equiv. PhB(OR), , R = H.
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TOF MS ES+
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Figure 4.46 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. PhB(OR),, R = pinacol ester.
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Figure 4.47 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. PhB(OR),, R = BF3K.
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Figure 4.48 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.

[L2].Pd(OAC), and 500 equiv. PhB(OR),, R = MIDA.

Effect of steric hindrance of boronic acids

MW 9085 (O)

Each aliquot of

©/B(OH)2

R
(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

\/

NaO

—N /
\ N/>—N\ - Pd(OAc),
NaO

L2 "2
(50 equiv.)

then DTT (2x50 equiv.), 37 °C, 30 min

[ : B(OH), Q/B(OH)Z ©/\B(0H)2 ©/\B(0H)z

the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 uL) in 50 mM

NaH,PO4, pH 8.0 was mixed with a solution of R-PhB(OH), in a ratio of 1:3 DMF/50
mM NaH,PO,4 mixture (1,650 nmol, 4.5-5 uL from stock solution, conc. 50.0 mg/mL) by

vortexing briefly.

A [L2],Pd(OAC);, catalyst solution (165 nmol, 16.5 pL, conc. 0.01 M)

was added to each reaction mixture which was vortexed briefly. After 4 h. of shaking at
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37°C, each aliquot was analysed by LC-MS after addition of DTT solution in H,O
(2xtimes) (165 nmol, 1.25 uL, from stock solution, conc. 20.0 mg/mL) and stirring at 37
°C for 30 min. Protein samples were flash frozen with liquid nitrogen and stored at —20
°C.

Entry lodo-UBQ PhB(OR), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)
1 1 500 50 8671 (1xMe-Ph+0)
(R =4-Me) 8762 (2xMe-Ph+0)

8852 (3xMe-Ph+0)
8942 (4xMe-Ph+0)

2 1 500 50 8762 (2xMe-Ph+0)
(R =3-Me) 8852 (3xMe-Ph+0)
8942 (4xMe-Ph+0)

3 1 500 50 8582 (WT+O)
(R =2-Me) 8672 (1xMe-Ph+0)

8762 (2xMe-Ph+0Q)
8852 (3xMe-Ph+0)
8708 (1xI+0)
8834 (2x1+0)
8798 (1xI+1xMe-Ph+0)
8888 (1xI+2xMe-Ph+0)
8924 (2x1+1xMe-Ph+0)

4 1 500 50 8833 (2x1+0)
(R =2,5-DiMe) 8959 (3x1+0)
9084 (4x1+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in 1:3
DMF/NaH,PO, and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine
Table 4.11 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His
ubiquitin with different position of a methyl group of PhB(OH)..
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Figure 4.49 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. p-Me-PhB(OH)s.
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Figure 4.50 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. m-Me-PhB(OH)s.
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Figure 4.51 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 0-Me-PhB(OH)s.

CRL355339 114 (1.943) TOF M3 ES+
100- 1.65€3
B 1615
1494 1516
+
0 R L B L s A L L h ey RAARE Lk LA LA LA R SR s naadd nian saana sl 174
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
CRL355339 114 (1.943) TOF MS ES+
1004 9085 1.28e5
Calculated mass : 9085 Da (SM, 4xI-Phe)
Observedmass: 9085 Da
8959
.
8833
0 R AR R R Bt el r R L B e bt g mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 4.52 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 2,5-diMe-PhB(OH)..
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Effect of heterocyclic boronic acids

r-B(OH):
(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

NaO

—N /
\ 2N |- PdoAc),
N \
NaO
[L2] 2
(50 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

MW 9085 (O)

O,

s o B(OH), B(OH),
N B N
W Q )\_/f (Nj ”\Nj ]
B(OH), B(OH),

B(OH),

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,POy, pH 8.0 was mixed with a solution of R-B(OH); in a ratio of 1:1 DMF/50 mM
NaH,PO, mixture for R = furan, thienyl, isoxazole, in a ratio of 3:1 DMF/50 mM
NaH,PO, mixture for R = 3-pyridine, and in pure DMF for R = 5-pyrimidine (1,650
nmol, 2-5 uL from stock solution, conc. 50.0 mg/mL for furan, thienyl, isoxazole and
conc. 100.0 mg/mL for 3-pyridine and 5-pyrimidine) by vortexing briefly. A
[L2],Pd(OAC), catalyst solution (165 nmol, 16.5 pL, conc. 0.01 M) was added to each
reaction mixture which was vortexed briefly. After 4 h. of shaking at 37°C, each aliquot
was analysed by LC-MS after addition of DTT solution in H,O (2xtimes) (165 nmol,
1.25 pL, from stock solution, conc. 20.0 mg/mL) and stirring at 37 °C for 30 min. Protein

samples were flash frozen with liquid nitrogen and stored at —20 °C.
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Entry lodo-UBQ PhB(OR), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)
1 1 500 50 8714 (2xFuran+0)
(R = Furan) 8779 (3xFuran+0O)
8840 (2xFuran+O+1xI)
8900 (1xFuran+Ox+2xl)
8959 Da (3xI+0)
2 1 500 50 8828 (3xThienyl+0)
(R = Thienyl) 8910 (4xThienyl+0O)
3 1 500 50 8959 (3x1+0)
(R = Isoxazole) 9085 (4x1+0)
4 1 500 50 8833 (2x1+0)
(R = 3-Pyridine) 8959 (3x1+0)
9085 (4x1+0)
5 1 500 50 8834 (2x1+0)
(R = 5-Pyrimidine) 8958 (3x1+0)
9085 (4x1+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in 1:1 or
3:1 DMF/NaH,PO, and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine

Table 4.12 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His
ubiquitin with different heterocyclic boronic acids.
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Figure 4.53 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 3-furanylboronic acid.
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Figure 4.54 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAc), and 500 equiv. 3-thienylboronic acid.
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Figure 4.55 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 3-isoxazolylboronic acid.
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Figure 4.56 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 3-pyridinylboronic acid.
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Figure 4.57 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OACc), and 500 equiv. 5-pyrimidinylboronic acid.

210




Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

Effect of non-aromatic boronic acids

R\/\/B(OH)Z
(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

Y

NaO

=N,
\ N/>—N\ - Pd(OAc),

MW 9085 (O) NaO
L2 -2
(50 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

OH
©\/\/B(°“)z HB@O\/\/ B(OH),

OH

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,PO,, pH 8.0 was mixed with a solution of R-B(OH); in a ratio of 1:3 DMF/50 mM
NaH,PO, mixture for R = phenyl, and in 50 mM NaH,PO, mixture for R = glucosyl
(1,650 nmol, 4-5 pL from stock solution, conc. 50.0 mg/mL for phenyl and conc. 100.0
mg/mL for glucosyl) by vortexing briefly. A [L2],Pd(OACc), catalyst solution (165 nmol,
16.5 pL, conc. 0.01 M) was added to each reaction mixture which was vortexed briefly.
After 4 h. of shaking at 37°C, each aliquot was analysed by LC-MS after addition of
DTT solution in H,O (2xtimes) (165 nmol, 1.25 pL, from stock solution, conc. 20.0
mg/mL) and stirring at 37 °C for 30 min. Protein samples were flash frozen with liquid
nitrogen and stored at —20 °C.

Entry lodo-UBQ PhB(OR), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)
1 1 500 50 8930 (2xpropenyl+0)
(R = Phenyl) 9046 (3xpropenyl+0)

8940 (1xI+2xpropenyl+O)
8949 (2xI+1xpropenyl+0O)
9056 (1x1+3xpropenyl+O)
9066 (2x1+2xpropenyl+O)
9075 (3xI+1xpropenyl+O)

2 1. 500 50 Protein degraded
(R = Glucosyl)
General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in 1:3
DMF/NaH,PO, and 0.01 M [L2],Pd(OACc), in NaOH at 37 °C for 4 h, unless otherwise
indicated. O = Oxidised methionine
Table 4.13 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His
ubiquitin with alkenyl boronic acids.
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CRL355522 114 (1.944) TOF MS ES+
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Figure 4.58 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. trans-3-phenyl-1-propenylboronic acid.

Effect of fluorescent boronic acids
R,B(OH)Z

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

Y

NaO

—N /
N |.
\ N/>_ \ Pd(OAc),
NaO

[L2] 2
(50 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,PO,4, pH 8.0 was mixed with a solution of R-B(OH), in pure DMF for R =
coumarinyl dye, and in an 1:3 DMF/50 mM NaH,PO, mixture for R = dansyl dye (1,650
nmol, 4-5 pL from stock solution, conc. 100.0 mg/mL for coumarinyl dye and conc.
150.0 mg/mL for dansyl dye) by vortexing briefly. A [L2],Pd(OAc), catalyst solution

(165 nmol, 16.5 pL, conc. 0.01 M) was added to each reaction mixture which was
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vortexed briefly. After 4 h. of shaking at 37°C, each aliquot was analysed by LC-MS
after addition of DTT solution in H,O (2xtimes) (165 nmol, 1.25 uL, from stock solution,
conc. 20.0 mg/mL) and stirring at 37 °C for 30 min. Protein samples were flash frozen
with liquid nitrogen and stored at —20 °C.

Entry lodo-UBQ PhB(OR), [L2],Pd(OAC), Products
(equiv.) (equiv.) (equiv.) (Da)
1 1 500 50 Protein degraded
R = Coumarinyl
(BF:K)
2 1 500 50 8726 (1xCou+0O)
R = Coumarinyl 8870 (2xCou+0)
(Pinacol ester) 9014 (3xCou+0)
9159 (4xCou+0)
3 1 500 50 8870 (2xCou+0)
R = Coumarinyl 9014 (3xCou+0)
(Cyclictriolborate) 9158 (4xCou+0)
4 1 500 50 Protein degraded
R = Dansyl
(BF:K)
5 1 500 50 Protein degraded
R = Dansyl
(B(OH).)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), R-PhB(OH), in
DMF or 1:3 DMF/NaH,PO, and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless
otherwise indicated. O = Oxidised methionine
Table 4.14 Investigation of Suzuki-Miyaura cross-couplings of the iodo-Tyr/His
ubiquitin with fluorescent-coumarinyl/dansyl boronic acids.
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Figure 4.59 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. coumarinyl-6-boronic acid pinacol ester.
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Figure 4.60 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. potassium coumarinyl-6-cyclic triolborate.
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4.6.3 Aqueous Sonogashira Cross-Coupling Reactions
Effect of different ligands of palladium catalysts

OH
(500 equiv.)

I
<N
HN_

50 mM NaH,PO,, pH 8.0,
37°C,4h

[LX];Pd(OAc), (50 equiv.)

! 59
NaO NaO NH
MW 9085 (0) =N =N,
\ /—NH \ />—N\ HZNJJ\N/
N N |
NaO NaO 2
2 2
L1 L2 L3 L4

then DTT (2x50 equiv.), 37 °C, 30 min

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,PO, and 80 mM sodium ascorbate, pH 8.0 was mixed with a solution of 1-
propargyl-p-D-glucopyranose in H,O (1,650 nmol, 5.1 uL from stock solution, conc. 70.0
mg/mL) by vortexing briefly. Each [LX],Pd(OAc), catalyst solution (165 nmol, 16.5 pL,
conc. 0.01 M) was added to each reaction mixture which was vortexed briefly. After 4 h.
of shaking at 37°C, each aliquot was analysed by LC-MS after addition of DTT solution
in H,O (2xtimes) (165 nmol, 1.25 pL, from stock solution, conc. 20.0 mg/mL) and
stirring at 37 °C for 30 min. Protein samples were flash frozen with liquid nitrogen and
stored at —20 °C.

Entry lodo-UBQ  Glu-alkyne [LX],Pd(OAc), Conversion products
(equiv.) (equiv.) (equiv.) (%)
1 1 500 50 9085 Da (4x1+0) (72)
L1 9177 Da (3xI+O+glu-alkyne) (28)
2 1 500 50 9085 Da (4x1+0) (56)
L2 9177 Da (3x1+O+glu-alkyne) (44)
3 1 500 50 9085 Da (4x1+0) (74)
L3 9177 Da (3xI+O+glu-alkyne) (26)
4 1 500 50 9085 Da (4x1+0) (68)
L4 9177 Da (3x1+O+glu-alkyne) (32)
5 1 500 - 9086 Da (4x1+0)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), propargyl-O-glucose in
H,0 and 0.01 M [LX],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise indicated.
O = Oxidised methionine

Table 4.15 Investigation of Sonogashira cross-couplings of the iodo-Tyr/His ubiquitin
with 1-propargyl-p-D-glucopyranose in the presence of [LX],Pd(OAc), catalysts.
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Figure 4.61 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L1].Pd(OACc), and 500 equiv. 1-propargyl-p-D-glucopyranose.
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Figure 4.62 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L2],Pd(OAC), and 500 equiv. 1-propargyl-p-D-glucopyranose.
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Figure 4.63 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L3].Pd(OACc), and 500 equiv. 1-propargyl-p-D-glucopyranose.
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Figure 4.64 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 50 equiv.
[L4],Pd(OAC), and 500 equiv. 1-propargyl-p-D-glucopyranose.
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Figure 4.65 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose (control).

Effect of various amounts of alkyne and palladium catalyst

o =
HO =z
H&/O\/
OH
(250-1000 equiv.)

I
<N
HN_

50 mM NaH,PO,, pH 8.0,

37°C,4h
HO o
. NaO
! 59 =N 7
/)—N |- Pd(OAc OH
MW 9085 (O) \ N>_ \ (OAc), o
NaO
() HRo>"on

(25-100 equiv.)
then DTT (2x50 equiv.), 37 °C, 30 min

Each aliquot of the iodo-Tyr/His UBQ (3.3 nmol, 1.50 mg/mL, 20 pL) in 50 mM
NaH,PO, and 80 mM sodium ascorbate, pH 8.0 was mixed with a solution of 1-
propargyl-p-D-glucopyranose in H,O (0.82, 1.65, 2.47, 3.3 umol, 1.8, 3.6, 5.4, 7.2 uL
from stock solution, conc. 100.0 mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst
solution (82, 165, 247, 330 nmol, 8.2, 16.5, 24.7, 33.0 uL, conc. 0.01 M) was added to
each reaction mixture which was vortexed briefly. After 4 h. of shaking at 37°C, each
aliquot was analysed by LC—MS after addition of DTT solution in H,O (2xtimes) (82,
165, 247, 330 nmol, 0.65, 1.25, 1.87, 2.50 uL, from stock solution, conc. 20.0 mg/mL)
and stirring at 37°C for 30 min. Protein samples were flash frozen with liquid nitrogen
and stored at —20 °C.
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Entry lodo-UBQ Glu-alkyne [L2],Pd(OAc), Products conversion
(equiv.) (equiv.) (equiv.) (%)

1 1 250 25 9084 Da (4xI+0) (70)
9175 Da (3xI+O+glu-alkyne) (30)

2 1 500 50 9084 Da (4x1+0) (70)
9176 Da (3xI+O+glu-alkyne) (30)

3 1 750 75 9084 Da (4x1+0) (59)
9175 Da (3xI+O+glu-alkyne) (41)

4 1 1000 100 9084 Da (4x1+0) (62)

9176 Da (3xI+O+glu-alkyne) (38)

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), propargyl-O-glucose in
H,O and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise indicated.
O = Oxidised methionine / ESI-MS baseline subtracted

Table 4.16 Investigation of Sonogashira reactions of the iodo-Tyr/His ubiquitin with
various amounts of 1-propargyl-p-D-glucopyranose in the presence of [L2],Pd(OAcC),.
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Figure 4.66 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 250 equiv. 1-
propargyl-p-D-glucopyranose and 25 equiv. [L2],Pd(OAc)..
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Figure 4.67 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose and 50 equiv. [L2],Pd(OAC)..
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Figure 4.68 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 750 equiv. 1-
propargyl-p-D-glucopyranose and 75 equiv. [L2],Pd(OAc)..
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Figure 4.69 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 1000 equiv. 1-
propargyl-p-D-glucopyranose and 100 equiv. [L2],Pd(OAC),.
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Effect of Pd scavengers

(500 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

Y

NaO

—N
/

\ />—N - Pd(OAc), OH
N o\

NaO

MW 9085 (O)

[L2] 2 HﬂO OH
(50 equiv.)
then Pd scavenger (3x50 equiv.), 37 °C, 30 min

Each aliquot of the iodo-Tyr/His ubiquitin (3.3 nmol, 1.50 mg/mL, 20 uL) in 50 mM
NaH,PO, and 80 mM sodium ascorbate, pH 8.0 was mixed with a solution of 1-
propargyl-p-D-glucopyranose in H,O (1.65 pmol, 3.6 puL from stock solution, conc. 100.0
mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst solution (165 nmol, 16.5 uL,
conc. 0.01 M) was added to each reaction mixture which was vortexed briefly. After 4 h.
of shaking at 37°C, each aliquot was analysed by LC—-MS after addition of different Pd
scavengers (3xtimes) (1.25 L, from DTT stock solution, conc. 20.0 mg/mL, 0.45 mg of
QuadraSil MP, and 0.33 mg of QuadraSil AP) and stirring at 37°C for 30 min. Protein

samples were flash frozen with liquid nitrogen and stored at —20 °C.

Entry lodo-UBQ Alkyne [L2],Pd(OAC), Scavenger Remarks
(equiv.) (equiv.) (equiv.) (equiv.)
1 1 500 50 150 Protein Cleavage
(DTT)
2 1 500 50 150 -

(QuadraSil MP)

SH

3 1 500 50 150 -
(QuadraSil AP)

NH,

General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), propargyl-O-glucose in
H,O and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise indicated.
O = Oxidised methionine / ESI-MS baseline subtracted
Table 4.17 Investigation of Pd scavengers for Sonogashira reactions of iodo-Tyr/His
ubiquitin with 1-propargyl-g-D-glucopyranose in the presence of [L2],Pd(OAC)..
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Figure 4.70 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose and 50 equiv. [L2],Pd(OAc), (DTT as a Pd scavenger).
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Figure 4.71 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose and 50 equiv. [L2],Pd(OAc), (QuadraSil MP as a Pd
scavenger).
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Figure 4.72 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 500 equiv. 1-
propargyl-p-D-glucopyranose and 50 equiv. [L2],Pd(OAc), (QuadraSil AP as a Pd
scavenger).
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4.6.4 Palladium-mediated Ubiquitination
L-Hpg incorporation into ubiquitin using Met-auxotroph, E. coli B834 (DE3)

1 uL of the plasmid DNA (WT-UbcH5)?°, conc. 100 ng/uL was transformed into
Novagen E.coli B834 (DE3) single competent cells. The cells were next used to inoculate
in LB media (5 mL) containing ampicillin (100 pg/mL), then were incubated overnight at
37 °C. These cells were plated on Agar/Amp plates and glycerol stocks being prepared
were stored at -80 °C awaiting further manipulation. A single colony of ubiquitin
bacterial cells was picked up and grown in a small starting culture of LB broth media (2.5
mL) containing ampicillin (100 pug/mL) at 37 °C overnight. For an expression of wild-
type ubiquitin, the overnight starting culture (2.5 mL) was transferred into the 20 mL of
LB media containing ampicillin (100 pg/mL). The cell cultures were incubated at 37 °C
until an optical density value (ODggo) ~0.6-0.7 was observed. A protein expression was
further induced by addition of 1 mM IPTG and further incubated at 37 °C for 4 h. In case
L-Hpg incorporation, the starting culture was then used to inoculate 100 mL of
SelenoMet base medium (21.6 g/L) containing 5 mL of nutrient mix (5.1 g/ 50mL), 0.4
mL of L-Met (10 mg/mL), and 0.1 mL of ampicillin (100 pg/mL). The cell cultures were
incubated at 37 °C until an optical density value (ODsgg ~0.6-0.7 was observed.
Incubated cell cultures were briefly centrifuged (3,750 rpm, 10 min, 4 °C) and washed
with SelenoMet base medium (3x15 mL) contain ampicillin only. The cell pellet was re-
suspended in 50 mL of SelenoMet base medium containing 2.5 mL of nutrient mix, 1.0
mL of L-Hpg (50 mg/mL), and 0.05 mL of ampicillin, then was further incubated at 37
°C for 1h. The protein expression was induced by addition of 1 mM IPTG and further
incubated at 37 °C for 4 h. Cell cultures were harvested by centrifugation (8,000 rpm, 15
min, 4 °C), and the cell pellet was re-suspended in 0.75 mL of Bugbuster Master mix
solution, and 1/4 tablet of free-EDTA protease inhibitor. The cell suspension was shaken
at rt for 1 h., and centrifuged (8,000 rpm, 15 min, 4 °C). Each protein supernatant was
purified by a vivaspin column concentrator (10 kDa MW cut-off) first, then a flow-
through was collected for a further purification using the vivaspin column concentrator (5
kDa MW cut-off) (5x times) loading a fresh 50 mM NaH,PO,, pH 8.0 each time. Final

concentration of each purified protein was measured by NanoDrop 1000 Ajgo

223



Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

spectrophotometry. Each modified protein was analysed by SDS-PAGE and LC-MS,

then were flash frozen with liquid nitrogen and stored at -80 °C.

Sequence : Ubiquitin (UBQ)

XQIFVKTLTG KTITLEVEPS DTIENVKAKI QDKEGIPPDQ
QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGG

;

H,N” >CO,H

X = Met (wild-type) or Hpq (alkyne)

Y

B834 (DE3)
Met-auxotroph

Entry Met- Media Additive Incubation Results
auxotroph conditions
1 B834 (DE3)  SelenoMet L-Hpg 37°C,4h 80% incorporation
2 B834 (DE3) LB - 37°C,4h -

Table 4.18 Protein expression systems for wild-type and modified ubiquitins (UBQ-
1Hpg) expressed in E.coli B834 (DE3) as a Met-auxotroph.
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Figure 4.73 ESI-MS spectrum of the modified ubiquitin with N-terminal propargyl tag
expressed in E.coli B834 (DE3) as a Met-auxotroph.
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Figure 4.74 ESI-MS spectrum of wild-type ubiquitin expressed in E.coli B834 (DE3) as
a Met-auxotroph.
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Figure 4.75 SDS-PAGEs show a purification of both wild-type/modified ubiquitin using
10kDa and 5 kDa MW cut-off vivaspin column concentrators, respectively.

Sonogashira cross-coupling of the GyG-Y195pIPhe with UBQ-M1Hpg

NaO

—N /
N |.
\ N/>— | |- Pd(OAC),

NaO
[L21 2
(50 equiv.)
+ 1 ,/ -
4
50 mM NaPi, pH 8.0
(1 equiv.) (50 equiv.) 37 °C, 4h
GYG-195plIPhe UBQ-1Hpg UBQ-1Hpg Coulping Product
MW 29696 MW 8542 MW 38238
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An aliquot of the GYG-Y195pIPhe (1.01 nmol, 1.50 mg/mL, 20 uL) in 50 mM NaH,PO,
and 80 mM sodium ascorbate, pH 8.0 was mixed with the UBQ-M1Hpg in 50 mM
NaH,PO4 (50.5 nmol, 0.431 mg) by vortexing briefly. A [L2],Pd(OAc), catalyst solution
(50.5 nmol, 5.0 pL, conc. 0.01 M) was added to the reaction mixture which was vortexed
briefly. After 4 h. of shaking at 37 °C, an aliquot was analysed by LC-MS after addition
of DTT solution (3xtimes) (0.39 uL, from stock solution, conc. 20.0 mg/mL) and stirred
at 37 °C for 30 min. A protein sample was flash frozen with liquid nitrogen and stored at
—20 °C.
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Figure 4.76 SDS-PAGE and ESI-MS spectrum of an attempted Pd-mediated cross-

coupling of the GYG-195-pIPhe with UBQ-1Hpg.

226




Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

Sonogashira cross-coupling of the MBP-E13plIPhe with UBQ-M1Hpg

/
N |.
\ rf>_ \ | Pd(oAC),

NaO
[L2]
(25 equiv.)

2

V/
K/

50 mM NaPi, pH 8.0

( 37 °C, 4h
(1 equiv.) (50 equiv.)
MBP-13plPhe UBQ-1Hpg UBQ-1Hpg Coupling Product
MW 43708 MW 8542 MW 52123

An aliquot of the MBP-E13pIPhe (1.14 nmol, 2.50 mg/mL, 20 pL) in 50 mM NaH;PO,
and 80 mM sodium ascorbate, pH 8.0 was mixed with the UBQ-M1Hpg in 50 mM
NaH,PO, (57.0 nmol, 14 pL from stock solution, conc. 35.0 mg/mL) by vortexing
briefly. A [L2],Pd(OAC), catalyst solution (28.5 nmol, 2.9 pL, conc. 0.01 M) was added
to the reaction mixture which was vortexed briefly. After 4 h. of shaking at 37 °C, an
aliquot was analysed by LC-MS after addition of QuadraSil MP (1.50mg) and stirred at

37 °C for 30 min. A protein sample was flash frozen with liquid nitrogen and stored at —

20 °C.
SDS-PAGE Western blot
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Figure 4.77 SDS-PAGE, Western blot (by monoclonal anti-polyhistidines alkaline
phosphatase antibody) and ESI-MS spectrum of an attempted Pd-mediated cross-

coupling of the MBP-E13pIPhe with UBQ-M1Hpg.
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Sonogashira cross-coupling of the lodo-Tyr/His UBQ with UBQ-M1Hpg

—N /
\ N/>—N\ - Pd(OAc),

L2 2

50 mM NaPi, pH 8.0
37°C, 4h

UBQ-59ITyr-68IHis UBQ-1Hpg
MW 9085 MW 8542

Ubiquitinylated Coupling Product

Each aliquot of the iodo-Tyr/His ubiquitin (3.30 nmol, 1.50 mg/mL, 20 uL) in 50 mM
NaH,PO4 and 80 mM sodium ascorbate, pH 8.0 was mixed with the UBQ-M1Hpg in 50
mM NaH,PQO, (165.0, 330.0, 660.0 nmol, 17.6, 35.2, 70.5 uL from stock solution, conc.
80.0 mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst solution (16.5, 33.0, 66.0
nmol, 1.6, 3.3, 6.6 pL, conc. 0.01 M) was added to each reaction mixture which was
vortexed briefly. After 4 h. of shaking at 37 °C, each aliquot was analysed by LC-MS
after addition of DTT solution (3x 0.125, 0.25, 0.50 uL, from stock solution, conc. 20
mg/mL) and stirred at 37 °C for 30 min. Protein samples were flash frozen with liquid

nitrogen and stored at —20 °C.

Entry lodo-UBQ Hpg-UBQ PdL2 Reaction Results
(equiv.) (equiv.) (equiv.) conditions
1 1 50 5
2 1 50 10
3 1 100 10 No detection of
37°C,4h polyubiquitination
4 1 100 20
5 1 200 20
6 50 1 5

General conditions : lodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), UBQ-M1Hpg in

NaH,PO, (50 mM, pH 8), [L2],Pd(OACc), in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h,

unless otherwise indicated.

Table 4.19 Attempted Sonogashira cross-couplings of the iodo-Tyr/His ubiquitin and
Hpg tagged ubiquitin.
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Figure 4.78 An attempted Sonogashira cross-coupling of the iodo-Tyr/His ubiquitin with
Hpg-tagged ubiquitin (50 equiv.) and [L2],Pd(OAc), catalyst (5 equiv.).
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Figure 4.79 An attempted Sonogashira cross-coupling of the iodo-Tyr/His ubiquitin with
Hpg-tagged ubiquitin (50 equiv.) and [L2],Pd(OAc), catalyst (10 equiv.).
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Figure 4.80 An attempted Sonogashira cross-coupling of the iodo-Tyr/His ubiquitin with
Hpg-tagged ubiquitin (100 equiv.) and [L2],Pd(OACc), catalyst (10 equiv.).
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Figure 4.81 An attempted Sonogashira cross-coupling of the iodo-Tyr/His ubiquitin with
Hpg-tagged ubiquitin (100 equiv.) and [L2],Pd(OAc); catalyst (20 equiv.).
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Figure 4.82 An attempted Sonogashira cross-coupling of the iodo-Tyr/His ubiquitin with
Hpg-tagged ubiquitin (200 equiv.) and [L2],Pd(OAcC), catalyst (20 equiv.).
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Figure 4.83 An attempted Sonogashira cross-coupling of the Hpg-tagged ubiquitin with
iodo-Tyr/His ubiquitin (50 equiv.) and [L2],Pd(OAc), catalyst (5 equiv.).
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225
150
0. 1 = Hpg-UBQ
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50 - 3 =1-UBQ (lequiv.), Hpg-UBQ (50 equiv.), PdL2 (10 equiv.)
35 4 =1-UBQ (lequiv.), Hpg-UBQ (100 equiv.), PdL2 (10 equiv.)

5=1-UBQ (lequiv.), Hpg-UBQ (100 equiv.), PdL.2 (20 equiv.)
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Figure 4.84 SDS-PAGE shows Hpg-tagged ubiquitin bands from each reaction mixture
(Entry 2-6), on the other hand, the iodo-Tyr/His ubiquitin bands from the reaction
mixture (Entry 7).

Control: Sonogashira cross-coupling of the lodo-Tyr/His UBQ with propargyl-o-

glucose

(200 equiv.)

50 mM NaH,PO,, pH 8.0,
37°C,4h

Y

NaO

—N
/

\ />—N - Pd(OAc), OH
N o\

NaO

MW 9085 (O)

[L2] 2 HPo OH
(20 equiv.)
then Pd scavenger (3x20 equiv.), 37 °C, 30 min

(Same procedure mentioned in section 4.6.3)

Entry lodo-UBQ Glu-alkyne [L2],Pd(OAC), Products conversion
(equiv.) (equiv.) (equiv.) (%)

1 1 200 20 9084 Da (4x1+0) (64)
9176 Da (3xI+O+glu-alkyne) (36)
General conditions: iodo-Tyr/His UBQ in NaH,PO, (50 mM, pH 8), propargyl-O-glucose in
H,0 and 0.01 M [L2],Pd(OAc), in NaOH at 37 °C for 4 h, unless otherwise indicated.
O = Oxidised methionine
Table 4.20 Sonogashira reaction of the iodo-Tyr/His ubiquitin with 200 equiv. 1-
propargyl-p-D-glucopyranose in the presence of [L2],Pd(OAC),.
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Figure 4.85 ESI-MS spectrum of the iodo-Tyr/His ubiquitin treated with 200 equiv. 1-
propargyl-p-D-glucopyranose and 20 equiv. [L2],Pd(OAc)..

4.6.5 Peptide Mapping of Modified Proteins

(See general experimental consideration in appendix)

MSMS Investigation of lodo-Tyr/His Insulin

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence
1 25.5 1119.5543  3355.6427 0.032 H — DiiodoH FVNQHLCGSHLVE
(H-29, 34) ALYLVCGER
Y — Diiodo Y
(Y-40)
2 51.2 1035.6240  3103.8502 7.8x10° H — DiiodoH FVNQHLCGSHLVE
(H-34) ALYLVCGER
Y — Diiodo Y
(Y-40)
3 33.9 591.6348 1181.2580 0.077 Y — Diiodo Y GFFYTPKA
(Y-50)
4 29.1 1191.3600  2380.7054 0.004 Y — Diiodo Y  GIVEQCCASVCSL
(Y-98) YQLEN
5 6.7 1024.2233  3069.6480 0.95 Y —» DiiodoY GIVEQCCASVCSL
(Y-98,103) YQLENYCN

Table 4.21 Peptide fragmentation of iodinated Tyr and His (H-29, H-34, Y-40, Y-50, Y-

98, Y103) analysed by Mascot database.

232




Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

-
w

%

o = iy

o @ = £

w © o

b = =

3

2.

5

xR

b*(10f

e br(11)"
E—b(12)**

B big)

g % b4l
= v(16)"
= ¥i(8)
E o
==
b7yt
E b1}
E— yao)
“Eoizo
— \(211]

Figure 4.86 Peptide fragmentation of the diiodo-Tyr/His (H-29, H-34, Y-40)
FVNQHLCGSHLVEALYLVCGER analysed by Mascot database.
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Figure 4.87 Peptide fragmentation of the diiodo-Tyr (Y-50) GFFYTPKA analysed by

Mascot database.
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Figure 4.88 Peptide fragmentation of the

diiodo-Tyr (Y-98, Y-103)

GIVEQCCASVCSLYQLENYCN analysed by Mascot database.
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MSMS Investigation of lodo-Tyr/His MCP-1

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence
1 67.3 1148.3696 2294.7235 2.1x10° Y — Diiodo Y DAINAPVTCCYN
(Y-36) FTNRK
2 22.7 509.1164 1016.2114 0.25 Y — Diiodo Y LASYRR
(Y-51)
3 43.4 775.5924 2323.7566 0.0012 H — DiiodoH WVQDSMDHLD
(H-89) KQTQTPK

Table 4.22 Peptide fragmentation of the iodinated Tyr and His (Y-36, Y-51, H-89)
analysed by Mascot database.
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Figure 4.89 Peptide fragmentation of the diiodo-Tyr (Y-36) DAINAPVTCCYNFTNRK
analysed by Mascot database.

s
20 = &
™ \ i 203
° _
2 0] e . ]
@ = 605 n
@ : = v . 2
2 w0 o = £ Fi
5 by a0ess 2
= i a
~ o w_ =
2 - 5= _ ey 2085
2m oo = ==
s | B b bl
. L. [ Ll : L di LU | Eooes
200 400 600 800 1000
m/z

Figure 4.90 Peptide fragmentation of the diiodo-Tyr (Y-51) LASYRR analysed by
Mascot database.
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% ofbase peak

Figure 4.91 Peptide fragmentation of the diiodo-His (H-89) WVQDSMDHLDKQTQTPK
analysed by Mascot database.

MSMS Investigation of lodo-Tyr/His UBQ

Entry Score Mr(found) Mr(Calc) Expect Modification Sequence

1 45.2 660.2112 1318.4068 5.8x10° H — Diiodo H ESTLHLVLR
(H-68)

2 44.5 667.1769 1332.3384 0.00013 Y — Diiodo Y TLSDYNIQK
(Y-59)

3 314 659.1908 2632.7346 0.0014 Y — DiiodoY TLSDYNIQKEST
(Y-59) LHLVLR

H — Diiodo H

(H-68)

Table 4.23 Peptide fragmentation of the iodinated Tyr and His (Y-59, H-68) analysed by
Mascot database.
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Figure 4.92 Peptide fragmentation of the diiodo-Tyr/His (Y-59, H-68)
TLSDYNIQKESTLHLVLR analysed by Mascot database.
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MSMS Investigation of Phenyl-Coupled UBQ

Entry Score Modification Sequence
1 83.2 Y — Di-Ph Y (Y-59) QLEDGRTLSDYNIQK
2 59.2 H — Di-Ph H (H-68) ESTLHLVLR

3 590 Y —Di-Ph Y (Y-59)  TLSDYNIQKESTLHLVLR
H — Di-Ph H (H-68)

Table 4.24 Peptide fragmentation of the phenyl-coupled Tyr and His (Y-59, H-68)
analysed by Peaks.
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Figure 4.93 Peptide fragmentation of the DiPh-Tyr (Y-59) QLEDGRTLSDYNIQK
analysed by Peaks.
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Figure 4.94 Peptide fragmerzlmtationmof themDiPhimHis (Ii|m-68) ESTLHLVLR analysed by
Peaks.

236




Chapter4: Site-Specific Bioconjugation through Pd(0)-Mediated Cross-Couplings

ity (1) r[Lls/ofy/w[tfek[E[s[T L n[L[VLIR HN>>\\N

Figure 4.95 Peptide fragméntation of the D1iPh-Tyr.(Y-59) and DiPh-His (H-68)
TLSDYNIQKESTLHLVLR analysed by Peaks.

MSMS Investigation of Propargyl-0-Glucose-Coupled UBQ

Entry Score Modification Sequence

1 83.5 Y — MonoGlc Y (Y-59) TLSDYNIQKESTLHLVLR
H — MonoGlc H (H-68)

Table 4.24 Peptide fragmentation of the propargyl-0-glucose Tyr and His (Y-59, H-68)
analysed by Peaks.
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Figure 4.96 Peptide fragmentation of the MonoGlc-Tyr (Y-59) or MonoGlc-His (H-68)
TLSDYNIQKESTLHLVLR analysed by Peaks.
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5.1 Introduction

The aim of this chapter is to investigate the in vivo applications of Pd-mediated Suzuki
reactions to mammalian living systems as a proof of biocompatibility as well as a

preclinical animal study.

5.1.1 Thyroglobulin and Thyroid Hormones

Thyroglobulin (Tg) is a large glycoprotein (330 kDa), highly enriched in the thyroid
gland as a precursor for a synthesis of thyroid hormones triiodothyronine (T3) and
thyroxine (T4) through iodination and bioconjugation (Figure 5.1)*. Tg is a naturally
iodinated protein produced in the thyroid follicle with a structure composed of a protein
colloid centre surrounded by follicular cells®. Around 20-30% of Tg tyrosine residues are
iodinated by thyroid peroxidase (TPO), resulting in the formation of C-1 bonds on
tyrosine residues (including 3-iodotyrosine (MIT) and 3,5-diiodotyrosine (DIT))**®.
These iodinated tyrosine moieties are enzymatically coupled by TPO, leading to the
creation of iodinated bicyclic molecules T3 and T4. The release of thyroid hormones is
achieved by proteolysis, which allows these two important molecules to circulate in the

bloodstream for regulation of metabolism.

Thyroglobulin (Tg)

Thyroid

Proteolysis

LA Thyroid Hormones
Thyroid

Blood | 1 *
follicle o : 1 o 1
| OH | I OH
OH OH |
H,N H,N
o o

Triiodothyronine (T3) Thyroxine (T4)

Figure 5.1 Synthesis of thyroglobulin (Tg) in thyroid follicles and a release of thyroid
hormones (T3 and T4) into bloodstream by hydrolysis of the iodinated Tg™2.
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5.1.2 Palladium Chemistry to Biology

Few methods for in vivo protein labelling have been reported due to a lack of
biocompatibility in biological systems’?. For example, site-selective SPAAC chemical
conjugation approach has been demonstrated in the context of protein labelling under in
vivo conditions by a coupling between the genetically encoded azide tag and the highly
strained cyclooctyne probe™™’. As such, in vivo labelling of iodinated protein species, in
particular thyroid hormones (T3/T4) or thyroglobulin (Tg), is challenging under
biocompatible conditions. However, advances in this area could allow monitoring of
abnormal thyroid functions. Based on Pd-mediated biorthogonal reactions, Chen reported
site-specific protein labelling inside E.coli bacterial cells through Pd-catalysed
Sonogashira cross-coupling by treatment of either GFP or OspF containing a genetically
encoded alkyne tag with a para-iodophenyl fluorescent probe (Iphe-FL525), in the
presence of a Pd(NOs), catalyst (Figure 5.2)%.

FL-525
A

Pd(NO3),

Pd-mediated intracellular labelling

Alkynyl-incorporated Proteins ( Fluorescent-Coupling Protein

(GFP or OspF) |‘ Q o A -
pad 0@% —

(S \
Figure 5.2 Site-specific intracellular protein labelling through Pd-mediated Sonogashira
cross-coupling reactions®.

Bradley reported palladium-mediated intracellular chemistry of fluorescent probes
performed in HelLa cells with association of Pd(0) nanoparticle-trapped polystyrene
microspheres through either Pd(0)-catalysed cleavage or Suzuki-Miyaura cross-coupling
reactions (Figure 5.3)*:.This work demonstrates the selective transformation of the
fluorescent probe by use of the Pd-catalyst inside a cell for visualization of biological

processes.
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[Pd(O)-mediated allylcarbamate cleavagej

\\\\

%

(Non-fluorescent)

(Fluorescent)
(Cytoplasm)

(Pd(O)-mediated Suzuki cross-coupling]

§Fs
0=S=0 CF3

OO PO IO
% o /° _ CU

(Non-fluorescent) o

(Fluorescent)

(Cytoplasm) (Mitochondrion)

Figure 5.3 Intracellular Pd-mediated reactions of the fluorescent probes in HeLa cells by
use of Cyb.5-labelled Pd(0) microspheres through either Pd(0)-mediated cleavage or
Suzuki reaction™*.

5.2 Investigation of Palladium Cross-Couplings of Thyroid Hormones

In chapter 4, we were able to show the creation of new C-C bonds at tyrosine and
histidine residues of the protein through our Suzuki-Miyaura cross-coupling (SMC)

systems. Next, we extended our aqueous Pd-catalysed Suzuki system®&%

to challenging
mammalian living organisms by Pd-catalysed Suzuki reactions of either thyroid
hormones (T4) or thyroglobulin (Tg) with aromatic boronic acids. This chapter discusses
the extension of these reactions to full mammalian tissues. We began our initial study by
investigating ex vivo SMC reactions by treatment of T4 with PhB(OH), performed in
simple mimics of circulatory systems. These reactions proceeded in the presence of the
[L2],Pd(OAC), catalyst (Table 5.1). However, we found that no formation of the phenyl-
coupled T4 could be detected by LC-MS under two reaction conditions: NaP; buffer, or

rat blood plasma (Figure 5.4-5.6). The ESI-MS spectra showed only peaks of the starting
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material (T4) in the form of [M+H]" (MW : 777.75) and [M-H+41]" (MW : 818.78,
CHsCN-adduct or Na-adduct [M+Na]*<H,0).

B(OH),
]
o | ©/ : o O
| [ :[ oI Buffer/Plasma, 37 °C, 4h g ot

I
H,N” ~CO,H NaO H,N” ~CO,H
T4 —N>_ / Phenyl-coupled Products
N .
MW 776.87 \ N/ \ |~ Pd(OAc) MW 727.08 (1xPh)
NaG 677.28 (2xPh)
2 627.48 (3xPh)
[L2] 577.68 (4xPh)
Entry T4 PhB(OH), [L2],Pd(OAC), Reaction ESI-MS
(equiv.) (equiv.) (equiv.) Conditions
1 1.0 5.0 0.2 50 mM NaP; 777.75 (SM)
(1.2 pmol) (6.0 pmol) (0.24 pmol)
2 1.0 5.0 0.2 50 mM NaP; 777.69 (SM)
(1.2 umol) (6.0 umol) (0.24 pmol) + rat plasma (1:1)
3 1.0 5.0 0.2 rat plasma 777.69 (SM)
(1.2 umol) (6.0 umol) (0.24 pmol)

General conditions: T4 in 0.2 M NaOH (c = 25.0 mg/mL), PhB(OH); in 0.2 M NaOH (c = 25.0
mg/mL), [L2],Pd(OACc),in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless otherwise indicated.
Table 5.1 Optimisation experiments of the SMC reactions of T4 with PhB(OH); in the
presence of [L2],Pd(OAc); catalyst.

CRL349933 12 (0.499) 1. TOF MS ES+
100+ 77775 +41 6.37e5
Entry 1 818.78
|
o} |
=]
| OH
H,N” ~COLH : 819.79
164.95
| 254.93 862.76 941.69.957. 71
O-errturarlen IJ:III . ,l.“. . I.JI " ERNERTHW? .IH'. PR TPVERR TR UMY FITORUVRIINE SUOUNES WHTERS RO ,'.l'.'.. | b ——r
100 200 300 400 500 600 700 800 900 1000

Figure 5.4 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from treatment
of T4 with PhB(OH), and [L2],Pd(OAc), catalyst in 50 mM NaP;.
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CRL349934 12 (0.499) 1: TOF MS ES+
100~ 77769 441 3.48e5
Entry 2 818.79
s fﬁl L
CORH 519.80
£18.37
154|-95 280[.12 Ju546 40 ?11k53 82173
G"""|"""|“"7"'|""'|''''|"'''|''"|''"J'l"''|'L'"|""|l""|""||"'L'ldl' Al /2
100 200 300 400 500 600 700 800 900 1000

Figure 5.5 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from treatment
of T4 with PhB(OH), and [L2],Pd(OAc); catalyst in 1:1 ratio of 50 mM NaP; /rat plasma.

CRL349935 12 (0.499) 1: TOF MS ES+
100+ TI769 441 5.63e5
Entry 3 818.74
g in:[ CL,
COH 819.79
280.12 82173
G""lL""'|"|"I"|"'l'|""|""|""'l"""l'l'“_"ul""|'"'|l""'|'k"'|l"''|"‘"|'I"'L'l|'""ll""lml"Z
100 200 300 400 500 600 700 800 900 1000

Figure 5.6 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from treatment
of T4 with PhB(OH); and [L2],Pd(OAc); catalyst in rat plasma.

Since the preliminary study of unprotected T4 showed no formation of the phenyl-
coupled products, this might possibly arise from either unproductive coordination of an
amine group of the T4 to Pd catalyst, or interference from proteins such as serum
albumin, globulin, and fibrinogen which exist in rat blood plasma fluid. Either scenario
may adversely affect the reactivity of the Pd catalyst. As a consequence, the BocNH-
protected T4 was used to investigate Pd-mediated reactions with similar reaction
conditions to natural T4. The BocNH-T4 was treated with phenylboronic acid in the
presence of the [L2],Pd(OAc),, but unfortunately the coupling products were not
observed by LC-MS (Table 5.2).
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B(OH),
| J
(o) 1 ! o
Buffer/Plasma, 37 °C, 4h 0
1 OH # - OH

I
BocHN” “CO,H

BocHN™ "CO,H

NaO
—N
BocNH-T4 \ />—N< - Pd(OAC), Phenyl-coupled Products
MW 876.99 N MW 827.19 (1xPh)
NaO 777.39 (2xPh)
[L2] 2 727.60 (3xPh)
677.80 (4xPh)
Entry BocNH-T4 PhB(OH), [L2],Pd(OAC), Reaction ESI-MS
(equiv.) (equiv.) (equiv.) Conditions
1 1.0 5.0 0.2 50 mM NaP; 875.83
(1.2 pmol) (6.0 pmol) (0.24 pmol) (SM)
2 1.0 5.0 0.2 50 mM NaP; 875.82
(1.2 pmol) (6.0 pmol) (0.24 pmol) + plasma (1:1) (SM)
3 1.0 5.0 0.2 Rat plasma 875.83
(1.2 pmol) (6.0 pmol) (0.24 pmol) (SM)

General conditions: BocNH-T4 in 0.2 M NaOH (¢ = 25.0 mg/mL), PhB(OH), in 0.2 M NaOH
(c = 25.0 mg/mL), [L2],Pd(OACc), in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless

otherwise indicated.
Table 5.2 Optimisation experiments of the SMC reactions of BocNH-T4 with PhB(OH),

in the presence of [L2],Pd(OAC), catalyst.

CRL350763 29 (0.498) TOF MS ES-
1004 875.83 1.44e5
Entry 1
|
o} |
= |\§[0H
126.95 BocHN™ "CO,H ! 276.84
933.80

457.90 5311.98 794 51 997.90
0 ----|----|-L---|----|I----|----|----|l----|"----|'-I'--7|-':'--|--"-'-|---m-|----m"*"""1"""' miz

100 200 300 400 500 600 700 800 900 1000

Figure 5.7 ESI-MS spectra of the unreactive BocNH-T4 from treatment of BocNH-T4
with PhB(OH); and [L2],Pd(OAc), catalyst in 50 mM NaP;.

247




Chapter 5: In vivo Applications of Palladium Chemistry in Biological Systems

CRL350652 28 (0.481) TOF MS ES-
100+ 875.82 3.21e5

Entry 2
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Figure 5.8 ESI-MS spectra of the unreactive BocNH-T4 from treatment of BocNH-T4
with PhB(OH), and [L2],Pd(OAc), catalyst in 1:1 ratio of 50 mM NaP; /rat plasma.
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Figure 5.9 ESI-MS spectra of the unreactive BocNH-T4 from treatment of BocNH-T4
with PhB(OH), and [L2],Pd(OACc), catalyst in rat plasma.

5.3 Investigation of Palladium Cross-Couplings of Thyroglobulin (Tg)

5.3.1 Ex vivo Pd-Mediated Reactions of Thyroglobulin (Tg)

Although attempts of Pd-catalysed reactions of the small molecules (T4) failed, we also
investigated ex vivo Pd cross-coupling of the naturally iodinated thyroglobulin (Tg)
through Suzuki-Miyaura reactions. An initial study of the Pd-mediated reactions of Tg
(MW ~ 330 kDa) proceeded from treatment of the Tg protein mixture (extracted from the
mouse thyroid gland tissue) with biotinylated phenylboronic acid (Table 5.3). It was
found that all protein reactions with a range of Pd catalyst (5-20 uL) and R-B(OH),
(0.25-1.0 pL) gave three intense protein bands (MW >260 kDa) that were stained by
anti-biotin alkaline phosphatase antibody (Figure 5.10). We could confirm these protein
bands belonged to Tg using anti-biotin antibody and MSMS analysis (See experimental
details, Table 5.14). However, some lower-MW protein bands were also detected by

this antibody, possibly due to in vivo iodination of some other proteins by TPO. These
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iodinated proteins could react with biotinylated phenylboronic acid in the presence of the

[L2],Pd(OAC), catalyst, resulting in observation of protein bands on the membrane.

B(OH),

o HN—A°

" @quH

Ex vivo Pd Cross-coupling

NaO

—N /
Thyroglobulin, Tg i\:"?_N\ + Pd(OAc), Tg Coupling Products

330 kDa Nad

[L2]
37°C, 4h

2

Entry Tg-mixture [L2],Pd(OACc), R-B(OH), Temp Time Remarks

(HL) (BL) (pL)

1 5 - - 4°C 4h Tissue

2 5 - - 37°C 4h Control
3 5 25 - 37°C 4h Control
4 5 - 0.25 37°C 4h Control
5 10 10 0.25 37°C 4h Reaction

(R =Ph)

6 10 5 0.25 37°C 4h Reaction
7 10 10 0.25 37°C 4h Reaction
8 10 20 0.25 37°C 4h Reaction
9 10 10 0.50 37°C 4h Reaction
10 10 10 1.0 37°C 4h Reaction

General conditions: Tg in PBS (pH 7.6), [L2],Pd(OACc); in 0.1 M NaOH (c = 0.01 M),

biotinylated B(OH), in DMSO (c = 50 mg/mL) at 37 °C for 4h, unless otherwise

indicated.

Table 5.3 Investigation of ex vivo Pd cross-coupling of the Tg mixture with biotin-
B(OH); in the presence of [L2],Pd(OAC).
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Figure 5.10 Western blot and SDS-PAGE of each reaction mixture stained by anti-biotin
alkaline phosphatase antibody.

The treatment of semi-purified Tg (originating from thyroid gland tissue and using a
vivaspin column with 100 kDa MW cut-off membrane for a semi-purification) with
differently substituted aromatic boronic acids (including biotinylated, coumarinyl and
phenyl) is shown in Table 5.4. After completion of the reaction, each reaction mixture
was analysed by SDS-PAGE, and subsequently stained with anti-biotin alkaline
phosphatase antibody (Figure 5.11). It was found that all control reactions showed no Tg
protein bands on Western blot, whereas the biotin-coupled Tg was clearly detected by
this antibody. As expected, treatment of the Tg with either coumarinyl or phenylboronic

acid gave no biotin-specific positive response on the membrane.

%
L)\&"b | n PinB\@O;/I/O ©/B(0H)2
\ \ »Z

Ex vivo Pd Cross-coupling

-

NaO

H
) _N>_N/ 0_0
Thyroglobulin, Tg \ N/ \ | Pd(OAc), Tg Coupling Products
330 kDa NaO 7

[L2] 2
37 °C, 4h
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Entry Purified Tg [L2],Pd(OAc), R-B(OH), Temp Time Remarks

(equiv.) (equiv.) (equiv.)
1 1 - - 4°C 4h Tissue
2 1 - - 37°C 4h Control
3 1 50 - 37 °C 4h Control
4 1 - 500 37°C 4h Control
(biotin)
5 1 50 500 37°C 4h Reaction
(biotin)
6 1 50 500 37°C 4h Reaction
(coumarin)
7 1 50 500. 37°C 4h Reaction
(phenyl)

General conditions: Tg in NaH,PO, (50 mM, pH 8.0 and ¢ = 2.0 mg/mL), [L2],Pd(OACc),

in 0.1 M NaOH (c = 0.01 M), R-B(OH), in DMSO (c = 50 mg/mL) at 37 °C for 4h, unless

otherwise indicated.

Table 5.4 Investigation of ex vivo Pd cross-coupling of the purified Tg with different
R-B(OH); in the presence of [L2],Pd(OAC),.

*

Tg + + + o+ + +

+ + + *

(OH),B-R T
PdL2 T
260 260
160 160
110 110
80 80
60 60
50 50
40 e 40
30 30
20 20
15 15
10 10

1 2 3 4 5 6 7 e PRGN

Figure 5.11 Western blot and SDS-PAGE of each reaction mixture by staining with anti-

biotin alkaline phosphatase antibody. Lane 5 showed the detection of the biotin-coupled
Tg.

Furthermore, a mixture of non-modified proteins extracted from mice thyroid gland
tissues was separated by Tris-acetate gel and analysed by MSMS in order to identify

specific type of proteins apart from the predominant Tg protein (Figure 5.12 and Table
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5.5). It was found that three top protein bands (MW > 225 kDa) correlated to Tg.
Medium-sized proteins excised between MW ~ 40-80 kDa were also identified by
Mascot database search, especially actin, protein disulphide-isomerase and glucose-
regulated protein.

(3-8% Tris-acetate gel)

( )

| | | } Thyroglobulin (Tg)

225

150

1+ Glucose-regulated protein
1 ™ I ) " )+ Proteindisulfide-isomerase
)+ Actin

~
al

8
BN ER

Figure 5.12 Tris-acetate gel(3-8%) shows non-modified proteins extracted from mice
thyroid gland tissues.

Entry Proteins Protein sequence Modifications
coverage (%o)
1 Thyroglobulin (Tg) 93 lodinated Tyr
2 Glucose-regulated protein (78 kDa) 86 Wild-type
3 Protein disulphide-isomerase 89 Wild-type
4 Actin 97 Wild-type

Table 5.5 Identification of a mixture of proteins from extracts of the thryroid gland tissue
separated by 3-8% Tris-acetate gel and analysed by MSMS.

Before we began investigating in vivo Suzuki-Miyura reactions of Tg in an animal
model, it was important to gain information regarding suitable amounts of the Pd catalyst
and boronic acid. Thus, we optimised a model system under ex vivo conditions. To
determine threshold levels of both reaction factors including boronic acid and
[L2],Pd(OAC), based on the ex vivo assay, we first introduced a biotinylated group into
Tg through Suzuki-Miyaura reactions. Through titration experiments, followed by
Western blot, we were able to calculate the reaction thresholds for both Pd catalyst and
biotinylated boronic acid. All reactions were performed at 37 °C for 4 h by varying each

concentration of either boronic acid or [L2],Pd(OACc), (See experimental details, Table
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5.10). Each reaction mixture was examined by both SDS-PAGE and Western blot
(Figure 5.13). The intensities of protein bands were measured by ImageJ software, and
the plots between intensity vs concentration of biotin or Pd catalyst were generated by
OriginPro software.

Tgu) 56 56 5 5 5 55 55 5 5 5 5 5 5 5
BPBA(ug) ~ - 7.5 75 7.5 7.5 75 7.5 7.5 7.5625 5 25:1.250.630.31
PdL2 (ul) -

25 - 0250507510 15 20 25 25 25 25 25 25 25

TR

260

160
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80

60
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Figure 5.13 Determination of threshold levels of the [L2],Pd(OAc), and biotinylated
boronic acid for ex vivo Suzuki reactions by SDS-PAGE and Western blot (using anti-
biotin alkaline phosphatase antibody).

We mainly focused on the results of biotinylated Tg, which indicated that 1.5 mM
biotinylated boronic acid and 2.5 mM [L2],Pd(OAc), were the minimal operational

amounts for Pd-mediated reaction of the Tg under ex vivo conditions (Figure 5.14).
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Figure 5.14 Plots between intensity of protein
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bands (Tg: MW >260 kDa, protein

disulphide-isomerase: MW ~58 kDa, and actin: MW ~40 kDa) against the concentration
of biotinylated boronic acid and [L2],Pd(OAc), catalyst.

According to previous experimental results, we further investigated the influence of

reaction time by treatment of Tg with certain amounts of boronic acid (1.6 mM) and Pd
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catalyst (2.9 mM) performed at 37 °C for 0 - 250 min (See experimental details, Table
5.11). Each reaction mixture was examined by both Western blot and SDS-PAGE
(Figure 5.15). After calculation and data analysis, it was established that the reactions
were complete within 2 h. based on the plots of intensity of protein bands vs reaction
time (Figure 5.16).

Reaction Time (min) 0 5 10 20 30 40 60 90 120 150 180 210 240 240 240 240
Protein (mg) 40 40 40 4.0 40 40 40 40 40 40 40 40 40 40 40 40
BPBA(mM) 16 16 16 16 16 16 16 16 16 16 16 16 16 1.6 - -

F‘sz(mM) 29 29 29 292929 29 29 29 2929 29 29 - 29 -
w'(un

260 "T11 | 11 %0  HEHHHEHENEIENN N
160 160
110 110
80 80
60 60
50 50 w=
40 40 -
30 30 -
20 20 W=
15 15 ™.
10 10 W

Figure 5.15 Determination of the reaction times of ex vivo Suzuki reactions by SDS-
PAGE and Western blot (using anti-biotin alkaline phosphatase antibody).
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Figure 5.16 Plots between intensity of protein bands (Tg: MW >260 kDa, protein
disulphide-isomerase: MW ~58 kDa, and actin: MW ~40 kDa) against the reaction times.

For our experiments, the coupling products were analysed by a range of techniques
including SDS-PAGE, Western blot and MSMS. In particular, MSMS analysis focused
on five possible chemical modifications including monoiodo-Tyr, diiodo-Tyr,
monobiotin-Tyr, monobiotin/iodo-Tyr and dibiotin-Tyr. After biotin-streptavidin affinity

resin purification, each Tg band was digested and analysed by MSMS to confirm the
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presence of biotin-coupled Tg. Fortunately, we found several modifications of the Tg

which correlated to the biotin-coupled Tg tyrosine residues (Figures 5.17-5.19).

Score  Mr(found)  Mr(Calc) Expect Modifications Peptide sequence
57 2057.8180  2057.8207 2.3x10°  monobiotin / monoiodo-Tyr  LYFLNGDSFVTS
(Y-1424) PR
64 1931.9266  1931.9240 5.9 x 10" monobiotin-Tyr LYFLNGDSFVTS
(Y-1424) PR
33 2973.3254  2972.3071 7.4x10* dibiotin-Tyr AYQGQFSTEEQ
(Y-2657) SLSLKVMQY
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L

% of base peak
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Figure 5.17 Peptide fragmentation (LYFLNGDSFVTSPR) shows a modification site of

monobiotin and monoiodo-tyrosine (Tg) using Mascot.
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Figure 5.18 Peptide fragmentation (LYFLNGDSFVTSPR) shows a modification site of

monobiotin-tyrosine (Tg) using Mascot.
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Figure 5.19 Peptide fragmentation (AYQGQFSTEEQSLSLKVMQY) shows a
modification site of dibiotin-tyrosine (Tg) using Mascot.
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After biotin-streptavidin affinity resin purification, the biotin-coupled Tg protein bands
(MW ~260 kDa) were observed using SDS-PAGE. Surprisingly, actin (MW ~40 kDa)
also bound to streptavidin resin, leading to a detection of actin protein bands on the SDS-
PAGE (Figure 5.20). The nature of the modified actin was investigated by MSMS
analysis, indicating that some tyrosine residues were naturally iodinated and then coupled

to the biotinylated phenylboronic acid (Figures 5.21 and 5.22).

260 —Tg

160 ww

110w
80

60 =

50 . —Actin

40

30 -
20 -

15 - — Streptavidin

Pa—

Figure 5.20 Detection of actin protein bands on SDS-PAGE after biotin-streptavidin
affinity resin purification.

Score  Mr(found) Mr(Calc) Expect Modifications Peptide sequence

23 1080.3746  1080.3737 0.066 monoiodo-Tyr SLYASGRTT
(YY-145)

58 1919.8061 1919.8067 8.3 x10° monoiodo-Tyr THNVPIYEGYALPHAI
(Y-171)

29 1248.3800 1248.3796 0.031 monoiodo-Tyr KQEYDEAGPS
(Y-364)

39 2116.9709 2115.9506  0.0028 dibiotin-Tyr KDSYVGDEAQSKR
(Y-55)

22 1872.9382 1872.9232 0.19 monobiotin-Tyr NVPIYEGYALPHAI

(Y-168)
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Figure 5.21 Peptide fragmentation (THNVPIYEGYALPHAI) shows a modification site of
monoiodo-tyrosine (Tg) using Mascot.
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Figure 5.22 Peptide fragmentation (KDSYVGDEAQSKR) shows a modification site of
dibiotin-tyrosine (Tg) using Mascot.

5.3.2 In vivo Pd-Mediated Reactions of Thyroglobulin (Tg)

Based on our demonstration of protein labelling ex vivo, we further extended our aqueous
Pd-mediated system to challenging biological systems involving chemical conjugation in
vivo of some biomacromolecules. This is attractive as a proof of biocompatibility and
subsequent application to a preclinical animal study of thyroid activity diagnosis. Our
initial investigation of the in vivo Pd-mediated cross-coupling of the Tg proceeded from
direct injection of each solution of biotinylated phenylboronic acid + Pd catalyst into the
thyroid gland (Figure 5.23). Each reaction was allowed to proceed inside animals at 37
°C for 5h (See experimental details, Table 5.12). Pre-treated thyroid glands were excised
and homogenised in PBS buffer, pH 7.6, then each reaction mixture was run on the SDS-
PAGE and Western blot for a detection of the biotin-coupled Tg. Our preliminary results
indicated that the presence of weak protein bands at the position of Tg (MW ~260 kDa)
(after purification by biotin-streptavidin affinity column) was observed on the membrane
using anti-biotin alkaline phosphatase antibody (Figure 5.24). This indicated that a low
level of Pd-mediated Suzuki-Miyaura cross-coupling of Tg occurred under in vivo

conditions.
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Figure 5.23 A model study of Pd-catalysed protein labelling under in vivo conditions by
use of our aqueous Pd-mediated cross-coupling system.
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Figure 5.24 SDS-PAGEs and Western blot of the reaction mixture or purified
biotinylated Tg stained with anti-biotin alkaline phosphatase antibody.

5.4 Conclusion

Our Pd cross-coupling system is able to show ex vivo protein labelling of thyroglobulin
(Tg) through Suzuki-Miyaura reactions. Treatment of Tg (originated from thyroid gland
tissue) with biotinylated phenylboronic acid gave biotin-coupled products confirmed by
anti-biotin alkaline phosphatase antibody. All modified proteins, in particular Tg, were
separated by electrophoresis and further analysed by MSMS, indicating that the mixture
of the biotin-coupled products included monobiotin-Tyr, dibiotin-Tyr and

monoiodo/monobiotin-Tyr (Figure 5.25). This initial study of the Suzuki reaction under
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ex vivo conditions will be useful in a further investigation of in vivo applications of Pd-
mediated biorthogonal reactions in mammalian living systems. The current in vivo
experiment exhibited a relatively low level biotinylation of Tg through Suzuki-Miyaura
reactions. This reduced efficiency is possibly due to the existence of the circulatory
system in living animals, which may cause the dilution of Pd catalyst and biotin boronic

acid substrate.

[ Ex vivo Pd-mediated Suzuki Reacti of Tg ]

=N /
N |-
\ N/>_ \ Pd(OAc),
NaO
2]

Thyroglobulin, Tg
330 kDa

2

37°C, 4h

Western blot

. B

160 (B
110
80

Dibiotin-coupled Tg

Figure 5.25 Ex vivo Pd-mediated reactions of thyroglobulin (Tg) with biotinylated
phenylboronic acid through Suzuki-Miyaura reactions. Confirmation of the biotin-
coupled products was detected by anti-biotin alkaline phosphatase antibody and also
analysed by MSMS.
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5.5 Experimental
5.5.1 Palladium Cross-Coupling of Thyroid Hormones

Pd-Mediated Reactions of Thyroxine (T4)

B(OH),
I
0 | ©/ : 0 O
Buffer/Plasma, 37 °C, 4h 0
| OH //, OH

Y

H,N” “~CO,H
. . NaO H,N” ~CO,H
T4 _N>_ / Phenyl-coupled Products
MW 776.87 /—N |- Pd(OAc
\ N\ (OAc), MW 727.08 (1xPh)
NaG 677.28 (2xPh)
2] 2 627.48 (3xPh)

577.68 (4xPh)

Each aliquot of T4 (1.2 umol, 12.3 pL from stock solution in 0.2 M NaOH, conc. 25.0
mg/mL) in 50 mM NaH,PO,4 or 50 mM NaH,POy/rat plasma (1:1) or rat plasma (100 pL)
was mixed with a solution of the PhB(OH); in 0.2 M NaOH (6.0 umol, 9.7 uL from stock
solution, conc. 25.0 mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst solution
(0.24 pmol, 8 uL, from stock solution in 0.1 M NaOH, conc. 0.01 M) was added to each
reaction mixture. After 4 h. of shaking at 37 °C, each aliquot was directly analysed by
LC-MS.

Entry T4 PhB(OH), [L2],Pd(OAC), Reaction ESI-MS
(equiv.) (equiv.) (equiv.) Conditions

1 1.0 5.0 0.2 50 mM NaP; 777.75 (SM)
(1.2 pmol) (6.0 pmol) (0.24 pmol)

2 1.0 5.0 0.2 50 mM NaP; 777.69 (SM)
(1.2 pmol) (6.0 pmol) (0.24 pmol) + rat plasma (1:1)

3 1.0 5.0 0.2 rat plasma 777.69 (SM)
(1.2 pmol) (6.0 pmol) (0.24 pmol)

General conditions: T4 in 0.2 M NaOH (c = 25.0 mg/mL), PhB(OH), in 0.2 M NaOH (c = 25.0
mg/mL), [L2],Pd(OACc),in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless otherwise indicated.

Table 5.6 Optimisation experiments of the SMC reactions of T4 with PhB(OH), in the
presence of [L2],Pd(OAc), catalyst.
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Figure 5.26 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from
treatment of T4 with PhB(OH), and [L2],Pd(OAc); catalyst in 50 mM NaH,PO,.
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Figure 5.27 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from
and [L2],Pd(OACc), catalyst in 50 mM NaH,PO,/rat

treatment of T4 with PhB(OH),
plasma (1:1).
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Figure 5.28 ESI-MS spectrum of the unreactive T4 and [M-H+41]" adduct from
treatment of T4 with PhB(OH), and [L2],Pd(OAc); catalyst in rat plasma.
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Pd-Mediated Reactions of the Protected Thyroid Hormone (BocNH-T4)

B(OH),
' J
(o) 1 ! o
Buffer/Plasma, 37 °C, 4h 0
I OH # - OH

BocHN” “CO,H BocHN” “CO,H
NaO
—N
BocNH-T4 / Phenyl-coupled Products
o¢ \ 7N | Pdonc), yi-eotp !
MW 876.99 N

MW 827.19 (1xPh)
777.39 (2xPh)
[L2] 2 727.60 (3xPh)
677.80 (4xPh)

NaO

(Same procedure mentioned in section 5.5.1, except for starting materials used in Table
5.7)

Entry BocNH-T4 PhB(OH), [L2].Pd(OAC), Reaction ESI-MS
(equiv.) (equiv.) (equiv.) Conditions

1 1.0 5.0 0.2 50 MM NaP;  875.83 (SM)
(1.2 umol) (6.0 umol) (0.24 pmol)

2 1.0 5.0 0.2 50 MM NaP;  875.82 (SM)
(1.2 pmol) (6.0 pmol) (0.24 umol)  + plasma (1:1)

3 1.0 5.0 0.2 Rat plasma 875.83 (SM)
(1.2 umol) (6.0 umol) (0.24 pmol)

General conditions: BocNH-T4 in 0.2 M NaOH (c = 25.0 mg/mL), PhB(OH); in 0.2 M NaOH
(c = 25.0 mg/mL), [L2],Pd(OACc), in 0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless
otherwise indicated.
Table 5.7 Optimisation experiments of the SMC reactions of the BocNH-T4 with
PhB(OH); in the presence of [L2],Pd(OAcC);, catalyst.
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Figure 5.29 ESI-MS spectrum of the unreactive BocNH-T4 from treatment of BocNH-
T4 with PhB(OH), and [L2],Pd(OACc), catalyst in 50 mM NaH,PO,.
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Figure 5.30 ESI-MS spectrum of the unreactive BocNH-T4 from treatment of BocNH-
T4 with PhB(OH), and [L2],Pd(OACc), catalyst in 50 mM NaH,PQO,/rat plasma (1:1).
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Figure 5.31 ESI-MS spectrum of the unreactive BocNH-T4 from treatment of BocNH-
T4 with PhB(OH), and [L2],Pd(OACc), catalyst in rat plasma.

5.5.2 Palladium Cross-Coupling of Thyroglobulin (Tg)
(Collaboration with Dr. Nan Yang: Department of Chemistry, University of Oxford.)

Ex vivo Suzuki-Miyaura cross-coupling of Tg with boronic acids (1)

|
p {}/C’/‘TQ: B(OH),
) OH o HN—°
A g 2! n ©\ <
- LJ *b\ ! NMNH
R N
- - L S
(/1 a 5 » . _
i Ex vivo Pd Cross-coupling
&
NaO
—N /
Thyroglobulin, Tg \ "{>_N\ + Pd(OAc), Tg Coupling Products
330 kDa
NaO

1L2] 2

a7°c, 4n
A thyroid gland tissue from mouse was homogenised and re-suspended in 100 puL of PBS
buffer, pH 7.6. Each aliquot of the Tg suspension (5.0-10.0 pL) was mixed with a
solution of the biotinylated phenylboronic acid in DMSO (0.25-1.0 uL from stock
solution, conc. 50 mg/mL) by vortexing briefly. A [L2],Pd(OAc), catalyst solution in 0.1
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M NaOH (2.5-10.0 pL from stock solution, conc. 0.01 M) was added to each reaction
mixture which was vortexed briefly. After 4 h. of shaking at 37°C, each aliquot was

analysed by SDS-PAGE and Western blot (using anti-biotin alkaline phosphatase

antibody).
Entry Tg-mixture [L2],Pd(OAC), R-B(OH), Temp Time Remarks
(ML) (ML) (ML)
1 5 - - 4°C 4h Tissue
2 5 - - 37°C 4h Control
3 5 2.5 - 37°C 4h Control
4 5 - 0.25 37°C 4h Control
5 10 10 0.25 37°C 4h Reaction
(R =Ph)

6 10 5 0.25 37°C 4h Reaction
7 10 10 0.25 37°C 4h Reaction
8 10 20 0.25 37°C 4h Reaction
9 10 10 0.50 37°C 4h Reaction
10 10 10 1.0 37°C 4h Reaction

General conditions: Tg in PBS (pH 7.6), [L2],Pd(OACc); in 0.1 M NaOH (c = 0.01 M),
biotinylated B(OH), in DMSO (c = 50 mg/mL) at 37 °C for 4h, unless otherwise

indicated.
Table 5.8 Investigation of ex vivo Pd cross-coupling of Tg mixture with biotin-B(OH); in
the presence of [L2],Pd(OAC),.

4°C %*

Tgw)y s 5 5 5 5 5 5 5 5 5
(OH),B-R (ul) - - 0.250.125 0.1250.1250.125 0.25 0.5
PdL2 (ul) - 25 5 10 6 5
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Figure 5.32 Western blot and SDS-PAGE of each reaction mixture stained by anti-biotin
alkaline phosphatase antibody.
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Ex vivo Suzuki-Miyaura cross-coupling of Tg with boronic acids (1)

B(OH),
o)

A5G
A T
2

o]

HN

t\NJ\/\/\é:ﬁH
- N L
OR
PinB o._0o B(OH),
T O

Ex vivo Pd Cross-coupling

NaO

Thyroglobulin, Tg
330 kDa

NaO
1L2] 2
37°C, 4h

—N /
N .
A N/)— |- Pdionc),

Tg Coupling Products

o]

H s
OR
o.__0
PG

(Same procedure mentioned in section 5.5.2, except for protein/reagents used as follows)

1. Semi-purification of the Tg-mixture by a vivaspin concentrator (100 kDa MWCO)

and measurement of its concentration by NanoDrop A.g spectrophotometry,
2. A semi-purified Tg (0.06 nmol, 10 pL, 2.0 mg/mL) in PBS buffer, pH 7.6,
3. Each solution of boronic acids in DMSO (30 nmol, 0.55 pL (biotinylated), 0.47 puL
(coumarinyl), 0.18 pL (phenyl) from stock solution, conc. = 50 mg/mL), and
4. A [L2],Pd(OAC); catalyst solution (3 nmol, 0.3 uL, conc. = 0.01 M).

Entry  Purified Tg [L2],Pd(OAc), R-B(OH), Temp Time Remarks
(equiv.) (equiv.) (equiv.)
1 1 - - 4°C 4h Tissue
2 1 - - 37°C 4h Control
3 1 50 - 37°C 4h Control
4 1 - 500 37°C 4h Control
(biotinylated)
5 1 50 500 37°C 4h Reaction
(biotinylated)
6 1 50 500 37°C 4h Reaction
(coumarinyl)
7 1 50 500 37°C 4h Reaction
(phenyl)

General conditions: Tg in NaH,PO, (50 mM, pH 8.0 and ¢ = 2.0 mg/mL), [L2],Pd(OAc),
in 0.1 M NaOH (c = 0.01 M), R-B(OH), in DMSO (¢ = 50 mg/mL) at 37 °C for 4h, unless

otherwise indicated.

Table 5.9 Investigation of ex vivo Pd cross-coupling of the purified Tg with different R-

B(OH); in the presence of [L2],Pd(OAC),.
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Figure 5.33 Western blot and SDS-PAGE of each reaction mixture by staining with anti-
biotin alkaline phosphatase antibody. Lane 5 shows a detection of the biotin-coupled Tg.

Ex vivo Suzuki-Miyaura cross-coupling of Tg with biotin-boronic acids (111)

Determination of threshold levels of Pd catalyst and boronic acid

/\f@i ] B(OH),
o] OH
)\Y' HN\( - \(
,0 NH

SN S

;ﬁ Ex vivo Pd Cross-coupling

NaO

= /
Thyroglobulin, Tg i\:"?_N\ + Pd(OAc), Tg Coupling Products
330 kDa
NaO

L]
37°C, 4h

2

(Same procedure mentioned in section 5.5.2, except for proteins/reagents used in Table
5.10.)
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Entry Tg-mixture [L2],Pd(OAc), R-B(OH), Temp Time  Remarks

(ML) (ML) (ML) (°C) (h)
1 5 - - 37 4 Control
2 5 2.5 - 37 4 Control
3 5 - 15 37 4 Control
4 5 0.25 15 37 4 Reaction
5 5 0.50 15 37 4 Reaction
6 5 0.75 15 37 4 Reaction
7 5 1.0 15 37 4 Reaction
8 5 15 15 37 4 Reaction
9 5 2.0 15 37 4 Reaction
10 5 25 15 37 4 Reaction
11 5 2.5 1.25 37 4 Reaction
12 5 2.5 1.0 37 4 Reaction
13 5 2.5 0.5 37 4 Reaction
14 5 2.5 0.25 37 4 Reaction
15 5 25 1.25 37 4 Reaction
16 5 2.5 0.625 37 4 Reaction

General conditions: Tg-mixture in NaH,PO, (50 mM, pH 8.0), [L2],Pd(OAc), in 0.1 M

NaOH (¢ = 0.01 M), biaotinylated B(OH), in DMSO (c = 5.0 mg/mL for Entry 3-14 and

¢ = 0.5 mg/mL for Entry 15-16) at 37 °C for 4h, unless otherwise indicated. Final

concentrations of each reagent: 0.37-2.778 mM [L2],Pd(OAc), and 0.106-2.295 mM

biotinylated B(OH)..

Table 5.10 Investigation of ex vivo Pd cross-coupling of the purified Tg with biotin-
B(OH); in the presence of [L2],Pd(OAC).

Tg(ul) 5§ 5§ 6 5 56 6 5§ 6 8 6 6 5 § 6§ 5 5
BPBA(ug) -~ -~ 757575 75757575 756255 25125063031
PdL2 (ul) - 25 - 0250507510 1.5 20 25 25 25 25 25 25 25
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Figure 5.34 Determination of threshold levels of the [L2],Pd(OAc), and biotinylated
boronic acid for ex vivo Suzuki reactions by SDS-PAGE and Western blot (using anti-
biotin alkaline phosphatase antibody).
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Figure 5.35 Plots between intensity of protein bands against the concentrations of
biotinylated boronic acid and [L2],Pd(OAc), catalyst.

Ex vivo Suzuki-Miyaura cross-coupling of Tg with biotin-boronic acids (1V)

Determination of reaction times

B(OH)z
o]
HN\(
. N“\ f
S
0 (/
Ex vivo Pd Cross-coupling
NaO
/
Thyroglobulin, Tg \ ">_N\ + Pd(OAc), Tg Coupling Products
330 kDa Nad
(I
37 °C, 4h

(Same procedure mentioned in section 5.5.2, except for proteins/reagents used in Table
5.11)
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Entry Tg-mixture [L2],Pd(OAc), R-B(OH), Temp Time  Remarks

(bL) (ML) (ML) (°C) (min)
1 5 2.5 1.0 37 0 Control
2 5 2.5 1.0 37 5 Control
3 5 2.5 1.0 37 10 Control
4 5 2.5 1.0 37 20 Reaction
5 5 2.5 1.0 37 30 Reaction
6 5 2.5 1.0 37 40 Reaction
7 5 2.5 1.0 37 60 Reaction
8 5 2.5 1.0 37 90 Reaction
9 5 25 1.0 37 120 Reaction
10 5 2.5 1.0 37 150 Reaction
11 5 25 1.0 37 180 Reaction
12 5 25 1.0 37 210 Reaction
13 5 2.5 1.0 37 240 Reaction
14 5 - 1.0 37 240 Reaction
15 5 2.5 - 37 240 Reaction
16 5 - - 37 240 Reaction

General conditions: Tg-mixture in NaH,PO, (50 mM, pH 8.0), [L2],Pd(OAc), in 0.1 M

NaOH (c = 0.01 M), biotinylated B(OH), in DMSO (¢ = 5.0 mg/mL) at 37 °C for 4h,

unless otherwise indicated. Final concentrations of each reagent: 2.9 mM [L2],Pd(OAc),

and 1.6 mM biotinylated B(OH)..

Table 5.11 Investigation of ex vivo Pd cross-coupling of the purified Tg with biotin-
B(OH); in the presence of [L2],Pd(OAC).

Reaction Time (min) 0 5 10 20 30 40 60 90 120 150 180 210 240 240 240 240
Protein (mg) 40 40 4.0 40 40 40 40 40 40 40 40 4.0 4040 40 4.0

BPBA(mM) 16 16 16 16 16 16 16 16 16 16 16 16 16 1.6 - -
PdL2 (mM) 29 29 29 2929 29 29 29 29 29 29 29 29 — 29 -
v'!(gn

260 1111 . %0 - HHHNHEEE RN
160 160 ww

110 110 W=

80 80 =

60 60 W=

50 50 w-

40 40 W=

30 30 -

20 20 -

15 15 ™.

10 10; .

Figure 5.36 Determination of reaction times of ex vivo Suzuki reactions by SDS-PAGE
and Western blot (using anti-biotin alkaline phosphatase antibody).
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Figure 5.37 Plots between intensity of protein bands against reaction times.

In vivo Suzuki-Miyaura cross-coupling of Tg with biotin-boronic acid
(Collaboration with Prof. Daniel C. Anthony: Department of Pharmacology, University
of Oxford, and Dr. Nan Yang: Department of Chemistry, University of Oxford.)

In vivo Pd Cross-coupling

NaOQ

—N /
Thyroglobulin, Tg <:\ "?_N\ - Pd(OAc), Tg Coupling Products

330 kDa Nad

[L2]
37°C, 5h

2

Adult male Sprague Dawley (SD) rats (Harlan, UK, ~300-400 g) were anesthetised using
isoflurane for induction and maintenance at 2.5-3.0% in oxygen, and a local lignocaine
anaesthesia (100uL) was injected into the skin in the neck and the incision site. All
animal experiments performed under a UK Home Office licence and with full ethical
approval. The thyroid was exposed by blunt dissection with the aid of a surgical
microscope (wildM650, Leica). The reaction components were delivered directly into the
thyroid glands over a 5 min period (addition of 10 mM biotinylated phenylboronic acid
solution, and subsequent injection of [L2],Pd(OAc), solution) (Table 5.12). All pre-
treated animals were maintained in a heated chamber (37 °C) during the reaction periods.
After 5 h, the animals were killed by cervical dislocation under deep anaesthesia, and

thyroid glands were excised for further analysis. Each excised thyroid gland was
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homogenised in PBS buffer, pH 7.6, and each reaction mixture was then run on the SDS-

PAGE and subsequently followed by Western blot using anti-biotin alkaline phosphatase

antibody for a detection of the biotin-coupled Tg. It was found, in these preliminary

experiments, that weak protein bands could be visualised on the membrane post biotin-
streptavidin affinity resin purification (Figure 5.38).

Entry  [L2],Pd(OAC), R-B(OH), Temp Time Remarks
(HL) (uL) °C) (min)
1 - 5.0 37 300 Control
2 5.0 5.0 37 300 Reaction 1
3 2x5.0 2x5.0 37 300 Reaction 2

General conditions: [L2],Pd(OAc), in 0.1 M NaOH (c = 0.01 M), biotinylated B(OH), in
DMSO (c =0.01 M) at 37 °C for 5h, unless otherwise indicated.

Table 5.12 Investigation of in vivo Pd cross-coupling of the Tg with biotinylated
phenylboronic acid in the presence of [L2],Pd(OAC).

260

160

80

60
50
40

30

20

10

1

T '{l

(Before purification)

2

' .

3

160
80
60

20

30

20

10

1

2

3

1 = control
2 =reaction 1
3 = reaction 2

260

160

110
80

60
50
40
30
20

(After purification)

12 3 4

260

160

110
80

60
50
40
30
20

1 = before loading
2 = flow-through

3 = washing

4 =sample in resin

1 2 3 4

Figure 5.38 SDS-PAGEs and Western blot of the reaction mixture or purified
biotinylated Tg (purified by biotin-streptavidin affinity column) stained with anti-biotin

alkaline phosphatase antibody.
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5.5.3 Western Blot Analysis

(See general experimental considerations in appendix)

Entry Proteins Antibodies Dilution

Primary Secondary
1 Thyroglobulin Anti-biotin - 1:5,000

alkaline phosphatase

antibody produced in goat

BCIP/NBT used as an alkaline phosphatase substrate.

4°C * : -
Tgu) s 5 5 5 5 5 5 & & &
(OH),B-R (ul) - - - 0.25 0.125 0.1250.1250.125 0.25 0.5
PdL2 (ul) - - 25 - 5 25 5 10 5 5
B |
) - HARE
160 | : 1 =control (Tg, 4 °C)
110 2 =control (Tg, 37 °C)
80 3 =control (Tg, PdL2, 37°C)
60 4 = control (Tg, R-B(OH),,37 °C, R=hiotin)
50 5 = reaction (Tg, PdL2, R-B(OH),, 37°C, R=Ph)
6 = reaction (Tg, PdL2, R-B(OH),, 37 °C, R =biotin)
40 b bW b4
" 7= reaction (Tg, PAL2, R-B(OH),, 37°C, R = biotin)
30 8 =reaction (Tg, PdL2, R-B(OH),, 37 °C, R =hiotin)
% 9 = reaction (Tg, PdL2, R-B(OH),, 37 °C, R = hiotin)

10 =reaction(Tg, PdL2, R-B(OH),,37 °C, R=bhiotin)

Figure 5.39 Western blot of each reaction mixture stained by anti-biotin alkaline

phosphatase antibody produced in goat and visualised by BCIP/NBT alkaline
phosphatase substrate.

* * *
Tg + + + o+ + + +
(OH),B-R e R T S
PdL2 - - + -+ + +
260
160
110
80 1 =control (Tg, 4 °C)
60 2 =control (Tg, 37 °C)
6 3 =control (Tg, PdL2, 37°C)
40 ] 4 = control (Tg, R-B(OH),,37 °C, R=hiotin)
5 =reaction (Tg, PdL2, R-B(OH),, 37 °C, R=hiotin)
30 6 = reaction (Tg, PdL2, R-B(OH),, 37 °C, R =coumarin)
20 7 = reaction (Tg, PdL2, R-B(OH),, 37 °C, R=phenyl)

Figure 5.40 Western blot of each reaction mixture stained by anti-biotin alkaline

phosphatase antibody produced in goat and visualised by BCIP/NBT alkaline
phosphatase substrate.
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Tgul) 5 56 5 5 5 5 5 5 5 5 5 5 5 5 5 5

BPBA (ug) - -
PdL2 (ul) -

20

160

110
80

60

50
40

g

30
20

15
10

25 -

7575 75 757575 75 75625 5 25125063031

0250507510 15 20 25 25 25 25 25 25 25

LT

123 4567 8 910111213141516

1=control (Tg, 37 °C)

2 =control (Tg, PdL2(25 pL), 37 °C)

3 =control (Tg, R-B(OH), (7.5pg), 37 °C)

4 = reaction (Tg, PdL2 (0.25pL), R-B(OH), (7.5 pg), 37 °C)

5 =reaction (Tg, PdL2 (050 L), R-B(OH), (7.5 pg), 37 °C)

6 = reaction (Tg, PdL2 (0.75pL), R-B(OH), (7.5 pg), 37 °C)

7 = reaction (Tg, PdL2 (1.0 pL), R-B(OH), (7.5 g), 37 °C)

8 =reaction (Tg, PdL2 (1.5 L), R-B(OH), (7.5 g), 37 °C)

9 =reaction (Tg, PdL2 (2.0 pL), R-B(OH), (7.5 g), 37 °C)

10 =reaction(Tg, PdL2 (2.5L), R-B(OH), (7.5 1g), 37 °C)
11 =reaction(Tg, PdL2 (2.54L), R-B(OH), (6.25 lg), 37 °C)
12 =reaction(Tg, PdL2 (2.51L), R-B(OH), (5.0 1g), 37 °C)
13 =reaction(Tg, PdL2 (2.5pL), R-B(OH), (2.5 g), 37 °C)
14 =reaction(Tg, PdL2 (2.5pL), R-B(OH), (1.25g), 37 °C)
15 =reaction(Tg, PdL2 (2.5pL), R-B(OH), (0.625g), 37 °C)
16 =reaction(Tg, PdL2 (2.5pL), R-B(OH), (0.3125 pg), 37 °C)

Figure 5.41 Determination of the threshold levels of the [L2],Pd(OAc), and biotinylated
boronic acid for ex vivo Suzuki reactions by Western blot (stained by anti-biotin alkaline

phosphatase antibody produced in goat and visualised by BCIP/NBT alkaline
phosphatase substrate).

Reaction Time (min) 0 5

10 20 30 40 60 80 120 150 180 210 240 240 240 240

Protein (mg) 4.0 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
BPBA (mM) 16 1 1

PAL2 (MM) 29 29 29 2929 29 29 29 29 29 29 29 2

260
160

110
80

60
50
40
30
20
15

10

1616 ~ -

g I

12345678 910111213141516

1 =reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 0 min)

2 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 5 min)

3 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37°C, 10 min)
4 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 20 min)
5 = reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 30 min)

6 = reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 40 min)

7 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 60 min)

8 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 90 min)

9 =reaction (Tg, PdL2 (2.9 mM),R-B(OH), (1.6 mM), 37 °C, 120 min)
10 =reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 150 min)
11 =reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 180 min)
12 =reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 210 min)
13 =reaction (Tg, PdL2 (2.9 mM), R-B(OH), (1.6 mM), 37 °C, 240 min)
14 =control (Tg, R-B(OH), (1.6 mM), 37 °C, 240 min)

15 =control (Tg, PdL2 (2.9 mM), 37 °C, 240 min)

16 =control (Tg, 37 °C, 240 min)

Figure 5.42 Determination of the reaction times of ex vivo Suzuki reactions by Western
blot (stained by anti-biotin alkaline phosphatase antibody produced in goat and visualised
by BCIP/NBT alkaline phosphatase substrate).

(Before purification)
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2 = reaction 1
3 = reaction 2

(After purification)

260

160

1 1 = before loading

a5 == 2= flow-through
= 3 = washing
40 4 = sample in resin

30
20

1 2 3 4

Figure 5.43 Western blot of either reaction mixture or purified biotinylated-coupled Tg
(from a study of in vivo Suzuki reactions) stained with anti-biotin alkaline phosphatase
antibody produced in goat and visualised by BCIP/NBT alkaline phosphatase substrate.
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5.5.4 Peptide Mapping of the Modified Thyroglobulin and Other Related Proteins

(See general experimental considerations in appendix)

Non-modified Tg and other related proteins

(3-8% Tris-acetate gel)

| |. II' !!‘ !!. | Thyroglobulin (Tg)

225
150
-
75 )+ Glucose-regulated protein
[ngﬁ_W] 3+ Proteindisulfide-isomerase
s = 3 Actin
35 W=
T W N Ny W

Entry Proteins

Protein sequence Modifications

coverage (%)

Thyroglobulin (Tg)

1
2 Glucose-regulated protein (78 kDa)
3

Protein disulphide-isomerase
4 Actin

93
86
89
97

lodinated Tyr
Wild-type
Wild-type
Wild-type

Table 5.13 Identification of each protein from the thyroid gland tissue seperated by Tris-
acetate gel and analysed by MSMS.

Thyroglobulin

Protein View: sp|008710|THYG_MOUSE
Thyroglobulin 0S=Mus musculus GN=Tg PE=1 SV=3

Database: UPR_MusMusculus
Score: 14203

Nominal mass (M,): 311291
Calculated pI: 5.32

Sequence similarity is avallable as an NCBI BLAST search of splQ08710/THYG_MOUSE agalnst nr

Search parameters

Enzyme: No enzyme cleavage specificity.
Fixed Car L(C)
Variable Deamidated (N), D 1(Q), Oxidation (M), Diiedo (Y)

Protein sequence coverage: 93%
Matched peptides shown In bold red.

1 MTALVLWVST LLSSVCLVAA NIFEYQVDAQ PLRPCELQRE KAFLKQAEYV
§1 PQCSEDGSFQ TVQCQNDGQS CWCVDSDGRE VPGSRQLGRP TVCLSFCQLH
101 KQRILLGSYI NSTDALYLPQ CQDSGNYAPV QCDLQRVQCW CVDTEGMEVY
151 GTRQQGRPTR CPRSCEIRNR RLLHGVGDRS PPQCTADGEF MPVQCKFVNT
201 TDMMIFDLIH NYNRFPDAFV TFSSFRGRFP EVSGYCYCAD SQGRELAETG
251 LELLLDEIYD TIFAGLDQAS TFTQSTMYRI LQRRFLAIQL VISGRFRCPT
301 Xcl RFGHSYIPRC Q V DAQG!

351 RQQGQPPSCA ADQSCALERQ QALSRFYFET PDYFSPQDLL SSEDRLAPVS
401 GVRSDTSCPP RIKELFVDSG LLRSIAVEHY QRLSESRSLL REAIRAVFPS
451 RELAGLALQF TTNPKRLQON LFGGTFLANA AQFNLSGALG TRSTENFSQF
$01 FQQFGLPGFL NRORVITLAK LLPVRLDSSS TPETLRVSEK TVAMNKRVVG
$51 NFGFXVNLQE NQDALKFLVS LLELPEFLVF LQRAVSVPED IARDLGDVME
601 MVFSAQACKQ MPGKFFVPSC
651 38 SFFVPTCTRE GYFLEVQCEN

78kDa Glucose-regulated protein

Protein View: sp|P20029|GRP78_MOUSE

78 kDa glucose-regulated protein 0S=Mus musculus GN=Hspa5 PE=1 SV=3

Database: UPR_MusMusculus
Score: 1431

Nominal mass (M.): 72492
Calculated pI: 5.07

Sequence similarity is available as an NCBL BLAST search of sp|P20029|GRP78_MOUSE against nr.
Search parameters
Enzyme:

Fixed difi
Variable modifications:

No enzyme cleavage specificity.
Carbar hyl (C}
Deamidated (N), Deamidated (Q), Oxidation (M)

Protein sequence coverage: 86%
Matched peptides shown in bold red.

1 MMKFTVVAAA LLLLGAVRAE EEDKKEDVGT VVGIDLGTTY SCVGVFKNGR
51 VEIIANDQGN RITPSYVAFT PEGERLIGDA AKNQLTSNFE NTVFDAKRLI
101 GRTWNDPSVQ QDIKFLEFKV VEKKTKPYIQ VDIGGGQTKT FAPEEISAMV
151 LTKMKETAEA YLGKKVTHAV VTVPAYFNDA QRQATKDAGT
201 NEPTAAAIAY GLDKREGEKN ILVFDLGGGT FOVSLLTIDN GVFEVVATNG
251 DTHLGGEDFD QRVMEHFIKL YKKKTGKDVR KONRAVQKLR REVEKAKRAL
301 SSQEQARIEI ESFTEGEDFS ETLTRAKFEE LMMDLFRSTM KPVQKVLEDS
351 DLKKSDIDEI VLVGGSTRIP KIQQLVKEFF NGKEPSRGIN PDEAVAYGAA
401 VQAGVLSGDQ DTGDLVLLDV CPLTLGIETV GGVMTKLIFR NTVVPTKKSQ
451 IFSTASDNQP TVTIKVYEGE RPLTKDNHLL GTFDLIGIPP APRGVPQIEV
501 TFEIDVNGIL RVTAEDKGTG NKNKITITND QNRLTPEEIE RMVNDAEKFA
551 EEDKKLKERI DTRMELESYA YSLKNQIGDK EKLGGKLSSE DKETMEKAVE
601 EKIEWLESHQ DADIEDFKAK KKELEEIVQP
651 EKDEL

IAGLNVMRII

IISKLYGSGG PPPTGEEDTS
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Protein disulfide-isomerase

Protein View: sp|P27773|PDIA3_MOUSE

Protein disulfide-isomerase A3 0S=Mus musculus GN=Pdia3 PE=1 SV=2

Database: UPR_MusMusculus
Score: 1150

Nominal mass (M): 57099
Calculated pI: 5.88

Sequence similarity is avallable as an NCBI BLAST search of sp|P27773|PDIA3_MOUSE against nr.
Search parameters

Enzyme: No enzyme cleavage specificity.

Fixed modifications: Carbamidomethyl (C)

Variable modifications: Deamidated (N), Deamidated (Q), Oxidation (M)

Protein sequence coverage: 89%

Matched peptides shown in bold red
1 MRFSCLALLP GVALLLASAR LAAASDVLEL TDENFESRVS DTGSAGLMLV
51 EFFAPWCGHC KRLAPEYEAA ATRLKGIVPL AKVDCTANTN TCNKYGVSGY

101 PTLKIFRDGE EAGAYDGPRT ADGIVSHLKK QAGPASVPLR TEEEFKKFIS

151 DXDASVVGFF RDLFSDGHSE FLKAASNLRD NYRFAHTNIE SLVKEYDDNG
201 EGITIFRPLH LANKFEDKTV AYTEKKMTSG KIKKFIQDSI FGLCPHMTED
251 NXDLIQGKDL LTAYYDVDYE KNAKGSNYWR NRVMMVAXKF LDAGHXLNFR
301 VASRKTFSHE LSDFGLESTT GEVEVVAIRT AXGEKFVMQE EFSRDGKALE
351 QFLQEYFDGN LKRYLKSEPI PESNEGPVKV VVAENFDDIV NEEDKDVLIE
401
451 PTIYFSPANK
501 AQEDL

FYAPHCGHCK NLEPKYMELG EKLSKDPNIV IAKMDATAND VPSPYEVKGF
KLTPKKYEGG RELNDFISYL QREATNFPII QEEKPKKKKK

Actin

Protein View: sp|P60710|ACTB_MOUSE

Actin, cytoplasmic 1 0S=Mus musculus GN=Actb PE=1 SV=1

Database: UPR_MusMusculus
Score: 2472

Nominal mass (M;): 42052
Calculated pI: 5.29

Sequence similarity is available as an NCBI BLAST search of sp|P60710|ACTB_MOUSE against nr.

Search parameters

Enzyme: No enzyme cleavage specificity
Fixed modificati Carbamidomethyl (C)
Variable modifications: Deamidated (N}, Dear ed (Q), Oxidation (M)

Protein sequence coverage: 97%
Matched peptides shown In bold red

1 MDDDIAALVV DNGSGMCKAG FAGDDAFRAV FFSIVGRFRH QGVMVGMGQK
51 DSYVGDEAQS KRGILTLKYP IEHGIVINWD DMEKIWHHTF YNELRVAPEE
101 HPVLLTEAPL NEXKANREKMT QIMFETFNTF AMYVAIQAVL SLYASGRTTG
151 IVMDSGDGVT HTVPIYEGYA LPHAILRLDL AGROLTDYLM KILTERGYSF
201 TTTAEREIVR DIKEKLCYVA LDFEQEMATA ASSSSLEKSY BLPDGQVITI
251 GNERFRCPEA LFQPSFLGME SCGIHETTFN SIMKCDVDIR KDLYANTVLS
301 GGTTMYPGIA DRMQKEITAL APSTMKIKII APPERKYSVW IGGSILASLS
351 TFQUMWISKQ EYDESGPSIV HRKCF
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Figure 5.44 Peptide fragmentation of the diiodo-tyrosine FYQALQNSLGGEDSDARIL
(Thyroglobulin, Tg) using Mascot.

Modified Tg (biotinylation) and other related proteins

260

160 v

110 =
80

}Thyroglobulin,Tg

Score

Mr(found) Mr(Calc) Expect

Modifications Peptide sequence

57 2057.8180  2057.8207 2.3x10”

64 1931.9266  1931.9240 5.9x 107

33 2973.3254  2972.3071 7.4x 10"

monobiotin / monoiodo-Tyr

LYFLNGDSFVTS
PR
LYFLNGDSFVTS
PR
AYQGQFSTEEQ
SLSLKVMQY

(Y-1424)
monobiotin-Tyr
(Y-1424)
dibiotin-Tyr
(Y-2657)

Table 5.14 Chemical modifications of Tg-mixture after treatment of Tg with biotinylated
phenylboronic acid by MSMS analysis.
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Figure 5.45 Peptide fragmentation of the monobiotin and monoiodo-tyrosine (Y-1424)

LYFLNGDSFVTSPR using Mascot.
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Figure 5.46 Peptide fragmentation of the monobiotin-tyrosine (Y-1424)
LYFLNGDSFVTSPR using Mascot.
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Figure 5.47 Peptide fragmentation of the dibiotin-tyrosine (Y-2657) LYFLNGDSFVTSPR

using Mascot.
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Actin

Score  Mr(found) Mr(Calc) Expect Modifications Peptide sequence

23 1080.3746  1080.3737 0.066 monoiodo-Tyr SLYASGRTT
(Y-145)

58 1919.8061 1919.8067 8.3x10” monoiodo-Tyr THNVPIYEGYALPHAI
(Y-171)

29 1248.3800 1248.3796 0.031 monoiodo-Tyr KQEYDEAGPS
(Y-364)

39 2116.9709 2115.9506  0.0028 dibiotin-Tyr KDSYVGDEAQSKR
(Y-55)

22 1872.9382 1872.9232 0.19 monobiotin-Tyr NVPIYEGYALPHAI
(Y-168)

Table 5.15 Chemical modifications of the actin after treatment of the actin with
biotinylated phenylboronic acid by MSMS analysis.
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Figure 5.48 Peptide fragmentation of the monoiodo-tyrosine (Y-171)
THNVPIYEGYALPHALI using Mascot.
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Figure 5.49 Peptide fragmentation of the dibiotin-tyrosine (Y-55) KDSYVGDEAQSKR
using Mascot.
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1. General Experimental Considerations

1.1 Instruments and Chemicals/Proteins

NMR: Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DPX200
(200MHz), Bruker AVN400 (400 MHz) or Bruker AVI1I500 (500 MHz) spectrometer as
solutions in deuterated dimethylsulfoxide (dg-DMSO) unless stated otherwise. The
chemical shift values for all spectra are given in parts per million (ppm) with coupling
constants (J) in Hertz (Hz).

IR: Infrared spectra (IR) were recorded on a Bruker Tensor 27 Fourier Transform
spectrophotometer using thin films on NaCl plates for liquids and oils and KBr discs for
solids and crystals.

Melting point: Melting points (m.p.) were determined in open capillary tubes using a
Leica Galen Ill host stage microscope equipped with a Tesco 720 thermocouple probe
and are uncorrected.

Chromatography: Flash column chromatography was carried out using Merck Kieselgel
60 silica and eluted with the solvent system stated. Thin layer chromatography (TLC)
was carried out on Merck DC-Alufolien Kieselgel 60F,s4 aluminium-backed silica plates.
The plates were developed with an appropriate solvent system then visualized using UV
(A = 254 or 365 nm) and by dipping in a 0.5% KMnO, in 2.5% NaHCOj; solution or
ninhydrin reagent (2 % ninhydrin in ethanol) and drying with a hot air gun.
Chemicals/Proteins: All commercially available compounds and proteins were used
without further purification except where stated. Anhydrous dichloromethane was
obtained by passing through a modified Grubbs system of alumina columns. Other
solvents were purchased as anhydrous solvents. Water refers to distilled water and brine
refers to a saturated aqueous solution of sodium chloride. Air or moisture sensitive
reactions were carried out in flame dried glassware under a positive flow of nitrogen
using standard syringe/septa techniques. Some compounds/proteins were kindly provided
by our previous/current members as follows:

Compounds: N-Boc-5-chloro-DL-tryptophan, N-Boc-6-bromo-DL-tryptophan, NHAc-5-
chloro-DL-tryptophan, NHAc-5-bromo-DL-tryptophan, N-Boc-thyroxine (BocNH-T4),
coumarinyl boronic acids derivatives, and 1-propyl-p-D-glucopyranose

Proteins: GYG-Y195pIPhe, MBP-E13plPhe, and MCP-1
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Mass spectrometry: Low resolution mass spectrometry (LRMS) was carried out on
Waters Micromass LCT Premier TOF spectrometer using electrospray ionisation (ESI)
and high resolution mass spectra (HRMS) were obtained on a Bruker MicroTOF ESI
mass spectrometer.

Protein Mass spectrometry: Electrospray ionisation mass spectrometry (ESI-MS) was
obtained using liquid chromatography mass spectrometry (LC-MS), which was
performed on a Micromass LCT (ESI TOF-MS) coupled to a Waters Alliance 2790 RP-
HPLC using a Phenomenex Jupiter C4 column (250 x 4.6 mm x 5 pm). The mobile
phase, containing solvent A (0.1% FA in H,0) and solvent B (0.1% FA in CH3CN), was
used at a flow rate of 1.0 mL/min. The gradient used to elute the protein was
programmed as a 5 min isocratic run of 95% solvent A to 100% solvent B after 15 min,
and subsequent isocratic run for 5 min. The system was operated using an electrospray
source having with a capillary voltage of 3.2 kV and a cone voltage of 25 V, and the
nebuliser having a total flow of N, of 600 L/h. Raw ESI-MS data was deconvoluted
using the MaxEnt function on MassLynx software v.41 (Waters) according to the
manufacturer’s instructions.

SDS-PAGE Electrophoresis: Protein samples were run on SDS-PAGEs using
Invitrogen system (NUPAGE® Bis-Tris gel and NUPAGE® MES running buffer). SDS-
PAGESs were stained by Expedeon Instant Blue™ for visualisation of protein bands.
Circular Dichroism: Circular Dichroism (CD) spectra were recorded on a Chirascan CD
Spectrophotometry (Applied Photophysics) in a quartz cuvette (Starna Scientific) with a
path length of 1.0 mm.

Microscopy: All HEK293 cells experiments were visualised on a Leica Microsystems
SP5 Inverted Confocal Microscope which performed with the pinhole set at 1 Airy
diameter. All experiments were gained with the 10x objective lens magnification being
achieved with the optical zoom. All fluorescent images, captured at 512x512 pixels at
400 Hz or 1400 Hz capture rates, were processed using Image J. Gains which were kept
constant throughout measurements.

Radiochemistry: Reversed phase high performance liquid chromatography (RP-HPLC)
UV and radioactivity profiles were generated using a reverse phase Phenomenex Jupiter
C4 analytical column (250 x 4.6 mm x 5 um) which was performed on an Elite
LaChrome L-2130 with an Elite LaChrome UV L-2400 detector and an ACE Mate™
Preamplifier, Amplifier, Bias Supply and SCA (925-SCINT) radioactivity detector in
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series. The mobile phase, containing solvent A (0.1% TFA in H,0) and solvent B (0.1%
TFA in CH3CN), was used at a flow rate of 1.0 mL/min. The gradient used to elute the
protein was programmed as follows: 95% solvent A (5 min) to 80% solvent B (12 min),
hold for 3 min then return to 95 % solvent A (4 min) followed by a final equilibration

period of 95% solvent A for 2-5 min.

1.2 Peptide Mapping of Modified Proteins
(Performed and serviced by Marie-Laétitia Thézénas and Prof. Benedikt M. Kessler:

Nuffield Department of Medicine, University of Oxford.)

Sample preparation

Each 20 pL aliquot of the modified proteins (Annexin V, Ubiquitin, Insulin, MCP-1, and
Thyroglobulin) in 50 mM NaH,PO, pH 8.0 or appropriate buffers was further processed
by tryptic digestion for peptide mapping using the following steps. H,O (155 uL) and 5
mM DTT (final concentration) were added to the sample which was incubated for 30
minutes at room temperature. A subsequent incubation of 30 minutes was performed
after adding 20 mM iodoacetamide (final concentration), and the mixture was then
desalted by chloroform methanol precipitation. A solution of 6 M urea in 0.4 M Tris pH
7.4 was used to solubilise the sample pellet. Trypsin (Promega) (all proteins) or elastase
(for thyroglobulin), used at a 1:50 ratio (trypsin:protein), was added to the sample 6 times
diluted with H,0, then allowed for an overnight digestion at 37°C. The sample was
subsequently desalted by a C18 SEP PAK cartridge (according to Waters’ instructions),
and was dried via speed vac centrifugation then re-suspended in 20 puL of a mixture of
98% H,0:2% CH3CN with 0.1% TFA.

Thyroglobulin subjected to in-gel digestion using the following protocol. The gels pieces
(1-2 mm?®) were washed overnight with 1ml of 50 % methanol: 5 % acetic acid in MilliQ-
H,O. The samples were dried twice with 200 uL acetonitrile for 5 min. The protein was
then reduced by adding a 10 mM DTT solution on top of the gel for 30 min followed by
another 30 minutes incubation with a 50 mM iodoacetamide solution. Samples were then
dried for 5 min with acetonitrile rehydrated for 10 min with 100 mM ammonium
bicarbonate and re-dried for 5 minutes with acetonitrile. The samples were finally
digested overnight at 37°C with 30 pL elastase (2 ng/uL).
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LC-MS/MS analysis

The resultant peptides were further analysed by nano-liquid chromatography tandem
mass spectrometry (nano—LC-MS/MS) using a Nano-Acquity-UPLC (C18 column with a
75 um x 250 mm, 1.7 um particle size; Waters) coupled to an Orbitrap Elite tandem mass
spectrometer (Thermo Scientific, Bremen, Germany) with a resolution of 120,000 full-
width half maximum at mass/charge 400. Top 20 precursor ion selection and
fragmentation were performed in collision-induced dissociation (CID) mode. The
samples were loaded in 99.5 % buffer A (0.1% FA in H,0). The gradient used to elute
the peptides started with a 3 minute isocratic gradient composed of 3% buffer B (0.1%
FA in CH3CN), and was subsequently followed by a linear gradient from 3-40% of buffer
B for 60 minutes at a flow rate of 250 nL/minute and two washes with 97% of buffer B
for 3 minutes. The total length of the analysis was 100 min to allow column re-
equilibration. The peptide fragments with desired chemical modifications were
determined by either Matrix Science software (Mascot MSMS lons search) or PEAKS
proteomics mass spectrometry software (according to the manufacturer’s instructions).
200 ng of peptides were analyzed by tandem mass spectrometry (Q Exactive-HF, Thermo
Scientific, Bremen, Germany) coupled with a ultra-high performance liquid
chromatography (Dionex Ultimate 3000 UHPLC, Thermo) using a PepMap RSLC
column (C18, 2um, 100A, 75um x 50 cm).

The samples were loaded in a 0.1% TFA in 99% H,0 buffer and analysed using a 1 hour
linear gradient at a flow rate of 250 nl/minute. The gradient used to elute the peptides
started at 3 minutes with 2 % buffer B (0.1% FA and 5% DMSO in CH3CN) increasing
to 5% buffer B by 6 minutes followed by an increase up to 35% by 63 minutes. The
column was washed twice for 10 minutes with 99% of buffer B. The total length of the
analysis was 100 min to allow column re-equilibration.

The data were acquired with a resolution of 70,000 full-width half maximum at
mass/charge 400 with lockmass enabled (445.120025 m/z), Top 15 precursor ion
selection, Dynamic Exclusion of 27 seconds and fragmentation performed in Higher-

energy C-trap dissociation (HCD) mode with Normalized Collision Energy of 28.

285



Appendix

1.3 Western Blot Analysis

Each protein sample run on SDS-PAGE was electroblotted to a nitrocellulose membrane
(Invitrogen™) using iBlot machine (P3 programme, 7 min). The membrane was then
transferred into a blocking solution (2.0 g BSA in 40 mL TBST solution) and allowed to
gently shake on a rocking table for 1 h at room temperature or overnight at 4°C. The
membrane was rinsed with 3 x 20 mL TBST solution, then was soaked in 50 mL TBST
solution containing primary antibody and 0.5 g BSA. After 1 h gently shaking on the
rocking table at room temperature, the membrane was washed with 3 x 20 mL TBST,
then was further stained by secondary antibody in 50 mL TBST solution containing 0.5
g BSA. The membrane was shaken at room temperature for 1 h, prior to rinsing with 3 x
20 mL TBST. Visualisation of protein bands on the membrane was achieved by dropwise
addition of BCIP/NBT alkaline phosphatase substrate. Once protein bands were

observed, the membrane was rinsed with 3 x 20 mL H,O.

Entry Proteins Antibodies Dilution
Primary Secondary
1 Annexin V Anti-human annexin V Anti-mouse IgG (whole 1:20,000
monoclonal antibody molecule) alkaline
produced in mouse phosphatase antibody
(IgG2a or 1gG1) produced in goat
2 Annexin V Monoclonal - 1:5,000
(6xHis-tag) anti-polyhistidine alkaline
& phosphatase antibody
MBP produced in mouse
(6xHis-tag)
3 Thyroglobulin Anti-biotin - 1:5,000

alkaline phosphatase

antibody produced in goat

BCIP/NBT used as an alkaline phosphatase substrate.

Table 1.1 Western blot analysis of various proteins using corresponding primary and
secondary antibodies.
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2. Optimisation of Protein Fluorination Reactions

2.1 Optimisation of Dehydroalanine (Dha) Formation of Annexin V

316\ ) 316\\ )
a2l /Y all” A
) ERS—C2 o 1. DTT (50 equiv.), rt, 15 min LS
Jo. L gl @%@aw Y (50 equiva), rt GO 0 S L8
. ( ‘*}Ej NS -//‘ > g ..“*\t\j - N"vf:
Ny & A, o 0 Iy @ A
@ =0 AT =D
74 ) o/ H.N ~YJ ) o/
A ®) 2 Br Br NH, 0
(500-1000 equiv)
MW 35805 Buffer, pH 8.0, MW 35771

37-45°C,2-18 h

Entry [()e%l:i?/ﬁ Buffer, pH 8.0 Tg@g’ ' E;a:sti&r)] nggl)ts
1 500 2 35810 (SM)
2 500 4 35810 (SM)
3 500 50 mM NaH,PO, 37 18 35810 (SM)
4 2 x 500 2 35810 (SM)
5 2 x 500 4 35810 (SM)
6 2 x 500 18 35810 (SM)
7 2 x 500 50 mM Tris.HCI 37 18 35810 (SM)
8 500 3 M GdmCl 37 2 35774 (Dha)
9 500 50 mM NaH,PO, 45 <2 35771 (Dha)

General conditions: ANV(C316) in buffer and DBHDA in DMF at 37-45 °C for 2-18 h unless
otherwise indicated.

Table 1.2 Optimisation of Dha formation of annexin V with DBHDA (500-1000 equiv.).
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Figure 1.1 ESI-MS spectrum of the annexin V(C316) treated with 500 equiv. DBHDA in
50 mM NaH,PO,at 37 °C for 2h.
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CRL318709 254 (4.330) TOF MS ES+
100 35810 5.36e4
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Figure 1.2 ESI-MS spectrum of the annexin V(C316) treated with 500 equiv. DBHDA in
50 mM NaH,PO4at 37 °C for 4h.
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AN 900~
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Figure 1.3 ESI-MS spectrum of the annexin V(C316) treated with 500 equiv. DBHDA in
50 mM NaH,PQO, at 37 °C for 18h.
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Figure 1.4 ESI-MS spectrum of the annexin V(C316) treated with 2x500 equiv. DBHDA
in 50 mM NaH,PQO, at 37 °C for 2h.
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Figure 1.5 ESI-MS spectrum of the annexin V(C316) treated with 2x500 equiv. DBHDA
in 50 mM NaH,PQO, at 37 °C for 4h.
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CRL318722 256 (4.365) TOF MS ES+
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Figure 1.6 ESI-MS spectrum of the annexin VV(C316) treated with 2x500 equiv. DBHDA
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Figure 1.7 ESI-MS spectrum of the annexin VV(C316) treated with 2x500 equiv. DBHDA
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Figure 1.8 ESI-MS spectrum of the annexin V(C316) treated with 500 equiv. DBHDA in

3 M GdmcCl at 37 °C for 2h.
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Figure 1.9 ESI-MS spectrum of the annexin V(C316) treated with 500 equiv. DBHDA in

50 mM NaH»>PO, at 45°C for 1h 40 min.
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2.2 Optimisation of Fluorination Reactions of Annexin V(Dha316)

(1/_0 . X =H (Dfa)
_iw _ = OH (Hfa)
16N\ ., [/NJ 20Tf SIGK)J(/"" )
s \JL\'LC.,")“' F - {L\v;/"’)i
e WA L= (0.5-20.0 equiv.) T A W\ -
R o, Sy
Lot 'Q};’F‘ o> 50 mM NaH,PO,, pH 8.0 Y DS AE
QS 6 ) 2542°C, 15 min =g é A
o) Yot
MW 35771 MW 35789 (Dfa)
MW 35807 (Hfa)
Entry ANV(Dha316) Selectfluor Reaction Product conversion (%)"
(equiv.) bis(triflate) conditions®
(equiv.)
1 1.0 0.5 25 C, 15 min Dha (69), Dfa (16), Hfa (15)
2 1.0 1.0 25 °C, 15 min Dha (59), Dfa (25), Hfa (16)
3 1.0 2.0 25 °C, 15 min Dha (17), Dfa (37), Hfa (32)
4 1.0 0.5 42 °C, 15 min Dha (63), Dfa (27), Hfa (13)
5 1.0 1.0 42 °C, 15 min Dha (42), Dfa (39), Hfa (19)
6 1.0 2.0 42°C, 15 min Dha (14), Dfa (34), Hfa (34)
7 1.0 5.0 42 °C, 15 min ND.
8 1.0 20.0 42°C, 15 min ND.

General conditions: a). ANV(Dha316) in NaH,PO, (50 mM, pH 8) and Selectfluor bis(triflate) in

acetone at 42 °C for 15 min unless otherwise indicated. b). Calculated by LC-MS.

Table 1.3 Optimisation of fluorination reactions of ANV (Dha316) using Selectfluor
bis(triflate) as a fluorinating agent.

Dha

%770 OF MS ES+

2.23e3

CRL328620 134 (2.285)

100- 35770

Calculated mass : 35789 Da
Observedmass:35788 Da f

Calculated mass: 35771 Da
Observedmass: 35770 Da
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Figure 1.10 ESI-MS spectrum of the annexin V (Dha316) treated with 0.5 equiv.
Selectfluor bis(triflate) at 25 °C for 15 min.
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CRL328624 136 (2.316) Dha TOF MS ES+
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Figure 1.11 ESI-MS spectrum of the annexin V (Dha316) treated with 1.0 equiv.
Selectfluor bis(triflate) at 25 °C for 15 min.
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Figure 1.12 ESI-MS spectrum of the annexin V (Dha316) treated with 2.0 equiv.
Selectfluor bis(triflate) at 25 °C for 15 min.
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Figure 1.13 ESI-MS spectrum of the annexin V (Dha316) treated with 0.5 equiv.
Selectfluor bis(triflate) at 42 °C for 15 min.
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Figure 1.14 ESI-MS spectrum of the annexin V (Dha316) treated with 1.0 equiv.
Selectfluor bis(triflate) at 42 °C for 15 min.
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+18 +36
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Figure 1.15 ESI-MS spectrum of the annexin V (Dha316) treated with 2.0 equiv.
Selectfluor bis(triflate) at 42 °C for 15 min.

2.3 Optimisation of ['®F]-Radiolabelling of Annexin V(Dha316)

1
4—C

LN 18
a1 6\( 9 léNCJ 2011 316\(, -
e & . et
’);@& \ @"‘9&/& o y (2-20 equiv.) MO 3 J&Qa -
4 42,4 S > S x 247
[;? - \(:«3‘ By & 50 mM NaH,PO,, pH 8.0 b';" /A \’33(' '/i\p
,YJ‘ &) 25-42 °C, 15 min 743 6 Al
h<®) 0
Annexin V(Dha316) ['8F]-labelled Annexin V
Entry ANV(Dha316) Selectfluor Reaction Radioactivity Remarks
(equiv.) bis(triflate) conditions® (MBQq)
(equiv.) i
1 1 2 25 C, 15 min 0.037 -
2 1 2 37 °C, 15 min 0.100 -
3 1 20 42 °C, 15 min 2.570 -
4 1 20 42 °C, 15 min 0.220 Control

(Wild-type)

General conditions: a). ANV(Dha316) in NaH,PO, (50 mM, pH 8) and Selectfluor

bis(triflate) in acetone at 25-42 °C for 15 min unless otherwise indicated.

Table 1.4 Optimisation of [*°F]-radiolabelling of ANV/(Dha316) using [*°F]-Selectfluor
bis(triflate).
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| Entry 1 | Radio-HPLC
Figure 1.16 Radio-HPLC profile of the annexin V(Dha316) treated with 2 equiv. [*°F]-
Selectfluor bis(triflate) at 25 °C for 15 min.

Entry 2 Radio-HPLC

Figure 1.17 Radio-HPLC profile of the annexin V/(Dha316) treated with 2 equiv. [°F]-
Selectfluor bis(triflate) at 37 °C for 15 min.

. Entry 3 Radio-HPLC

Figure 1.18 Radio-HPLC 'profilel of the annexin A\/(Dha3146) treated with 20 equiv. [‘*F]-
Selectfluor bis(triflate) at 42 °C for 15 min.

" Entry 4 Radio-HPLC

Figure 1.19 Radio-HPLC profile of the annexin \V/(C316) treated with 20 equiv. [*F]-
Selectfluor bis(triflate) at 42 °C for 15 min (Control).
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3. Optimisation of Protein lodination Reactions

3.1 lodination of Insulin

Ho<<:>é;523§;;\
e

\J

MW 5733

BF, I

=, /=
<\ /: = :\ /> HO@M
4 .
(11-20 equiv.) I v =

k- 1

100 mM NaHCO3, pH 9.6 HN>=N \ w‘
10-30 min, RT =

MW 7245

Insulin

Entry (equiv.)

IPy,BF,
(equiv.)

Time Products
(min) (Da)

1 1 11

4 1 20

5733 (SM), 5859 (1xI), 5985 (2xI),
10 6110 (3x1), 6237 (4x1), 6363 (5x),
6489 (6xI), 6614 (7xI), 6741 (8xI)
5733 (SM), 5859 (1x1), 5984 (2xI),

30 6110 (3xI), 6237 (4x1), 6363 (5xI),
6488 (6x1), 6614 (7x1), 6741 (8xI)

6237 (4xl), 6362 (5xI), 6488 (6xI),
6614 (7xI), 6740 (8x1), 6866 (9xI),
6992 (10xI), 7118 (11xI), 7244
(12x1)

10

6740 (8xI), 6866 (9x1), 6992

10 (10x1), 7118 (11xI), 7242 (12xI)

General conditions: Bovine insulin in NaHCO; (100 mM, pH 9.6) and IPy,BF, in DMF at 25
°C for 10-30 min unless otherwise indicated.

Table 1.5 Optimisation of lodination of insulin with IPy,BF, (11-20 equiv.).
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Entry 1

6383

6489

8514
6741

MJA}GO.; - et .LJ'L ﬂl l . uu.{ulu L |Fl al b J.. b .lJJI L|J\ Dbt st b it j Ll L.LH [ b s
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Figure 1.20 ESI-MS spectrum of the insulin treated with 11 equiv. IPy,BF4 (10 min).
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Figure 1.21 ESI-MS spectrum of the insulin treated with 11 equiv. IPy,BF4 (30 min).
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CRL348316 126 (2.147) TOF MS ES+
00+ 6740 3214
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6614
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Fiéure 1.22 ESI-MS spectrumw of the insulin treated with 15 equiv. IPy,BF4 (10 min).
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Figure 1.23 ESI-MS spectrum of the insulin treated with 20 equiv. IPy,BF4 (10 min).
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3.2 lodination of Monocyte Chemoattractant Protein-1 (MCP-1)

BF,
<\ /:N_l_Ni\ />
(5-20 equiv.)

by

10 mM K;HPO,, 100 mM NaCl,
5 mM MgCl,, pH 7.5

15-60 min, RT

Mw 8798 MW 9554

Entr MCP-1 IPy,BF, Time Products
y (equiv.) (equiv.) (min) (Da)
9044 (2x1), 9170 (3xI), 9296 (4xI),
1 1 5 15 9422 (5xl)
9044 (2x1), 9170 (3xI), 9296 (4xI),
2 1 5 30 9422 (5xl)
9044 (2x1), 9170 (3xI), 9296 (4xI),
3 1 5 60 9422 (5xl)
4 1 10 30 9425 (5xl), 9551 (6x1)
5 1 20 30 ND.

General conditions: MCP-1 in K,HPO,4 (10 mM), NaCl (100 mM), MgCl, (5 mM, pH 7.5)
and IPy,BF, in DMF at 25 °C for 15-60 min unless otherwise indicated.
ND. = Not Detectable.

Table 1.6 Optimisation of iodination of MCP-1 with IPy,BF, (5-20 equiv.).
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CRL346515 116 (2.010) TOF MS ES+
100+ 90449170 3.71ed

Entry 1 I
"
|

1 9296

9422

S

U T J T T T T T T JII T T JI J\ T T T I‘L
7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

o

¥ e Mass
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Figure 1.24 ESI-MS spectrum of the MCP-1 treated with 5 equiv. IPy,BF4 (15 min).

T
6500

CRL346322 117 (1.993) TOF M3 ES+
9044 9170 2.9%e4
1004 #
Entry 2
# 9296
0 e T y u s f t # “‘Ll-‘l ot t TR e t T # f T ¥ SAASEE mass
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 1.25 ESI-MS spectrum of the MCP-1 treated with 5 equiv. IPy,BF4 (30 min).

CRL346526 117 (1.993) TOF MS ES+
100+ 90449170 2.82e4

Entry 3
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9422

0 b TP Ll Ll . . N
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Figure 1.26 ESI-MS spectrum of the MCP-1 treated with 5 equiv. IPy,BF, (60 min).
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Figure 1.27 ESI-MS specfrum of the MCP-1 treated with 10 equiv. IPyzBFQ (36 min).
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3.3 lodination of Ubiquitin (UBQ)

BF,
0

(7-15 equiv.)

50 mM NaH,PO,, pH 8.0

RT, 30-90 min

MW 8565 MW 9085 (0)
Entry UBQ IPyzE_aF4 Tw_ne Products
(equiv.) (equiv.) (min) (Da)
8815 (2xl), 8940 (3xI), 9065 (4xI),

1 1 7 30 9085 (4x1+0)

) 1 5 60 9066 (4xl) , 9084 (4x1+0)

3 1 10 60 9067 (4xl) , 9084 (4xI+0)

4 1 15 60 9067 (4xl) , 9084 (4x1+0O)

5 1 15 90 9084 (4x1+0)

General conditions: UBQ in NaH,PO, (50 mM, pH 8) and IPy,BF, in DMF at 25 °C for 30-
90 min unless otherwise indicated.
O = Oxidised methionine

Table 1.7 Optimisation of iodination of UBQ with IPy,BF,4 (7-15 equiv.).
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CRL350118 119 (2.028) TOF MS ES+
100+ 9065 2.07e5
Entry 1
3940
=]
8815
0 f 4 T T UNABEEER Ry ey |L| f forkiererie T J“lIL = t ey th mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 1.28 ESI-MS spectrum of the ubiquitin treated with 7 equiv. IPy,BF4 (30 min).

CRL350883 122 (2.077) TOF MS ES+
100- 9066 2.4565
Entry 2
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0 T + T T = u o T A_IJLI T e Y t T T T mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 1.29 ESI-MS spectrum of the ubiquitin treated with 7 equiv. IPy,BF4 (60 min).

CRL354471 112 (1.907) TOF MS ES+
100 9064 1.05e5
Entry 3
1 9067
O iyt ....,.‘..,...‘,..‘.,‘...‘...T‘,".*T.‘,...‘,..".'L“’.“.\Tﬁ.‘..,.‘.‘,‘."",..‘.‘....‘.‘..,H..,‘.‘.,..‘.‘...w.‘.‘ mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 1.30 ESI-MS spectrum of the ubiquitin treated with 10 equiv. IPy,BF4 (60 min).

CRL354653 112 (1.008) TOF M3 ES+
1004 9084 1.03e5
Entry 4
=
0 ' t T f f T -Llyll\hl T al t T T T T T mass
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 11500

Figure 1.31 ESI-MS spectrum of the ubiquitin treated with 15 equiv. IPy,BF4 (60 min).
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Entry 5
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Figure 1.32 ESI-MS spectrum of the ubiquitin treated with 15 equiv. IPy,BF4 (90 min).
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4. Optimisation of Palladium-Mediated Reactions of Thyroxine (T4)
4.1 Ex Vivo Palladium-Mediated Reactions of T4

B(OH),
| @
0. | | o
Buffer/Plasma, 37 °C, 4h @
1 OH > OH

I
H,N” >CO,H H,N” > CO,H

NaO

MW = 776.87

NaO

2
(L1: R=H, L2:R = Me)

—N :
\ rf>_NR2 - Pd(OAc), !

R,N

NH

J]\NR

- Pd(OAc),
2

MW = 727.08, 1xPh
= 677.28, 2xPh

2

(L3: R=H,R' = Me
L4: R = Me,R' = Me)

= 627.48, 3xPh
= 577.68, 4xPh

Entry T4 PhB(OH), (LX),Pd(OAc),  Conditions ESI-MS
c=25mg/mL  c¢=25 mg/mL 0.01M 37 °C, 4h

1 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.68 (SM)
L1

2 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.69 (SM)
L1 + plasma (1:1)

3 1.2 pmol 6.0 umol 0.24 pmol Rat plasma  777.74 (SM)
L1

4 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.75 (SM)
L2

5 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.69 (SM)
L2 + plasma (1:1)

6 1.2 pmol 6.0 umol 0.24 pmol Rat plasma  777.69 (SM)
L2

7 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.67 (SM)
L3

8 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.74 (SM)
L3 + plasma (1:1)

9 1.2 pmol 6.0 umol 0.24 pmol Rat plasma  777.74 (SM)
L3

10 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.69 (SM)
L4

11 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP;  777.70 (SM)
L4 + plasma (1:1)

12 1.2 pmol 6.0 umol 0.24 pmol Rat plasma  777.74 (SM)
L4

General conditions: T4 in 0.2 M NaOH, PhB(OH), in 0.2 M NaOH, [L1-L4],Pd(OAc), in

0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless otherwise indicated.

Table 1.8 Optimisation experiments of ex vivo SMC reactions of T4 with PhB(OH); in
the presence of [L1-L4],Pd(OACc), catalysts.
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CRL349930 10 (0.411) 1. TOF MSES+  CRL349931 12 (0.499) 1: TOF M3 ES+
100 77768 515773 3.30e5 100 T77.69 2.52e5
Entry 1 Entry 2 818.74
e e
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100 T4 4.23e4
Entry 3
NaO
JN 818.77
3
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Figure 1.33 ESI-MS spectra of T4 treated with PhB(OH), and [L1],Pd(OAc), under
different conditions (50 mM NaP;, 1:1 50mM NaP;/plasma, and plasma, respectively).
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Figure 1.34 ESI-MS spectra of T4 treated with PhB(OH); and [L2],Pd(OAc), under
different conditions (50 mM NaP;, 1:1 50mM NaP;i/plasma, and plasma, respectively).
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CRL349898 10 (0.411) 1. TOF MSES+  CRL349899 14 (0.586) 1. TOF MS ES+
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R R
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Figure 1.35 ESI-MS spectra of T4 treated with PhB(OH), and [L3],Pd(OAc), under
different conditions (50 mM NaP;, 1:1 50mM NaP;/plasma, and plasma, respectively).
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Figure 1.36 ESI-MS spectra of T4 treated with PhB(OH); and [L4],Pd(OAc), under
different conditions (50 mM NaP;, 1:1 50mM NaPi/plasma, and plasma, respectively).
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4.2 Ex Vivo Palladium-Mediated Reactions of BocNH-T4

B(OH),
. @
o ' g

BocHN” >~CO,H

Buffer/Plasma, 37 °C, 4h
OH

NaO

e

BocHN™ "CO,H

MW = 876.99 N : MW = 827.19, 1xPh
, =777.39, 2xPh
\ N/>_ NR; | - Pd(OAc), 5 - Pd(OAc), =727.60, 3:Ph
i | ReN = 677.80, 4xPh
NaO
2
(L1: R=H, L2:R = Me) (L3: R=H,R'=Me
L4: R = Me,R' = Me)
Entry  BocNH -T4 PhB(OH), (LX),Pd(OAC), Conditions ESI-MS
¢=25 mg/mL c= 25 mg/mL 0.01 M 37 °C, 4h
1 1.2 umol 6.0 umol 0.24 pmol 50 mM NaP; 875.81 (SM)
L1
2 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP; 875.82 (SM)
L1 + plasma (1:1)
3 1.2 umol 6.0 umol 0.24 pmol Rat plasma 875.83 (SM)
L1
4 1.2 umol 6.0 umol 0.24 pmol 50 mM NaP; 875.83 (SM)
L2
5 1.2 umol 6.0 umol 0.24 pmol 50 mM NaP; 875.82 (SM)
L2 + plasma (1:1)
6 1.2 umol 6.0 umol 0.24 pmol Rat plasma 875.83 (SM)
L2
7 1.2 pmol 6.0 umol 0.24 pmol 50 mM NaP; 875.82 (SM)
L3
8 1.2 umol 6.0 umol 0.24 pmol 50 mM NaP; 875.83 (SM)
L3 + plasma (1:1)
9 1.2 umol 6.0 umol 0.24 pmol Rat plasma 875.84 (SM)
L3
10 1.2 pymol 6.0 umol 0.24 pmol 50 mM NaP; 875.84 (SM)
L4
11 1.2 pymol 6.0 umol 0.24 pmol 50 mM NaP; 875.84 (SM)
L4 + plasma (1:1)
12 1.2 pmol 6.0 umol 0.24 pmol Rat plasma 875.85 (SM)
L4

General conditions : BocNH-T4 in 0.2 M NaOH, PhB(OH), in 0.2 M NaOH, [L1-L4],Pd(OAc);in

0.1 M NaOH (c = 0.01 M) at 37 °C for 4h unless otherwise indicated.

Table 1.9 Optimisation experiments of ex vivo SMC reactions of BocNH-T4 with
PhB(OH); in the presence of [L1-L4],Pd(OAc), catalysts.
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Figure 1.37 ESI-MS spectra of BocNH-T4 treated with PhB(OH), and [L1],Pd(OAc),
under different conditions (50 mM NaP;, 1:1 50mM NaP;/plasma, and plasma,

respectively).
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Figure 1.38 ESI-MS spectra of BocNH-T4 treated with PhB(OH), and [L2],Pd(OACc),
under different conditions (50 mM NaP;, 1:1 50mM NaP;i/plasma, and plasma,

respectively).
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Figure 1.39 ESI-MS spectra of BocNH-T4 treated with PhB(OH), and [L3],Pd(OAc).
under different conditions (50 mM NaP;, 1:1 50mM NaP;i/plasma, and plasma,

respectively).
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Figure 1.40 ESI-MS spectra of BocNH-T4 treated with PhB(OH), and [L4],Pd(OAc).
under different conditions (50 mM NaP;, 1:1 50mM NaP;/plasma, and plasma,

respectively).
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