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Abstract

The rapid expansion of techniques for the chemical modification of proteins has
caused a paradigm shift the field of chemical biology owing to their wide-ranging
applications in the cell biology and pharmaceutical fields. Many bioconjugation
strategies suffer from a lack selectivity, specificity, lack of non-physiological
conditions and general vulnerability to hydrolytic cleavage. This thesis describes the
design and development of a novel protein bioconjugation strategy, taking
advantage of developments from the field of Umpolung chemistry on small
molecules. This is achieved utilising proteins bearing previously installed a-oxo-
aldehydes, this project developed and optimised the Umpolung modification
yielding hydrolytically stable C-C bonds at neutral pH. Chapter 2 describes the
investigation of a bio-compatible Stetter reaction, utilising Michael acceptors to
generate 1,4 diketone products.
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The information from this chapter was used to direct the project going forward,
moving towards acyloin-like condensation utilising aliphatic aldehydes to generate
1, 2 diketones, described in Chapters 3 and 4, where several obstacles were
encountered and overcome.
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This Umpolung strategy was also demonstrated to be able to modify proteins at both
N-terminal positons and at internal sites. This approach was found to be suited to a-
methyl-aldehyde donors which was computationally investigated and discussed in
chapter 5. Finally, applications and connectivity comments are addressed in chapter

6.
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Chapter 1: Introduction



1.1 Selective Protein Bioconjugation

1.1.1 Cysteine-carbon Formation
Early protein bioconjugation approaches primarily took advantage of simple second-order

reactions that selectively target canonical amino acids exposed on a protein surface.' Early

strategies commonly targeted cysteine and lysine residues.

As one of the most nucleophilic (at pH 7) naturally occurring amino acids, the thiol group
presented on cysteine was quick to be exploited for protein bioconjugation strategies. Owing
to cysteine’s naturally low abundance (<2%) within typical protein constructs, cysteine

modification can often afford single-site selectivity.*

One of the most important methodologies developed is the selective reaction of cysteine
with maleimides (Scheme 1.1, a). Widespread adoption of this reaction can be attributed to
the ease of synthesis of the maleimide scaffold, and thier wide commercial availability.>® This
is highlighted by its use in vaccine’ and antibody-drug conjugate (ADC) assembly.® Use of
bromomaleimides by the Caddick group has allowed the in vivo study of reversible
bioconjugation simultaneously allowing the formation of native disulfide bridges.>® Cysteine
also selectively reacts with other electrophiles including a-halocarbonyls such as

iodoacetamides (Scheme 1.1, b).1°

Shokat and co-workers took inspiration from small molecule aminoethylation chemistry and
extended it to histones (Scheme 1.1, c).!! The thioether product generated termed ‘thia-
lysine’, mimics typical lysine post-translational modifications (PTMs) found on histones.
These were then studied to further decipher the role histones play in the packaging and

ordering DNA.}12

The 21 proteinogenic amino acid selenocysteine can also be employed for selective protein
bioconjugation.’® Selenium has higher nucleophilicity than the thiol group of cysteine. This
allows for selective selenocysteine bioconjugation over traditional cysteine residues when

reacted with maleimides.*

Davis and co-workers developed a two-step method for cysteine modification.’ Firstly,
cysteine is reduced to dehydroalanine (Dha) by treatment with O-
mesitylenesulfonylhydroxylamine under basic conditions or a bisamide containing 1,4-
dibromobutane reagent (Scheme 1.1, c). Subsequent Michael addition with thiol reagents

can then yield a thioether bioconjugates (discussed further in chapter 1.1.7).%



Scheme 1.1 Outline of Cys-C forming protein bioconjugation strategies: a) malemide (b) iodoacetamides (C) Cys to
Dha transformation (d) aminoethylation

Recently, Pentalute and co-workers further pushed the boundaries of cysteine modification
with the design of a four-amino-acid sequence termed the ‘rt-clamp’.’® This ingenuity
overcomes selectivity in cysteine targeting, utilising only four-amino-acid sequence (Scheme
1.2) of FCPF serendipitously discovered via a library selection approach aimed to identify
peptide sequences that promote arylation reactions in water. Based on computationally
calculated peptide conformations and energy pathways, the reagents are hypothesized to
be recognized by the phenylalanie residues, bringing the perflouroaromatic reagent into the

vicinity of the activated cysteine residue.®



Scheme 1.2 n-clamp mediated Cys ligation

1.1.2 Cysteine-sulfur Formation
In nature, disulfide bonds are often pivotal in the formation and maintenance of protein

tertiary and quaternary superstructure.’” The propensity of sulfur atoms to change oxidation
state is routinely exploited in chemical protein modification strategies, using external thiol
bearing moieties.* The simplest method to promote disulfide formation between cysteines
and thiol containing reporters is air oxidation.'® Reaction rates for this are slow however®®
and this approach also carries the risk of catalysing protein aggregation.?’ This aggregation
can be difficult to control and is dependent upon the accessibility of the desired cysteine
residue. To counter this, the development of activated reagents has been key in the
furtherment of exploiting disulfide bridges for selective chemical protein modification. The
use of Ellman’s reagent to quantify free thiols? is a classic example of the reliability of
activated reagents, and is frequently employed for cysteine activation and subsequent
protein modification.?? This approach has successfully been employed in the development of
ADCs,??* enzyme immobilisation 2 and ubiquitination of histones.?® Additionally,
methanethiosulfonate and phenylthiosulfonate reagents are well-established thiol coupling
reagents promoting disulfide bond formation. Employing these activated reagents has led to

the selective modification of proteins,?” modified enzymes? and glycoconjugates.?®3!



1.1.3 Tyrosine and tryptophan
Although less common, novel methodologies have been developed for the site-selective

modification of tyrosine and tryptophan.3? These moieties can often be buried within protein

3D structure making surface exposed residues less common.33

Early examples of tyrosine modification involved the metal assisted oxidative coupling
(Scheme 1.3, a) of two phenol groups. This method was first explored by Bonnafous and co-
workers, who employed a nickel(ll) catalyst and a magnesium monoperoxyphthalate co-

oxidant to cross-link two proteins.3*

The rarity of tyrosine coupled with its distinctive phenolic hydroxyl group has led the Francis
group developing a number of reactions to modify it, typically in the ortho-position.
Examples include the application of diazonium salts (Scheme 1.3, b) with electron

336 3 three-component Mannich

withdrawing para substituents to yield diazoarlation,
reaction with aldehydes and anilines (Scheme 1.3, c),3*37-3% and the coupling of dialkylanilines
(Scheme 1.3, d) via cerium(lV)ammonium nitrate (CAN) oxidation.*® An ortho-iodide on
tyrosine can also be introduced through employment of Barluenga’s reagent, although
selectivity issues must be controlled by careful choice of stoichiometry and pH.** This,
however, has not prevented its subsequent validation as a protein modification candidate.

This methodology has been successfully employed in the modification of viral capsids,*

pharmaceutical and imaging applications.®



Scheme 1.3 Outline of Tyr protein bioconjugation strategies: a) oxidative coupling (b) diazonium reagents (C)
three way Mannich ligation (d) dialkylanilines reagents

Francis also utilised the aniline analogue of tyrosine to develop an oxidative coupling strategy
with aryl-diamines (Scheme 1.4). To achieve this, the unnatural amino acid (UAA) para-
aminophenylalanine was genetically encoded into the protein construct. This mutation
generated the previously lacking site selectivity, even in the presence of native tyrosine
residues. This methodology was also validated via site-selective bioconjugation on the

surface of viral capsids.***3

Additionally, the hydroxyl group on tyrosine can also be selectively targeted for modification.
The Francis group employed palladium (ll) acetate and triphenylphosphine trisulfonate
(TPPTS) taking advantage of the formed palladium m-allyl reactivity to selectively alkylate the

tyrosine hydroxyl moiety.*



NH2
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Scheme 1.4 UAA insertion of aniline- Tyr analogue and subsequent ligation

In addition, Antos and Francis have developed a bioconjugation reaction selective for
tryptophan residues. The authors employed a rhodium carbenoid, generated in situ from
[Rh2(OAc)s] and a diazo compound. The applications of this transformation are limited
however owing to the necessity of acidic conditions (pH 2).*> Improved methodology was
developed, requiring less acidic conditions (pH 6) however conversion measured was

reduced.*®



1.1.4 Lysine and N terminal modifications
Although far more common than cysteine, lysine residues are also popular targets for

bioconjugation, likely a result of the abundance of methods to selectively modify primary
amines.* Lysine residues are especially favoured for targeted ligation in cases where site
specificity is not essential or in cases where several ligations are required. This is indeed true

for some vaccines®® and ADCs, such as Kadcyla.*®

Selective ligation of the e-amine on lysine over the thiol group on cysteine can be achieved
through the application of strong electrophiles such as sulfonyl chlorides,® isothiocyanates
or isocyanates®® and activated esters®, generating sulfonamides®, thioureas or ureas®® and
amides®! respectively (Scheme 1.5, a-c). Notably, the most common approach of amino acid
sequencing, Edman degradation, relies on N-terminal modification with phenyl

isothiocyanate.>?

Unsaturated aldehyde esters are also employed for ligation via lysine targeted protein
modification. This is credited to their ability to perform 6m azaelectrocyclization.>® This has
been validated via ligation of a positron emitting metal binding ligand and used in

conjunction with positron emission tomography (PET) to visualize glycoprotein processes.>*

McFarland and Francis reported a lysine specific reductive alkylation reaction (Scheme 1.5,
d) that proceeds through an iridium-catalyzed transfer hydrogenation.>> Unlike the classic
reaction based on sodium cyanoborohydride,>® which requires acidic conditions, the iridium-

mediated process proceeds in high yield at pH 7.4.%

Further methodology for the selective alkylation of lysine have also been developed.
Cyclohexene sulfonamide reagents are reported to modify a specific lysine (Lys64) over all
other endogenous lysine residues in human serum albumin (HSA).>” Therefore, the specific
domain, HSAdI, has been fused to protein termini as a reactive platform for Lys site-specific

modification.>®
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Scheme 1.5 Outline of some chemical approaches to Lys protein bioconjugation strategies: a) activated ester
(b) thio/isothioureas (C) 6m azaelectrocyclization (d) Ir- catalysed reductive alkylation.

Similarly, the enzyme sortase A has been employed to mediate the formation of an
isopeptide bond between a lysine residue in an inserted pilin domain with the threonine
carboxyl group from an LPXTG (X = any amino acid) tag-containing substrate (discussed in

1.1.7).%

Although the g-amine on lysine is typically the most nucleophilic amine in proteins, the N-
terminus can also display unique pH-dependant reactivity.®® The lower pK, value of the N-
terminus (~ 8) comparative to the e-amine on lysine (~ 9 — 10) makes selective modification
challenging albeit possible. Often this is achieved via biomimetic transamination reactions
which introduce unique reactive handles. The transamination of proteins can be traced back
to 1956, however harsh reaction conditions led to denaturation of proteins.®! Following this
Dixon and co-workers reported a room temperature transamination employing glyoxylate,

catalytic base and copper(1).52 Despite this, transamination of proteins did not become



popular until a biomimetic transamination was introduced by Frances and co-workers. This
condensation of N-terminal amine employs pyridoxal-5-phosphate under physiological
conditions, negating requirements for metal or base additives.®® This can then be further

4

modified through application of hydrazides,®® aminooxy® reagents or organocatalysis®

(Discussed further in 1.1.9).

Similarly, to the arene diazonium bioconjugation with Tyr described in the previous section,®
Carreira and co-workers developed an amine-selective ligation method employing diazonium
terephthalates. Product stability is generated through the irreversible formation of a stable
triazin-4(3H)-one ring.5’” This methodology was used to nonregioselectively attack lysine

residues on myoglobin and offsite attack on the N-terminus.

Native chemical ligation (NCL) is the cross coupling of a C terminal thioester with an N
terminal cysteine.®® This approach is a key method for the synthesis of polypeptides and
proteins, further extending the range of biopolymers and proteins that can be accessed via
total synthesis. Since its discloser by Kent and co-workers,?7° NCL has found numerous
applications in protein bioconjugation,”® polymer synthesis,’”? as well as nanotechnologies.”*
74 The reaction initiates with an intermolecular thiol-thioester exchange generating a
transient transthioester. This is the chemo-selective capture step is followed by an
intramolecular rearrangement via an S,N-acyl shift” yielding an amide bond (Scheme 1.6).
Furthermore, the successes of NCL have been amplified by both expressed protein ligation
(EPL) and protein-trans-splicing (PTS). Both EPL and PTS, the biological analogue of NCL,
employ self-splicing proteins.”® Protein self-splicing naturally occurs in an internal protein
domain referred to as an intein. The intein is removed in a posttranslational process
mechanistically similar to NCL. It is possible to generate recombinant polypeptide C-terminal
thioesters. In turn, these can be further modified through employing NCL. PTS takes
advantage of the ability to separate inteins into two peptides (Inty and Intc) which can
produce an intein capable of splicing. PTS exploits these inteins capable of peptide splicing,
extending NCL to in vivo capabilities and allowing the study of PPIs,”” in vivo synthesis of

879 and in vivo semi- synthesis of proteins.&

cyclic peptides

Scheme 1.6 Outline of NCL ligation



1.1.5 C terminal modification
A recent advance in protein modification was reported by MacMillan and co-workers

focussing on carboxylic acid moieties at the C-terminus.8! The authors report a modification
approach harnessing visible light mediated single electron transfer (SET) to undergo
decarboxylation. This methodology takes advantage of the difference in oxidation potential
between C-terminal carboxylic acids and solvent exposed glutamic and aspartic acid
residues. This oxidation potential difference allows for selectivity generating the C-terminal
carbon centred radical and thus, offsite internal decarboxylation of glutamic and aspartic
acid residues is not witnessed. This holds significant advantage over decarboxylative amide
coupling and esterification strategies previously reported.®?# Following decarboxylation,
subsequent treatment with a Michael acceptor yields alkylated product in moderate yields
(41-49%) (Scheme 1.7). SET methodology was successfully employed to selectively alkylate
human insulin. A significant drawback in this methodology arises however from the

requirement of acidic media (pH 3.5), limiting its applications.
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Scheme 1.7 Photoredox decarboxylative alkylation of C- terminal proteins

Despite the plethora of chemical approaches to selectively modify proteins, Nature offers
several alternatives in the form of enzymes.® Typically, enzyme selectivity is achieved via
recognition of specific amino acid sequences within a target proteins backbone. By
employing enzymes, several limitations of the chemical modification of proteins, such as
excesses of reagents® or harsh conditions®! are surmounted. Some notable chemoenzymatic

approaches to post-translational protein modification are described in this section.



1.1.6 Chemo-enzymatic strategies for protein modification

Ting and co-workers employed biotin ligase (BirA) expressed for from E. coli, to selectively
biotinylate a lysine residue.® This was achieved by inserting the BirA recognition motif into
the target protein. The recognition motif is a 15-residue ‘acceptor peptide’ (AP) sequence
engineered into the target protein (Scheme 1.8, a). This allows for in vivo application as it will
not biotinylate endogenous mammalian proteins.?” Additionally, Ting and co-workers
demonstrated that BirA can also be employed as a ‘keto ligase’, ligating a ketone containing
biotin isotere.® This methodology was validated via the selective keto-biotin conjugation of
epidermal growth factor receptors (EGFRs) expressed on the surface of Hela cells.® This was
then subjected to aminooxy or hydrazide reagents containing detectible chemical reporters.
In spite of this, BirA has a narrow substrate spectrum limiting its application. This small
substrate window however, is not a limitation of ligases from P. horikoshii. The wider
substrate spectrum of this ligase allowed the Ting group to ligate azido- and alknylbiotin
analogues to protein targets.®® This enabled further modification of the target proteins via
Staudinger ligation or copper catalysed azide-alkyne 1,3 dipolar cycloaddition (CuAAC)
(discussed in 1.1.9).

Following this, Ting and co-workers developed an E. coli lipoic acid ligase (LplA) which
conjugated lipoic acid analogues to LplA acceptor peptides.®® The group successfully
conjugated an array of alkynyl and azido probes to the AP (Scheme 1.8, b). Once ligated,
these probes were further modified with detectible chemical reporters via CUAAC and strain
promoted azide-alkyne 1,3 dipolar cycloaddition (SPAAC) (discussed in 1.1.9).% The Ting
group would then develop a mutant LplA which ligated aryl azides into proteins. This was
then used for photo cross-linking and subsequent study of protein-protein interactions
(PPIs).* Inspired by this result, Ting and co-workers then developed the W371 LplA mutant,?
successfully inserting aryl aldehydes into transmembrane protein neurexin-1B.° This aryl
aldehyde was then subjected to hyrdazone and aminooxy reagents loaded with detectible
chemical reporters. Building upon this methodology, McNaughton and co-workers used the

W371 LplA mutant to selectively modify HER2 binding nanobodies.**

Ting and co-workers also developed the application of transglutaminases (TGases). These
enzymes catalyse amide bond formation between glutamine and lysine residues.®®
Furthermore, the group discovered guinea pig liver transglutaminase (gpTGase) possessed
wide scope of the amine containing substrate. Coupling this substrate scope with the

introduction of a ‘Q tag’ sequence (PKPQQFM), proteins were successfully bioconjugated by



gpTGase (Scheme 1.8, c).*® Detectible chemical reporters, including biotin and Alexa
Flour568 were successfully ligated to green fluorescent protein (GFP). TGase was also
employed to site-selectively PEGylate therapeutic human growth hormone (HGH), improving

their half-lives.”’

Prenylation is a posttranslational protein modification catalysed by a class of enzymes known
as prenyltransferases (PFTases). Within this class of enzymes exists farnesyltransferase
(FTase).”® The enzyme identifies C-terminal CaaX motif in target proteins and transfers an
isoprenoid group from farnesyl diphosphate (FPP), to the thiol group on cysteine via a
thioether linkage (Scheme 1.8, d). The four-amino acid sequence is usually denoted as a
CaaX, where C is cysteine, ‘a’ represents aliphatic amino acids (typically leucine, isoleucine
or valine), and X representing methionine, serine, alanine or valine.?® Research into FTase
specificity found the enzyme is promiscuous towards both the CaaX recognition motif and
the isoprenoid substrate.!®’ Further development by Hougland and co-workers revealed that
the recognition sequence can be extended to CaaaX, further extending the enzymes
applications.'® Owing to the promiscuity of this enzyme, a wide variety of isoprenoid
analogues have been successfully introduced to various protein targets including
fluorophores,1021%  photoaffinity tags,’°%” biotin,1%® azide, 112 alkyne!'*> and
aldehydes.'*®*11 Through subsequent downstream modification of these groups, target

proteins have been employed for a variety of applications including; in vivo protein

119 1

imaging,!*® proteomic analysis,’®® 11> surface immobilisation!!! and in vivo efficacy and

pharmacokinetics of protein conjugates for targeted therapy. 1*®

Sortase A (SrtA) is a Ca*-dependant transpeptidase from Staphylococcus aureus or
Staphylococcus pyogenes. These enzymes are used to covalently attach proteins to the
bacteria cell wall.>® SrtA generates an amide bond between the ge-amine on lysine and the
carboxyl moiety on threonine located within an LPXTG amino acid sequence. In this
sequence, commonly called a ‘sortag’, ‘X’ can be any amino acid.'? SrtA initially recognises
the LPXTG sequence and cleaves the threonine-glycine bond generating an acyl-enzyme
intermediate. This acyl-enzyme intermediate is subsequently attacked by the free amine of
an oligoglycine-terminating peptide generating an amide bond (Scheme 1.8, €). SrtA has
been employed extensively for a wide variety site specific posttranslational modification of
proteins.’?! Various methodology has been published for the application of SrtA to label the;
N-terminus,?? C-terminus?® as well as internal protein loops!?. SrtA mutants are common,
including a penta-mutant with improved catalytic efficiency,'®® a Ca*-independent SrtA

mutant?®® as well as SrtA homologues from alternative bacterial sources with differing



recognition sequences have been reported to successfully modify proteins.??612% |nitially SrtA
was employed for lipid modification,’3° cyclization,*?® and cell surface labelling.’3! More

recent applications of SrtA, include the semi-synthesis of proteins with post-translational

132-133 139-140

modifications, protein surface immobilization,'**13 liposome labelling, virus-like

143-144

particle labelling,**%? hydrogel formation, cell surface labelling and in vivo protein

145-147

labelling.

Tubulin tyrosine ligase (TTL) is an ATP dependant enzyme which catalyses the reversible
addition of a tyrosine to the C terminus of a -tubulin via an amide bond.*® Once discovered,
it was soon found TTL labelling is not limited solely to native tyrosine but can be extended to
tyrosine analogues. The promiscuity of TTL ushered in a plethora of various novel
biotechnological applications of TTL. The first tyrosine analogue reported to be accepted by
TTL was 3-fluorotyrosine.'* This fluorine ligation enabled the use of 19F NMR to visualise
PPIs occurring near the C-terminus of a -tubulin. Acre and co-workers also reported that TTL
was able to reversibly ligate 3-nitrotyrosine into tubulin.*® Inspired by this, Bane and co-
workers were able to widen the scope of tyrosine analogues TTL could ligate for in vivo
application.’®* The Bane group would then go on to demonstrate TTLs ability to ligate 3-
azidotyrosine and 3-formyltyrosine (3ForTyr). The azido tyrosine analogue however has
limited application, owing to the fact that further downstream functionalisation of azides
typically requires use of a copper catalyst. Copper can interfere with proper tubulin
assembly, meaning that initial efforts focussed on the 3-formyltyrosine analogue.’!
Hackenberger and co-workers were able to demonstrate that TTL could be sequence specific,
targeting a 14 -amino acid, VDSVEGEGEEEGEE recognition sequence, termed ‘Tub tag’.'>?
This peptide sequence mimics the C-terminal sequence of a -tubulin. Incorporation of Tub
tag further extended the enzymes applicability, enabling the targeting of alternative proteins
outside of tubulin. The group validated the Tub tag methodology through site specific ligation
of azido, nitro, amino and formyl -tyrosine analogues into GFP, ubiquitin and nanobodies
(Scheme 1.8, f).2 Very recently, the Hackenberger group reported a tub tag mediated
protein-protein ligation (TuPPL) at the C-terminus of GFP-specific nanobodies.’> This was
achieved through the convergent synthesis of two complimentary click chemistry handles

incorporated via TTL ligation.

Formylglycine generating enzymes (FGE) are a family of oxidorectases which catalyse the
post-translational modification of thiol group on cysteine on sulfatases to formylglycine.**
The enzyme achieves this via oxidation followed by hydrolysis of cysteine located within a 5-

amino acid recognition sequence CxPxR (x = any amino acid). Once identified, Bertozzi and



co-workers employed FGE for site specific protein ligation (Scheme 1.8, g).'*> They
introduced two types of aldehyde tags site specifically into three different proteins. The first
tag was a 13-amino acid sulfatase sequence and the second tag a shorter 6-amino acid motif.
They reported that both the shorter and longer peptide tags were effective and conversion
occurred both N- and C-terminus. Subsequent downstream modification was performed by
the employment of aminooxy functionalised reagents including fluorophores, PEG and an
affinity tag.’®™ Bertozzi and co-workers then explored the protein ligation at internal
positions. The CxPxR motif was selected as it minimized protein disruption and generated
the highest yields (76%).°® This was quickly followed by a report of in vivo CHO cell
conjugation measured using aminooxy-Alexa Fluor 488. Once optimised, O-

benzylhydroxylamine was employed generating quantitative oxime conjugation.

Despite these advancements, the resulting C=N bond generated through oxime and
hydrazine chemistries favours acidic media, and the bond highly susceptible to hydrolysis.
This limits the application of this methodology. To circumvent this, Bertozzi and co-workers
developed a modified Pictet-Spenglar ligation,**® followed by a report by the Rabuka group
which introduced a hydrazino-iso-Pictet-Spenglar (HIPS) ligation (discussed in 1.1.9).1*° By
combining FGE modification and a subsequent HIPS reaction, drug-to-antibody ratios (DAR)
was studied in vivo revealing efficacy and pharmacokinetics of ADCs.*®° Following this, the
Rabuka group reported using FGE recognition tags on antibodies followed by tandem
Knoevenagel condensation-Michael addition (discussed in 1.1.7).1%! The group reports a
pyrazolone containing maytansine which initially reacts with the FGE generated aldehyde to
generate a reactive enone. This Michael acceptor is then subsequently attacked by a second
molecule of the starting pyrazolone reagent. As a testament to the power of FGE protein
ligation, FGE-mediated protein modification has recently been developed as a commercial
platform (SMARTag™) by Redwood Bioscience/Catalent for the synthesis of site-specific
ADCs.'?
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Scheme 1.8 Outline of chemoenzymatic bioconjugation strategies: a) BirA ligase (b)LplA ligase (c) gpTgases (d)
FTase ligation (e) SrtA (f) TTL ligation (g) FGE

1.1.7 Noncanonical amino acid incorporation
The bioconjugation potential of target proteins is typically restricted by the limited

functionalities exposed by the 20 canonical amino acid residues. This is further complicated
owing to the fact that multiple residues are present in a protein. This can make site- selective
and site-specific ligation problematic. Therefore, there has been an increased focus on
manipulating the genetic machinery of cells to incorporate noncanonical or unnatural amino
acids (UAAs). These methods typically rely on the reassignment of codons to a given UAA.
Early methods for UAA incorporation utilize auxotrophic strains for a particular amino acid.
Auxotrophic strains are unable biosynthesize the amino acid and instead require uptake from
the growth media.!®® tRNA synthetases can then be exploited to insert an UAA instead of the
natural amino acid. This has most commonly been employed to introduce azide- and alkyne-
containing amino acids into methionine auxotrophic E. coli strains.'®* Despite a wide variety
of UAAs successfully incorporated via this methodology, the reassignment of sense codons
results in global incorporation of the UAA, limiting uses in vivo and sometimes leading to

cellular toxicity at higher concentrations.

To circumvent the global incorporation that methionine auxotrophic E. coli strains generate,
an alternative approach stems from reassignment of stop (nonsense) codons, such as the
amber codon UAG.'® The strategy employs orthogonal suppressor tRNA/tRNA synthetase
(tRNA/aaRS) pair, which together insert the desired UAA to a tRNA specific for the codon,
whilst not impeding the native cellular tRNA machinery. This has been achieved by
transferring a tRNA/aaRS from another kingdom into the organism of interest. This has been

165 and eukaryotic cells.’®® To achieve this, typically

successfully achieved in both prokaryotic
one of two systems is used: tyrosine tRNA/aaRS from the archaebacteria Methanococcus
jannaschii and the pyrrolysine tRNA/ aaRS of Methanosarcina barkeri/mazei.*s” These pairs
have been successfully employed to introduce a diverse range of over 150 UAAs into protein
constructs. These UAAs possess a variety of structures and key reactive handles necessary

for further downstream modification.®® This technique allows for incredible site- specific and



site- selective incorporation of a UAAs at a single point within a protein expressed in vivo.

169-170 3nd increases

Further advances in the field include amber suppression in living animals
in suppression efficiency by knockout of the gene for RF1 in E. coli.t”* More recently, focus
has shifted towards the insertion of photo-uncaged UAAs, negating the need for lengthy,
chemical downstream modification.'’>17® Despite this, limitations of this methodology
remain. The most important limitation to be overcome in this strategy is the need for more
widespread commercial access to the required plasmids, the global applicability towards all

protein systems and expanding the range of target codons.’

1.1.8 Downstream functionalisation
Often it is not possible to site-selectively modify a protein without activation or pre-

treatment via insertion of a reactive functional group or chemical handle. A class of
bioorthogonal methodology has been developed strictly for this role, promoted by the wide
variety of methods to introduce UAAs or unique reactive handles outlined above. The
development of novel bioorthogonal reactions as well as UAA/handle insertion is key to
surmounting the complimentary limitations of each methodology.*” Despite requiring two
(or more) synthetic steps, downstream functionalisation has played an important role in the
development of protein modification as a field. Below is a summary of some key

bioorthogonal reactions developed.

The rareness and bioorthogonality of azides in biological systems has led to a significant body
of research developed for their use in chemical protein modification. The biologically unique
1, 3 -dipole handle has become routine choice for protein ligation strategies.’” Early protein
ligation utilised azide-functionalized proteins coupled with a classic Staudinger reaction to
install amide linked detectible chemical reporters (Scheme 1.9, a).17® In this approach, the
phosphine oxide generated remains incorporated into the protein construct.r’” A significant
development to surmount this drawback by Bertozzi and co-workers is the “traceless”
Staudinger reaction (Scheme 1.9, b).1”® Other variants developed by Hackenberger and co-
workers expanded this type of chemistry to alternative phosphorus functionalities,

179 and Staudinger-phosphonite!® ligation protocols

developing the Staudinger-phosphite
generating phosphoramidate or phosphonamidate linkages, respectively (Scheme 1.9, c).
These linkages mimic biological phosphoric esters and can ligate one or two chemical
reporters into the same protein. This methodology was validated via site-selective

PEGylation of calcium-binding messenger protein, calmodulin.
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Scheme 1.9 Outline of azido bioconjugation strategies: a) Staudinger ligation (b) Traceless Staudinger ligation
(c) Phosphite/phosphonate Staudinger ligation (d) Strained alkyne cycloaddition

A further extension of azide bioorthogonal ligation is [3 + 2] cycloadditions with alkynes.®!

This is typically referred to as “click chemistry”, a term coined by Sharpless and co-workers
describing high yielding, highly selective ligations which produce by-products that require no
183

chromatography to remove.'® Early approaches utilised a modified Huisgen cycloaddition

commonly referred to as the CuAAC.®®* Though not a true cycloaddition (proceeds via



metallocyclic intermediate)!®> the CuAAC reaction is often regarded as one of the most
important developments in the bioconjugation field. Catalytic copper(l) promotes a mild,
chemoselective [3 + 2] cycloaddition in aqueous media generating hydrolytically stable 1,4-
disubstituted triazole rings. CUAAC methodology has been employed to access and study a

18 as well as site-specific immobilization strategies.'®” Additionally,

wide range of PTMs,
CuAAC has also been employed to introduce °F- and 8F- radio-labelled glycosyl reporters on
the globular TIM barrel protein SsBG (Bgalactosidase) and on a bacteriophage Q.8 Despite
the success of CuAAC methodology and the continued development of ligands and
complexes (e.g., N-heterocyclic carbene—Cu catalysts),'® limitations remain. These include
protein damage and associated toxicity rendering in vivo application problematic. Toxicity is
commonly associated with the reactive oxygen species (ROS) generated, leading to

exploration of milder Cu-free protocols.!®

The Bertozzi group removed copper from the ligation entirely, initially reporting a strain-
promoted azide-alkyne cycloaddition (SPAAC) (Scheme 1.9, d).**! Inspired by 1960s reports
by Wittig and Krebs,? they reported that highly strained cyclooctynes reacted rapidly at
room temperature with azide bearing glycoproteins. In true bioorthogonal fashion, the
procedure employs no exogenous ligands or catalysts. This ligation strategy was further
validated on the surface of mammalian cells, which also reported no toxicity.'** To improve
the reaction rate of SPAAC, both difluorinated cyclooctynes (DIFO)¥*1%* and

19 were independently reported, allowing the in vivo visualisation of

dibenzocylooctynes
dynamic processes. Notably, the Bertozzi group employed DIFOs to visualize the
development of membrane-associated glycans in developing Zebrafish embryos.’® In
striving for even faster reaction rates, the Bertozzi group reports utilising
biarylazacyclooctynones®” and cyclopropyl-fused bicyclononynes.!® Despite removing
copper and therefore reactive oxygen species from this approach, limitations remain

however, such as the challenging synthesis, handling and storage of unstable compounds.

More concerning, a degree of incompatibility towards cysteine has been reported.®

Alternatives to azides such as nitrones and nitrile oxides have also become increasingly
popular as unique 1, 3-dipole chemical handles for stain-promoted cycloaddition. van Delft,
Boons, and co-workers report a strain-promoted alkyne-nitrone cycloaddition (SPANC) in a
one-pot, three step ligation strategy (Scheme 1.10, a).2% In the SPANC approach, a terminal
a-oxo-aldehyde handle is inserted via serine oxidation with periodate, and subsequent
transformation into a nitrone using N-methylhydroxylamine. Finally, the nitrone is subjected

to a cyclooctyne, completing the reaction. This efficient site-selective ligation is rapid



(typically 10 times faster than SPAAC), and its robustness has been demonstrated on the
modification of the chemokine interleukin-8 (IL-8) as well as site-selective conjugation of
antibodies to nanoparticles.?’? Upon further exploration on SPAAC- like ligations, the van
Delft group reported a strain-promoted oxidation-controlled cyclooctyne-1,2-quinone
cycloaddition (Scheme 1.10, b) (SPOCQ).2 Firstly, 1,2-catechols are oxidized via periodate
oxidation to 1,2-quinones, these quinones undergo SPOCQ cycloaddition with a protein-BCN
construct, inserted via amber stop codon expression. This was initially validated on GFP.2%?
A further variation of the SPANC ligation employs a protein bearing nitrile oxides as reactive
handles to facilitate strain-promoted alkyne-nitrile oxide cycloaddition (SPANOC) (Scheme
1.10, c).203-2% The SPANOC ligation follows a mechanistically similar pathway to the SPANC
ligation (aldehyde insertion- oxime formation- oxidation-cycloaddition). This methodology
was successfully employed to site- selectively modify BSA and fetuin. Another novel ligation
added to the cycloaddition toolbox is the fast copper-free strain-promoted sydnone-alkyne
cycloaddition (SPSAC).2% This ligation occurs between 4-halosydnones and bicyclo- [6.1.0]-
nonyne (BCN). Initially, activated 4-chlorosydnones are inserted into bovine serum albumin
(BSA) protein via peptide coupling chemistries and purified. Following this, the sydnone
containing protein was exposed to BCN- fluorescent tag in aqueous media with 10% DMSO
co-solvent (Scheme 1.10, d).2% Finally, isonitriles can react via [4 + 1] cycloaddition with
tetrazines in aqueous media (Scheme 1.10, e). This has been developed by Leeper and co-
workers who validated this approach by ligating a fluorophore to the membrane trafficking

protein, synaptotagmin-1.2%
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Scheme 1.10 Outline of alternate azide bioconjugation strategies: a) Nitrone ligation (b) SPOCQ ligation (c)
Nitrile oxide ligation (d) Sydnone addition (e) Isonitrile ligations (f) Thiol-yne couplings



Alkyne and alkene UAAs can also be selectively incorporated into proteins and exploited in a
wide range of bioorthogonal reactions.?”” Relatively simple alkynes such as alkynyl-
pyrrolysine analogues can be engineered into protein sequences and transformed without
exogenous reagents, using a site-selective thiol-yne coupling (Scheme 1.10, f).2%
Alternatively, cyclooctyne containing UAAS can be introduced and ligated using azides or
tetrazine reagents mentioned previously. Katsonis and co-workers report the ligation of
alkyne functionalised cowpea chlorotic mottle virus capsids via azide-alkyne click

chemistry.?®

210

Proteins bearing oxanorbornadienes**” and norbornenes can react with azides and sulfonyl

azides respectively, the latter validated on human carbonic anhydrase.?!! A significant

212

advance in alkene and alkyne UAA transformations were reported by the Fox** and

Hilderbrand?*® groups. They report an inverse-electron demand Diels-Alder (IEDDA)

212 213

bioconjugation reaction. The dienes trans-cyclooctene*** and norbornene*** are reported to
rapidly conjugate to tetrazine dienophiles (Scheme 1.11, a). This releases nitrogen upon
subsequent retro- [4 + 2]-cycloaddition. The IEDDA strategy facilitates protein labelling at
rates up to 1,000 times faster than SPAAC (in the case of trans-cyclooctene). Further
exploration by the van Delft group revealed that employing UAA bearing trans-
bicyclononene resulted in even faster ligation rates.'®® Despite these tremendous efforts
limitation, such as the isomerisation of trans-cyclooctenes in the presence of thiols?** (cf
reaction of thiols with cyclooctynes) and the potential instability of tetrazines remain.?*> An
inserted alkyne-functionalized UAA can also couple with a second, alkyne-functionalized

reagent via a Glaser—Hay coupling. Young and co-workers?'®

reported a bioorthogonal
copper catalysed ligation, validated on GFP, generating a diyne product. Glaser—Hay ligations
have been optimized for use in an aqueous solvent, and the ligated product amenable to
further modification (Scheme 1.11, b). The Glayser—Hay ligations presents a viable
alternative to click chemistry. Using a similar alkyne-functionalized UAA handle, ruthenium-
catalysed alkyne hydrosilylation has been reported by Kwan et al.?” This metal mediated
ligation generates a C-Si bond and was validated on lysozyme and GFP. The gem-

disubstituted vinylsilane product has reactivity to bioorthogonal hydrazine condensation,

offering dual ligation possibilities (Scheme 1.11, c).

The Lin group has published a series of papers describing a novel approach to protein
modification cycloadditions.?'#22° The group report a light induced tetrazole-alkene 1,3
dipolar cycloaddition, with the tetrazole acting as a latent source of nitrile imines. The

generation of nitrile imines requires irradiation with ultraviolet light (termed a ‘photoclick’).



The reaction has been validated on a variety of alkenyl-UAAs, such as homoallylglycine?'® and
cyclopropenes.??® Additionally, genetic incorporation of tetrazoles as a reactive ‘photoclick’
handle has also been achieved for site selective ligation (Scheme 1.11, d).?*® The ability to
spatially and temporally control a bioorthogonal ligation through light makes the ‘photoclick’
an attractive approach for the site-specific labelling of proteins. Despite this, the true
bioorthogonality of this chemistry has recently been disputed in the literature. Yao and co-
workers claim the reaction is not bioorthogonal and photoinduced tetrazole possesses
reactivity towards biological nucleophiles.??! The Yao group supports this claim through
‘photoclick’ labelling studies on human serum albumin protein (HSA), BSA and in vivo studies
on HepG2 cells. The Yao group claims that despite photoclick ligation not being a
bioorthogonal reaction, the chemistry can be repurposed for photoaffinity labelling (PAL), in

the form of affinity- based probes (AfBPs).?*!
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Scheme 1.11 Outline of alternative alkyne/ene bioconjugation strategies: a) IEDDA ligation (b) Glayser-Hay
ligation (c) Hydrosilylation ligation(d) Photoclick ligation



Bioorthogonal reactions outside of alkyne-, aldehyde-, ketone-, and azides have also received
significant development.??2 This is typically a result of the expansion of methodologies
developed for site- selective UAA incorporation. A recent novel UAA incorporated is N-
acryloyl-Lys (AcrK).22 Alkyl phosphine reagents were used to modify AcrK containing GFP via
a phospha-Michael addition. This reaction proceeds faster than thiol-based Michael addition.
Bertozzi and co-workers recently reported a quadricyclane (QC) ligation strategy.??* A QC-
containing UAA engineered into GFP and BSA. The QC- protein was subjected to nickel
bis(dithiolene), leading to a QC [20 +20 +2m] ligation. The ligated product can then be cleaved

via UV irradiation.

In addition to click-type reactions, PTM mimics can be installed via downstream
functionalisation of Dha residues, formally cysteine. The Dha insertion is a key advance in
protein modification as it presents a unique electrophile for downstream functionalisation.
Dha can be inserted into protein via a number of routes: elimination of active-site serines,®

225 or via oxidative

the oxidative elimination of unnatural selenocysteine amino acids,
elimination of cysteine with sulfonylhydroxylamine reagents. These strategies however can
suffer from off-site reactions. These unwanted side reactions were surmounted by the Davis
group, reporting a bis-alkylation-elimination of cysteine to Dha.!* The group report initial
treatment with a bisamide containing 1,4-dibromobutane core reagent to activate the
cysteine residue, which then eliminates, revealing the Dha residue. Dha insertion marks the
addition of an electrophilic moiety, a type of functional group not endogenous to proteins,

prompting exploration of novel methods to modify Dha residues both at the N-terminus and

internal positions.

Functionalised thiol containing reagents added to Dha bearing proteins allows rapid and
selective ligation. This strategy has been used to install a number of thioether mimics of
natural PTMS such as lipidation,?®® glycosylation,??” phosphorylation??’” and lysine

methylation/acetylation??> 27

as well as installing new reactive handles for subsequent
protein modification such as S-allyl cysteine for olefin metathesis.??® Dha insertion has also

allowed for a novel chemical installation of selenocysteine.??

Recently, aza-Michael additions have been reported by the Davis and Bernardes groups,
employing amine-based nucleophiles generating secondary and tertiary amine products.?3%
21 These reactions preclude thiol-based reagents to avoid possible disruption of protein
disulfide bonds. These C- N bond forming reactions are stable over a wide pH range however

C-C bond formation could produce closer fitting PTM mimics. Two radical-based ligations



were proposed to achieve this. The first approach reported by the Davis group?*? utilises an
alkyl-halide (iodide or bromide) for the initiation of radical species in combination with
preventative NaBH, minimalizing unwanted oxidation and disubstitution. This strategy was
validated on subtilisin, histones, kinases, annexin V, transmembrane proteins and antibodies.
A wide range of side chain scope was also demonstrated, including aliphatic, aryl, nonpolar,
polar and PTMs.?32 The second radical- based ligation strategy reported by Park and co-

workers?3?

used amber stop codon suppression to install O-phosphoserine (Sep) followed by
dephosphorylation to obtain Dha. The Dha- protein residue was then subjected to alkyl
iodides as a precursor to alkyl radicals. Transmetalation from zinc to copper would then occur
generating an organocopper species and produce a radical alkyl reagent. Despite these novel
radical ligation strategies, both approaches are limited by their requirement of acidic (pH

4.5) media.

Owing to the development of several site-selective strategies for the insertion of unique

carbonyl handles into proteins,?3+23°

coupled with the general lack of aldehyde and ketone
functionality expressed on protein surfaces, a plethora of bioconjugate methodologies have

been developed utilising these bespoke chemical handles.?3

Early carbonyl ligation strategies used aldehyde handles with hydrazides and aminooxy
groups, generating hydrazones and oximes respectively.?®® A related reaction is the 2-amino
benzamidoxime (ABAOQ) ligation, validated on horseradish peroxidase (HRP). This ligation

strategy however is limited in use due to the requirement for acidic (pH 4.5) media.?*”

An alternative ligation approach which also takes advantage of iminium formation was a
Pictet-Spenglar ligation reported by Bertozzi and co-workers (Scheme 1.12, a).®® Firstly, an
a-oxo-aldehyde handle was inserted to the N- terminus of myoglobin, which was then
subjected to functionalised tryptamine reagents. This ligation furnishes a C-C bond linked
bioconjugation and occurs under mild conditions (pH 6.5). A subsequent variation of the
Pictet-Spenglar termed the iso-Pictet-Spenglar ligation was also reported by the Bertozzi
group®®® taking advantage of aminooxy containing indoles in favour of tryptamine reagents
(Scheme 1.12, b). This ligation strategy successfully incorporated PEGylated, biotinylated,
and fluorescent chemical reporters into myoglobin, antibodies and maltose binding protein
(MBP).2*® This ligation strategy albeit faster than the Pictet-Spenglar ligation and requiring

lower concentration of reagents, is limited by its requirement for acidic media (pH 4.5).

Inspired by this work, the Rabuka group reported a modified iso-Pictet-Spenglar ligation,

termed the hydrazino-iso-Pictet-Spenglar (HIPS) ligation (Scheme 1.12, ¢).2*° In this variation



of the ligation strategy, tryptamines and aminooxy indoles are exchanged in favour of N-
methyl hydrazine bearing indoles. Owing to the increased reactivity of hydrazines
comparative to aminooxy compounds, this subtle change generated improved reaction rates
and enabled the ligation to complete in near neutral (pH 6) media. The Rabuka group then

employed the HIPS ligation strategy for the site- selective modification of ADCs.*®

In exploration away from iminium formation, the Rabuka group reported two Knoevenagel
like condensations with protein aldehydes. The first example reported utilised a
functionalised thiopyrazalone reagent for the site-selective modification of HER2
antibodies.?® This ligation is often referred to as ‘trapped-Knoevenagel’ (Scheme 1.12, d)
ligation and despite its attractive C-C connectivity, this ligation is limited by the requirement
for acid (pH 5.5) media. The second Knoevenagel ligation reported by the Rabuka group was
the tandem Knoevenagel-Michael addition.’®! This strategy reports the utilisation of
functionalised pyrazolone reporters which react with antibody surface protein aldehydes to
generate an enone. This enone is then subjected to a second attack by another molecule of
the pyrazolone reagent, generating a bis-pyrazolone conjugate (Scheme 1.12, e). This ligation
is an improvement upon the trapped Knoevenagel as it requires milder conditions (pH 7.2)

however offers only limited control over ligated products.

A notable contribution to C—C bond ligation was reported by Davis and co-workers utilising
water-soluble and air stable 2-amino-4,6-dihydroxypyrimidine (ADHP) ligands for a Suzuki-
Miyaura reaction on cysteine alkylated proteins.?*® This approach was successful in modifying
proteins incorporated with a p-I-benzyl handles with boronic acid cross-coupling partners to

install biaryl and glycosidic moieties.?®

Another C—C bond ligation utilising carbonyl handles reported is the aldol reaction of 2,4-
thiazolidinediones with N-terminal aldehydes.®> The thiazolidinedione ligation has been
validated on myoglobin under mild (pH 6.5) conditions. The limitations of this approach
however are the requirements for t-BuOH co-solvent and substantial reagent excess (1000

equivalents to protein).

Although alternative aldol ligations have been reported®> 2%° a recent notable addition to the
aldol ligation toolbox is the L-proline organocatalysed aldol termed ‘OPAL’ ligation.®® This
extension of protein aldol ligations was reported by Fascione and co-workers, detailing an
enamine- type bioconjugation validated on aldehyde containing myoglobin, GFP, thioredoxin
and hydrophilic acylated surface proteins (HASPs) from Leishmania, ligated to functionalised

aldehyde reporters. This strategy successfully incorporated a number of detectible chemical



reporters, including fluorescent probes, folic acid, affinity tags, PEGylation and azide motifs.
By employing an aniline catalyst and aminooxy reagents, the furnished B- hydroxy aldehyde

OPAL product was susceptible to further downstream modification (Scheme 1.12, g).%

Lastly, utilising ketones, the Prescher group reports the ligation between protein bearing
cyclopropenones, and bioorthogonal triarylphosphines.?*2*? Cyclopropenone containing
lysine was first introduced into GFP via amber stop codon suppression. The cyclopropenone
containing protein was then subjected to the phosphine reagent at pH 7 and through a
ketene-ylid intermediate, generates a carbonyl containing phosphine product. It is possible
to subject the phosphine product to a second ligation through azide containing reagents and

perform a traceless Staudinger reaction.?*?
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1.1.9 Conclusions
In this chapter key advances and protein ligation strategies are broadly discussed. The

introduction and development of amber stop codon suppression as a strategy for selective
modification of proteins is bringing a paradigm shift to the field of bioconjugation chemistry.
Recently, the field has been revitalised moving away from the 20 endogenous amino acids,
instead focussing on introducing unique chemical handles allowing total control over protein
ligation chemistries. Despite some tremendous efforts, owing to the recent rise in popularity
of this field, reports are increasingly published with little to no regard within the context of
bioorthogonal chemistry, straying from applicable and physiological conditions, focussing
instead on novelty. Ultimately these reports add little to the current toolbox of techniques

available for protein modification.



1.2 Project Outline

The primary goal of this project was to develop an Umpolung approach for the site-selective
modification of a-oxo protein aldehydes using NHC catalysts under bioorthogonal conditions
to generate a stable C-C bond. To achieve this, two approaches were considered and are
described in this thesis. The first approach considers the application of Michael acceptors
and a pentaflourophenyl substituted triazolium catalyst 18 to perform a bioorthogonal
Stetter reactions on a-oxo aldehydes (Scheme 1.13). This constructs a C-C bond to form a 1,

4- dicarbonyl that is hydrolytically stable and is presented in Chapter 2.
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Scheme 1.13 Outline of Stetter modification via Umpolung reactivity for selective protein modification

The second approach for adapting Umpolung chemistry for the modification of proteins
aldehydes is the well documented benzoin condensation. Although well known, it has yet to

be reported for the modification of protein aldehydes (Scheme 1.14).
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Scheme 1.14 Outline of a benzoin condensation via Umpolung reactivity for selective protein modification

Chapters 3-8 describes the progress made towards achieving site-selective modification of
protein a-oxo aldehydes via NHC catalysed Umpolung chemistry, detailing the scope and

current limitations of this methodology.



Chapter 2:

Developing a biocompatible Stetter reaction



2.1.1 Stetter Reactions
As noted in chapter 1, aldehydes can be inserted into protein motifs and owing to their low

abundance can be exploited for site selective and site specific protein modification. The most
common and well-developed of these methodologies is the a-oxo aldehyde handle. For this
reason, the aldehyde was selected as the handle of choice for the development of an

Umpolung bioconjugation investigation.

The term ‘Umpolung’ refers to the polarity reversal of a functional group.?*® There are several
methods of inducing Umpolung reactivity in a molecule including heteroatom exchange
which requires additional synthetic steps,?+?* homologation?*® and aldehyde-aldehyde

248 which are considered to be

coupling.?*” This work focussed on modified Stetter reactions
the Umpolung coupling of aldehydes, acting as acyl anion synthons, with a,B-unsaturated
carbonyl species. The Stetter reaction was first reported in 1973, utilising aldehydes and is

well researched on small molecule systems,?*°

producing 1,4-dicarbonyl products 3. Initially
this transformation was achieved using Michael acceptor 2 in the presence of a cyanide
catalyst exclusively with aromatic or heterocyclic aldehydes 1 (Scheme 2.1 a).?*’ However in
recent years, in the presence of a triazolium or thiazolium based catalyst, the Stetter reaction
has been adapted to utilise a diverse range of aldehyde reaction partners including aliphatic,

aromatic and heterocyclic aldehydes 4. It is also well tolerated with a,B-unsaturated ketones,

esters and nitriles as the electrophilic partner (Scheme 2.1 b).
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Scheme 2.1: Schematic representation of a) Cyanide catalysed Stetter reaction?! and b) thiazolium catalysed

The mechanism of the Stetter reaction is well studied,?%3

with a key mechanistic
intermediate being the nucleophilic aldehyde synthon, commonly referred to as the ‘Breslow
intermediate’ 5.2 The Breslow intermediate is formed by the deprotonation of pre-catalyst,
generating a carbene 6, which possesses nucleophilic character. The carbene 6 attacks
electrophilic aldehydes 4 (Scheme 2.2), to generate the Breslow intermediate 5. Once

formed, the Breslow intermediate 5 then attacks electrophilic alkenes 7 to afford typically

irreversible a 1,4-dicarbonyl Stetter product 8.2
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Scheme 2.2: Formation of Breslow Intermediate 5 and subsequent Stetter reaction

2.1.2 Peptide model

For the development of Umpolung protein bioconjugation chemistries, peptides provide a
useful model system. This is as a result of their lower molecular mass compared to proteins
making analysis and characterisation simpler, and they are also easier to store and use.
Furthermore, in contrast to proteins, peptides can be rapidly synthesised on a large scale via

solid phase peptide synthesis (SPPS) useful for reaction screening.

For this project the peptide SLYRAG 9 was selected for simplicity and has been well
characterised in existing literature.®® This peptide was synthesised through Fmoc-SPPS

methodology (Scheme 2.3) initiating with a pre-loaded Cl-trityl glycine resin.
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Scheme 2.3 Representation of a) Fmoc SPPS synthesis of SLYRAG 9 and b) SLYRAG 9 peptide post resin cleavage

The N—terminal serine containing peptide 9 was then oxidised with sodium periodate 10
(Scheme 2.4) to generate the a-oxo aldehyde-LYRAG 11 confirmed via LCMS required for

methodology screening.
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Scheme 2.4: Conditions for oxidation of SLYRAG serine 9 to a-oxo aldehyde, a-oxo aldehyde-LYRAG 11

2.1.3 Michael Acceptor

Design of reactive Michael acceptors to react with nucleophilic aldehydes, was based around
work reported by Taunton and co-workers®*2>> and more recently Houk and co-workers.?*®
Both groups probed the observed reversible binding of acrylonitriles containing a carboxylic
ester or carboxamide a-substituent with thiols.2® Taunton demonstrated that the magnitude
of thiol 12 reversibility is increased up to 3-fold by incorporating aryl and heteroaryl-
activated acrylonitrile Michael acceptors 13 (scheme 2.5).2°° Thiol reversibility in Michael
acceptors is preferable as it will ensure no off-site attack at surface exposed cysteine residues

occurs.
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Scheme 2.5 Taunton’s reversibility of thiol-Michael adducts 13 and the effect of EWG substitution14

In addition to this, design was also aided by Houk and co-workers’ calculations of the free
energy profile for the conjugate addition of MeSH into different Michael acceptors. Although
heteroatoms were explored, it was found that while an a-EWG makes lowers the energy
barrier for thiol addition, it also makes addition less thermodynamically favourable.?*® Upon
further analysis it became evident that the substituent on the B-carbon is crucial to the

energetics of the reaction (Figure 2.1).
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Figure 2.1 Houk’s free energy profiles for additions of MeSH to Michael acceptors, adapted from Houk and co-

workers 256

These energy values correspond to a capacity of dual EWGs to firstly lower the energy barrier

for thiol addition and allows formation of rapidly reversible adducts. The findings from these



groups regarding the reversible coupling nature of di-substituted Michael acceptors to thiols
is vital to the design of Michael acceptors employed in this project. Reversible thiol binding
is desirable as it allows for reversible additions to cysteine, thiol containing amino acids
present on proteins. Thus, the reversible binding character maintains site selective addition.
Taking inspiration from this work, an appropriate Michael acceptor 17 was designed and

synthesised from 4-methoxybenzaldehyde 15 and benzoylacetonitrile 16 (Scheme 2.6).
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Scheme 2.6 Synthesis of acrylonitrile substituted Michael acceptor 17

2.1.4 Testing the hypothesis

Initial attempts to perform Stetter reactions employed 20 mM pentaflourophenyl
substituted triazolium catalyst 18 and 20 mM Michael acceptor 17 in 25 mM phosphate
buffer pH 8 and MeCN, incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. No
evidence for Stetter product was observed by LC-MS, only a putative tandem Knoevenagel
Condensation-Michael addition product (TKM) was afforded, which is thought to be
symmetrically di-substituted 22 (Scheme 2.7) at pH 8. The evidence for this was based on

mass spectrometry and subsequent tandem mass spectrometry analysis.
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Scheme 2.7 Proposed mechanism for tandem Knoevenagel-Michael addition

This type of tandem ligation was reported in 2016 by Rabuka’s group'®! as a method for
protein aldehyde modification.

To avoid this reaction, it was speculated that the TKM reaction could be better controlled
under less basic conditions. For this 20 mM pentaflourophenyl substituted triazolium catalyst
18 and 20 mM Michael acceptor 17 in 25 mM phosphate buffer pH 7.4 and MeCN, 1:1 was
incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. Interestingly, no evidence for
Stetter product 20 was observed. Under these conditions the major product generated was
that arising from the oxidation of the aldehyde 11 to carboxylic acid 23 as judged by LC-MS
(Scheme 2.8).
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A possible mechanism for this oxidation process (Scheme 2.9) has been noted in the
literature based on small molecule studies.?>”° It is suggested that once the NHC catalyst
24 and aldehyde 25 generate the Breslow intermediate 26, a single electron transfer event
(SET) controls the rapid formation of the peroxidic species 27. It is then speculated that the
formation of intermediate 28 occurs after the peroxidic species 27 attacks a molecule of
aldehyde 25 similar to a Baeyer-Villiger oxidation. Following this result, the project sought
to negate this oxidation effect. NHC catalyst 24 is then reformed through release of a second

carboxylic acid 29.
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Scheme 2.9 Proposed NHC mediated aldehyde oxidation via molecular oxygen260

2.1.5 Addressing Aldehyde Oxidation
Attempts to preclude the unwanted aldehyde oxidation therefore focussed initially on

preparing degassed buffer at pH 7, in order to reduce the oxygen content in the reaction
mixture.?®! For this, 20 mM pentaflourophenyl substituted triazolium catalyst 18 and 20 mM
Michael acceptor 17 in 25 mM degassed phosphate buffer pH 7.4 and MeCN, 1:1 was
incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. Despite minor product generation

(11%), degassing did not significantly reduce the level of oxidation observed (89% oxidation)
(scheme 2.10).
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Degassed buffer did offer low conversion to product so it was proposed that this
methodology could be improved, by using a less hindered, more reactive Michael acceptor.
To probe steric effects, under inert atmosphere, 20 mM pentaflourophenyl substituted
triazolium catalyst 18 and 20 mM methyl acrylate 31 in 25 mM degassed phosphate buffer
pH 7.4 and MeCN, 1:1 was incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. LC-MS
analysis revealed a significant improvement in conversion to Stetter product 32 (45%)

(Scheme 2.11).
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Scheme 2.11 A) Reaction scheme probing steric effects of aldehyde oxidation, B) Mass spectrometry
characterisation of Stetter product 32 and aldehyde oxidised-LYRAG 23

Having improved conversion into the Stetter product 32 significantly, it was next postulated

if reduced catalyst load coupled with degassed buffer could fully preclude unwanted



aldehyde oxidation. For this 5 mM pentaflourophenyl substituted triazolium catalyst 18 and
20 mM Michael acceptor 17 in 25 mM degassed phosphate buffer pH 7.4 and MeCN, 1:1 was
incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. Despite major product generation
(79% as judged by LC-MS), unwanted and uncontrollable oxidation of a-oxo aldehyde-LYRAG
11 remained (21%). With this success it was hoped the application of the less hindered, more
reactive Michael acceptor methyl acrylate 31 would yield quantitative conversion to the
desired Stetter product. For this 5 mM pentaflourophenyl substituted triazolium catalyst 18
and 20 mM methyl acrylate 31 in 25 mM degassed phosphate buffer pH 7.4 and MeCN, 1:1
was incubated at 37 °C with 1 mM glyoxyl LYRAG 11 over 18 h. This generated 78% product

32 as judged by LC-MS however a-oxo aldehyde oxidation remained.

Using this methodology, aldehyde oxidation was seemingly unavoidable with
pentaflourophenyl substituted triazolium catalyst 18 so it was next investigated if alternative
catalysts could circumvent this issue under the improved reaction conditions described. It
was next investigated if employing a different NHC catalyst would prove more effective in
generating quantitative yields of the desired product. Showcased by Stetter’s 1975 total
synthesis of cis-jasmone and dihydrojasmone,?®2 NHC catalysts emerged as powerful tools
for the synthesis of complex molecules. This resulted in the subsequent development of a
wide range of various NHC catalysts.?®® Today, a large number of these various NHC catalysts
are commercially available. Thiazolium-based carbenes saturate the small molecule market
owing to pioneering work by Stetter and co-workers. Stetter reported applying thiazolium
catalyst 36 for the generation of 1, 4-diketones with both aliphatic and aromatic
aldehydes.?¥7-248 262 This novel development would not have been possible without a key
publication from Breslow, describing the biochemistry of thiamine 34 (vitamin B1) and its
ability to transform aliphatic aldehydes to acyloin products in aqueous conditions.?*® As
thiazolium catalyst development continued to grow in popularity, researchers began to
probe other areas of chemical space to access more powerful and highly tuned catalysts. A
notable example by Olofson was the description of dimethyltriazolium catalyst 35.2%* Since
its initial synthesis, the catalyst has been used for benzoin condensations, Stetter reactions
and polymerization.?>2%7 Imidizolium based catalysts have also gained significant popularity.
Notably, Bode and co-workers described an incredibly powerful N-mesityl substituted
catalyst 33 in 2005.2%® The hypothesis reported for its high reactivity was the irreversible
formation of the Breslow intermediate.?* 265266 Based on these successes, and commercial
availability, the catalysts selected for this study included mesityl- substituted triazolium 33,

thiamine 34, dimethyl triazolium 35, and thiazolium 36 (Figure 2.2).
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Figure 2.2 Alternative NHC catalyst employed to preclude unwanted aldehyde oxidation

For this, 1 mM glyoxyl LYRAG 11 was reacted with 20 mM methyl acrylate 31 in 25 mM
degassed phosphate buffer pH 7.4 and MeCN, 1:1 and charged with 5 mM of NHC catalyst
and left to incubate under inert atmosphere for 18 h then subjected to LC-MS (Figure 2.3).
The ratios of oxidation to product (Table 2.1) suggest that regardless which NHC catalyst is

employed aldehyde oxidation is unavoidable.
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Figure 2.3 Degassed buffer with 5mM loading 33, a) extracted ion chromatogram oxidised peptide 23 red
trace, Stetter product 32- green trace. b) Mass spectrometry characterisation of 23 and 32.



Table 2.1: A Summary of the ratio of oxidation to Stetter product utilising a a-oxo aldehyde
of SLYRAG in 1:1, pH 7.4 25 mM PB: MeCN

Entry Catalyst (5 mM) Ratio of
oxidation:Stetter

product
1 18 55:45
2 33 33:67
3 34 37:63
4 35 86: 14
5 36 76 : 24

The data revealed that the NHC catalyst capable of generating the highest conversions of
desired product was mesityl substituted triazolium 33 (67%) whilst the catalyst which
generated the lowest yield of desired product was dimethyl triazolium 35 (14%). Regardless
of which NHC catalyst was employed, aldehyde oxidation remained. No starting material
remained upon LC-Ms analysis. The Stetter methodology albeit powerful is currently
hindered by this unwanted aldehyde oxidation. This could also indicate aryl containing or
aryl substituted NHC catalysts are better suited for bioorthogonal Stetter reactions based on

the oxidation: product ratios measured.

2.1.6 Conclusions and Future Work
Work detailed in this section showcases the first study of an NHC- catalysed bioconjugation

Stetter reaction developed on an a-oxo aldehyde peptide model. This affords a 1,4
dicarbonyl connection. The methodology suffers multiple drawbacks. Firstly, the
requirement for bulky nitrile containing Michael acceptors renders reaction times slow.
Sluggish reaction times can be avoided if methyl acrylate is employed, but this would
undergo non-selective reactions on a protein surface. The methodology also requires 50%
organic co-solvent. This requirement for organic solvent limits the application of this
methodology in its current state to peptides as typical proteins would likely be denatured
under these conditions. Degassing and inert chemistry techniques also limits this
methodology as it is not reproducible without Schlenk line experience or a suitable glovebox.
Furthermore, this methodology was complicated by a proclivity for irreversible aldehyde
oxidation. This can be reduced via degassing the phosphate buffer (from 100% to 55%
oxidation) but not completely overcome. Coupling degassing methodology with alternative
catalysts can further reduce unwanted aldehyde oxidation (up to 33% oxidation) however do

not fully out compete this pathway. It is possible that with further study that unwanted



aldehyde oxidation could be surmounted. This could come in the form of employing
sacrificial aldehyde, developing new NHC catalysts or the gradual addition of NHC catalyst

into the reaction. This is discussed further in Chapter 7.



Chapter 3:

Umpolung Benzoin Condensation



3.1.1 The benzoin condensation
During preliminary Umpolung reaction trials with a-oxo aldehyde-LYRAG 11, it was

hypothesised that a benzoin-like condensation might be accessible under bioorthogonal
conditions to selectively modify aldehyde bearing proteins. The benzoin reaction itself was
first reported by Wohler and Liebig in 1832,%%° coupling two molecules of benzaldehyde 25,
using cyanide as a catalyst, and is considered to be the first example of Umpolung chemistry.
The mechanism for this was first convincingly described in 1903 by Lapworth?’° (Scheme 3.1)
detailing the formation of cyanohydrin 38 and subsequent attack of an electrophilic

benzaldehyde 25.
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Scheme 3.1: A) a-oxo aldehyde-LYRAG 11; B) Proposed mechanism describing cyanide catalysed benzoin
condensation3

In 1958 Breslow proposed a mechanistic cycle for an NHC mediated variation of this reaction
(Scheme 3.2),%® involving an enamine analogue 26 commonly referred to as the ‘Breslow
Intermediate’ akin to the Stetter reaction discussed in chapter 2. This intermediate possesses
nucleophilic character at carbon, promoting attack of a second molecule of electrophilic

aldehyde. This produces the benzoin product 41 and returns carbene catalyst 24.
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Scheme 3.2: Proposed mechanism of the NHC-catalysed Benzoin reaction by Breslow3

Inspired by this work, it was envisioned that a version of a traditional benzoin condensation
maybe applicable to a-oxo aldehyde containing proteins, using external small molecule

aldehydes as proposed nucleophiles.

3.1.2 Peptide model

To validate the possibility of NHC mediated benzoin- like bioconjugation, an a-oxo aldehyde
peptide model was first employed as discussed in chapter 2. For this project, 1 mM a-oxo
aldehyde-LYRAG 11 was subjected to butyraldehyde 43 in 25 mM PB at pH 7.4, and allowed

to react overnight at 37 °C in the presence of triazolium catalyst 18 (Scheme 3.3).
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Scheme 3.3: Conditions applied in probing conditions for Umpolung reactivity and ESI LC-MS (+'ve mode)

The reaction mixture was then analysed by LC-MS which revealed m/z peaks corresponding
to the [M+H]" species of the expected Umpolung product with conversion of 68%.
Furthermore, LC-MS had shown only a single addition had occurred making this reaction
suitable for controlled protein modification. Oxidation of a-oxo aldehyde-LYRAG 11 was not
witnessed unlike the Stetter experiments described in Chapter 2. It is tentatively presumed
that the oxidation is still occurring however on sacrificial excess aldehyde donor as opposed

to the a-oxo aldehyde-LYRAG 11.

3.1.3 Aldehyde donor screen
With the success of this initial peptide experiment, a-oxo aldehyde-LYRAG 11 was subjected

to an array of various commercially available aldehydes in 25 mM PB at pH 7.4 to establish
the scope of the transformation. The mixture was allowed to react over 18 h at 37 °C in the
presence of triazolium catalyst 18 (Scheme 3.4). The aldehydes employed were acetaldehyde
45, isobutyraldehyde 46 and benzaldehyde 47 to accommodate variables such as alkyls,
aromatics as well as branched substituents. The LC-MS data generated revealed that when
alkyl aldehyde substituents were employed, similar conversions to butyraldehyde 43 were
achieved. Acetaldehyde 45 resulted in 70% conversion and isobutyraldehyde 46 resulted in
a 65% conversion. When benzaldehyde 47 was employed, LC-MS data gave no evidence of

successful ligation to peptide.
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LC-MS data from the experiment utilising benzaldehyde 47 implied the overall outcome was
guantitative oxidation of the a-oxo aldehyde-LYRAG 11 to a carboxylic acid 23 ([M+H]* 651).
It is likely that the reactivity of benzaldehyde 47 is significantly lower than that of alkyl
aldehydes due to the electron donating resonance effect of the aromatic ring, rendering the
carbonyl carbon a less reactive electrophile than aliphatic aldehydes. This allows the catalyst
ample opportunity to form the Breslow intermediate on the a-oxo aldehyde-LYRAG 11
which, as noted in chapter 2, in agueous conditions leads to oxidation of the aldehyde to a

carboxylic acid.?57-258 260, 271

In an attempt to negate the electron withdrawing effect of the aromatic ring on
benzaldehyde 47, a-oxo aldehyde-LYRAG 11 was reacted with p-nitrobenzaldehyde 51 in 25
mM phosphate buffer and allowed to react overnight at 37 °C (Scheme 1.5) in the presence
of triazolium catalyst 18. This was then analysed by LC-MS which revealed no evidence to

suggest successful ligation to Umpolung product 52, only starting material 11 was witnessed.
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Scheme 3.5 Application of p-nitrobenzaldehyde 52 and LC-MS data acquired revealing only starting a-oxo
aldehyde-LYRAG 11

With these data in hand it seemed that using an aliphatic aldehyde, NHC mediated Umpolung
catalysis could be employed for the site-selective modification of proteins; however, further

optimisation would be required.



3.1.4 Choice of NHC catalyst |
In an approach similar to that outlined in chapter 2, once again alternative catalysts were

trialled to view if a more efficient methodology could be found. For this the NHC catalysts
mesityl substituted triazolium 33, thiamine 34, dimethyl triazolium 35, and thiazolium 36
were reacted with a-oxo aldehyde-LYRAG 11 in 25 mM PB at pH 7.4 and butyraldehyde 43

and allowed to react overnight at 37 °C.
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Scheme 3.6 A) Outline of conditions employed for the NHC catalyst screen on a-oxo aldehyde 11; B)
alternative NHC catalysts 33- 36 investigated for reactivity; C) acquired ESI-MS data for each expected

Umpolung product

The assessment of the effectiveness of these catalysts was based on their percentage
conversion to anticipated Umpolung product. Based on the data gathered, the most effective
catalyst was thiazolium 36 generating quantitative conversion of 11 into 44. The least

effective catalyst in this screen was thiamine 34 which promoted 34% conversion judged by



LC-MS. Using these data, it was concluded that aliphatic aldehyde donors employed with
thiazolium based catalyst 36 were optimal bioconjugation conditions. The hypothesis for this
observation is that the most reactive catalysts quickly generate a homo-coupled aldehyde
donor leaving less for donor to couple to the peptide. This is discussed further in chapters 4

and 6.

3.1.5 Conclusions and Future Work
Work detailed in this section describes the first study of an NHC- catalysed acyloin

condensation bioconjugation reaction developed on an a-oxo aldehyde peptide model. This
affords a 1,3 dicarbonyl connection. The chapter describes the successful ligation between
alkyl aldehydes, generating quantitative conversion against a-oxo aldehyde-LYRAG 11 using
thiazolium catalyst 36. The methodology described in this chapter was not able to ligate
aromatic aldehydes. Interestingly, it was discovered that under the conditions outlined
above, the most powerful catalyst reported in literature (mesityl substituted catalyst 33) was
not the catalyst which produced the highest conversion and that thiamine 36, which was first
studied to give NHC mechanistic insight in buffered aqueous solutions, was also not the
catalyst which generated the highest conversion. The methodology holds several advantages
over the Stetter methodology developed and described in chapter 2. Firstly, it does not
appear to require pre-tuning to limit unwanted side reactions. This methodology
simplification removes the potential need for lengthy synthetic steps, prior to bioconjugation
applications. The methodology also negates the requirement for 50% organic co-solvent. By
removing the need for organic co-solvent, the methodology can be applied to bioconjugation
chemistry with reduced risk of denaturing proteins. The methodology described in this
chapter also negates the need for the degassing of buffer and Schlenk line techniques,
significantly simplifying reaction set up and removing potential need for specialised
equipment such as a glove box and, subsequently, the work described in this section does
not appear to suffer from unwanted oxidation of the a-oxo aldehyde-LYRAG 11, as witnessed

previously in chapter 2.



Chapter 4:

N-Terminal Protein Modification via Umpolung Benzoin
Condensation: Discovery of the Importance of a- methyl
Substitution



4.1.1 Discerning Optimal Reaction Conditions: Donor Equivalence
Using conditions established in chapter 3 for the site-selective modification of a-oxo

aldehyde-LYRAG 11 with aldehyde donors, the methodology was extended to encompass
protein modification. To investigate NHC mediated umpolung chemistry on protein
constructs, commercially available myoglobin 53 was employed as a model substrate.
Following myoglobin 53 N-terminal transamination with PLP 54 to generate a-oxo aldehyde
myoglobin 55, 100 uM a-oxo aldehyde myoglobin 55 was treated with 500 pM
butyraldehyde 43 and 2.5 mM thiazolium catalyst 36 in 25 mM phosphate buffer pH 7.4 and
allowed to react overnight at 37 °C. This experiment returned 41% yield of expected
Umpolung product 56 as judged by LC-MS. Despite purification efforts, the raw data for this
experiment was unclear, with the charge state ladder generated by LC-MS analysis difficult
to distinguish. This was likely a result of multiple non-selective hemi-aminal formation and
will be discussed further in this chapter and chapter 5. An identical repeat of this experiment
was conducted exchanging butyraldehyde 43 for isobutyraldehyde 46. Interestingly, this
produced a respectable yield (52%) as judged by LC-MS and the raw data generated showed
a clear and distinguishable charge state ladder. This caveat will be discussed further in this
chapter. As isobutyraldehyde 46 produced the higher yield and offered facile interpretation,
it was selected as the reagent of choice in a methodology based screen to deduce optimum
conditions for protein modification (Table 4.1) in an attempt to replicate conversion
percentages witnessed on peptides modified in chapter 3. For this screen a-oxo aldehyde
myoglobin 55 was treated with an increasing equivalence of thiazolium catalyst 36 and

isobutyraldehyde 46 (Scheme 4.1).
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Scheme 4.1: Outllne of conditions employed for methodology equivalence screen

Table 4.1: A Summary of conversion (%) to Umpolung product 56 utilising 100 uM a-oxo
aldehyde of myoglobin 55 and isobutyraldehyde 46 in PB at pH 7.0

Entry Aldehyde loading  Catalyst loading Results
46 36
1 2.5mm 2.5mM Starting material
2 2.5mM 12.5 mM Starting material
3 2.5mM 25.0 mm Starting material
4 12.5 mM 2.5mM Starting material
5 12.5mM 12.5 mM 62% 56
6 12.5mM 25.0 mM 52% 56
25 mM 2.5mM Starting material
; 25 mM 12.5mM 64% 56
9 25 mM 25.0 mM 75% 56

The results from this methodology screen indicated that a super stoichiometric amount of
catalyst and an aldehyde donor at 250 equivalences relative to protein concentration are
required to push this reaction towards completion. Having established conditions which
resulted in high yields attention shifted to the importance of substitution on the a carbon of

aldehyde donors.



4.1.2 The Importance of a -methyl substitution
As discussed earlier in chapter 4.1, during methodology development for this chemistry,

there were apparent differences between the use of butyraldehyde 43 and isobutyraldehyde
46 when modifying a protein that experiments on the peptide system did not highlight.
Owing to the improved results utilising isobutyraldehyde 46 it was tentatively proposed that
substitution on the a-carbon was important for the stability and reactivity of the Breslow
intermediate formed. To further probe the importance of a-substituted aldehydes for this
chemistry 25 mM butyraldehyde 43, isobutyraldehyde 46 and pivaldehyde 57 were reacted
with 100 uM a-oxo aldehyde myoglobin 55 in 25 mM phosphate buffer pH 7.4 overnight at
37 °C (Table 4.2).

Table 4.2: A Summary of conversion (%) to umpolung product utilising an a-oxo aldehyde
of myoglobin 55 and a-carbon substituted aldehydes

Entry Aldehyde Yield

52%

H 43

)?\/\
(0]
2 759
H)K( a6 %
(@)
3 H)H< 57 0%

The results from these series of experiments indicated that substitution at the a-carbon of
aldehyde donors was important, generating the higher yield than linear aldehyde donor.
Interestingly pivaldehyde 57 gave no evidence of Umpolung product. This is likely due to the
thiazolium carbene catalyst 36 being unable to attack the pivaldehyde 57 carbonyl, as it is
blocked by the methyl substituents. Such steric hindrance caused by trimethyl substitution
of pivaldehyde 57 blocking carbene attack is also in agreement with the literature in a related
system.?”? To further validate this mechanistic insight, an experiment utilising a different
protein was conducted; 44 uM a-oxo aldehyde thioredoxin 58 was treated with 11 mM
butyraldehyde 43 and 11 mM isobutyraldehyde 46 in the presence of 11 mM thiazolium
catalyst 36 in 25 mM phosphate buffer pH 7.4 and allowed to react overnight at 37 °C
(Scheme 4.2).
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Scheme 4.2: Testing the hypothesis of improved conversions with a-carbon substituted aldehyde donors

These data appear to be in agreement that aldehyde donors bearing a -methyl substitution
at the a -carbon are better coupling partners than simple linear alkyl aldehydes alone. Here
the use of butyraldehyde 43 led to only 40% conversion, however applying isobutyraldehyde
46 enabled quantitative conversion to desired Umpolung product 60. This insight however is
a contradiction of the methodology data gathered using the peptide model discussed earlier

and brought into question the usefulness of these results.

4.1.3 Choice of NHC Catalyst Il
Due to the lack of consistency between data gathered on the peptide model and the protein

experiments described previously, a repeat of catalyst screening using a-oxo aldehyde
myoglobin 55 in favour of a-oxo aldehyde LYRAG 11 was conducted (Scheme 4.3). Here a -
oxo aldehyde myoglobin 55 was treated with 25 mM isobutyraldehyde 46 and catalysts 18,
33-36, in 25 mM phosphate buffer pH 7.4 and left at 37 °C overnight.
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Entry Catalyst Yield of 61

1 18 38%

2 33 63%

3 34 N/A

4 35 100%

5 36 75%

Scheme 4.3: Outline of conditions employed for protein catalyst screen; B) Catalysts 18, 33-36 screened against

o -oxo aldehyde myoglobin 55; C) Table of results showing conversion achieved for each catalyst employed



Interestingly the data generated from these experiments, much like the previously discussed
aldehyde donors, do not follow the same trends witnessed in the peptide model in chapter
3. For NHC catalysed Umpolung protein ligation strategies, dimethyl triazolium 35 was the
most efficient catalyst enabling quantitative conversion to desired product 61 on proteins
and not the thiazolium catalyst 36 as previously believed from earlier peptide studies. This is
the opposite of what was expected based on the peptide studies discussed in chapter 3. This
could be due to the less accessible protein aldehyde handle or change in reaction scale. One
study which could provide some insight could be the investigation of the formation and life
span of the Breslow intermediate formed by each catalyst as this could significantly affect
the reaction. In conclusion these data indicate that a system for site selective modification
of aldehyde bearing proteins through Umpolung chemistry should take advantage of a

branched alkyl aldehyde donor employed with dimethyl triazolium catalyst 35.



4.1.4 Assembling the benzoin condensation protein modification protocol
To confirm that the methodology developed in this chapter would indeed be capable of site

selective protein modification, isobutyraldehyde 46 was replaced with commercially
available 2-methylpentanal 62. The reasoning for this substitution was to ensure the
methodology developed in this chapter could be applied to other a -methyl substituted alkyl
aldehydes and not exclusively isobutyraldehyde 46, and to better replicate the reactive

probes intended for protein ligation (Figure 4.1).

62

Figure 4.1: Schematic of a probe design based on alkyl a-carbon substituted properties derived from previously

discussed myoglobin experiments; B) commercially available 2-methylpentanal 62 to replicate proposed probe.

To confirm the methodology insights discussed in this chapter, 100 uM a-oxo aldehyde
myoglobin 55 was subjected to 25 mM 2-methylpentanal 62 and 25 mM dimethyl triazolium
catalyst 35 in 25 mM phosphate buffer pH 7.4 and left at 37 °C overnight. Unexpectedly,
under these conditions, protein modification was achieved however LC-MS analysis

indicated the presence of multiple non-specific ligations (Scheme 4.4).
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Scheme 4.4: 1: Outline of conditions for methodology confirmation; 2i: representation of expected product with
non-specific reversible addition, 2ii A- myoglobin 55 starting material, B- desired product 63, C- 63 + 1x hemi-

aminal addition, D- 63 + 2x hemi-aminal addition, E- 63 + 3x hemi-aminal addition

Fortuitously these non-specific ligations are not stable C-C bonds but hydrolytically cleavable
hemi-aminals formed from free amines at surface exposed Lys residues on the protein. These
exposed amines attack the 2-methylpentanal 62 to form the hemi-aminal bond. To hydrolyse
these hemi-aminal bonds, following reaction completion, the protein was dialysed overnight.
Following this dialysis period, the protein was subjected ESI-MS revealing quantitative single
modification to desired Umpolung product 63 and complete hydrolysis of the hemi-aminal

bonds (Scheme 4.5).
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Scheme 4.5: Deconvoluted mass spectrum showing i) pre-dialysis, A- starting material, B- desired product 63,
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dialysis major desired product 63 B



4.1.5 Probing Specific lon Effects
Once optimum conditions were established for Umpolung protein modification, salt effects

were investigated. In the 1880s research led by Hofmeister probed the ability of different
ions to precipitate proteins from blood serum and egg whites.?’® From this, the Hofmeister
series was born, which is effectively a ranking system for anions and their effect on proteins

in solution (Figure 4.2).

3 ‘Anions  F-> PO, 3> S0,% > CH,CO0™> CI- > Br> |- > SCN-

Cations (CH;),N* > (CH;),NH?* > NH,* > K* > Na* > Cs* > Li* > Mg* > w
. Ca*>Ba* ,“

N

Figure 4.2: Schematic of the Hofmeister series taken from Patel et a/?74

Anions on the left side this series salt out (precipitate) solutes and anions sitting toward the
right salt in (dissolve or denature) solutes. This is also true for cations, which are also ranked
based on the work by Hofmeister. It is largely accepted that this series is a reflection of the
specific ion effects on the structure of water. For more detailed explanations on specific ion
effects, investigations probed ion behaviour at interfaces. Molecular dynamics simulations
assessing anions adsorption at the water-air interface suggest an inverse Hofmeister
scale.?”>?7 These contradictory data indicate that specific ion effects could reflect
differences in ion hydration levels at the air-water interface and biomolecular surfaces
compared to a simplistic effect on the overall structure of water. This is supported by Pegrow
and co-workers who demonstrated a correlation existing between anion adsorption to the
air-water surface and their effect on protein surface hydration.?’® Chen et al published similar
findings suggesting changes in hydration of ions upon interaction with protein-like
surrogates.?’® Exploring specific ion effects is tempting, possibly allowing for the fine tuning
of bioconjugation reaction rates whilst adhering to strict biocompatible conditions.

In the 1980s Breslow also reported specific ion effects on the benzoin condensation.?’
Breslow found that in aqueous conditions employing KCl with KCN catalyst, the reaction was
3x faster than without. In addition to this, Breslow also observed the ability of LiCl to increase
the reaction whilst lithium perchlorate and lithium iodide effectively shut the reaction down.

This is likely due to release of a cation and anion which both sit far right on the Hofmeister



series. Breslow also reported similar trends in salt effects on aqueous Diels-Alder

reactions.?’?-28

More recently, Pentelute and co-workers described using specific salt effects to improve
their - clamp bioorthogonal protein modification.?®? This work motivated an investigation
into the effect salt addition has on a cross-acyloin bioconjugation described in this chapter
(Figure 4.3). To investigate salt effects, 100 uM a-oxo aldehyde myoglobin 55 was subjected
to 25 mM isobutyraldehyde 46 and 25 mM dimethyl triazolium catalyst 35 in 25 mM
phosphate buffer pH 7.4 with 1M lithium chloride, ammonium sulfate or sodium chloride

and left at 37 °C overnight.

Rate of cross-bemzoin conversion between a-oxo aldehyde
myoglobin 55 and isobutyraldehyde 46 in the prescence of salts
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Figure 4.3: Graph summarising various salt effects on the bioorthogonal cross-benzoin over an 18-hour period.

When employing 1 M NaCl (yellow trace) and 1 M LiCl (orange trace) the reactivity is
substantially reduced when compared to a control system without salt (blue trace).
Interestingly, the application of 2 M LiCl (not shown) completely shuts the reaction down
and no product was derived over an 18-hour period. Ammonium sulfate (grey trace),
including 2 M (not shown), did not precipitate protein as was expected. This is likely a result

of the fine balance that exists between ion-water and ion-protein interactions. Ammonium



sulfate at 2 M, 1 M and 0.5 M produced quantitative product conversion in under 3 hours
however, a control experiment precluding triazolium catalyst gave identical results. Analysis
of LC-MS data revealed a prominent [M+18] peak. This is associated with the hydration of an
aldehyde, as witnessed in previous LC-MS experiments on peptides bearing an a-oxo
aldehyde (Chapter 2 + 3) and also on protein aldol reactions previously reported.?** This is
therefore indicative of an aldol product and is attributed to the formation of ammonia and
subsequent enamine catalysed aldol reactivity (Scheme 4.6) and is reported in the
literature.?® As it has been reported that the B hydroxy aldehyde generated from the aldol
reaction can be further modified, this LCMS insight could be further clarified via a reaction

with aminooxy detectible chemical reporters.
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Scheme 4.6: Probable mechanism from ammonium salt to enamine catalysed aldol reaction.



4.1.6 Conclusions and Future Work
Work detailed in this section describes the successful implementation of an NHC- catalysed

benzoin condensation bioconjugation reaction on N-terminal a-oxo aldehyde proteins. The
chapter describes the discovery and confirmation of the importance of a -methyl substituted
alkyl aldehyde donors and that further substation renders the donors unable to participate
in the reaction. The requirement for a-methyl substituted alkyl aldehyde donors will be
discussed further in chapter 6. This chapter describes the disparity between optimal
conditions for Umpolung a-oxo aldehyde peptide modification and a-oxo aldehyde
umpolung protein modifications, the latter requiring larger equivalences of catalyst and
donor. Unlike chapter 3 describing the requirement of 20 equivalents of aldehyde donor and
NHC catalyst to modify peptides, a significant increase to 250 equivalents are needed to
promote the protein modification. This is likely a result of proteins being much larger
constructs than peptides and therefore slower reaction partners. Additionally, this chapter
also describes that the most efficient catalyst for protein ligation is dimethyl triazolium
catalyst 35, and not thiazolium 36, as the peptide model discussed in chapter 3 suggests. This
is tentatively assumed to be a result of the dimethyl triazolium catalyst possessing the least
steric hindrance of all the NHC catalysts surveyed. Also described in this chapter is the
discovery of multiple, non-specific ligation of excess aldehyde donor to what is suspected to
be surface exposed lysine residues. This does not appear to be a limitation of this developed
methodology however as these hemi-aminal bonds formed are easily and fully cleaved via
hydrolysis. Finally, this chapter describes the investigation into specific ion effect on this
chemistry in an effort to improve reactivity times. This study revealed the reaction slowed in
the presence of 1M LiCl and NaCl. The presence (NH4),SO, facilitated an unwanted and
uncontrollable suspected aldol reaction. This tentative assumption is based on LC-MS

analysis and trends seen in similar systems,®

control experiments without triazolium
cataltyst yielding identical results and small molecule reports in literature.?® Despite this
false positive and developing methodology that shuts down the reaction pathway, for
completeness it would be intriguing to probe the effect of potassium cations in future
studies. Potassium is situated directly below ammonium cations in the Hofmeister series

however, would be unable to catalyse unwanted Aldol reactions.



Chapter 5:

Beyond the N- terminus: Internal protein modification



5.1.1 Developing methodology for internal bioconjugation
Having confirmed in chapter 4 that NHC mediated Umpolung chemistry could be achieved

and employed as an applicable procedure for the selective ligation of proteins bearing N-
terminal a-oxo aldehydes, its capability to modify aldehydes at internal sites was next
assessed. As discussed in chapter 1 UAA mutagenesis is a powerful tool for inserting
functionality site-specifically into proteins.'’* First, an internal a-oxo aldehyde was inserted
into green fluorescent protein (GFP).2*> This was achieved through transformation of a
mutated plasmid carrying a GFPY39 bearing an amber stop codon within its plasmid
sequence into E. coli Topl0s cells. When co-transformed with a plasmid containing a
pyrrolysine (Pyl) tRNACUA/pyrrolysyl-tRNA synthetase (RS) pair, which have a high affinity
for the amber stop codon, and subsequent addition of unnatural amino acid (UAA) ThzK is
inserted into the position of the amber stop codon.?*> Once purified, this UAA containing
GFPY39ThzK 64 was treated with palladium allyl chloride dimer to generate the GFPY39 a-
oxo K 65 (Scheme 5.1).1

[Pd (allyl)Cl],
300 uM

1x PBS
pH 7.4
1h

300 uM 28575 Da

Scheme 5.1: Treatment of UAA containing GFP 64 with Pd to unmask GFPY39 a-oxo K 65

The resulting GFPY39 a-oxo K 65 was reacted with 250 equivalence of dimethyl triazolium
catalyst 35 and 2-methylpentanal 62 in 25 mM PB pH 7.4, at 37 °C overnight. Upon LC-MS
analysis however it was noted that the same level of conversions previously witnessed on
the N-terminal trials were not observed, with only 52% conversion into the expected
Umpolung product 66 calculated using LC-MS. The experiment however did result in GFP
remaining fluorescent green and had not denatured demonstrating the biocompatibility of
the reaction. In an effort to improve this yield, the experiment was repeated with double the
equivalents of NHC catalyst and aldehyde donor. In this experiment, GFPY39 a-oxo K 65 at
90 uM was reacted with 500 equivalence of dimethyl triazolium catalyst 35 and 2-
methylpentanal 62 in 25 mM PB pH 7.4, at 37 °C overnight (Scheme 5.2).

! Glycerol starter cells and ThzK provided by Dr Robin Brabham



Phosphate Buffer 25 mM
pH 7.0
62 18 h

90 pM 45 mM

Scheme 5.2: Conditions employed for the complete modification of non-terminal GFPY39 a-oxo K 65 with 500 eq

dimethyl triazolium 35 and 2-methylpentanal 62

Following an 18-hour period this reaction was dialysed into MiliQ water at approximately 4
°C to cleave the expected non-selective hemi-aminal bonds likely formed and then analysed
via mass spectrometry. This experiment also resulted in GFP remaining fluorescent green.
The LC-MS data indicated however, that one prevailing hemi-aminal had not been
hydrolysed (m/z 28853) (Figure 5.1). Furthermore, it was concluded that another addition
also remained, a hemi-aminal that had likely collapsed to produce an imine (m/z 28755)
(Figure 5.1). It is suspected that the imine produced is located at the exposed N-terminal
amine of the GFPY39 a-oxo K 65 and the observed imine in favour of the usually witnessed
hemi-aminal is a result of the differences in pKa between the e-NH, group of lysine and the
N-terminal serine. The exposed amine on Lys has a pKa of approximately 10.54 whereas the
N-terminal serine in GFP is approximately 9.15.2* In N-terminal o-oxo aldehyde

modifications this was not witnessed due to the free amine not being present.

A

28672.22916

B

28753.97104

C

28855.01945

Da 28755 Da 28853

/2 29000

Figure 5.1: Deconvoluted mass spectrum after overnight dialysis showing A- Product 66, B- 66 + imine
addition, C 66 + imine + hemi-aminal addition.



285288 9nd it became

Imine reversibility and equilibriums are well studied within the literature
apparent that a reagent would need to be added in order to shift this equilibrium and allow
hydrolysis of the imine. For this, the experiment was repeated, and glycine was added to the
protein during dialysis. Glycine is also less likely to be protonated at pH 7 and therefore a
strong nucleophile. It is hypothesised that the glycine traps the aldehyde before it can react
with the N-terminus and is dialysed out of the system. Following an experimental repeat and

dialysis with glycine at 4 °C, complete hydrolysis of all hemi-aminals and N-terminal imines

(Scheme 5.2) was witnessed.

28672
Dialysis =
+ Gly
—
Mol. Weight 28675
m/z 29000

Figure 5.2: Deconvoluted mass spectrum after overnight dialysis with glycine addition yielding Umpolung

product 66

Following this result, an experiment was conducted utilising GFPY39 a-oxo K 65 and 2-
methylpentanal 62 with glycine added into the reaction mixture. The motivation for this was
to attempt to avoid the necessary dialysis post reaction. This experiment however did not go
to completion and non-specific attack remained. Therefore, for this methodology to be

successfully employed for selective bioconjugation, glycine must be added after the reaction.



5.1.2 Trypsin Digest Experiments
To confirm that the observed modification was occurring site specifically at the desired

position and not a result of non-selective off-site attack, a proteolytic digest using trypsin
followed by tandem LC-MS was performed. Firstly, an internal a-oxo aldehyde was inserted
into superfolder green fluorescent protein sfGFP. This was achieved through transformation
of a mutated sfGFPN150 bearing an amber stop codon within its plasmid sequence into E.
coli Top10 cells. Again the plasmid bearing the mutated plasmid carrying a sSftGFPYN150 was
co-transformed with a plasmid containing a pyrrolysine (Pyl) tRNACUA/pyrrolysyl-tRNA
synthetase (RS) pair and doped with ThzK. Upon purification, the sfGFPN150Thz 67 was
treated with allylpalladium(ll) chloride dimer to generate the sSfGFPN150 a-oxo K 68 (Scheme
5.3).

(\s [Pd (allyl)CI],
300 uM
N ;
1 x PBS
pH 7.4
1h
67 sfGFP(N150) 68 000 Da
300 uM

Scheme 5.3: Treatment of UAA containing sfGFPN150 ThzK 67 with Pd to unmask a-oxo aldehyde

Following the generation of sfGFPN150 a-oxo K 68, 90 UM was subjected to 500 equivalence
of dimethyl triazolium catalyst 35 and 2-methylpentanal 62 in 1 x PBS pH 7.4, at 37 °C
overnight. Once incubated, the mixture was dialysed into MiliQ water with glycine at 4 °C for

18 hours to give quantitative conversion to expected Umpolung product 69 (Scheme 5.4).



45 mM
H
Phosphate Buffer 25 mM

62 pH 7.0
18 h
Dialysis into MiliQ water + glycine
18 hours 69

68 45 mM

Scheme 5.4: Conditions employed for the modification of sfGFP(N150) 69 with dimethyl triazolium 35 and 2-

methylpentanal 62

Trypsin is a serine protease that cleaves proteins at the carboxyl end of lysine and arginine
residues (unless they are followed by a proline), generating smaller peptide units. With the
knowledge of the amino acid sequence of sfGFPN150 a-oxo K 68, peptide units generated
from a trypsin digest of sSfGFPN150 a-oxo K 68 can be predicted, based on the position of
lysine and arginine residues known within the proteins sequence. One such generated
peptide from this cleavage, of the 28 possible, is the peptide LEYNFNSHK(+55.99)VYITADK,
where ‘K(+55.99)" indicates the position of the a-oxo aldehyde moiety and mass difference
(K+ 55.99 Da). Similarly, a trypsin digest of modified sfGFPN150 69 would give the peptide
unit LEYNFNSHK(+156.08)VYITADK, where ‘K(+156.08)" indicates the position of the
Umpolung modification and its expected mass difference (K+ 156.078644 Da). MS/MS
analysis of the tryptic peptides are consistent with modification seen exclusively at position
150 (Figure 5.2). The major fragment observed from the sequence
LEYNFNSHK(+156.08)VYITADK was 2080.04 m/z corresponding to the mass of the major b
fragment. Several fragment masses corresponding to expected breakdown were found
within 0.02 Da error. Notably, y fragments 1-7 were recorded in addition to fragments 10
and 11 [M-NHs]*. Furthermore, expected b fragments 2-5 and 8 were also recorded. This
data not only demonstrates a single site modification but that it was specifically the site of
interest that was been modified. All other tryptic peptide fragments generated were also

subjected to MS/MS confirming no off-site modification had occurred.
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Figure 5.2 A) Schematic of trypsin digest of modified sSfGFPN150 69 generating peptide fragments, sequence of
theoretical fragment generated containing expected Umpolung product; B) Expected peptide fragment
breakdown, MS/MS on expected masses found, a list of all possible MS/MS breakdown masses with found masses

within 0.02 error bar highlighted (blue representing b fragments, red representing y fragments).



Unexpectedly, unmodified sfGFPN150 a-oxo K 68 was also detected (usually not witnessed)
which offered some insight into the conversion levels of this chemistry. The relative
intensities of sfGFPN150 a-oxo K 68 (Glyoxyl(ald)) witnessed were compared against
modified sfGFPN150 69 (Dicarbonyl) (Figure 5.3) to estimate a conversion >98%. It is
assumed this level of conversion is similar to all protein modification experiments performed
employing this chemistry however often not witnessed owing to the disparity between signal

ratios.

MS/MS Intensity For sSfGFPN150 69 Peptides
9.00E+08
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Protein Species

Figure 5.3: A graph comparing the relative intensities of tryptic peptides generated from modified sfGFPN150 69
containing unmodified sfGFPN150 a-oxo K 68



5.1.3 Protein Glycosylation
Protein glycosylation is the attachment of sugar moieties to proteins and is one of the most

common posttranslational modifications (PTMs) found in all domains of life.?%? This PTM is

crucial for a diverse range of processes including: aiding in solubility,?® cell-to-cell

292 293

adhesion,”! cell-ligand interaction,®? protein folding®® and many more.?®* Having
demonstrated the selectivity and specificity of Umpolung chemistry on proteins, it was
hypothesised this chemistry may well be applicable with reducing sugars, such as galactose
70 to modify proteins of interest. To test this, GFPY39 a-oxo K 65 at 90 uM was reacted with
500 equivalents of dimethyl triazolium catalyst 35 and galactose 70 in 25 mM PB pH 7.4, at
37 °C overnight (Scheme 5.6). Following this, the mixture was dialysed into MiliQ water with

glycine at 4 °C for 18 hours.
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18 h

Scheme 5.6: Conditions employed for the modification of a-oxo aldehyde GFPY39 65 with dimethyl triazolium

catalyst 35 and galactose 70

Initial MS analysis of this reaction revealed minor product formation (~8%) and seemingly
multiple non-specific additions. The m/z values recorded did not match expected hemi-
aminal nor imine products of galactose 70 however, leading to the tentative assumption that

competing pathways were present.

Work by Zhang et al offered insight into the result of the reaction when GFPY39 GFPY39 a-
oxo K 65 is subjected to dimethyl triazolium catalyst 35 and galactose 70. In their work,
utilising glucose, they report the effective generation of acyl anion Breslow Intermediates
through a retro-benzoin pathway (Scheme 5.7), which react with Michael acceptors for

subsequent Stetter reactions.?*
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Scheme 5.7: Zhang et al demonstrating the pathway of carbohydrate activation to generate formaldehyde

equivalents.

Using the data from work by Zhang et al?** and the data generated from LC-MS experiments
of a-oxo aldehyde GFPY39 35, subjected to dimethyl triazolium catalyst 35 and galactose 70,
it was tentatively proposed that a retro-benzoin-like pathway was occurring generating 6
new reactive aldehyde species in situ leading to multiple non-specific ligations of varying
carbon length (Figure 5.4). Present in the LC-MS data are m/z peaks corresponding to masses
for unreacted a-oxo aldehyde GFPY39 65 28571 Da and minor expected Umpolung product
GFPY39 71. Other notable peaks were present however were difficult to clarify what they

represented and ultimately could not be fully analysed.
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Figure 5.4: Mass spectrum and structures for suspected isolated breakdown products A) a-oxo aldehyde GFPY39

65B) Oxidised/sodiated a-oxo aldehyde GFPY39 72 B) minor expected product 71



Finally, in an effort to circumvent the suspected retro-benzoin-like pathway, it was theorised
that a reducing sugar unable to participate in the intramolecular proton transfer step may
block the retro-benzoin pathway, be unable to generate the acyl anion equivalent and thus
preclude the competing pathway. Gal-2-F was selected owing to its availability and
possessing the properties outlined above, chiefly a fluorine in place of a hydroxy moiety
incapable of participating in the intramolecular proton transfer step. To investigate this,
GFPY39 a-oxo K 65 at 90 uM was reacted with 500 equivalents of dimethyl triazolium catalyst
35 and gal-2-F in 25 mM PB pH 7.4, at 37 °C overnight (Scheme 5.8). Following this, the

mixture was dialysed into MiliQ water with glycine at 4 °C for 18 hours.
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Scheme 5.8: Conditions employed to preclude the retro-benzoin-like pathway via modification of GFPY39 a-oxo

K 65 with dimethyl triazolium catalyst 35 and gal-2-F.

LC-MS data from this experiment revealed no modification had occurred; the data were
consistent with GFPY39 a-oxo K 65, and oxidised/sodiated starting material. It remains
unclear if this is a result of the presence of fluorine and its unique reactivity?®® and if
glycosylation could remain possible with an alternative heteroatom in the 2 position whilst

still blocking the intramolecular proton transfer step, such as a methoxy moiety.



5.2 Conclusions and Future Work
Work detailed in this section describes the successful implementation of the NHC- catalysed

acyloin condensation bioconjugation reaction on internal protein sites. The chapter
describes the co-transformation of mutated green fluorescent protein containing an amber
stop codon with a plasmid containing a pyrrolysine (Pyl) tRNACUA/pyrrolysyl-tRNA
synthetase (RS) pair and a UAA. This purified UAA containing GFP was then treated with
allylpalladium chloride dimer to generate a-oxo aldehyde GFPY39 65. Applying conditions
for Umpolung modification developed on N-terminal a-oxo aldehydes (250 eq NHC catalyst
and 250 eq aldehyde donor) resulted in 52% yield. In an attempt to improve conversion, the
equivalences of aldehyde donor and NHC catalyst were doubled to 500. This increase
resulted in quantitative conversion to Umpolung product and also the fgymation of hemi-
aminal bonds between aldehyde donor and surface exposed Lys residues. Additionally, these
conditions resulted in the formation of an imine moiety, likely to be on the N-terminus. These
additions were not able to be removed through dialysis alone. Fortuitously, the addition of
Gly into the dialysis procedure was able to cleave and remove the unwanted non-specific

additions that had occurred.

Also described in this section is the conformation that this strategy introduces a single C-C
site specific and site selective modification at the desired residue. This was demonstrated
using a different green fluorescent protein, superfolder green fluorescent protein, and was
proved using trypsin digest experiments. As before, superfolder green fluorescent protein
containing an amber stop codon was co-transformed with a plasmid containing a pyrrolysine
(Pyl) tRNACUA/pyrrolysyl-tRNA synthetase (RS) pair and a UAA. Similarly, this was treated
with allylpalladium chloride dimer to generate a-oxo aldehyde sfGFPN150 68. Using
conditions developed on GFPY39 a-oxo K 65, sfGFPN150 a-oxo K 68 was modified with 2-
methylpentanal 62 to quantitative yield, as judged by LC-MS. This modified sfGFPN150 68
was then subjected to a trypsin digest experiment and subsequent MS/MS analysis of the
tryptic peptides produced. The data generated from this experiment agree with the expected
results of a single modification at the desired residue, post dialysis and no off-site attack

witnessed.

Finally, it was investigated if the methodology described in this chapter could be employed
for the glycosylation of proteins. For this investigation, galactose 70 was employed to probe

the possibility of glycosylating proteins using the Umpolung methodology described in this



thesis with a-oxo aldehyde GFPY39 65. Unfortunately, this resulted in what is tentatively
assumed to be the uncontrolled iterative breakdown of galactose 70 and unwanted addition
of breakdown products, based on similar results observed in the literature.?® To block this
iterative breakdown pathway, Gal-2-F was employed, however no evidence of successful

ligation of Umpolung product was witnessed.



Chapter 6: On Fluorescent probes, connectivity and modelling
branched vs linear aldehyde donors



6.1.1 Developing a fluorescent probe
Having established conditions required for the NHC mediated Umpolung ligation chemistry

as a method for protein modification, the strategy was next investigated for its ability to
modify a target protein with a detectable chemical reporter. For this, it was envisioned that
an efficient Fmoc-SPPS approach could be advantageous for facile probe development. This
required the introduction of a carboxylic acid moiety into the probe design. To synthesise a
viable target molecule, a 3 step synthesis was executed (Scheme 6.1), starting with the
triethylamine catalysed Michael addition of methacrolein 76 to dimethyl malonate 75 to
generate racemic aldehyde 77. Whilst asymmetric Michael additions can be performed (such
as use of quaternary ammonium salts or organocatalysis) it is of little difference when
applied to protein bioconjugation, where stereochemistry is often unimportant and typically
does affect protein or reporter functionality. Subsequent protection of the aldehyde group

initially proved challenging.
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Scheme 6.1: Synthetic route to SPPS compatible probe 79

Efforts to protect racemic aldehyde 77 first looked to employ methanol and camphorsulfonic
acid as catalyst, however the expected product was lost to the polar phase post reaction
during separation. A second attempt looking to preclude this by employing ethanol with
camphorsulfonic acid proved just as futile. Finally, ethylene glycol was employed with
catalytic camphorsulfonic acid to generate the dioxolane protected aldehyde 78. Once
generated, a base promoted ester hydrolysis and subsequent decarboxylation reaction was

performed to generate the desired compound 79.



With a suitable aldehyde handle, possessing the necessary features established in the small
molecule ligation development (alkyl chain with methyl substitution at a-carbon),
construction of fluorescent probe 80 was attempted incorporating a dansyl moiety? as its
fluorescent source (Figure 6.1). This was built using Fmoc SPPS methodology, employing H-
Gly-2-ClITrt resin as the starting unit. To ensure the dansyl group did not hinder the aldehyde
ligation, 2 PEG spacer units were also inserted. This created suitable distance between the
probe and the reactive aldehyde handle. This PEG group also aids solubility of the probe

ensuring it remains soluble in aqueous solution.
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Figure 6.1: Fmoc synthesis of fluorophore probe 80; Structure of fluorophore probe 80 designed for NHC
mediated Umpolung protein ligation

When analysed using LC-MS, the m/z value recorded was not the value calculated. It
appeared that the terminal aldehyde had cyclised to form 81 (Figure 6.2). This cyclisation to
81 renders the probe unable to partake in ligation as it no longer contains the aldehyde

moiety required.

2 Dansyl Lys provided by Dr Robin Brabham
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Figure 6.2: Suspected cyclised product 81 from LC-MS analysis

To circumvent this cyclisation, 2 distinct changes were made to the design of the fluorescent
probe. Firstly, a secondary amine was introduced in the form of Fmoc-piperidine-4-carboxylic
acid (Fmoc INP) before the final coupling of the aldehyde handle, generating fluorescent
probe 82. This aimed to prevent the cyclisation step from occurring. Secondly the cleavage
of the peptide from the resin typically requires TFA, ergo unmasking the acid labile protected
aldehyde and so was exchanged for a milder method with HFIP which would retain the

protected aldehyde (Figure 6.4).%’
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Figure 6.4: Structure of Fmoc-INP; Fmoc SPPS with HFIP resin cleavage: Structure of secondary amine
containing fluorophore reporter 82, retaining the aldehyde protecting group to prevent cyclisation.

To test the applications of the NHC mediated Umpolung ligation strategy, 5 mg fluorescent
probe 82 in 140 plL of 25 MM PB pH 7.4 in a 1 mL Eppendorf tube was treated with neat TFA
(10 uL) and the dioxolane deprotection monitored via LC-MS. Following completion, 0.5 mL

10% AcOH was then added and the solution was lyophilised.

The unmasked aldehyde reporter 82 was then subjected to 44 UM a-oxo aldehyde
thioredoxin 58 and 11 mM dimethyl triazolium 35 in 25 mM phosphate buffer at pH 7.4 at
37 °C overnight. A control experiment was also conducted in tandem under identical
conditions without the presence of dimethyl triazolium catalyst 35. Following this reaction,
the protein ligation experiment was purified via molecular weight cut-off (MWCO) filter
followed by 24 h dialysis. The purified protein was then subjected to SDS polyacrylamide gel

electrophoresis and visualised using Coomassie Brilliant Blue anionic dye. This was then

82



exposed to UV light to visualise if any fluorescent probe had ligated to the protein (Figure

6.5).

Dansyl probe

25mMPBpH 7.4
18 h, 37 °C

1 2 345 6

Figure 6.5: Reaction conditions for the fluorescent labelling of a-oxo aldehyde thioredoxin 58; Polyacrylamide
gel; lane 1 = Protein standard ladder, lane 2 = Thioredoxin reaction aliquot, 250 eq, lane 3 = Control experiment,
lane 4 = Thioredoxin reaction aliquot, 180 eq, lane 5 = Thioredoxin reaction aliquot, 120 eq protein standard

ladder, lane 6 = protein standard ladder.

The results of this experiment suggest successful modification of a-oxo aldehyde thioredoxin
58 through NHC mediated Umpolung catalysis. The negative control without the required
dimethyl triazolium catalyst 35 (Figure 6.5, lane 4) is further validation of the success of this
chemistry and confirms the catalyst dependant nature of the reaction. LC-MS analysis of the
major product was not possible despite multiple attempts. This difficulty is attributed to
closeness of the mass of the protein (~11 KDa) and the parameters of the MWCO purification

filters (10 KDa).

For access to LC-MS analysis, a larger protein was selected. For this 100 uM a-oxo aldehyde
myoglobin 55 was subjected to 25 mM fluorescent probe 82, following TFA treatment, and

25 mM dimethyl triazolium catalyst 35 in 25 mM phosphate buffer pH 7.4 and left at 37 °C



overnight. Following this reaction, the protein ligation experiment was subjected to
purification via molecular weight cut-off (MWCO) filter followed by 24 h dialysis (Scheme
6.2). This resulted in approximately 17% conversion to expected Umpolung product 83 as
judged by LC-MS. This unexpected result prompted an experiment repeat with increased
concentrations of catalyst and probe from 250 to 500 equivalence, whereby 100 uM a-oxo
aldehyde myoglobin 55 was subjected to 50 mM fluorescent probe 82 and 50 mM dimethyl
triazolium catalyst 35 in 25 mM phosphate buffer pH 7.4 and left at 37 °C overnight.
Following this reaction, the protein ligation experiment was subjected to purification via
molecular weight cut-off (MWCO) filter followed by 24 h dialysis. LC-MS analysis appeared

to indicate these conditions were successful for quantitative conversion to modified protein.
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Scheme 6.2: 1: Outline of general conditions for Umpolung modification of a-oxo aldehyde myoglobin 55; 2:
Deconvoluted LC-MS data indicating ~17% conversion when using 250 equivalences of fluorescent probe 82 and
NHC catalyst 35; 3: Deconvoluted LC-MS data indicating quantitative conversion when using 500 equivalences of

fluorescent probe 82 and NHC catalyst 35



6.2.1 Comments on connectivity
Connectivity in organic chemistry is often critical to methodology development. For this

Umpolung bioconjugate chemistry it was decided that the connectivity of protein
bioconjugate products was of interest, given that the NHC catalysts employed could, in
theory, generate a Breslow intermediate with one or both of the two aldehydes present, the
donor aldehyde and the protein a-oxo aldehyde resulting in different products being

generated, either a 1, 3 dicarbonyl link or 1, 2 dicarbonyl link respectively (scheme 6.3).
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Scheme 6.3: The two possible Breslow Intermediates that could be generated in the Umpolung bioconjugate
modification between NHC catalyst with either aldehyde donor (top) to yield a 1,3- dicarbonyl product (green

box) or protein a-oxo aldehyde (bottom) to yield a 1,2- dicarbonyl product (red box)



It is tentatively assumed that the Umpolung product generated is a 1,3- dicarbonyl from a
Breslow Intermediate generated from the NHC catalyst reaction with aldehyde donor. This
assumption is derived from the knowledge gained during the Stetter investigation described
in chapter 2. In this instance, only one aldehyde is present for the NHC to couple with. When
this process occurs and the Breslow Intermediate is formed with the protein a-oxo aldehyde,
uncontrolled total oxidation was witnessed of the a-oxo aldehyde to a carboxylic acid. As this
oxidation is not witnessed, it suggests that the Breslow Intermediate is formed on the donor
aldehyde. Oxidation of this small molecule aldehyde may also occur but is not easily observed
in LC-MS analysis due to the low molecular weight of unwanted oxidised donor aldehyde.
This rationale may also explain why high equivalences of aldehyde donor are required, owing
to the sacrificial nature of the aldehyde donor. To further investigate the connectivity of the
C-C linkage, a Ser-Ala dipeptide 84 was oxidised to a-oxo aldehyde-Ala 85 via NalO, and
purified via a reverse phase cartridge. Following this, a-oxo aldehyde-Ala 85 was subjected
to 2-methyl pentanal 62 and triazolium catalyst 35 in 25 mM phosphate buffer pH 7.4 and
left at 37 °C overnight. The sample was then lyophilized and dissolved in MeOD, for
subsequent NMR analysis. Unfortunately, total NMR characterisation was not possible
despite repeated attempts, likely a result of incomplete conversion, tautomerisation and the
small quantity of product available (~ 3 mg). Despite this however, it was speculated that a
comparison of the most downfield proton on the *H NMR (Figure 6.6) between the proposed
1,3- dicarbonyl product 86 and the hydrated a-oxo aldehyde-Ala 85 would aid
characterisation. Compounding the complexity of this study further however, it was later
realised that the most downfield proton of interest is obscured under the CDsOD solvent
peak. This obscuring from the solvent peak was only discovered in later studies analysing
hydrated a-oxo aldehyde-Ala 85 and increasing the temperature in order to observe the
most downfield proton.' It is tentatively assumed on the lack of split signals upfield or
downfield of the solvent peak, which would be expected to be witnessed for the most
downfield proton if the configuration was a 1,2-dicarbonyl, and the lack of protein oxidation

witnessed via LC-MS that the connectivity is likely a 1,3-dicarbonyl.

' Ser-Ala dipeptide 84 synthesis and characterisation was performed by Dr Darshita Budhadev
(Reference 66) and NMR increased temperature experiments were suggested and performed by Dr
Alex Heyam
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Figure 6.6: Outline of the synthesis of a-oxo aldehyde-Ala 85; application of 2- methyl pentanal 62 and NHC

catalyst for Umpolung coupling; 'H NMR increased relaxation time to observe most downfield proton of the

starting a-oxo aldehyde-Ala 85



Finally, it is noted that in theory, regardless of whether the Breslow Intermediate is formed
with the donor aldehyde as is hypothesised, it would still be possible to generate a mixture
of 1, 2 and 1,3- dicarbonyl through enol tautomerisation (Scheme 6.4). Although this
tautomerisation does not appear to be occurring on the peptide model in the NMR tube, it
cannot be ruled out on protein constructs. Despite this, whether 1, 3, connectivity 1, 2
connectivity or both is occurring, what is most important is the generation of a hydrolytically

stable C-C bond.
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Scheme 6.4: Theoretical reversible enolisation of 1,3- dicarbonyl to generate 1, 2 diketone



6.3.1 Branched vs Linear aldehyde donors: A computational Study
During this project it was discovered that branched aliphatic aldehyde donors proved

significantly more valuable in generating quantitative conversion of protein bioconjugates
than linear aliphatic aldehydes. It was decided that computational modelling could be
employed to explore why aliphatic branched aldehydes undergo Umpolung condensation
with proteins more efficiently than aliphatic linear aldehydes. It was tentatively proposed
that the increase in apparent reactivity of branched aliphatic aldehydes could be attributed
to them being less likely to homo-couple than linear aliphatic aldehydes due to steric
hindrance. For this study, the NHC-catalysed acyloin homo-coupling between butyraldehyde
43 and isobutyraldehyde 46 as well as the hetero-coupling of the aldehydes with a dipeptide
mimic model (Scheme 6.5) were studied computationally to explore this hypothesis.
Calculations were carried out in Turbomole V6.40, with geometry and frequency calculations
of (RI)-B3LYP/def2-SVP. Self consistant field (SCF) energies improved at the (RI)-B3LYP-D3-
TZVPP level of theory. Implicit solvation in water was considered using COSMO, &water = 80.1

at 298.15 K.

Firstly, the nucleophilic carbene catalyst attacks the carbonyl carbon of the aldehyde through
transition state TS;, resulting in a neutral alkoxide adduct, intermediate INT1. The relative
free Gibbs energy of the activation barrier for this step was calculated to be 59.5 kJ/mol and

58.1 kl/mol for the butyraldehyde 43 and isobutyraldehyde 46 respectively.

This species then, undergoes a 1,2-proton shift reaction to generate the Breslow enamine

intermediate INT2.
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Scheme 6.5: Schematic showing 1) linear aldehyde homo-coupling, 2) branched aldehyde homo-coupling, 3) linear

hetero-coupling with peptide mimic and 4) branched aldehyde hetero coupling with peptide mimic

Following the formation of the Breslow Intermediate INT2, coupling with the dipeptide
mimic via TSz occurs to generate INT3. The sequence is then completed by cleavage of the

catalyst from aldehyde at INT4 (Scheme 6.6).
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Scheme 6.6: Schematic showing proposed catalytic cycle with INT1-INT4 states described in the PES study

The relative free energy of the aldehyde-dipeptide-mimic coupling transition states is
significantly lower than the homo-coupling transition states, with values of 55.5 and 65.2
kJ/mol for the linear and branched pathways respectively (Figure 6.7). The four benzoin
condensation transition states calculated at TS; provides some evidence as to why the
branched aldehydes are favoured in this Umpolung reaction on proteins against linear
aldehydes. In the branched reaction pathway, both the anti and syn homo-coupled transition
states (Figure 6.7, blue trace) are significantly higher in energy (+ 55.6 kJ/mol above for syn
and +55.6 kJ/mol above for anti) than the branched aldehyde-dipeptide-mimic coupling
transition state (Figure 6.7, green trace). If accurate, this would signify that the desired
pathway is energetically more favourable than the homo-coupled self-condensation
pathway. Conversely the linear aldehyde syn homo-coupling pathway (Figure 6.7, red
trace) is only 18 kJ/mol higher than the linear aldehyde-dipeptide-mimic coupling transition

state TSs anti (Figure 6.7, pink trace).
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Figure 6.7: Schematic showing PES against reaction step for linear aldehyde homo-coupling (red), branched
aldehyde homo-coupling (blue), branched aldehyde-dipeptide mimic coupling (green) and linear aldehyde-

dipeptide mimic coupling (pink)

If accurate, this study indicates that the energy barriers for the linear alkyl aldehyde self-
coupling pathway to be energetically close enough to each other at a key transition state
(TSs3) to propose they are in competition with each other. This competition at TSz in the linear
aldehyde donor effectively results in less reactive intermediate available to complete the
desired reaction owing to the closeness in energy values at TS; of the desired aldehyde-
dipeptide-mimic coupling (+55.5 kJ/mol) and the homo-coupling pathway (+74.2 kJ/mol). 4
In the branched system at TS; this competition between homo coupling (+118.1 kJ/mol) and

the desired hetero coupling reaction (+62.5 kJ/mol) is not seen.

4 All computational experiments were designed and executed by Mauricio Murillo-Herrera



6.4.1 Conclusions
The work described in this chapter further confirms the potential usefulness of the

Umpolung bioconjugation developed and described in this thesis. This chapter demonstrated
the ability to apply this chemistry to protein probing via fluorescent tags. The purification
and LC-MS analysis of the fluorescent tags used were complicated by the inclusion the PEG
spacer units. These units are important for aiding solubility however it is likely a more facile
probe could be synthesised and analysed using repeated glycine units in favour of the PEG
moieties. In addition, the synthesis is also made sub-optimal owing to the requirement of
the secondary amine to prevent cyclisation. Possible solutions for this draw back could be a
redesigned linker, possibly a longer adipic a-oxo aldehyde, methyl substituted unit or
generate the NHS ester of the final coupling unit to enable facile probe synthesis. Both of
these solutions however do further complicate this methodology and risk becoming too
complex for the ‘plug and play’ goal of novel chemical protein modification methodologies.
Also described in this chapter are comments on possible connectivity of the synthesised
constructs which we unable to definitively prove the true connectivity. It is also noted that
the connectivity could be reversible between a 1,3- and a 1,2- dicarbonyl. Finally, the chapter
describes the results from a PES study aiming to elucidate why branched alkyl aldehydes are
more reactive with the protein aldehyde than linear alkyl aldehydes. This study revealed the
energy barriers for the linear alkyl aldehyde self-coupling and desired-coupling pathways to
be energetically close enough to each other at a key transition state to propose they are in
competition with each other. This closeness of energy barriers is not witnessed in the

branched aldehyde self-coupling versus desired-coupling pathways.



Chapter 7: Conclusions and Future directions



7.1: Summary

A novel strategy for producing protein bioconjugates is described in this thesis. The strategy
takes advantage of small molecule advances in Umpolung chemistry and protein aldehydes.
The stable C-C connection generated is a major advantage over hydrazone and oxime
ligations which are susceptible to hydrolysis. The requirement for dialysis post reaction to
remove unwanted hemi-aminal bonds, leaving on the newly generated C-C bond

demonstrates this hydrolytic stability.

Methodology for a Stetter reaction on proteins was not derived owing to the presence of

unwanted side reactions which oxidise the a-oxo aldehyde of interest.

The investigation of the acyloin condensation circumvented the unwanted oxidation

problems discovered in the Stetter trials.

A range of catalysts were trialled for this reaction and it was found that dimethyl triazolium
catalyst 35 was most the effective. A possible explanation for this catalyst being most
effective is it was the least sterically hindered of the catalysts investigated and therefore able

to access the protein a-oxo aldehyde with least resistance.

This project also revealed that the Umpolung reaction between an aldehyde donor and
protein a-oxo aldehyde is more successful when the donor aldehyde is a-methyl substituted.
A computational investigation into this caveat is discussed in this thesis which concluded that
the substituted donor aldehyde is more amenable to couple with the target protein a-oxo
aldehyde than homo-couple with itself. Whereas when a linear, non- a-methyl substituted
donor aldehyde is used, the pathways between the desired reaction and homo-coupling are
energetically close to each other and therefore in competition with each other. These
competing pathways reduce the effectiveness of linear alkyl aldehyde donors and plausibly
explain why improved conversions were witnessed when branched aldehydes were

employed.

A trypsin digest experiment confirmed that this novel approach generates site-selective and

site-specific protein modification.

The work described in this thesis also demonstrates the versatility of this strategy and its
ability to not only modify proteins at the N-terminus as with myoglobin and thioredoxin but

also at internal residues, GFP and sfGFP respectively.



To date, specific ion effects have been shown to only slow the reactivity of this chemistry
down, unless employing ammonium sulphate, wherein an undesired aldol reaction is

produced.

The strategy developed and discussed in this thesis does suffer from notable drawbacks
however, including the requirement for a-methyl substituted aldehyde donors and the
aforementioned purification procedure post reaction to hydrolytically cleave the unwanted
hemi-aminal bonds formed between donor aldehyde and surface exposed lysine residues.
Despite these drawbacks however, the Umpolung approach described in this thesis is a
robust method for the chemical modification of proteins and it is hoped that it will not only
further expand the chemical protein modification tool box but have real word applications

in the fields of chemical biology and medicinal chemistry.

7.2: Future directions

The future of the Umpolung strategy described in this thesis can be split into two distinct
paths. The first path is further strategy improvement. As discussed, this approach in its
current format, does require dialysis overnight, post reaction. A more detailed study into the
aldehyde donor may be able to preclude this requirement. In addition, this thesis was unable
to produce a viable bioorthogonal Stetter reaction. It is hoped that further study in this area

could resolve the unwanted a-oxo aldehyde oxidation.

The second path is the application of this strategy itself for chemical biology and
pharmaceutical studies. This is a broader goal and less specific than the strategy
development possibilities but is far more important. It should be the end goal for any effort
to expand the toolbox of chemical protein modification that the method is simple, fast and
applicable in real world efforts. As noted in chapter 1.1.8, owing to the recent rise in
popularity of this field, reports are increasingly published with little to no regard of
“bioorthogonal” focussing instead on novelty alone. Novelty aside, these reports add little
to the usefulness of the current chemical protein modification toolbox available. It is hoped
that the novel strategy described and developed in this thesis does not stray into the territory
of novel without purpose. This could be in the form of incorporating a second protein

aldehyde as a donor for protein dimerization ad the potential for novel bio-materials.



Experimental

8.1 General Methods

Solvents. All solvents were commercially obtained and dried with molecular sieves (when
stated) with the exception of solvents used for flash chromatography purposes, where GPR-

grade solvents were used. All commercially-available reagents were used as received.

Characterisation. Electrospray mass spectra for small molecules and peptides were recorded
at room temperature on a Bruker Daltonics micrOTOF spectrometer. Protein ESI mass
spectra were obtained on a Bruker Solarix XR 9.4 T instrument. 'H and 3C spectra were
recorded at 400 MHz and 101 MHz respectively on a JEOL ECS 400 instrument using an
internal deuterium lock or 500 MHz and 126 MHz respectively. Chemical shifts are reported
in parts per million relatives to CHCl; (6H 7.27) and CDCI3 (6C 77.0, central line of triplet) The
following abbreviations are used in *H NMR analysis: s = singlet, d = doublet, t = triplet, q =
guartet, m = multiplet, dd = double doublet, dt = double triplet, td = triple doublet, ddd =
double double doublet.

Liquid Chromatography. Liquid chromatography-mass spectrometry (LCMS) was performed
on a Dionex UltiMate 3000 Ci Rapid Separation LC system equipped with an UltiMate 3000
photodiode array detector probing at 210-400 nm using a Waters Symmetry C18 3.5 um
column, 4.6 x 75 mm, coupled to a HCT ultra ETD Il ion trap spectrometer, in positive ion

mode unless stated otherwise.

Chromatography. Flash column chromatography was carried out using silica (Sigma-Aldrich
A 220-440). Thin layer chromatography was carried out using commercially available Merk

F2s4 aluminium backed silica plates.

Bioconjugate product conversion. Conversion from starting protein to the anticipated
bioconjugates product (conjugation yields, %) was calculated using equation 1, employing

starting protein peak intensity and expected product peak intensity.

Product peak intensity

. . . — _ — x 100 = % conversion Equ. 1
Starting material peak intensities + Product peak intensity



(E)-2-benzoyl-3-(4-methoxyphenyl)acrylonitrile 17
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Commercially available benzoylacetonitrile 16 (200 mg, 1.37 mmol) was added to p-
methoxy benzaldehyde 15 (300 uL, 1.52 mmol) in absolute ethanol (10 mL) and
heated until homogenous. 1 drop of EtsN was then added and the solution allowed
to cool to room temperature. White crystals then precipitated out of solution which
were filtered and washed with ice cold ethanol (266 mg, 73%). This compound was
used crude without further purification. Spectral data in agreement with literature

values.2%8



Dimethyl 2-(2-methyl-3-oxopropyl) malonate 77
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A mixture of methacrolein (7.40 mL, 71.5 mmol), dimethyl malonate (7.05 mL, 60.0
mmol) and EtsN (8.35 mL, 120 mmol) in MeOH (50 mL) was stirred at 0 °C and allowed
to warm to rt over 17 h. EtOAc (30 mL) was added and washed with 3M aqueous HCI
(3 x 30 mL), water (3 x 30 mL) and brine (3 x 30 mL). This generated dimethyl 2-(2-
methyl-3-oxopropyl) malonate as a pale yellow oil (5.05 g, 41%) used without further
purification; *H NMR (400 MHz, CDCls): & (ppm) 9.61 (d, 1H,J = 1.3, CHO), 3.74 (s, 6H,
OCHs), 3.51 (1H, t, J = 7.3, CH2CH(CO2Me3)z, 2.47—2.31 (2H, m, H2CH(CO:Me3),,
1.96—1.89 (1H, m, CH3CHCHO), 1.14 (3H, d, J = 7.3, CH3CHCHO); 3C NMR (101 MHz,
CDCl3) 6 (ppm), 203.5 (CHO), 169.6 (CO:Me), 167.3 (CO2Me), 53.0 (OMe), 49.2
(CH(CO:2Me)2), 44.3 (CHCH3s), 29.5 (CH2), 13.9 (Me); IR (ATR): 2956, 1727, 1435,
1237,1197, 1154, 1059, 969, 735. ESI-HRMS: Found [M+H]* 203.0915, [M+Na]*
225.0735, CoH140s calculated 203.0914, CoH14NaOs calculated 225.0733.



Dimethyl 2-(2-(1,3-dioxolan-2-yl)propyl)malonate 78
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To aldehyde 77 (200 mg, 0.990 mmol) stirred in hexane (15 mL) camphor-10-sulfonic
acid (2.3 mg) and ethylene glycol (82 uL, 1.49 mmol) were added and stirred at reflux
for 18 h. The solution was then washed with water (3 x 30 mL), brine (3 x 30 mL),
dried over MgS0a4 (~ 3 g) and concentrated under vacuum to yield dimethyl 2-(2-
methyl-3-oxopropyl) malonate as a yellow oil (188 mg, 82%) which was used without
further purification. *H NMR (400 MHz, CDCls): 84 (ppm) 4.70 (d, 1H, J = 4.7, OCHO),
3.91-3.89 (m, 2H, CH,0), 3.88-3. 79 (m, 2H, CH,0), 3.74 (s, 6H, OCH3s), 3.64 (1H, t, J =
7.3, CH,CH(CO;Me;);, 2.20-2.10 (2H, m, CH,CH(CO;Mez);, 1.85-1.73 (1H, m,
CH3CHCHO), 0.97 (3H, d, J = 6.8, Me); 3C NMR (101 MHz, CDCl3) & (ppm), 172.6
(CO2Me), 170.2 (CO2Me), 107.3 (OCO), 65.2 (CH20), 62.4 (CH20), 52.8 (2C; OMe), 49.9
(CH(CO2Me)a), 35.0 (CH2), 30.8 (CH2), 14.6 (Me); IR (ATR): 2956, 2884, 1730, 1435,
1235, 1153, 944, 832. ESI-HRMS: Found [M+Na]* 269.0995, C11H1sNaOg calculated
269.0996



4-(1,3-Dioxolan-2-yl) pentanoic acid 79
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Dimethyl 2-(2-methyl-3-oxopropyl) malonate (3.00 g, 12.12 mmol) 78 was added to
a solution of KOH (3.00 g) dissolved in a 1:1 mixture of H,O: MeOH (20 mL) and left
to stir at reflux for 18 h. The reaction mixture was then washed with DCM (3 x 20 mL)
and the aqueous phase acidified to pH 5 with HCI. EtOAc was then added and the
organic washed with brine (3 x 20 mL), dried with MgSO4 (~4 g) and concentrated
under vacuum to yield 4-(1,3-dioxolan-2-yl) pentanoic acid as a pale yellow oil (1.8 g,
85%). 'H NMR (400 MHz, CDCl3) 64 (ppm): 8.5 (1H, bs, OH), 4.70 (d, 1H, J = 4.7, OCHO),
3.91-3.89 (m, 2H, CH20), 3.88-3.78 (m, 2H, CH20), 3.6 (1H, t, J = 7.3, CH.), 2.20-2.10
(2H, m, CH2CH), 1.85-1.73 (1H, m, CH CHs), 0.97 (3H, d, J = 6.8, Me); 3C NMR (101
MHz, CDCl3) 6c¢ (ppm), 174.3 (CO.0H), 107.4 (OCO), 65.3 (CH20), 65.1 (CH20), 49.9
(CH), 34.6 (CH2), 21.2 (CH>), 14.5 (Me); IR (ATR): 2969, 2884, 1710, 1457, 1379, 1166,
796, 658. ESI-HRMS: Found [M-H] 173.0274, CgH1404 calculated 173.0897.



Protein Purification

The pBAD vector containing ampicillin resistance and either Ser-GFP(Y39TAG) or
sfGFP(N150TAG) genes, together with the pEVOL vector containing tRNAPyl, pylRS (M.
mazei, wild type) and chloramphenicol resistance genes, were co-transformed into
electrocompetent E. coli Top10 cells and selected on LB agar plates containing ampicillin (100
pug/ml) and chloramphenicol (35 pg/ml). For small-scale expression, 0.5 mL of an overnight
culture grown from a single colony was inoculated into 50 mL Terrific Broth Medium
containing ampicillin (100 pg/ml) and chloramphenicol (35 pg/ml) in a 250 mL baffled conical
flask. At 37 °C with shaking (220 rpm), cells typically grew within 3 h to an OD600 of 0.2-0.3,
at which point NCAA (stock solution 80 mM in 0.1 M NaOH (aq.)) was added to a final
concentration of 1.5 mM. The cultures were allowed to grow until an OD600 of 0.4-0.6, at
which point protein expression was induced by addition of L-arabinose (stock solution 20%
(w/w)) at a final concentration of 0.02% (w/w) and left to grow for 16-18 h at 37 °C with
shaking (220 rpm). The cultures were harvested by centrifugation (6 000 x g, 4 °C, 20 min).
Pellets were re-suspended in 4 x PBS, 10 mM imidazole, pH 8.0 with a Pierce Protease
Inhibitor (EDTA-free) tablet and then lysed by sonication on ice for 6 x 30 s with 30 s intervals.
The lysate was clarified by centrifugation (20 000 x g, 4 °C, 20 min) and loaded onto a Ni
HiTrap Chelating HP column (1 ml, GE Healthcare) pre-equilibrated in 4 x PBS, 10 184 mM
imidazole, pH 8.0. The column was washed with 10 column volumes of this buffer and then
eluted using a gradient of 0-100% 4 x PBS, 500 mM imidazole, pH 8.0 over 7.5 column
volumes, taking 0.5 mL fractions, and the column washed with 7.5 column volumes of 4 x
PBS, 500 mM imidazole, pH 8.0, taking 0.5 mL fractions. Fractions containing full-length
protein (as determined by SDS-PAGE) were pooled, dialysed into 1 x PBS, pH 7.4 and
concentrated (Vivaspin centrifugal concentrator, 10000 MWCO) to a final concentration of
330 uM (as determined by UV-visible spectroscopy, €280 = 2.0 x 104 dm® mol-1 cm-1) and
stored at -80 °C. For large-scale expressions, the procedure was followed largely as above
with 1 L cultures inoculated with 10 mL of an overnight culture, to which NCAA and L-
arabinose were added to the same final concentrations. For purification, a larger Ni HiTrap

Chelating HP column (5 mL, GE Healthcare) was used, taking 2.5 mL fractions.



Plasmid information

The vectors pEVOL, harbouring pyIT and pyIRS (M. mazei, wild type or Y306A Y384F double

mutant) genes, and pBAD, harbouring the GFP(Y39TAG) gene and the pBAD vector

harbouring the sfGFP(N150TAG) gene was supplied by Dr Robin Brabham.

Sequence of GFP(Y39ThzK)

X represents the position of ThzK.

10
60

[M] SYKDDDDKV
LTLKFICTTG

70
120

KLPVPWPTLV
DDGNYKTRAE

130
180

VKFEGDTLVN
KANFKIRHNI

190
240

EDGSVQLADH
EFVTAAGITL

250
GMDELYKHHH

20

SKGEELFTGV

80

TTLTYGVQCF

140

RIELKGIDFK

200

YQQNTPIGDG

HHH*

30

VPILVELDGD

90

SRYPDHMKQH

150

EDGNILGHKL

210

PVLLPDNHYL

40

VNGHKFSVSG

100

DFFKSAMPEG

160

EYNYNSHNVY

220

STQSALSKDP

50

EGEGDATXGK

110

YVQERTIFFK

170

IMADKQKNGT

230

NEKRDHMVLL



Sequence of sfGFP(N150TAG)-His6

X represents the position of ThzK.

10 20 30 40 50
60

[M]VSKGEELFT GVVPILVELD GDVNGHFSV REGEGDATN GKLTLKFICT
TGKLPVPWPT

70 80 90 100 110
120

LVTTLTYGVQ CFSRYPDHMK RHDFFKSAMP EGYVQERRTIS FKDDGTYKTR
AEVKFEGDTL

130 140 150 160 170
180

VNRIELKGID FKEDGNILGH KLEYNFNSHX VYITADKQKN GIKANFKIRH
NVEDGSVQLA

190 200 210 220 230
240

DHYQQNTPIG DGPVLLPDNH YLSTQSVLSK DPNEKRDHMV LLEFVTAAGI
THGMDELYKG

250
SHHH HHH*



Protein Modification

Small volume protein dialysis
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All modified protein dialysis was carried out via the following method:

Firstly, lid and lip of a 1.5 mL eppendorf were removed. The lid was inverted and

modified protein for dialysis was transferred into the inverted lid.

A section of dialysis tubing was cut to size and left to hydrate in MiliQ water for 5
min. Once hydrated, the dialysis tubing was cut open to give a single membrane and

trimmed to size approximately 3 cm x 3 cm.

The dialysis tubing was then carefully placed over the lid containing modified protein.
The lip was then attached over the dialysis tubing and lid to form a seal. This was

then placed dialysis tubing faced down and left to dialyse overnight.



Transamination of myoglobin 54 to a-oxo aldehyde-myoglobin 55
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Ina 1.5 mL Eppendorf, a 600 uL aliquot of a 250 uM of myoglobin 53 in 25 mM PB pH
6.5 was charged with 600 pL of a 25 mM pyridoxal-5-phosphate 54 solution in 25 mM
PB pH 6.5 (pH adjusted as required to pH 6.5 using 4M NaOH). Final pH of solution
was confirmed using pH paper. The solution was mixed via repeatedly pipetting up
and down, then incubated at 37 °C without further agitation for 18 h. The solution
was then purified through spin concentration using 10,000 MWCO, and the resulting
glyoxyl-myoglobin solution was concentrated to 200 uM, eluting with water.

Oxidation to a-oxo aldehyde-myoglobin 55 was confirmed by LC-MS.



Oxidation of thioredoxin to a-oxo aldehyde-thioredoxin 58
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In a 0.5 mL eppendorf, a 100 uL aliquot of an 85 uM thioredoxin in 0.1 M PB pH 7.5
was charged with 1 pL of a 66 mM L-methionine stock solution in 0.1 M PB, 0.1 M
NaCl, pH 7.0, followed aby the addition of 1 uL of a 33 mM NalO4 stock solution in
0.1 M PB, 0.1 M NaCl, pH 7.0. The solution was mixed by repeated pipetting, and left
on ice in the dark. After 4 mins the reaction was purified using a PD SpinTrap G25
desalting column (GE Healthcare), eluting into 25 mM PB pH 7.5. Oxidation to a-oxo

aldehyde thioredoxin 58 was confirmed by LC-MS analysis.



Pd decaging GFPY39ThzK 64 to GFPY39 a-oxo K 65

[Pd(allyl)Cl,],
300 uM

1xPBS,pH7.4
1% DMSO
1h,rt

Ina 0.5 mL Eppendorf, a 100 pL aliquot of a 300 uM GFPY39ThzK 64 stock in 1 x PBS,
pH 7.4, was charged with 1 uL of a 30 mM allylpalladium(ll) chloride dimer solution
in DMSO. The solution was mixed immediately through pipette tip swirling, and
allowed to sit at rt for 1 h without further agitation. The reaction was quenched by
addition of 3-mercaptopropanoic acid, (10 pL, 1% v/v solution, 10 x PBS final
concentration = 0.1% v/v) and allowed to sit at 25 °C for 15 min without further
agitation. The reaction was diluted up to 500 uL then desalted using a PD MiniTrap
G-25 (GE Healthcare), eluting with 25 mM PB pH 7.5. Conversion to GFP a-oxo K 65

was confirmed by ESI-MS analysis.



Pd decaging GFPN150ThzK 67 to sfGFPN150 a-oxo K 68

[Pd(allyl)Cly],
300 pM

1xPBS,pH7.4
1% DMSO
1h,rt

In a 0.5 mL Eppendorf, a 100 uL aliquot of a 300 uM sfGFPN150 67 stock in 1 x PBS,
pH 7.4, was charged with 1 pL of a 30 mM allylpalladium(ll) chloride dimer solution
in DMSO. The solution was mixed immediately through pipette tip swirling, and
allowed to sit at rt for 1 h without further agitation. The reaction was quenched by
addition of 3-mercaptopropanoic acid, (10 uL, 1% v/v solution, 10 x PBS final
concentration = 0.1% v/v) and allowed to sit at 25 °C for 15 min without further
agitation. The reaction was diluted up to 500 uL then desalted using a PD MiniTrap
G-25 (GE Healthcare), eluting with 25 mM PB pH 7.5. Conversion to the sfGFP a-oxo

K 68 was confirmed by ESI-MS analysis.



General procedure 1 - Preparation of modified a-oxo aldehyde-myoglobin 55
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In a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-oxo aldehyde-myoglobin 55
stock in PB pH 7.4 was charged 25 plL of a 200 mM NHC catalyst stock solution in 25
mM PB pH 7.4. The solution was then charged with 25 pL aliquot of a 200 mM
aldehyde donor stock solution in 25 mM PB pH 7.4. Finally, 50 pL of 25 mM PB pH 7.4
was added to the reaction to give a final reaction volume of 200 pL. The solution was
mixed via repeatedly pipetting up and down, then incubated at 37 °C without further
agitation for 18 h. Conversion to the expected Umpolung product was judged by LC-
MS.



General procedure 2 - Preparation of modified a-oxo aldehyde-Thioredoxin 58
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Ina 0.5 mLEppendorf, a 25 ulL aliquot of 88 uM a-oxo aldehyde-Thioredoxin 58 stock
in PB pH 7.4 was charged 2.9 plL of a 200 mM NHC catalyst stock solution in 25 mM PB
pH 7.4. The solution was then charged with 2.9 uL aliquot of a 200 mM aldehyde
donor stock solution in 25 mM PB pH 7.4. Finally, 19.2 uL of 25 mM PB pH 7.4 was
added to generate a final volume of 50 uL. The solution was mixed via repeatedly
pipetting up and down, then incubated at 37 °C without further agitation for 18 h.

Conversion to the expected Umpolung product was judged by LC-MS.



General procedure 3 - Preparation of modified aldehyde-GFPY39 a-oxo K 65
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In a 0.5 mL Eppendorf, a 25 uL aliquot of a 90 uM GFPY39 a-oxo K 65 stock in PB pH
7.4 was charged 5.6 pL of a 200 mM NHC catalyst stock solution in 25 mM PB pH 7.4.
The solution was then charged with 5.6 L aliquot of a 200 mM aldehyde donor stock
solution in 25 mM PB pH 7.4. Finally, 13.8 pL of 25 mM PB pH 7.4 was added to
generate a final volume of 50 uL. The solution was mixed via repeatedly pipetting up
and down, then incubated at 37 °C without further agitation for 18 h. The protein
was purified via dialysis with the addition of 5.6 pL of glycine in 25 mM PB pH 7.4 and
left for 24 h. Conversion to the expected benzoin condensation product was judged

by ESI-MS.



General procedure 3 - Preparation of modified a-oxo aldehyde-sfGFP 68
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In a 0.5 mL Eppendorf, a 25 uL aliquot of a 90 uM sfGFPN150 a-oxo K 68 stock in PB
pH 7.4 was charged 5.6 pL of a 200 mM NHC catalyst stock solution in 25 mM PB pH
7.4. The solution was then charged with 5.6 uL aliquot of a 200 mM aldehyde donor
stock solution in 25 mM PB pH 7.4. Finally, 13.8 puL of 25 mM PB pH 7.4 was added to
generate a final volume of 50 pL. The solution was mixed via repeatedly pipetting up
and down, then incubated at 37 °C without further agitation for 18 h. The protein
was purified via dialysis with the addition of 5.6 uL of glycine in 25 mM PB pH 7.4 and
left for 24 h. Conversion to the expected Umpolung product was judged by ESI-MS.



Catalyst screen of modified a-oxo aldehyde-myoglobin with butyraldehyde 43

3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride 36
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride 36 catalyst stock solution in
25 mM PB pH 7.4. The solution was then charged with 25 uL aliquot of a 200 mM
butyraldehyde donor stock solution in 25 mM PB pH 7.4. Finally, 62.5 uL of 25 mM
PB pH 7.4 was added to the reaction to give a final reaction volume of 200 uL. The
solution was mixed via repeatedly pipetting up and down, then incubated at 37 °C
without further agitation for 18 h. Conversion to the expected umpolung product

was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride catalyst stock solution in
25 mM PB pH 7.4. The solution was then charged with 25 uL aliquot of a 200 mM
butyraldehyde donor stock solution in 25 mM PB pH 7.4. Finally, 50 pL of 25 mM PB
pH 7.4 was added to the reaction to give a final reaction volume of 200 uL. The
solution was mixed via repeatedly pipetting up and down, then incubated at 37 °C
without further agitation for 18 h. Conversion to the expected Umpolung product

was judged by LC-MS.



1,4-Dimethyl-4H-1,2,4-triazolium iodide 35
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
1,4-dimethyl-4H-1,2,4-triazolium iodide 35 catalyst stock solution in 25 mM PB pH
7.4. The solution was then charged with 25 pL aliquot of a 200 mM butyraldehyde
donor stock solution in 25 mM PB pH 7.4. Finally, 62.5 uL of 25 mM PB pH 7.4 was
added to the reaction to give a final reaction volume of 200 uL. The solution was
mixed via repeatedly pipetting up and down, then incubated at 37 °C without further
agitation for 18 h. Conversion to the expected Umpolung product was judged by LC-
MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
1,4-dimethyl-4H-1,2,4-triazolium iodide 35 catalyst stock solution in 25 mM PB pH
7.4. The solution was then charged with 25 plL aliquot of a 200 mM butyraldehyde
donor stock solution in 25 mM PB pH 7.4. Finally, 50 pL of 25 mM PB pH 7.4 was
added to the reaction to give a final reaction volume of 200 uL. The solution was
mixed via repeatedly pipetting up and down, then incubated at 37 °C without further
agitation for 18 h. Conversion to the expected Umpolung product was judged by LC-
MS.



Thiamine hydrochloride 34
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
thiamine hydrochloride catalyst stock solution in 25 mM PB pH 7.4. The solution was
then charged with 25 pL aliquot of a 200 mM butyraldehyde donor stock solution in
25 mM PB pH 7.4. Finally, 62.5 puL of 25 mM PB pH 7.4 was added to the reaction to
give a final reaction volume of 200 pL. The solution was mixed via repeatedly
pipetting up and down, then incubated at 37 °C without further agitation for 18 h.

Conversion to the expected Umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
thiamine hydrochloride in 25 mM PB pH 7.4. The solution was then charged with 25
pL aliguot of a 200 mM butyraldehyde donor stock solution in 25 mM PB pH 7.4.
Finally, 50 uL of 25 mM PB pH 7.4 was added to the reaction to give a final reaction
volume of 200 pL. The solution was mixed via repeatedly pipetting up and down,
then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



6,7-Dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

Perchlorate 33
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
6,7-dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

perchlorate 33 catalyst stock solution in acetonitrile. The solution was then charged
with 25 plL aliquot of a 200 mM butyraldehyde donor stock solution in 25 mM PB pH
7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final
reaction volume of 200 uL. The solution was mixed via repeatedly pipetting up and
down, then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 400 mM
6,7-dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

perchlorate 33 catalyst stock solution in acetonitrile. The solution was then charged
with 25 ul aliquot of a 200 mM aldehyde donor stock solution in 25 mM PB pH 7.4.
Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final reaction
volume of 200 pL. The solution was mixed via repeatedly pipetting up and down,
then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



6,7-Dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 pL of a 200 mM
6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18 catalyst stock solution in acetonitrile. The solution was then
charged with 25 uL aliquot of a 200 mM butyraldehyde donor stock solution in 25
mM PB pH 7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give
a final reaction volume of 200 L. The solution was mixed via repeatedly pipetting up
and down, then incubated at 37 °C without further agitation for 18 h. Conversion to

the expected Umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 pyL of a 400 mM
6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18 catalyst stock solution in acetonitrile. The solution was then
charged with 25 pl aliquot of a 200 mM aldehyde donor stock solution in 25 mM PB
pH 7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final
reaction volume of 200 uL. The solution was mixed via repeatedly pipetting up and
down, then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



Tabulated results of Myoglobin catalyst screen with butyraldehyde 43
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Catalyst screen of modified a-oxo aldehyde-myoglobin with isobutyraldehyde 46

3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride 36
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride 36 catalyst stock solution in
25 mM PB pH 7.4. The solution was then charged with 25 uL aliquot of a 200 mM
isobutyraldehyde donor 46 stock solution in 25 mM PB pH 7.4. Finally, 62.5 uL of 25
mM PB pH 7.4 was added to the reaction to give a final reaction volume of 200 pL.
The solution was mixed via repeatedly pipetting up and down, then incubated at 37
°C without further agitation for 18 h. Conversion to the expected Umpolung product

was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride catalyst stock solution in
25 mM PB pH 7.4. The solution was then charged with 25 uL aliquot of a 200 mM
isobutyraldehyde donor stock solution in 25 mM PB pH 7.4. Finally, 50 pL of 25 mM
PB pH 7.4 was added to the reaction to give a final reaction volume of 200 uL. The
solution was mixed via repeatedly pipetting up and down, then incubated at 37 °C
without further agitation for 18 h. Conversion to the expected Umpolung product

was judged by LC-MS.



1,4-Dimethyl-4H-1,2,4-triazolium iodide 35
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
1,4-dimethyl-4H-1,2,4-triazolium iodide 35 catalyst stock solution in 25 mM PB pH
7.4. The solution was then charged with 25 uL aliquot of a 200 mM isobutyraldehyde
donor stock solution in 25 mM PB pH 7.4. Finally, 62.5 uL of 25 mM PB pH 7.4 was
added to the reaction to give a final reaction volume of 200 uL. The solution was
mixed via repeatedly pipetting up and down, then incubated at 37 °C without further
agitation for 18 h. Conversion to the expected Umpolung product was judged by LC-
MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
1,4-dimethyl-4H-1,2,4-triazolium iodide 35 catalyst stock solution in 25 mM PB pH
7.4. The solution was then charged with 25 uL aliquot of a 200 mM isobutyraldehyde
donor stock solution in 25 mM PB pH 7.4. Finally, 50 pL of 25 mM PB pH 7.4 was
added to the reaction to give a final reaction volume of 200 uL. The solution was
mixed via repeatedly pipetting up and down, then incubated at 37 °C without further
agitation for 18 h. Conversion to the expected Umpolung product was judged by LC-
MS.



Thiamine hydrochloride 34
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
thiamine hydrochloride catalyst stock solution in 25 mM PB pH 7.4. The solution was
then charged with 25 pL aliquot of a 200 mM isobutyraldehyde donor stock solution
in 25 mM PB pH 7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction
to give a final reaction volume of 200 uL. The solution was mixed via repeatedly
pipetting up and down, then incubated at 37 °C without further agitation for 18 h.

Conversion to the expected Umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 25 L of a 200 mM
thiamine hydrochloride in 25 mM PB pH 7.4. The solution was then charged with 25
pL aliquot of a 200 mM isobutyraldehyde donor stock solution in 25 mM PB pH 7.4.
Finally, 50 uL of 25 mM PB pH 7.4 was added to the reaction to give a final reaction
volume of 200 pL. The solution was mixed via repeatedly pipetting up and down,
then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



6,7-Dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

perchlorate 33
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
6,7-dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

perchlorate 33 catalyst stock solution in acetonitrile. The solution was then charged
with 25 plL aliquot of a 200 mM butyraldehyde donor stock solution in 25 mM PB pH
7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final
reaction volume of 200 uL. The solution was mixed via repeatedly pipetting up and
down, then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 pyL of a 400 mM
6,7-dihydro-2-(2,4,6-trimethylphenyl)-5H-pyrrolo[2,1-c]-1,2,4-triazolium

perchlorate 33 catalyst stock solution in acetonitrile. The solution was then charged
with 25 pl aliquot of a 200 mM aldehyde donor stock solution in 25 mM PB pH 7.4.
Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final reaction
volume of 200 pL. The solution was mixed via repeatedly pipetting up and down,
then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



6,7-Dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18
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For 125 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 200 mM
6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18 catalyst stock solution in acetonitrile. The solution was then
charged with 25 pl aliquot of a 200 mM butyraldehyde donor stock solution in 25
mM PB pH 7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give
a final reaction volume of 200 L. The solution was mixed via repeatedly pipetting up
and down, then incubated at 37 °C without further agitation for 18 h. Conversion to

the expected umpolung product was judged by LC-MS.

For 250 eq catalyst screen, in a 0.5 mL Eppendorf, a 100 pL aliquot of a 200 uM a-
oxo aldehyde-myoglobin 55 stock in PB pH 7.4 was charged with 12.5 uL of a 400 mM
6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-triazolium

tetrafluoroborate 18 catalyst stock solution in acetonitrile. The solution was then
charged with 25 pL aliquot of a 200 mM aldehyde donor stock solution in 25 mM PB
pH 7.4. Finally, 62.5 pL of 25 mM PB pH 7.4 was added to the reaction to give a final
reaction volume of 200 uL. The solution was mixed via repeatedly pipetting up and
down, then incubated at 37 °C without further agitation for 18 h. Conversion to the

expected Umpolung product was judged by LC-MS.



Tabulated results of myoglobin catalyst screen with isobutyraldehyde 46

NHC

125 eq/250 eq
(0]

N

- G

250 eq
25 mM PB pH 7.4/ 6.25% AcN
18 h, 37 °C
Catalyst Catalyst eq Aldehyde eq Conversion
HO Jcr 125 o 75%
V\} ﬁ)k“ 250
o,
HO or 250 o 75%
J\} %H 250
125 o 57%
N BF4
250
q\//N Mes W)J\H
O [
| B, 250 . 63%
q\//N Mes YJ\H 250
e 125 o 35%
/N BF, YJ\H
\/N —CgFs 250
o 250 ) 38%
/N BF4
N*—CqFs %H 250
N
© N/ 125 84%
(0]
°N H 250
e 250 o 100%
N
lo) j)kH 250
"N
125 0 47%
)jﬁ gl\‘ OH W)J\H 250
N HCI
250 * 100%
L, °
250
)\N HCl W)J\H

*Caused protein to precipitate




Salt effects on reaction rate of cross-benzoin

N/
lo )

ANSN

(0] ..M Ny O O M |
H /<?1~ 5 250 eq ﬁ~ ,
N "arEy A le) > H & w
O : v’ % M OH o ¥
S &/ H B A
L <
250 eq

25 mM PB pH 7.4
18 h, 37 °C

LiCl, NaCI, (N H4)2SO4

)

In a 0.5 mL Eppendorf, a 100 uL aliquot of a 200 uM a-oxo aldehyde-myoglobin 55
stock in PB pH 7.4 was charged with 25 pL of a 200 mM dimethyl triazolium 35 in 25
mM PB pH 7.4. The solution was then charged with 25 uL aliquot of a 200 mM 2-
methylpentanal 62 donor stock solution in 25 mM PB pH 7.4. Finally, 50 uL of buffer
was added containing desired concentration of salt to give a final reaction volume of
200 pL. The solution was mixed via repeatedly pipetting up and down, then incubated
at 37 °C without further agitation for 18 h. Conversion to the expected Umpolung

product was judged by LC-MS at hourly intervals.

NaCl: % conversion over time.

05M 1M 2M
Oh 0% 0% 0%
1h 15 % 9% 0%
2h 15 % 13% 0%
3h 16 % 13% 0%
4 h 24 % 14 % 0%
5h 24 % 16 % 0%
6h 28 % 16 % 0%
18 h 40 % 29 % 0%




LiCl: % conversion over time.

0.5M 1M 2M
Oh 0% 0% 0%
1h 13 % 9% 0%
2h 18 % 20% 0%
3h 18 % 21% 0%
4h 18 % 21% 0%
5h 18 % 25% 0%
6h 18 % 28 % 0%
18 h 21 % 36 % 0%

(NH4),S04: % conversion over time

0.5M 1M 2M
Oh 0% 0% 0%
1h 36 % 51% 40%
2h 54 % 86 % 75 %
3h 81% 100 % 93 %
4h 86 % 100 % 100 %
5h 100 % 100 % 100 %
6h 100% 100 % 100 %
18 h 100% 100 % 100 %




Trypsin Digest of alkylated sfGFP a-oxo K

Each protein solution was diluted 1:1 (v:v) with aqueous 100 mM ammonium
bicarbonate before reducing with 5 mM DTT for 30 min at 50 °C and alkylating with
15 mM lodoacetamide for 30 min in the dark at room temperature. Post alkylation,
digestion was performed with the addition of 0.2 micrograms of sequencing grade
modified trypsin (Promega) and incubation overnight at 37 °C. Protease activity was

stopped with aqueous trifluoroacetic acid (1%, v:v) before LC-MS/MS analysis.

The resulting peptides were loaded onto a 50 cm PepMap, 2 pm, 100 A, C18
EasyNano nanocapillary column (75 um x 150 mm, Thermo). The peptides were
eluted onto an Orbitrap Fusion hybrid mass spectrometer (Thermo) over a 35 min
gradient of aqueous 3-35% (v:v) acetonitrile. Both MS1 and MS2 spectra were
acquired in the Orbitrap mass analyser with Easy-IC internal calibration. Data
dependent acquisition was performed in top speed mode using a fixed 1 s cycle,
selecting the most intense precursors with charge states 2-5. HCD was then used for

peptide fragmentation with 32% activation energy.

The resulting spectral data were searched against the expected protein sequence
appended to an in house database using the PEAKS-DB search program. The search
criteria specified: Enzyme, trypsin; Peptide tolerance, 3 ppm; MS/MS tolerance, 3

mDa. Carbamidomethylation (C), was set as a fixed modification.

The following modifications were set as variable as fitting sample possibilities:

Lys -> Glyoxyl(ald) +55.989829 Da



Lys -> Dicarbonyl +156.078644 Da
Oxidation of Met was also considered

Solid phase peptide synthesis

Preloaded. The resin was swollen in DMF for 30 min and then filtered.

Amino acid coupling. DIPEA (11 eq.) was added to a solution of amino acid (5 eq. unless
otherwise stated) and HCTU (5 eq. unless otherwise stated) dissolved in the minimum
volume of DMF and the solution added to the resin. The reaction mixture was gently agitated
by rotation for 1 h, and the resin was filtered off and washed with DMF (3 x 2 min with

rotation).

Fmoc deprotection. A solution of 20% piperidine in DMF was added to the resin and gently
agitated by rotation for 2 minutes. The resin was filtered off and repeated four more times,

followed by washes with DMF (5 x 2 min with rotation).

Cleavage and Isolation: The resin was washed with DCM (3 x 2 min with rotation) and MeOH
(3 x 2 min with rotation). The resin was dried on a vacuum manifold and further dried on a
high vacuum line overnight. A solution of cleavage cocktail was added to the resin and gently
agitated by rotation for 60 min. The reaction mixture was drained into ice-cold Et,O and
centrifuged at 4000 rpm at 4 °C until pelleted (ca. 5-10 min). The supernatant was carefully
decanted and subsequently re-suspended, centrifuged and supernatant decanted three
more times. The precipitated peptide pellet was dissolved in 10% aq. AcOH and lyophilised

to obtain a powder.

Cleavage Cocktails: General cleavage cocktail: 95:2.5:2.5 TFA:H,O:triisopropylsilane.
Reductive cleavage cocktail: 88:5:5:2 TFA:H,O:dithiothreitol:triisopropylsilane. Resin
cleavage only: 1:4 1,1,1,3,3,3-HFIP:DCM (all volumes v/v).
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OH
HaP
Preloaded-
Resin: G Glycine Name:
Loading: 0.53 FW mg
mmole: 0.053 Peptide Mass: 665.8 35.3
No Residues: 6 + N-Mod: 665.8 35.3
Residue FW Eq mg [ CA Q DIPEA
Glycine - 100 mg pl
Fmoc-Ala-OH 311.17 5 82 | HCTU 107 98
Fmoc-Arg (Pbf)-
OH 648.80 5 172 | HCTU 107 98
Fmoc-Tyr (tBu)-
OH 459.27 5 122 | HCTU 107 98
Fmoc-Leu-OH 353.25 5 94 | HCTU 107 98
Fmoc-Ser (tBu)-
OH 383.17 5 102 | HCTU 107 98
N-Terminus FwW Eq mg CA Q DIPEA
none - 5 HCTU | 98

pL
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H2P
Preloaded-

Resin: G Glycine Name:
Loading: 0.53 FW mg
mmole: 0.053 Peptide Mass: 882 35.3

No Residues: 6 + N-Mod: 10129 | 35.3
Residue FW Eq mg CA Q DIPEA
Glycine - 85 mg pl

Fmoc-DansLys-OH 311.17 5 132 | HCTU 82 90
Fmoc-Peg2-OH 648.80 5 90 | HCTU 82 90
Fmoc-Peg2-OH 459.27 5 90 | HCTU 82 90
Handle 353.25 5 38 | HCTU 82 90

N-Terminus FW Eq mg CA Q DIPEA
none - 5 HCTU | #REF! 90
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HWN/\/O\/\OWN\/\O/\/O\)J\N N%OH
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H2N-SI
Preloaded-

Resin: G Glycine Name:
Loading: 0.53 FW mg
mmole: 0.053 Peptide Mass: 665.8 35.3

No Residues: 6 + N-Mod: 665.8 35.3
Residue FW Eq mg CA Q DIPEA
Glycine - 85 mg pl

Fmoc-DansLys-OH 311.17 5 132 [ HCTU 107 90

Fmoc-Peg2-OH 648.80 5 85 | HCTU 107 90

Fmoc-Peg2-OH 459.27 5 85 [ HCTU 107 90

FMOC-INP-OH 353.25 5 90 | HCTU 107 90
Handle 383.17 5 38 | HCTU 107 90

N-Terminus FW Eq mg CA Q DIPEA
none - 5 HCTU | 98
1]




Peptide modifications

Oxidation of SLYRAG

Nalo,

(o) (0]
HZN\)J\N/LYRAG 40 mM O%N/LYRAG
N 25mMPBpH74 [ K

HO 1h,37°C 11

o
HOW)J\ _LYRAG
N

oH ™

\Ill

An aliquot of SLYRAG 9 (26.6 mg, 40mM) was charged with sodium periodate (8.5
mg, 40 mM) in 1 mL of 25 mM PB pH 7.4. The solution was vortexed, then allowed to
sit at room temperature in the dark for 1 h. The solution was then loaded onto a solid
phase extraction C18 cartridge (Supelclean™, 6 mL, LC-18, SUPELCO®) equilibrated
with water then acetonitrile. After initial washing with water, the product was eluted
over a gradient: H,0:10% MeCN, H,0:30% MeCN, H,0:50% MeCN, H,0:70% MeCN,
and 100% MeCN. The fragments are collected and left to lyophilise overnight and LC-
MS used to identify fractions containing a-oxo aldehyde LYRAG 11. Fractions
containing pure a-oxo aldehyde-LYRAG were pooled and subsequently lyophilised
to give a-oxo aldehyde-LYRAG 11 as an orange solid, which was stored at -20 °C until

required.



Stetter modifications of a-oxo aldehyde-LYRAG 11
20 mM catalyst loading

BF, F
F F

NCNYF

o) =N F o)

L "
18 N
HO SLYRAG
o} NG Q o}
1 23

Meo{ )/ ©
17

Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

From a 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, a 500 pL aliquot
was charged with 500 pL aliquot of a 5 Mm Michael acceptor 17 stock solution in
acetonitrile. The reaction was then charged with 6,7-dihydro-2-pentafluorophenyl-
5H-pyrrolo[2,1-c]-1,2,4-triazolium tetrafluoroborate 18 (20 mM, 7.25 mg). The
solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C overnight without
further agitation. After this period the solution was analysed via LC-MS without

purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading

BF, F
F F
ANTNE
N R
o) =N F o)

T

H
N 18 N
H LYRAG HO “LYRAG
o e O L °
Meo{ )/ ©
17

Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

From a 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, a 500 pL aliquot

was charged with 500 pL aliquot of a 5 Mm Michael acceptor 17 stock solution in

acetonitrile. The reaction was then charged with 6,7-dihydro-2-pentafluorophenyl-

5H-pyrrolo[2,1-c]-1,2,4-triazolium tetrafluoroborate 18 (5 mM, 1.8 mg). The solution

was briefly vortexed (~10 secs), and allowed to sit at 37 °C overnight without further

agitation. After this period conversion to anticipated Umpolung products were

assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
20 mM catalyst loading-degassed buffer

BF, F
F F
®
~N F

0 LN);NF o CN ©

N 18 N Ph N
H SLYRAG HO SLYRAG + LYRAG
) NG a o O PMP O
1 MeO O 7% 23 20
17

Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 pL aliquot was transferred into a 1.5
mL eppendorf containing 6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-
triazolium tetrafluoroborate 18 (20 mM, 7.25 mg), under inert atmosphere. This was
charged with 500 pL aliquot of a 5 Mm Michael acceptor 17 stock solution in dry
acetonitrile. The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C
overnight without further agitation. After this period conversion to anticipated

Umpolung products were assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

BF, F
F F
®
~N F

0 NoN F o CN ©

N 18 N Ph N
H SLYRAG HO SLYRAG + LYRAG
) NG a o O PMP O
1 MeO O 7% 23 20
17

Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 pL aliquot was transferred into a 1.5
mL eppendorf containing 6,7-dihydro-2-pentafluorophenyl-5H-pyrrolo[2,1-c]-1,2,4-
triazolium tetrafluoroborate 18 (5 mM, 1.8 mg), under inert atmosphere. This was
charged with 500 pL aliquot of a 5 Mm Michael acceptor 17 stock solution in dry
acetonitrile. The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C
overnight without further agitation. After this period conversion to anticipated

Umpolung products were assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
20 mM catalyst loading-degassed buffer

1) NfN F o) o}

N 18 N o) §
/ ~
H SLYRAG —>o HO SLYRAG + LYRAG

o o 0 0
1 ~ Z 23 32

31

Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 uL aliquot was transferred into a 1.5
mL eppendorf under inert atmosphere containing 6,7-dihydro-2-pentafluorophenyl-
5H-pyrrolo[2,1-c]-1,2,4-triazolium tetrafluoroborate 18 (20 mM, 7.25 mg). This was
charged with a 500 uL aliquot of a 40 mM methyl acrylate 31 stock solution in dry
acetonitrile. The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C
overnight without further agitation. After this period conversion to anticipated

Umpolung products were assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

1) NfN F o) o}

N 18 N o) §
/ ~
H SLYRAG —>o HO SLYRAG + LYRAG

o o 0 0
1 ~ Z 23 32

31

Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 uL aliquot was transferred into a 1.5
mL eppendorf under inert atmosphere containing 6,7-dihydro-2-pentafluorophenyl-
5H-pyrrolo[2,1-c]-1,2,4-triazolium tetrafluoroborate 18 (5 mM, 1.8 mg). This was
charged with a 250 pl aliquot of an 80 mM methyl acrylate 31 stock solution in dry
acetonitrile. The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C
overnight without further agitation. After this period conversion to anticipated

Umpolung products were assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

o
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®
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H Vg T H
N\ 33 N\ /O N\

H LYRAG 4’0 HO LYRAG + LYRAG

1 ~o Z 23 32
31
Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN

1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 pL aliquot was transferred into a 1.5
mL eppendorf under inert atmosphere. To this, a 125 pL aliquot from a 40 mM stock
solution containing mesityl substituted triazolium 33 in dry acetonitrile was then
transferred into the reaction. This was charged with a 250 L aliquot of an 80 mM
methyl acrylate 31 stock solution in dry acetonitrile. Finally, 125 pL of dry acetonitrile
was added to generate a final reaction volume of 1 mL. The solution was briefly
vortexed (~10 secs), and allowed to sit at 37 °C overnight without further agitation.
After this period conversion to anticipated Umpolung products were assessed by LC-

MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

NH, o o

T H H
N 34 N (o] N\
HJ\”/ SLYRAG Ho)kﬂ/ SLYRAG + 7 LYRAG
(6] Q e} (6] (6]
1 \OJ\/ 23 32
31

Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, was degassed under
nitrogen for 1 hour. Following this period, a 500 pL aliquot was transferred intoa 1.5
mL eppendorf under inert atmosphere. To this, a 125 plL aliquot from a 40 mM stock
solution containing mesityl substituted thiamine 34 in dry acetonitrile was then
transferred into the reaction. This was charged with a 250 L aliquot of an 80 mM
methyl acrylate 31 stock solution in dry acetonitrile. Finally, 125 pL of dry acetonitrile
was added to generate a final reaction volume of 1 mL. The solution was briefly
vortexed (~10 secs), and allowed to sit at 37 °C overnight without further agitation.
After this period conversion to anticipated Umpolung products were assessed by LC-

MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

C) N/
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~
H “LYRAG HO “LYRAG + 7 LYRAG
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31
Degassed
Phosphate Buffer 25 mM
pH 7.4/MeCN

1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock solution in 25 mM PB, pH 7.4, was degassed
under nitrogen for 1 hour. Following this period, a 500 uL aliquot was transferred
into a 1.5 mL eppendorf under inert atmosphere. To this, a 125 ulL aliquot from a 40
mM stock solution containing mesityl substituted dimethyl triazolium 35 in dry
acetonitrile was then transferred into the reaction. This was charged with a 250 uL
aliqguot of an 80 mM methyl acrylate 31 stock solution in dry acetonitrile. Finally, 125
uL of dry acetonitrile was added to generate a final reaction volume of 1 mL. The
solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C overnight without
further agitation. After this period conversion to anticipated Umpolung products

were assessed by LC-MS without purification.



Stetter modifications of a-oxo aldehyde-LYRAG 11
5 mM catalyst loading-degassed buffer

HO S o o

H 36 N 0 N
H “LYRAG _— HO SLYRAG + 7 LYRAG
(@] 1 (o) (6] O
1 \O)v 23 32
31
Degassed
Phosphate Buffer 25 mM

pH 7.4/MeCN
1:1

A 5 mM a-oxo aldehyde-LYRAG 11 stock solution in 25 mM PB, pH 7.4, was degassed
under nitrogen for 1 hour. Following this period, a 500 pL aliquot was transferred
into a 1.5 mL eppendorf under inert atmosphere. To this, a 125 uL aliquot from a 40
mM stock solution containing mesityl substituted thiazolium catalyst 36 in dry
acetonitrile was then transferred into the reaction. This was charged with a 250 plL
aliguot of an 80 mM methyl acrylate 31 stock solution in dry acetonitrile. Finally, 125
pL of dry acetonitrile was added to generate a final reaction volume of 1 mL. The
solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C overnight without
further agitation. After this period conversion to anticipated Umpolung products

were assessed by LC-MS without purification.



Oxidation of Ser-Ala Dipeptide

NH, o) NalO,4 J\[(

- H >
HOV\[(NJ\OH 25 mM PB pH 7.4

o = 1h, 37 °C

84 %
: Ho)ﬁ(

To a solution of compound 84 (0.05 g, 0.27 mmol) in 0.1 M PB pH 7.0 (700 pL) was
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T T

added NalO4 (0.06 g, 0.28 mmol). The reaction was mixed until complete dissolution
was achieved, and then allowed to sit at rt for 1 h. Complete oxidation to 85 was
observed by LC-MS analysis. Upon completion, he solution was then loaded onto a
solid phase extraction C18 cartridge (Supelclean™, 6 mL, LC-18, SUPELCO®)
equilibrated with water then acetonitrile. After initial washing with water, the
product was eluted over a gradient: H,0:10% MeCN, H>0:30% MeCN, H>0:50%
MeCN, H20:70% MeCN, and 100% MeCN. The fragments were collected and left to
lyophilise overnight and LC-MS used to identify fractions containing desired product

85.



Umpolung of a-oxo aldehyde -Ala Dipeptide
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To a solution of compound 85 (25 mg, 0.04 mmol) in 3 mL 25 Mm PB pH 7.4 was
added thiamine 34 (40 mg, 0.15 mmol) and 2-methylpentanal 62 (15 mg, 0.15 mmol).
The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C. without
further agitation. Conversion to 86 was monitored by LC-MS analysis. Upon
completion, he solution was then loaded onto a solid phase extraction C18 cartridge
(Supelclean™, 6 mL, LC-18, SUPELCO®) equilibrated with water then acetonitrile.
After initial washing with water, the product was eluted over a gradient: H,0:10%
MeCN, H,0:30% MeCN, H,0:50% MeCN, H20:70% MeCN, and 100% MeCN. The
fragments were collected and left to lyophilise overnight and LC-MS used to identify

fractions containing desired product 86.



General procedure 4 — Umpolung reaction of a-oxo aldehyde-LYRAG 11 with small
molecule aldehyde donors

o
R)J\H
20 mM
Q 2%HCM Q@ 9
H % _LYRAG m M _LYRAG
N 25 mM PB pH 7.4 R N
9 1h, 37 °C OH

11

From a 5 mM a-oxo aldehyde-LYRAG 11 stock in 25 mM PB, pH 7.4, a 200 pL aliquot
was charged with 40 uL of a 0.5 M aldehyde donor stock solution in 25 mM PB pH
7.4. The reaction was then charged with 100 pL of a 200 mM NHC catalyst in 25 mM
PB pH 7.4. Finally, 690 pL 25 mM PB pH 7.4 was added to create a final volume of 1
mL. The solution was briefly vortexed (~10 secs), and allowed to sit at 37 °C overnight
without further agitation. After this period Conversion to anticipated Umpolung

products were confirmed by LC-MS without purification.



1,3 dioxolane protected dansyl probe 83 (5 mg), was charged with 140 uL of 25 mM
PB pH 7.4 in a 1 mL Eppendorf tube and then neat TFA (10 uL) was added to give a
final volume of 150 pL. The solution was vortexed, then allowed to sit at room
temperature for 1 h. The generation of dansyl probe was monitored using LC-MS

analysis.

Following completion, 0.5 mL 10% AcOH was added and the solution was lyophilised.
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Dansyl probe

500 eq
25mMPBpH 7.4
18 h, 37 °C

In a 0.5 mL Eppendorf, a 53 plL aliqguot of a 200 uM a-oxo aldehyde-myoglobin 55
stock in PB pH 7.4 was charged with 26.6 puL of a 200 mM triazolium catalyst in 25
mM PB pH 7.4. To this, 5 mg dansyl probe was dissolved in 50 pL 25 mM PB pH 7.4
and added to the solution. Finally, 295.4 uL of 25 mM PB pH 7.4 was added to the
reaction to give a final reaction volume of 425 pL. The solution was mixed via
repeatedly pipetting up and down, then incubated at 37 °C without further agitation
for 18 h. Following this the solution was dialysed at 4 °C overnight and concentrated
in an 10 KDa MWCO. Conversion to the expected Umpolung product was judged by
LC-MS.



Mass spectrometry data of modified peptides

SLYRAG 9

Calculated [M+H]* 666.36
Found [M+H]* 666.32
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a-Oxo-LYRAG 11

Calculated [M+H]* 635.31, 653.32 (hydrate)

Found [M+H]*
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Stetter modifications of a-oxo aldehyde-LYRAG 11

Intens.
x107

]

BF, F
F F
AN F
NON F
20 mM 18

ne §=)
Meo{ )7 ©
17

Phosphate Buffer 25 mM
pH 7.4/MeCN
1:1

L

L1

H
N\
HO)H( LYRAG

1
200

m/z

B00 800



BF, F

F F
®
NN F
0 =N F o CN O
H 20 mM 18 H Ph H\
H SLYRAG —_—— HO SLYRAG + LYRAG
o NG a o O PMP O
11 MeO 7o 23 20
17
Degassed
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a-Oxo-LYRAG 44

Calculated [M+H]* 707.36

Found [M+H]*  707.46
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a-Oxo-LYRAG 49

Calculated [M+H]* 707.36
Found [M+H]* 707.46
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a-oxo-myoglobin 55

Calculated [M+H]* 16951, 16969 (hydrate)
Found [M+H]* 16970

Peaks 1690, 17047 and 17170 correspond to unknown PLP oxidation by products.
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Probe -myoglobin 83

Calculated [M+H]* 17901
Found [M+H]* 17901
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Butyr-myoglobin 57

Calculated [M+H]* 17023

Found [M+H]* 17024
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Isobutyr-myoglobin 56

Calculated [M+H]* 17023
Found [M+H]* 17024
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Oxo- Thioredoxin 58

Calculated [M+H]* 11643, 11661 (hydrate)

Found [M+H]* 11661 (hydrate)
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Oxo- butyr Thioredoxin 59

Calculated [M+H]* 11715
Found [M+H]* 11715
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GFPY39 a-oxo K 65 Calculated [M+H]* 28575, 28593 (hydrate)

Found [M+H]* 28571, 28590 (hydrate)
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alkyl-GFPY39 66 Calculated [M+H]* 28671, Found [M+H]* 28671
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sfGFPN150 67 Calculated [M+H]* 27900, 27918 (hydrate) Found [M+H]* 27917

s

100 -
100 -
27917.78538
2791778538 9
N HO,
e,
7 27938.52215
28014.66156
27959.37197
A | | 28036.62963
] MY
0.0 | 00 :

" 20000 22000 24000 26000 28000 30000 32000 34000 280 27015 270 21075 27950 27975 28000 28025 23050



Oxo-sfGFPN150 69 Calculated [M+H]* 28000 Found [M+H]* 27997
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List of Abbreviations

ABAO 2-Amino benzamidoxime
AcrK N-Acryloyl-lysine

ADC Antibody Drug Conjugate
AfBPs Affinity- based probes

BCN Bicyclo- [6.1.0]-nonyne

BSA Bovine serum albumin

CAN Ceric ammonium (IV) nitrate
C-C Carbon-Carbon bond

CD Circular dichroism

CuAAC Copper-mediated azide-alkyne cycloaddition
DAR Drug-antibody ratio

DCM Dichloromethane

Dha Dehydroalanine

DIFO Difluorinated cyclooctynes
DIPEA N, N-Diisopropylethylamine
DMF Dimethylforamide

DMSO Dimethylsulfoxide

E. coli Escherichia Coli

EGFRs Epidermal growth factor receptors
EPL Expressed protein ligation

ESI Electrospray ionisation

EtOAc Ethyl acetate



EWG Electron withdrawing group

FGE Formylglycine Generating Enzyme
fGly Formylglycine

FAPP Farnseyl aldehyde pyrophosphate
FPP Farnseyl pyrophosphate

GFP Green fluorescent protein

gpTGase Guinea pig liver transglutaminase
h Hour(s)

HCTU 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3- tetramethylaminium

hexafluorophosphate

HER2 Human epidermal growth factor receptor 2
HFIP Hexafluoro-2-propanol

HGH Human growth hormone

HIPS Hydrazino-iso-Pictet Spengler

HPLC High performance liquid chromatography
HRMS High resolution mass spectrometry

HRP Horseradish peroxidase

HSA Human serum albumin

Hz Hertz

IEDDA Inverse electron demands Diels—Alder
IL-8 Interleukin-8

KOH Potassium hydroxide

LAP Lipoic acid ligase acceptor peptide

LB Lysogeny broth



LC-MS Liquid chromatography-mass spectrometry
LiCl Lithium chloride

LplA Lipoic acid ligase

LRMS Low resolution mass spectrometry
MBP Maltose binding protein

MeCN Acetonitrile

MeOH Methanol

MeSH Methanethiol

MNP Multivalent nanoparticle

MS Mass spectrometry

MS/MS Tandem mass spectrometry
MWCO Molecular weight cut off

m/z Mass to charge ratio

NaCl Sodium chloride

NCL Native chemical ligation

NHC N-heterocyclic carbene

NHS ester N-hydroxysuccinimide ester
NMR Nuclear magnetic resonance

OPAL Organocatalyst-mediated protein aldol ligation
PAL Photoaffinity labelling

PB Phosphate buffer

PBS Phosphate buffer saline

PEG Polyethylene glycol



PES Potential energy surface

PET Positron emission tomography

PFTase Protein farnesyl-transferase

PLP Pyridoxal-5-phosphate

PMP para-methoxyphenol

PTM Post-translational modification

PTS Protein-trans-splicing

QC Quadricyclane

scFv Single chain Fragment variable

SET Single electron transfer

sfGFP Superfolder green fluorescent protein S
SPAAC Strain-promoted azide-alkyne cycloaddition
SPANC Strain-promoted alkyne nitrone cycloaddition
SPANOC strain-promoted alkyne-nitrile oxide cycloaddition

SPOCQ Strain-promoted oxidation-controlled cyclooctyne-1,2-quinone

cycloaddition

SPPS Solid phase peptide synthesis

SPSAC Copper-free strain-promoted sydnone-alkyne cycloaddition
SrtA Sortase A

TCEP Tris(2-carboxyethyl)phosphine

TEAB Triethanolamine bicarbonate T

TFA Trifluoroacetic acid

ThzK Thiazolidine lysine

TIS Triisopropylsilane



tK Trapped Knoevenagel

TKM Tandem Knoevenagel Condensation Michael Addition

TPPTS Triphenylphosphine trisulfonate

tRNA Transfer ribonucleic acid

TTL Tubulin tyrosine ligase

UAA Unnatural amino acids

UV-Vis Ultraviolet-visible

YEB Ylide ester biotin phosphonium salt precursor 2PCA 2-pyridinecarboxaldehyde

3ForTyr 3-Formyl-L-tyrosine
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