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Abstract

The ability to tailor cell surfaces with non-native molecules is critical to advance
the study of cellular communication, cell behavior, and for next-generation therapeutics.
There has been a tremendous effort to tailor mammalian cell surfaces with organic
functional groups; however, there are few reliable and non-invasive methods for re-wiring
the bacterial cell surface. Current methods to re-engineer bacteria surfaces rely on
complicated, slow, and often expensive molecular biology and metabolic manipulation
methods with a limited scope on the type of molecules installed onto the surface. In the
first part of this report, we introduce a new straightforward method based on liposome
fusion to re-engineer Gram-negative bacteria cell surface with bio-orthogonal groups that
can subsequently be conjugated to a range of molecules (biomolecules, small molecules,
probes, proteins) for further studies and programmed behavior of bacteria. This method is
fast, efficient, inexpensive, and useful for installing a broad scope of ligands and
biomolecules to Gram-negative bacteria surfaces.

The development of methods to conjugate a range of molecules to primary amine
functional groups have revolutionized the fields of chemistry, biology and material science.
Due to its abundance, the primary amine is the most convenient functional group handle in
molecules for ligation to other molecules for a broad range of applications that affect all
scientific fields. Current conjugation methods with primary amines include the use of
activated carboxylic acids, isothiocyanates, Michael addition type systems and reaction
with ketones or aldehydes followed by in situ reductive amination. In the second part, we

introduce a new traceless, high yield, fast; click chemistry method based on the rapid and



efficient trapping of amine groups via a functionalized dialdehyde group. The click reaction
occurs in mild conditions in organic solvents or aqueous media, proceeds in high yield.
Moreover, no catalyst or activating group is required and the only by-product is water. The
dialdehyde headgroup was used for applications in cell surface engineering and for
tailoring surfaces for material science applications. We anticipate broad utility of the
general dialdehyde click chemistry to primary amines in all areas of chemical research

ranging from polymers, bioconjugation to material science and nanoscience.
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1 CHAPTER ONE

Bioconjugation Chemistry and Chemical Ligation to Macromolecules:
Background Principals and Current Methods

1.1 Introduction

Macromolecule conjugation is an attractive area of research in biochemistry and
biotechnology. Methods developed for a mild and highly selective conjugation of
macromolecules allow for novel discoveries in derivatization of proteins, DNA/RNA and
manipulation of carbohydrates. Such applications have proven to be central to the
advancement of biochemistry, biotechnology and medicine. The strength of such reactions
lies in their ability to modify a native macromolecule without disturbing regular function
in the physiological environment. Improvement of these chemical reactions has led to the
development of an increasingly growing field of “Bioconjugate chemistry”. This field
highlights the derivatization of macromolecules through a covalent connection to a foreign
body. Among such molecules, carbohydrates, glycans, amino acids and proteins bear
exceptional significance with important biological properties. All of these molecules play
important role in cellular activities and are fundamental in sustaining homeostasis of the
living organism. Manipulation of these molecules has offered a new gateway to study the
cell function in more details and also to use them in molecular biology for diagnostic and
therapeutic purposes. However, complexity and sensitivity of these macromolecules have
made such modifications often very difficult, laborious and expensive. The innovation of

reactions that would be biocompatible and silent to regular cellular hydrolytic actions has



demanded conjugation strategies arising from organic chemists’ toolbox. Many discovered
reactions could conjugate ligands to macromolecules and act as probes or reporters in
binding studies.® High-throughput approaches have been the result of innovation of

reporters like biotin, #> NMR probes® and immobilized ligand on surfaces.”®

Appended small molecules to larger structures have opened a new gateway in
methods to study protein behavior and other biochemical experiments. FRET reporters can
be modified to reveal invaluable information about the conformational changes of protein-
protein interaction as low as 10 nm range.® Non-fluorescent probes also play important
part in bioconjugation experiments and are heavily used in understanding of integral

proteins and channels on cell surfaces.!!

Protein conjugation has always been the major spotlight among bioconjugation
chemists for the development of methods that would allow for ligation with retention of
the native function. Protein pegylation,'>'4 probe installation, protein-protein interaction,
immobilization'>'” and antibody-drug conjugation’®2! are only a short list of the
attributions. The growing field of novel therapeutics for cancer therapy has focused on
selective and highly efficient targeting of the affected cells via conjugation of a toxin to an
antibody that is recognized by the corresponding antigen on cell surface.??2* Approval of
Adcetris® (brentuximab vedotin) and Kadcyla® (ado-trastuzumab emtansine), by the
Food and Drug Administration (FDA) in 2015 is the product of such efforts and a great
step forward for materializing antibody drug conjugates (ADC) therapies.?® An important
pre-requisite of a successful ADC complex is its ability to release the payload in the most

available form into the cytoplasm. Although there is a tremendous ongoing effort to



optimize the efficiency of therapeutic index, there are some serious drawbacks and

limitations associated with their efficacy.

There has been enormous developments and contributions in the biomedical and
biotechnology field from organic chemistry in the past 50 years. There are great
improvements in the organic reactions that facilitate all the mentioned objectives above.
Although the search for reactions that would accommodate for all the necessary conditions
of a successful bioconjugation is a difficult task, there is a long list of reagents and
functional groups available for chemical biologists.'® Typically, a bioconjugation reaction
could either be “biorthogonal” or simply a biocompatible protocol that would lead to the
formation of a covalent bond. Biorthogonal reactions are a sub-class of bioconjugation
field, that occur under physiological conditions, at 37 °C, neutral pH and are invisible to
other reactive functional groups found in biology. Such reactions do not produce side-
products and do not exhibit reactivity towards reactive moieties in the cellular environment.
For this reason, they are often hidden from enzymatic metabolic processes or clearance
from the cytoplasm. All mentioned criterions must be fulfilled so that a functional group

could be considered a biorthogonal pair.

1.2 Classes of Bioconjugation Reactions

An important feature of bioconjugation reaction is the ability of the reactive centers
to remain highly selective for each other to ensure a specific site is targeted in a
heterogeneous environment. Poor control of such modifications will often result in loss of

physiological function of the macromolecule?®. Many research groups have focused on



development and design of a conjugation strategy that would facilitate attachment of
biological molecules without disturbing their native structures. Most of these developments
take advantage of a selected number of functional groups already present within the
structure of the native biomolecule. Rich in hydroxyl functional groups, carbohydrates
could participate in nucleophilic addition type conjugations; similarly, amino acids both in
protein structure and as independent signalling peptides, also offer a versatile reactive
center for conjugation. However, this could create both limitation and opportunity for their
use in chemical ligations. Many of these functional groups serve merely as a general
nucleophile and present limited selectivity towards other electrophiles. Best selectivity
could be achieved with cysteine, lysine, and histidine and in some cases serine.?® The thiol
of cysteine is one of the most studied reactive centers to tether proteins with other biologic
and non-biological bodies. However, reversibility of reaction and relatively low abundance
of available cysteine in the protein structures has provided the opportunity for a better
reactive center in bioconjugation.?” In contrast to thiol, lysine offers a more reactive yet
less selective primary amine, which could be applied in multiple quantitative conjugations
independent of site specificity?®. Conjugation of the primary amine requires a relatively
harder electrophilic center such as an activated ester,?® sulfonyl chloride*®® and
isothiocyanate residue.®* Here we highlight some of the most common bioconjugation

strategies that use the active functional group of a side chain residues.

1.2.1 Thiol

Thiols are the most nucleophilic centers found in the biological macromolecules.*
Although they are more reactive at lower pH ranges in comparison with a primary amine,
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they are often found to be bound by a disulfide bond. In order to generate a reactive thiol
center, the thioester or the oxidized disulfide bond must be reduced using mild reagents

such as dithiothreitol®® or phosphine derivatives (TCEP).%*

SH SH SH

o e ?’ '“54{\”' o

Figure 1.1 Thiol liberation for conjugation reaction

A cartoon presentation of a disulfide bond reduction using an
appropriate reducing agent to afford two sulfhydryls, which
could further form a covalent bond with a maleimide reporter on
any exogenous macromolecule. For every reduction, there are
two molecules of thiol produced that could engage in two
independent bioconjugation reactions.

In-situ preparation of a thiol group could allow for a nucleophilic addition to
forming thioether bonds. For example, maleimide reacts readily with sulfhydryls in high
selectivity®® or alternatively an alkylation reaction could be conducted using
iodoacetamide. The presence of electron withdrawing carbonyl makes this reagent a good
alkylating agent for thiols. In spite of selectivity, iodoalkanes are known to react with
methionine in a heterogeneous sample.3® Other protocols have reported the reaction of
thiols with allyl halide to form the allylic thioether, but the scope has remained restricted

to peptide modification.®’
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Figure 1.2 Thiol nucleophilic conjugate addition to maleimide

An available thiol could react with a haloalkane that is incorporated onto
a biomacromolecule chemical structure, thus could be used as a chemical
reporter that generates a robust covalent bond in a 1,2-nucleophilic
conjugate addition reaction. Alkylation of a thiol using such haloalkanes
is an irreversible process and would result in a permanent labelling of the
subject.

While chemical modification of thiols with reagents has been a common practice
in biochemical experiments, unnecessary exposure of proteins to chemicals often leads to
undesired consequences. Furthermore, low abundance of cysteine in the biology and it’s
fundamental role within the core of a protein for maintaining a functional structure, makes
it a relatively unpreserved candidate for bioconjugation reactions.®® In spite of all
shortcomings, thiol is proven to be one of the most effective sites used in the protein

bioconjugation in modern practice.

1.2.2 Hydroxyl

Tyrosine residue could also be used as a peptide handle, acting as a nucleophile
through its hydroxyl. The preliminary attempts in tyrosine conjugation were exploited
through (SnAr) reaction of azo derivatives with phenol at ortho position.*® Depending on
the photostability and photochemical properties of the substituents on the azo aryl, the

resulting tyrosine-azo aryl conjugate may not have significant reporting characteristics.
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Introducing an electron-withdrawing group in the para position allows for an easy
reduction into the aniline that could be further transformed into a stable benzoxazine with
a substituted acrylamide. Eventually, an electrophilic center could be installed on the azo
aryl ring and serve as a chemical handle. For example, installation of a ketone group could

allow for a ligation to a hydroxylamine or hydrazine.*°

o o SNOR
H,NR N.
N

ArN," N.
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Figure 1.3 Tyrosine conjugation via SNAr reaction

Tyrosine residue could be labeled with an azo aryl moiety through a
nucleophilic aromatic substitution at the para position. The azo aryl
molecule could be armed with an electrophilic center and further act as
a secondary chemical trap for bioconjugation.

Other useful protocols offer high selectivity for tyrosine conjugation but rely on the
use of multiple reagents. In a three-component variation of Mannich reaction, an amine
and aldehyde could react to form an intermediate imine, which produces a good
electrophilic center for a substitution reaction at the ortho position of a phenol. This
reaction is highly efficient and its most effective at lower pH ranges of 5.0 with a low
millimolar concentration of reactants. Since tyrosine residue is mostly abundant in the core
structure of hydrolytic polypeptides, Mannich conjugation is considered to be a highly
selective reaction for tyrosine labelling. However, reproducibility of this protocol is

dependent on the nature of protein and tyrosine microenvironment.*142
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Figure 1.4 Tyrosine bioconjugation via Mannich reaction

Tyrosine could be selectively labeled with an aniline derivative, in presence
of catalytic formaldehyde. Similar to Figure 1.3, upon successful
nucleophilic aromatic substitution of tyrosine, a chemical reporter could be
installed on the rear end of aniline to present a reactive moiety for secondary
conjugation.

1.2.3 Carboxylate

Carboxylates are found in literally every protein structure as the C-terminus, and as a side
chain in glutamate and aspartate residues. Conjugation to any of these moieties requires a
standard peptide coupling protocol through the formation of an activated ester of the
carboxylate. There are many reagents introduced in the recent years for generation of an
amide bond through coupling with a water soluble reagent, however, most of coupling

agents are susceptible to rapid hydrolysis under physiological conditions.*®
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Figure 1.5 Carboxylic acid conversion into an amide linkage

Carboxylic moieties could be transformed into an activated ester and
undergo a nucleophilic substitution with suitable nucleophiles. Reaction
with amines could secure a robust amide bond that irreversibly labels the
target.

1.2.4 Amino

Lysine residues are an important component of protein structures that play
significant functional and catalytic role in biology. Those buried deep in the core structure
and binding site of proteins participate in enzymatic reactions, but surface residues show
little responsibility in protein function. For that reason, surface lysine residues become
outstanding reactive centers for protein labelling. Other amino acids containing a nitrogen
in their side chain like tryptophan, asparagine, glutamine, arginine and histidine have little
to no importance in bioconjugation chemistry. Either most are key players in catalytic
actions or simply do not offer a reactive nitrogen center. For example, electrically charged
side chains guanidyl group with pKa of 12.5, is a resonance stable structure of a diamine
functional group that shows minimum nucleophilicity in organic chemistry** and chemical

biology.*®
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Figure 1.6 Guanidyl group stabilization

Stabilization of charges on the guanidyl group renders this
functional group to be an ineffective moiety for bioconjugation.

In contrast, lysine carries a primary amino group on its side chain that is often the
most available nucleophile on any protein structure. Primary amines are known to sustain
its reactivity even at low pH ranges, where functional groups are protonated. High
abundance and availability, unique chemical properties and superior reactivity of this side

chain make lysine the most important labelling target in bioconjugation chemistry.

Engaging an amine in a covalent bond outside of physiological conditions is not a
difficult task, but mostly remain to be only plausible in an organic reaction vessel. There
has been many reported protocols and reagents for amine coupling in the context of
chemical biology. The reaction of a primary amine with activated esters, isothiocyanates
and ketone are well known processes commonly used in organic reactions. Although each
one delivers a specialized purpose for a set of conditions, activated esters have maintained
a more general role in the polypeptide and artificial protein synthesis. While the method
remains to be a major route for the synthesis of larger molecules (polypeptides), it has
limited scope for in-vivo applications. A classic example of such activators is N-

hydroxysuccinimide that generates a convenient electrophilic center for any reactive amine
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to make an amide linkage. A major factor contributing to a significantly low yield of N-
hydroxysuccinimide activation is the rearrangement of O-acylisourea to the stable N-
acylurea, which quenches the ester and renders it unreactive towards other amines. In
addition to low vyield, purification of by-products is often very difficult, which adds to the
drawback of in-vivo applications and cost of the experiment. Subsequently, synthetic
infeasibility, poor vyield, the release of by-products and instability of N-

hydroxysuccinimide demanded more exotic coupling molecules.

R Rearrangement of
®N=C=N R O-acylisourea to

% O HN o o
o H R stable N-acylurea
o g e "o
R

Figure 1.7 Rearrangement of O-acylisourea to a stable urea

Anionic carboxylates could be easily transformed into activated
centers that present unique electrophilic moieties for nucleophilic
substitutions. However, O-acylisourea intermediate could rapidly
rearrange into a more stable acylurea and become unavailable for
any further substitution reactions. This type of side reaction leaves
DCC/EDC type coupling agents an ineffective approach for the
formation of amide bonds.

There is a large library of activating molecules, intended to overcome such
obstacles of amine conjugation; among all HBTU, HATU, HCTU, TBTU, PyBOP has
offered the best synthetic feasibility in the reaction vessel, however, the very limited

application has been sought for any in vivo practice.
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Figure 1.8 Alternative peptide coupling activators

HATU and HBTU are common examples of safe triazoles
that could be used in peptide coupling reactions and afford
the corresponding amide linkage in high yield.

Isothiocyanates are also useful functional groups in amine coupling techniques.
Their operating pH range (9.0-9.5) is slightly higher than esters, which makes them
unsuitable for some proteins. Furthermore, they provide no selectivity for the targeted

amino acid residue and show reactivity towards most nucleophiles.

K it
/\NHZ - ./\N N/\R
H H
Large excess, RT
pH 9.5, 2h

Figure 1.9 Amin conjugation via formation of thiourea

The amino group could be easily trapped in a covalent bond with
isothiocyanates to form a stable thiourea linkage at RT and
alkaline conditions.
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Reductive amination of an imine bond is a very common approach to secure a
robust bond between the primary amine of a lysine and any molecule carrying a carbonyl
group.*® Dearborn et al have demonstrated in their work in 1979 that a protein could be
successfully labeled at lysine residues and the N- terminus. All similar protocols use a mild

reducing agent that would convert the imine bond into a secondary amine.

OV\R Mild reductant

R 56¢, 96h
o - @ - v

Large excess

Figure 1.10 Amine conjugation via formation of an imine bond

The amino group could react with a carbonyl moiety to generate
an imine bond. The addition of a mild reductant could secure a
robust sp® bond that will no longer reverse to yield starting
material.

Other reported exotic amine coupling reactions show limited practical scope for in-
vivo applications. For example, primary amines could undergo a nucleophilic addition
reaction with 1H-benzo[d][1,3]oxazine-2,4-dione, to irreversibly open the ring to yield
orthoaminebenzamide. A slight variation of this protocol using oxidative cleavage method
and aniline tethered protein is reported by Hooker’s work in 2006.%” Tanaka et al have
introduced another technique that uses 6zm-azaelectrocyclization of a beta keto reagent with

amine to form a charged ring structure.*®4°
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Figure 1.11 Amine conjugation via azaelectrocyclization reaction

A dione molecule could react with the primary amine side group of lysine,
and further form and irreversible intermediate orthoaminebenzamide
molecule. An intramolecular process of azaelectrocyclization could afford a
pyridinium ion that is stable enough to serve as a bioconjugation product for
lysine labelling.

Although providing a suitable electrophilic center could result in a chemical
ligation, not all conjugates would produce a stable structure. Most of the mentioned
procedures lead to the formation of an unstable species that could easily collapse in an
aqueous environment. Others are either inefficient in reaction or require many chemical
modifications on the protein itself, which then introduce further complexities into the
system. There remains a demand for a conjugation strategy that would generate a robust
reliable bond and offer high selectivity for amines with no dependence on exogenous
reactants. A suitable system would also necessitate minimum chemical reaction performed
on the biomacromolecule as well. Although reversibility is a drawback of most strategies,
it could also be an important requirement of some biological applications. For example,
the efficacy of ADC is heavily dependent on the ability of the complex to release the toxic
payload through some reversible process. However, most techniques do not sustain a stable

preliminary bond needed for conjugation and render the purpose ineffective.
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1.3 Classes of Biorthogonal Reactions

The exploration of biomolecules has always been a challenge for scientists. In
order to investigate cell behavior in its native state, they have always designed their
approaches to impose minimum modification on the cellular machinery system. This is an
exceedingly delicate task to accomplish without disrupting a biomolecule’s native
structure. In order to address this concern, biologists and chemists collaborated to introduce
new methodologies that could create non-native centers on biomolecules. These functional
groups had to serve as a chemical handle to react only with their reactive pair in the plethora
of other functional groups present in biological settings. Such pairs must be highly
selective, kinetically competent and deficient of any toxins; furthermore, they must fulfil

all ligation requirements under physiological conditions.
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Figure 1.12 List of biorthogonal reactions
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Some examples of biorthogonal pairs are presented here that could
produce a traceless, efficient and biocompatible linkage between
macromolecules without engaging in side reaction with cellular
endogenous reactive moieties.

16



The combined effort of biologists and chemists gave rise to remarkable innovations
in biochemistry and molecular probing. A Nobel prize was granted in this area for the
synthesis of a genetically encoded fluorescent protein (GFP) in 2008.%° While some macro-
biomolecules are manipulated via genetic encoding, others like glycans, carbohydrates
cannot be modified after biosynthesis. In order to introduce modifications, a hand full of
reactions have been carefully selected from an organic chemist’s toolbox that leads to the
development of a considerably useful field of biorthogonal chemistry. This term was first
coined by Carolyn Bertozzi in 2003 and refers to a set of reactions that do not interfere nor
interact with other functional groups in physiological envionrments.>! In spite of her work
and contributions to the field, biorthogonal chemistry is a relatively older concept that was
initially intended to address the reactivity of amino acid side chains with chemical
reporters. However, the new definition limits the list of functional groups to only those
non-naturally occurring moieties in biomolecules. Some of the most important
biorthogonal reactions worth looking in a great detail are the reaction of hydroxylamine
and hydrazide with carbonyl, Staudinger ligation to triarylphosphine and various dipole

cycloaddition reactions.

1.3.1 Amine/Carbonyl Condensation

Reactions of the carbonyl groups are among the most important of the organic
reactions in chemistry. In addition to the dipole moment of the carbonyl groups, which
locates a partial positive charge on the carbon, their a carbon is also considerably acidic.
These features enable a carbonyl compound to act both as an electrophile and as a
nucleophile. The reaction of carbonyl towards nucleophiles has been extensively studied,;
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there are two possible mechanisms by which a better electrophilic center is generated: acid
catalysis mechanism and base catalysis mechanism. Stronger nucleophiles tend to undergo
base catalyzed additions during which they attack the carbon of the carbonyl to generate a
tetrahedral transition state that pushes the electron density towards the oxygen. The
negatively charged oxygen is perceived as a relatively strong alkoxide ion, which could
abstract a proton to further stabilize the intermediate. In contrast, weaker nucleophiles
require pre-activation of the carbonyl group in order to add to the carbocation of the
carbonyl. While there are many nucleophiles that could engage in a nucleophilic addition
to the carbonyl group, hydroxyl, amine and thiol are the most important in the context of

bioconjugation chemistry.

Amines have proven to be the single most nucleophilic and accessible reactive
moiety available on the side chain of amino acids. Their reactions with most electrophiles
are usually efficient and feasible under physiological conditions. A common reaction for
amine conjugation is the condensation of amines with carbonyls in the form of ketone or
aldehyde. Primary amines are nucleophilic at neutral pH and could readily add to carbonyl
groups. The addition of primary nitrogen to aldehyde and ketone would usually proceed
with the loss of water to form an imine bond also known as a Schiff base. This addition
would generate an unstable carbinolamine, which is a term referring to a species containing
—NR; and hydroxyl on the same carbon. Under acidic conditions, a proton could facilitate
the loss of hydroxyl group in the form of water. This step is significantly faster than a
typical dehydration of an alcohol. The final imine product could also abstract a proton on

the nitrogen, analogues to a carbonyl, and undergo further nucleophilic addition with any
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immediately available nucleophile. Therefore, removal of the water by-product or any

other nucleophile would further increase the yield of product.

The sp?-hybridized carbonyl groups are reactive towards both primary and
secondary amines. The formation of a stable product in the reaction of a primary amine
with a single carbonyl group is highly dependent on the solution and microenvironment of
the reaction. Nucleophilic addition of a primary amine to a carbonyl in aqueous solution
forms an imine, which is a reversible process and would not be a sustainable method to
generate a conjugate.> Other factors such a pH, temperature and concentration of reactant
are crucial in the overall kinetics and feasibility of reaction. Higher pH ranges tend to
accommodate more effectively for solubilisation and stabilization of a final Schiff base
product. In any event, lowering the pH would rapidly favour the reversion to starting
material and complete dissipation of C=N bond. In contrast, the same reaction is more
tolerant in an organic solvent and could withhold a stable imine product. Contrary to
aqueous solutions, pH has a completely different definition in an organic environment;
hence acidity and proton availability would also be an atypical concept. Temperature, for
most reactions, enhances the progression of the chemical reaction. This principle could be
true for reverse reactions towards the formation of the starting material as is considered a
form of product on the other side of the reaction arrow. The reaction of an amine with
carbonyl is no exception from this notion either.>? Beyond pH of the environment, the
concentration of reactants is the most influential factor in the formation of the product as
it has an immediate impact on the direction of equilibrium. Excess equivalence of attacking
amine, even in aqueous solution, would always help to maintain some amount of product

in the form of Schiff base. As discussed earlier, deprotonation of a primary amine at its
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acidic dissociation constant range is a reversible process. There leaves some finite amount
of deprotonated amine available in a solution that facilities a nucleophilic addition, and
further consumption of carbonyl. However kinetically slow, this minor amount of
deprotonated amine is substantial enough to push the reaction forward towards complete

depletion of carbonyl in solution over extended time.>?

1.3.2 Oxime Ligation

Condensation of amines and carbonyls is not as efficient under physiological
settings, as the imine product is not stable enough to sustain a robust covalent bond under
aqueous environment. Nucleophilic additions could be perceived as sharing electrons
between the HOMO and LUMO orbitals. Some « electronegative heteroatom would
increase the HOMO energy level of the attacking nucleophile. Reversibility of imine and
enamine are due to lack of a mechanism to delocalize the mn-bond. This instability is

resolved in nucleophiles carrying and « electronegative heteroatom.
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Figure 1.13 Energy level of HOMO and LUMO
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Effect of the alpha donor, with a lone pair of electrons, on a
nucleophilic heteroatom, would increase the energy level of
HOMO; hence results in a substantially increased
nucleophilicity.

The interaction of the HOMO energy levels of the two adjacent heteroatoms will
consequently cause a significant electron repulsion or splitting, which would result in a rise
in energy levels. This effect will lead to a discrete reduction of the HUMO/LUMO energy
level, therefore enhances the electron transfer process. In addition to enhanced
nucleophilicity of the attacking atom, the increased electron density of the heteroatom also
delocalizes the partial 6+ charge on the carbon sharing the n-bond. This contribution also
increases the LUMO level of the electrophile hence relegates the chance of further

nucleophilic attacks.

While such nucleophiles are generally stronger in their ability to engage in
nucleophilic addition reactions, they do not necessarily have the same contributions in
acid/base reactions. Their interactions with a proton are much less affected by the frontier
orbital, hence their influence will be smaller in an acid/base reaction. This chemical
phenomenon resulting in an enhanced nucleophilicity of the attacking functional group is
referred to as an alpha effect. 53%*°5 Eminent examples of such nucleophiles are hydrazine
and hydroxylamine and their products are hydrozone and oxime respectively. The products
are easily characterized by their IR absorption stretch at 1400 cm™.5>% While catalytic
amounts of H" would significantly improve the rate of oxime/hydrozone formation, such
condition is not a prerequisite for dehydration. In fact, the formation of an oxime bond has

been extensively studied in our group and has proven to be just as rapid as a neutral
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condition. In spite of the slight abundance of aldehyde and ketones in the cell, in the form
of hormones and carbohydrates, there are many reports in the literature that incorporate
artificial carbonyl and use this type of chemistry in biological experiments. Schultz and co-
workers have demonstrated a site-specific protein labeling procedure using a ketone
functional group that could serve as a chemical handle.>” Perhaps a better approach to
chemically modify macromolecules is to modify integral or surface proteins on the cell
membrane, where enzymes do not recognize carbonyls. Bertozzi has demonstrated in two
different works, that a metabolic process could convert carbohydrates into keto-sugars. The
delivery of such sugars onto the cell surface will allow for incorporation of a keto chemical

handle, which could be detected using a hydroxylamine reporter.589

Utilization of non-native supernucleophile in biochemical settings has also gained
tremendous attention in the recent years, as they are easily prepared in using simple
synthetic processes. Such nucleophiles offer a unique opportunity to substitute the weaker
amine or thiol nucleophiles, in chemical reactions that stability of the final product become
crucial to the feasibility of the experiment. Their solvent compatibility, pH suitability and
fast kinetics make them exceptional functional groups in biology. More importantly, they
are often in-cognito to most of the biochemical enzymatic machinery, hence could

selectively target a particular region of the cell.

1.3.3 Staudinger Ligation to Triarylphosphine

Ligation of an azide and a triarylphosphine has offered an interesting resolution to

the non-selective interactions of carbonyl and hydroxylamines in vivo studies with other
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exogenous molecules and hormones. This method is a slight modification of azide
reduction, using arylphosphines, in which the hydrolyzed product is an amino group.
However, the N could be easily trapped in an amide bond, through a fast intermolecular
process, by the installation of an ester moiety ortho to the azo-yilde intermediate. In the
absence of an ester, the intermediate would simply hydrolyze to release the corresponding

amine and phosphine oxide.®
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Figure 1.14 Overview of Staudinger ligation in bioconjugation

Triarylphosphines with a para ester substitution could act as a unique amine
trap for any attacking primary amino group. A macromolecule could be labeled
with an azide group and undergo Staudinger ligation with triphenylphosphine
to liberate N>. Installation of an accessible ester in the vicinity of nitrogen anion
would allow for a rapid intermolecular process of substitution. Once the
negative charge is stabilized and an amide bond is established, the addition of
water would yield phosphine oxide.

In spite of reasonable selectivity of ligation between azide and triarylphosphines,

there are other functional groups that could competitively reduce the azido group. Thiols
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and disulfides are examples of such exogenous moieties that could serve as mild reductants
for azides in the cytosol. Glutathione is a rich source of redox interactions in the cytosol
that plays a significant role in biological processes.®*~®2 This issue has been dealt with by
Bertozzi group through pre-reduction of thiols using TCEP. % The only disadvantage of

this alternative is the increased generation of free sulfhydryl in cytosol or solution.

An advantage of Staudinger ligation is exploited in its flexibility to carry a variety
of reporters on the aryl groups. There are many protocols that utilize a derivative of the
triarylphosphine armed with a fluorogenic reporter. Such reagents are extremely useful for
real-time imaging and monitoring of organelles or cells.®> Among other modifications of
this ligation, we could highlight Raines and co-workers report on the preparation of a
traceless Staudinger ligation that uses a thioester moiety for the formation of an amide bond
between two distinct peptides carrying an azide.®® In addition to the redox complexities of
the reaction, a toxic by-product is released in the form of methanol. Although in very small

quantity, yet it could act as a negative stimulant for some biological samples.
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Figure 1.15 Overview of traceless Staudinger ligation

A slight modification on the original Staudinger ligation takes advantage of the
tendency of S to act as a good leaving group in substitution/addition reactions.
Although it leaves no traces of the reactants on the final conjugated products, it
releases by-products in the form of phosphine thiol species.

Staudinger ligation has introduced a purely organic approach in bioconjugation
field and has added many probe variations to the library of reagents. In spite of all efforts,
it suffers from low kinetic profiles and release of undesired byproducts. There have been
many attempts to improve its reactivity by introducing electron donating substituents, but

they have only served to accelerate phosphine oxidation in air.%’

1.3.4 Cycloaddition

Azides are very useful functional groups in the context of biological reactions. They
are completely non-native and absent in the world of biology. This feature makes them a

unique candidate to serve as a highly selective biorthogonal pair for chemical ligation
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without engaging in any other chemical reaction with other endogenous functional groups.
Azide chemical reaction with alkynes has been introduced in the late 19" century by Arthur
Michael®® but studies mechanistically by Professor Rolf Huisgen in the 50s during which,

a concerted mechanism for the formation of the cyclic product was proposed in 1963.%°
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Figure 1.16 Overview of Huisgen Click chemistry

An alkyne and azide could react in a 1,3dipolar cycloaddition in
presence of catalytic Cu (l) to afford a stable triazole ring.

However, it was not a suitable reaction to be conducted under physiological
conditions. A major drawback was a relatively higher energy requirement for the
aromatization of reactants to form a triazole product, which is an impossible endeavor to
achieve in the vicinity of the cellular environment. Independently from one another,
Sharpless and Meldal proposed that copper(l) could, in fact, catalyze the preparation of a
1,Adisubstituted 1,2,3-triazole with great enhancement of up to 7 orders of magnitude

faster.’0.71.72
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Figure 1.17 Overview of catalytic cycle of CUAAC

A catalytic cycle of Copper-Catalyzed Azide-Alkyne 1,3dipolar cycloaddition is

presented.

Copper-catalyzed azide-alkyne 1,3 dipolar cycloaddition (CuAAC) attracted

tremendous attention and was further developed to be a powerful tool in synthetic organic

reactions, combinatorial chemistry, material chemistry, polymer chemistry, and chemical

biology.”®"® However, it was first utilized as a bioconjugate technique in Finn’s group for

attachment of reporters to cowpea mosaic virus in 2003.”° Later same year Kéhn also

reported the use of this type of chemistry in tagging viral infections.®

Although there was a great hope for the CUAAC reaction to secure a promising

position to selectively tie biomolecules in a heterogeneous sample, it presented serious

toxicity towards living cells and inhibited their further growth. E. coli cells, subjected to
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small concertation of CuBr 100uM, failed to divide after a 16h exposure.8? Similar to
bacterial cells, mammalian cells also showed a concentration dependent survival rate
towards Cu(l) inorganic salt. It was evident that an alternative catalysis should be explored
to eliminate the need for Cu (1) exposure. In an effort to replace metal catalysis, Bertozzi
developed ring strain conditions that were first introduced by Alder and Stein.® They had
shown that reactivity of azide enhanced tremendously towards dicyclopentadiene in
contrast with a cyclopentadiene. Inspired by this discovery, Wittig and Krebs proposed that
cyclooctyne has an “explosive like” reaction once brought into contact with phenylazide.®*
Intrigued by their discovery, Bertozzi successfully labeled cell surface glycan with an

azide functional group and detected it using a synthesized biotin reporter tethered to a

strained cyclooctyne with no toxic effects.®®
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Figure 1.18 Overview of strained alkyne and azide click chemistry

Introducing a strained alkyne, in the form of octyne ring, eliminates the
need for a catalytic process of click chemistry in the formation of a
triazole ring.
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The preliminary results led to the development of series of other synthetic
biomolecules decorated with strained alkynes and solved the problem with metal catalysis
of Huisgen reactions. Since then, there has not been much ground breaking advancement
in the “click chemistry” other than installation of electron-withdrawing groups that led to

60 fold kinetics improvement.8:87
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Figure 1.19 Examples of activated strained alkynes

Development of multiple substrates derived from monofluorosubstituted
cyclooctyne (MFCO) and substantial positive feedback from their
reactivity, led to significant improvements in the synthesis of DIFO
strained alkyne rings.

1.3.5 Cycloaddition Enzymatic Conjugation and Labelling

In addition to the remarkable contributions of organic chemistry to the
developments of bioconjugation field, biochemists also deserve credit for their efforts in
functionalization of native biomolecules. Incorporation of a selective functional group on
protein, glycan and lipid is the greatest achievement of such efforts. All these protocols
depend on cell’s enzymatic machinery to install a particular residue on the macromolecule.
While they seem to be the product of cell’s natural behavior, they still depend on the

manipulation of some enzymatic function.
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Figure 1.20 Synthesis of protein with un-natural amino acid tag

Unnatural amino acids could be incorporated into the sequence of
protein using auxotrophic cell lines. The resulting protein synthesis is a
macromolecule that offers an unnatural residue.

For example, Tirrel and co-workers pioneered protein labelling using metabolic
residue-specific modification. The cell is fed with non- natural amino acids that could
undergo metabolic conversion to install a chemical handle on a macromolecule.®*° There
has been a tremendous effort and development in the incorporation of such biorthogonal
functional groups on proteins that have proven to be useful in imaging and cellular
trafficking experiments.®* A concerning challenge for biochemists lies in the functional
incompatibility of some non-natural amino acids with their parent molecular structure to
serve equally in hydrolytic functions. Such dissimilarities require special attention and
modified protocols for the experiment intended. For example, aminonacyl-tRNA
synthetases (aaRSs) must be genetically mutated to remain tolerant for unnatural

substrates.92:9
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While this technique seems to be an easy approach for a highly selective
bioconjugation experiment, there are many uncertain check points in the proper
metabolism of the non-natural amino acid using its enzyme. This technique leaves a lot of
uncertainties regarding the fate of the metabolite and their destination. Furthermore, there
is no systematic control over the toxicity of the metabolite nor the starting material in the
cell. For the mentioned reasons, it cannot serve as a universal approach towards

macromolecule labelling for more clinical experiments.

A reasonable alternative for metabolic incorporation of functional groups would be
the genetic encoding of proteins to carry a functional group on their native structure. In this
method, a terminating codon (UAG) is replaced with a code that encodes a non-natural
amino acid onto the complementary template of tRNA.%* Despite the elegant design of this
protocol, it suffers from poor yield and only a small amount of the functional group is
installed on the target; from this population, only a few remain to be effective for labelling
purposes.®® In spite of all limitations, genetic encoding methods served many research
groups and contributed to much of mechanistic explorations of protein folding and
structural analysis in the past years.®**° Many functional groups such as amino acids
carrying an azide,'® alkynes,'® carbonyl'®>1% and alkenes'® have been successfully
incorporated into protein structure using in-vivo protocols. In addition to the basic
functional groups on organic chemistry lists, there are more advanced and complex
residues installed on the structure of a macromolecule protein such as aryl halides,%®
anilines, %197 poronic acids,’® photoisomerizable and crosslinkers.2%®1% The extent of
improvement of these approaches seemed to be endless that even a complete structure of a

fluorophore was successfully installed on the protein structure 11112
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Glycans can also be engineered to carry a biorthogonal pair on their structure. The
principle is virtually identical to protein metabolic labelling methods.**® Since glycans do
not contain the same translational template as proteins do, genetically encoding them is not
as applicable as other biomolecules. However, incorporation of a functional group via
metabolic modifications on a non-natural carbohydrate is a well-practiced protocol. This
method is called metabolic oligosaccharide engineering, which was first reported by
Reutters et al by altering the acyl side chain on precursor N-acetylmannosamine
(ManNAc) derivatives.'*3114 In an extension of this protocol, Bertozzi transferred a ketone
functional group on the cell surface using ManNAc derivative.*'>'® The carbonyl group
was easily detected using a biorthogonal pair, like an activated amino group,

hydroxylamine or a hydrazine reporter.
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Figure 1.21 Cell surface re-engineering using metabolic pathways
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A non-native organic functional group could be incorporated onto cell
surface via the metabolic action of cells on a precursor carbohydrate.
Enzymatic processes could transform a precursor residue on the
carbohydrate structure into the corresponding metabolite that will be
excreted from the cell through exocytosis. The functional group could get
incorporated into the membrane to be used as a chemical handle.

Similar to glycans, lipids are also synthesized without flexibility for post-
translational modification, therefore installation of a probe on lipid products remain to be

more challenging than proteins. There are numerous reports on modification of lipids
32



through myristoylation and palmitoylation to embed a biorthogonal pair on the backbone.
Berthiaume et al have used this technique to study the effects and contributions of
myristoylation to apoptosis using Staudinger ligation.**” Or in a similar study, a novel
protein lipidation mechanism was studied in the liver by labelling the mitochondrial
palmitoylation product.*® A number of farnesyl precursors have been synthesized to carry
a biorthogonal functional pair that is used to study protein modification.'**122 While
functionalization of lipids would not have much physiological importance itself, it could
serve as a powerful mean to conduct mechanistic in vivo studies of proteins, cellular inter-

components and lipid metabolism.

Organic chemistry, molecular biology and genetics have all offered various
methods to intervene with the basic cellular function and introduce a unique foreign body
on biomacromolecules. Each field has exhausted the resources to design a minimally
invasive method through which, a cell could be decorated with a non-native moiety that
could serve as a chemical reporter. Inspired by nature’s way of molecular interactions,
organic chemists have modified and diverted their reactions out of round bottom flasks to
fill in some of the gaps. Molecular biologists have designed new methods that would
compel cells to synthesize proteins and other biological entities suited for an intended
purpose. In spite of all collective efforts, there remains a huge gap to satisfy all the needs

for a clean, healthy and green conjugation.

While genetic encoding, metabolic pathways and other biochemical procedures
leave the impression of flawless approaches, they are often highly laborious, expensive and
require trained personnel to execute a successful experiment. The available techniques are

often complex and associated with uncertainties that may either interrupt cell physiology
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or jeopardize cell viability. They are often dependent on countless factors that are simply
beyond what researchers could monitor and control. Therefore, much of the result obtained
could be skewed by uncertain aspects unknown. Genetic and metabolic manipulation of
cells towards the production of proteins and other biologics would obviously permanently
change the identity of the cell’s hereditary codes. Once a new set of genetic codes are
dictated to the cell, the subject is no longer an accurate model of that cell line for prospect
experiments. In addition to the loss of native identity, each reformation requires a new set
of genetically encoding procedure. The tasks are often very laborious and could not be
easily performed without long term preparations. All key molecular players in life are very
sensitive and could be susceptible to damages upon exposure to any chemical or biological
modifications. Proteins, in particular, become a victim of such modifications. They are
often very expensive and difficult to purify in the lab, thus labelling and experimentation
on them should be conducted with caution. The efficiency of such protocols must remain
exceptionally high as the starting materials are usually available in small quantities.
Furthermore, exposure of chemical reagents could easily change the native folding and
structural feature of a functioning protein. The result of such manipulations could lead to
inaccurate and distorted operation of the macromolecule. Hence the protein would no
longer serve as a true model and representative of its native state. The currently available
methods and reagents for bioconjugation often suffer from the release of unnecessary by-
products that could pose threat to the homeostasis of cell’s microenvironment. However
traceless the current chemical reactions are, there still remains some residues or by-
products that could be potentially cytotoxic for living organelles. Selectivity for an isolated

target is another concern and challenge for accurate labelling of macromolecules. In spite
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of the range of nucleophiles present in the heterogeneous cellular sample, fishing for a
segregated target becomes detrimental for a successful conjugation. The field of
bioconjugation is in need for an approach that eliminates the need for any modifications of
the macromolecule. The serious restrictions associated with the available techniques in
biochemistry have left tremendous opportunity for organic chemistry to improve upon
reactions that could replace the unambiguous protocols offered by other biochemical

methods.

Here in the first part of this work, we report a novel strategy to insert an organic
biorthogonal functional group on the surface of a model organism bacteria cell, using the
common cellular practice of liposome fusion. These functional groups could then serve as
counterfeit handles/receptors on the cell surface to enable temporal and spatial control over
its default command. This technique offers a safe incorporation of organic chemistry into
lipid vesicle structures that are essentially made from materials recognized by the cell as
plasma membrane. Such procedures are routinely executed to deliver nutrients and toxins
in and out of the cell. Traditionally, liposome fusion has been used to overcome the
challenges of delivering pharmaceutical ingredients into the cell via binding to exclusive
receptors. The chemistry incorporated onto the cell-surface does not interact with any of
the endogenous or surficial glycoproteins, yet offers efficiency, simplicity and
compatibility with cell’s biochemistry and physiology, which would sustain cells normal
cell activity. Preliminary research has shown successful cell-surface engineering on
eukaryotic mammalian cells; yet introducing such exogenous integrals onto the prokaryotic
cell-surface remains to develop. This research explores the feasibility of prokaryotic cell-

surface engineering using the liposome-fusion technique.
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In the second part of this work, we introduce a novel amine conjugation system that
would eliminate the need for any chemical/physical modifications on the biomolecules or
cell surfaces. This is the first time, to the best of our knowledge, that a unique strategy
allows for a successful conjugation and release of a primary amine in the context of organic
chemistry and biological applications. This method is highly selective for the intended
target with rapid ligation and no residual by-products. The functional group designed is
biocompatible and could easily operate under physiological conditions. It is synthetically
flexible and could be installed on a variety of small organic molecule reporters to label
carbohydrates, glycans and amino acids. It is also applicable to a wide range of larger
macromolecules in the form of proteins and even crosslinks a whole cell to other

micro/macroscopic entities.
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2 CHAPTER TWO

Re-Engineering Gram Negative Bacteria Cell Surfaces with Bio-Orthogonal
Chemistry via Liposome Fusion

2.1 Introduction

Bioconjugation chemistry has offered a new insight into targeted labelling of
cellular components in the past years.'?312* A number of organic functional groups have
been introduced that would allow for a high discrimination of a particular recipient within
the cytoplasm of a cell. Biochemists have also introduced novel methods to incorporate
such chemical handles on macromolecules to serve as an essential communication medium.
In spite of all efforts, there is an existing gap to fill in the delivery of such chemistries onto
biological subjects. Although there are many organic reactions that could satisfy the
objectives in bioconjugation, there remains a method that could successfully deliver them.
We already discussed the recent advancements in the re-engineering of cell surfaces using
metabolic incorporation of functional groups**®>%® or the installation of non-natural amino
acids onto the complementary template of tRNA.%* Molecular biology and genetics have
offered various methods to intervene with the basic cellular trafficking by designing
genetic codes, which would compel cell to synthesize proteins and other biological entities
to decorate the cell surface. The available techniques suffer from complexities and
uncertainties that would either interrupt cell physiology or render the cell futile. Although
these techniques have served in many experimental procedures to unravel scientific

ambiguities, they do not offer a non-invasive tactic in the delivery of chemistry. In the
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recent years, it has become evident that the novel delivery approaches of chemical handles

onto cell deserve equal attention to designing innovative chemical reactions.
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Figure 2.1 Delivery of reporter onto cell surface

A delivery method is required to reliably transfer a chemical handle onto cell
surface without disrupting regular cellular function. Although there are many
organic functional groups available in the literature, there is still a need for a new
strategy to safely deliver them onto the membrane.

38



Biological membranes are primarily designed to serve as barriers, with minimal
tendency to expose cell compartments to the endogenous variables. Nonetheless, a cell’s
viability is heavily dependent on communication with external environment for energy
resources, migration, recognition, protection and replication processes. To accommodate
for such survival factors, membranes are decorated with complex receptors and biological
regulators, which mediate cellular activities. Among such activities, membrane fusion
plays a central role not only in cell-cell fusion, or fertilization and myogenesis but also in
endocytosis, exocytosis and other transport processes between cellular organelles. All

cellular fusions occur in a highly controlled fashion to avoid admitting intruders into the

cell. 125-128
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ion channel coupled receptor

Figure 2.2 Cell membrane surface components

The surface of a membrane is decorated with a variety of macromolecules that
regulate normal activities. These molecules serve as antenna and receiver for the cell
through which external communications are possible.
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The understanding and manipulation of the bacteria cell surface are important for a
range of fundamental studies of bacterial behaviour and for therapeutic applications to
improve human health.!?® The first studies of modifying bacteria surface proteins were
performed in the 1980’s and led to the critical development of tools to tailor bacteria cells
with biological macromolecules and synthetic man-made molecules for applications in
microbiology, vaccine development and biotechnology.*®**! In particular, gram-negative
bacteria including Pseudomonas aerugonosa and E. coli have shown increasing
importance due to their implications in infection and pathogenesis.'®>!3® These bacteria
also serve as model single cell organisms to study fundamental cell behaviour as well as
various bacteria associated diseases. Methods to tailor bacterial cell surfaces are essential
to generate new bacterial platforms that have the ability to display a wide range of
molecules to further explore and manipulate bacterial behaviour and to design next

generation of therapeutics.

Due to the complexity of the bacteria cell surface, few straightforward and robust
technologies exist to add biomacromolecules or synthetic small molecules and ligands to
the membrane with high efficiency and fidelity. Current methods use three main strategies,
all of which have been extensively discussed in Chapter 1: 1. A molecular biology
approach that uses genetic surface display technologies. 2. A metabolic engineering
approach where foreign substrate ligands are fed to bacteria and then processed through
the bacteria enzymatic machinery to be displayed on the cell surface and 3. Direct chemical
display of molecules to the bacteria cell surface via chemical ligation to membrane proteins
or carbohydrates. Through genetic surface display technologies, a range of applications

including environmental remediation,®* biofuel production,*® biocatalysts,*® bio-
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137 138 139

sensing,*®’ protein library screening,*® cancer therapeutics,**® vaccine development,140-14!
and intestinal probiotic therapy'*? have been investigated. However, these technologies
traditionally cannot be applied to install non-genetically encoded molecules such as lipids,
carbohydrates, and a variety of non-native chemical compounds. To address this limitation,
chemical surface display technologies, which allow for installation of non-native
compounds onto cell surfaces, have become increasingly interesting to researchers over
recent years. These technologies are commonly based on metabolic labelling of small
peptides, which relies on intercepting the machinery pathways of cell-wall biosynthesis.
Thus, they are well suited for manipulating the surface glycans as well as subsequent
conjugation of other attachable compounds. These technologies led to many studies

including directed evolution,**® proteomic analysis,®* immunotherapy,#+'4> molecular

imaging,*® and host—pathogen interactions.#’

Herein, we introduce a rapid and straightforward gram-negative bacteria surface
engineering method that bypasses traditional genetic and metabolic manipulations. This
approach relies on integrating a robust delivery system (liposome fusion) with bio-
orthogonal lipids to tailor bacteria surfaces. The liposome fusion method combined with
bio-orthogonal ligation strategies allows for the presentation of stealth like molecules on
the bacteria surface for subsequent decoration with a wide variety of ligands to
simultaneously track bacteria, augment bacteria behaviour and to provide theranostic type

studies and applications.
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Figure 2.3 Bacteria cell surface engineering

Bacteria cells are incubated with the ketone-functionalized liposomes.
Through liposome fusion, the bacteria surface can be engineered to present
ketone groups, which can subsequently react with an oxyamine tailored
reporter molecule via bio-orthogonal oxime conjugation. Based on this
bacteria surface engineering system, a range of ligands, proteins, small
molecules, and probes containing the oxyamine group can be installed onto
the bacteria surface through oxime ligation.

In this report we use, for the first time, an oxime reaction to tailor Pseudomonas
aeruginosa and E. coli bacteria cell surfaces with a range of ligands. Based on this
powerful, fast and straightforward surface engineering technique, a wide range of
functional molecules can be installed onto the bacteria surface without disturbing regular
cellular activities. In this work, we fully characterize and demonstrate this new strategy by
employing flow cytometry, phase contrast microscopy, membrane isolation, mass

spectrometry and surface chemistry methods to study the tailoring of bacteria cell surfaces.

Liposome fusion has been used as a technique for the delivery of chemical and
biological cargoes into mammalian cells for many years.2®1%0 In this study, we used the

liposome strategy to deliver novel lipid-like functional molecules efficiently to a bacteria
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surface. The liposome fusion method takes advantage of hydrophobic interactions of
liposome vesicles and lipid bilayers to insert into the outer membrane structure. Although
such interactions are electrostatic in nature and thermodynamically favoured, the
composition of the liposome nanostructure plays a significant role in inducing adhesion

and fusion.

Encapsulated Liposome

Engulfed liposome

Ve Content release

Figure 2.4 Drug delivery via liposome fusion

Active pharmaceutical ingredients could be encapsulated in a liposome
micelle and fed to a cell in a culture. If the liposome composition
remains compatible with cellular membrane lipid composition, they
could be recognized as normal building blocks of membrane and fuse
into the lipid bilayer. Once engulfed, they could release their cargo
content in the target area and elicit their therapeutic effect. This strategy
is inspired by cell’s natural trafficking mechanism. Nutrients are
regularly taken up through endocytosis and toxins are excreted through
exocytosis via liposome fusion principle.
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In order to tailor bacteria surfaces with a range of molecules, a general class of
reactions that can be performed at physiological conditions without side reactions in a
biological environment is required. Tremendous research has been performed to
investigate and expand the scope of these special chemical reactions termed bio-orthogonal
chemistry®®-1%3 Several new types of bio-orthogonal reactions have been discovered
including click, hydrazone, thiol-ene, diels-alder, etc.. However, the most popular click
reaction is the copper catalyzed Huisgen [3+2] alkyne and azide reaction, hydrazone and
oxime chemistry. Pioneering efforts by several researchers have shown the utility of these
reactions for many biological applications ranging from in vivo targeting, drug delivery,

antibody drug conjugates, protein engineering, proteomics, imaging and biosensing.!>* 1%

A proficient novel alternative is proposed in this research to insert an organic
functional group on the surface of the cell, using the common cellular practice of liposome
fusion.’>” These functional groups could then serve as counterfeit handles/receptors on the
surface to enable temporal and spatial control over the cell’s default command. This
technique incorporates a safe organic chemistry into lipid vesicle structures that are
essentially made from materials recognized by the cell as plasma membrane. Such
procedures are routinely executed to deliver nutrients and toxins in and out of the cell 1815
Historically, it has been used to conveniently avoid the challenges of dispensing
pharmaceutical ingredients into the cell that require binding to exclusive receptors.16916
The chemistry incorporated onto the cell-surface does not interact with bio-active
molecules and glycoproteins, yet offers efficiency, simplicity and compatibility with cell’s

biochemistry and physiology, which would sustain cells normal activity.
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Figure 2.5 Liposome reengineering with biorthogonal head group

A ketone-terminated lipid-like molecule is mixed with 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) and 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (DMPG) to form ketone-functionalized
liposomes.

Preliminary research has shown successful cell-surface engineering achievements
on eukaryotic mammalian cells; yet introducing such exogenous integrals onto the
prokaryotic cell-surface remains a challenge. This research explores the feasibility of

prokaryotic cell-surface engineering using liposome-fusion technique. 162163
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Figure 2.6 Tissue assembly using biorthogonal ligation

Native mammalian cells (1) and (2) were incubated with functionalized liposomes
(3) and (4) to re-engineer the surface membrane with the corresponding biorthogonal
pair. The resulting engineered cells (5) and (6) were mixed and incubated to form a
viable tissue assembly construct (7).

Prokaryotic cell permeability is a highly organized task, regulated by the cell wall
to maintain cell’s viability and organelles integrity. The membrane structures are the
fundamental differences between the gram-negative and positive bacteria. The cell wall of
a gram-negative bacterium is comprised of an outer membrane, periplasmic space
(peptidoglycan) and cytoplasmic membrane. However, peptidoglycan layer in a gram-
positive bacteria is far more robust and thicker.*54 For this reason, liposome fusion attempts
on gram-positive Bacillus subtilis did not produce any promising results. Flow cytograms
obtained from those attempts presented minor auto fluorescence emitting from their

surface.
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Figure 2.7 Overview membrane structure of bacteria

Bacteria membrane are significantly different between gram positive
and negative cells. While the surface of gram-negative bacteria
contains the outer lipid bilayer membrane, gram positive cells contain
a thick layer of peptidoglycan. The unusual thick peptidoglycan
allows for additional impermeability of the cell wall. This feature is
also partially responsible for cell wall stability.

Because of their effective permeability function of their outer membrane, both
structures are resistant to the majority of foreign agents. Nonetheless, some hydrophobic
macromolecules have better diffusion probability by the virtue of either hydrophobic
interactions with an outer leaflet or simply cell’s routine admission for regular biochemical

requirements.*®> Some small hydrophilic molecules could also enter cells inner structure
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from water-filled porin channels, but such transfers are highly disfavoured, as serious
damage could be inflicted upon cell’s structure. Among most important factors influencing
cell trafficking of a gram-negative cell, lies the composition of the lipopolysaccharide
(LPS-A), found on the outer membrane, and cationic interactions (Ca?*, Mg?* , Na* ) on
the surface,1°%166.167.168 | pg molecules bind to cations and form a polycationic “roof” on
the surface of the cell; these molecules are further stabilized by divalent charges available
across the cell wall.?®® Large number of antibiotics act on disrupting the interaction
between LPS crosslinkers, which would eventually result in cell wall instability and trigger
collapse.1’® For the very same reason, diffusion of even highly hydrophobic foreign entities
through the outer membrane requires moderate, yet effective, disruption of LPS-cationic
interactions. Low concentration of chelating agents, in particular, EDTA, have served well
in compelling the cell to permit incorporation of some hydrophobic molecules into the

membrane structure, 165171

2.2 Results and Discussion

In previous studies from our laboratory, nanostructure liposomes made from
POPC/DOTAP and bio-orthogonal lipids have shown broad scope results in decorating the
surface of mammalian cells.*’>"" However, this particular liposome composition may not
be necessarily compatible with the majority of gram-negative bacterial cell membranes.
Recent reports have shown successful delivery of antimicrobial cargo into the cytoplasm
of bacterial cells using DPPC/DMPG lipids.'® Therefore, we designed our bio-
orthogonal/liposome delivery system based on a combination of 1,2-dimyristoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (DMPG) and  1,2-dipalmitoyl-sn-glycero-3-
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phosphocholine (DPPC) and a bio-orthogonal lipid like molecule (Figure 2.8). This
combination will result in a negatively charged liposome, while cells also retain anionic
surface properties. This seems counterintuitive to the principles of charge attractions;
however, the negative charges of the liposome are not as concentrated to be repelled from

their target cell membrane.
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Figure 2.8 General scheme of biorthogonal oxime ligation and cell labelling

(A) A general representation of a ketone lipid-like molecule and
hydroxylamine tethered to a reporter probe is shown. The biorthogonal
pairs could ligate to forma a stable oxime bond under physiological
conditions. (B) Bacteria cells are incubated with the ketone-functionalized
liposomes at pH 4.5 buffer at 37 °C for 1h. Through liposome fusion, the
bacteria surface can be engineered to present ketone groups, which can
subsequently react with a hydroxylamine tailored reporter molecule via
bio-orthogonal oxime conjugation. Based on this bacteria surface
engineering system, a range of ligands, proteins, small molecules, and
probes containing the hydroxylamine group can be installed onto the
bacteria surface through oxime ligation.

49



As shown in (Figure 2.8), 2-dodecanone, DMPG, and DPPC were mixed together
at various ratios to prepare ketone-presenting liposomes to be delivered to bacteria for
display on their cell surfaces. After fusion, the bacteria surface presents ketone molecules,
which can subsequently be reacted with hydroxylamine (RONH2) containing ligands,

proteins or small molecules via oxime ligation.

A reasonable speculation may suggest that ketone-lipid molecules alone could also
deliver the same purpose in the formation of a micelle, however, the addition of the
dodecanone molecules directly to cells, not in liposome format, did not result in insertion
onto the bacteria cell membrane. We also reasoned it might require the same procedural

sonication, but it still produced the same consistent negative results.

As a representative application, a synthetically modified fluorescent probe FITC-
ONH: was synthesized to click with the ketone group on the bacteria surface and thus label
the bacteria with a fluorescent probe. Through the bio-orthogonal oxime conjugation
between hydroxylamine and ketone, the bacteria surface can be fluorescently labelled with
the FITC moiety. It was observed that cells treated with these liposomes were
indistinguishable in behaviour and morphological integrity from untreated bacteria. The
oxime reaction conjugate offers a very powerful ligation method that is well tolerated by
living cells. This reaction is also very efficient with no side reactions or by-products under

physiological conditions.
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Figure 2.9 Quantitative analysis of fluorescent probe on bacteria surface

Quantitative characterization of bacteria surface engineering via bio-orthogonal
chemistry and liposome fusion by flow cytometry. (A) Schematic of the process of
bacteria surface engineering. Through liposome fusion, bacteria cells were surface-
engineered to present ketone groups, which subsequently reacted with a
hydroxylamine tailored fluorescent reporter (FITC-ONH;) to generate FITC-
conjugated bacteria. (B) Flow cytometry analysis of the relationship between ketone
concentration in the liposome and ketone installed onto the bacteria cell surface. The
amount of ketone on the cell surface correlates with the amount of conjugated FITC-
ONH; and can be analyzed by fluorescence intensity. It is observed that controlling
ketone concentration in the liposome results in tuning a number of ketone molecules
installed onto the cell surface. (C) Flow cytometry characterization shows that
control bacteria cells treated with blank liposomes containing no ketone and then
FITC-ONH. produced no fluorescent signal. Bacteria cells treated with ketone
tailored liposomes and then FITC-ONH, resulted in fluorescent bacteria due to
oxime ligation
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To characterize the bio-orthogonal liposome fusion and conjugation method to
tailor cell surfaces we used hydroxylamine probes and flow cytometry (Figure 2.9A).
Bacteria cells were treated with liposomes for 1 hr containing different amounts of ketone
groups and then exposed to FITC-ONH (a fluorescent-hydroxylamine). Only cells
presenting ketone groups reacted via a bio-orthogonal oxime ligation and became
fluorescent. These cells were then quantified for fluorescence intensity, which directly
corresponds to the successful liposome fusion and therefore the amount of ketone
presentation on bacteria surfaces with flow cytometry. The data shows that the FITC-ONH>
efficiently clicked to the ketone-presenting bacteria and reported positive fluorescent signal
after thoroughly washing and removing excess FITC-ONH,. In contrast, the control
bacteria (liposome exposure but without ketone-lipid) reported no fluorescent signal under
the same conditions. We also conducted a further study to determine the role of the amount
of bio-orthogonal lipid group (ketone) concentration within the liposome on the oxime
conjugation of the fluorescent probe (FITC-ONH2) (Figure 2.9B). It was clear that
increasing the ketone concentration of the liposome resulted in increased ketone group

content on the cell surface through a standard titration curve.

To further explore the parameters that affect bacteria cell surface engineering, we
investigated how the interplay of liposome composition, liposome fusion/incubation time
affected the amount of bio-orthogonal group displayed on the bacteria surface. Moreover,
the ability to precisely determine and therefore tune the number of bio-orthogonal groups
(ketones) on the bacteria surface may be relevant for a number of applications that require
precise amounts of ligands or proteins to be conjugated to the cell surface. Furthermore,

interfacial kinetic information for conjugation may be obtained for further biophysical
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studies of membrane dynamics. To quantitatively analyze the number of ketone groups on
the bacteria surface, a standard fluorescence quantification kit (Quantum™ FITC-5 MESF
from Bangs Laboratories, Inc.) was used for measuring the amount of fluorescence from
the FITC-ONH> treated ketone-presenting bacteria. The 3D plot shows that the number of
ketone groups on the bacteria surface is directly related to the concentration of ketones
within the liposome and the duration of liposome fusion (Figure 2.10). Therefore, the
amount of bio-orthogonal group on the cell surface can be quantitatively determined by
controlling parameters that directly influence the liposome fusion conditions. It was also
determined that only a small amount (several thousand) of bio-orthogonal groups installed
onto the cell surface was required for ligand immobilization detection. An important
feature of the liposome fusion onto cell surface method described have the ability to rapidly
alter cell surfaces and to precisely tune the amount of bio-orthogonal lipid and therefore
control ligand conjugation without the use of cumbersome molecular biology or metabolic
engineering strategies. Furthermore, due to the mild liposome fusion conditions and the
fast bio-orthogonal surface conjugation method, no toxicity or disruption of regular cellular
activity was observed. The data in the 3D plot provides a systematic matrix of conditions
to tailor cell surface ligands and proteins that could prove valuable in clinical applications
where precise amounts of ligand bio-conjugation are required. For example, various cancer
biomarkers, viral infections, adjuvants and other immunophenotyping analyses are all

diagnosed via their relative abundance on the cell surface.!®
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Number of Ketone Molecule

Figure 2.10 The interplay of liposome composition, liposome fusion/incubation
time and the amount of ketone molecules Transient transfection of engineered
bacteria

A three-dimensional (3D) plot describing the interplay between
liposome composition, liposome fusion/incubation time and the
number of ketone molecules on the bacteria cell surface. The
ketone groups on the cell surface were conjugated with a
fluorescent probe FITC-ONH; and then quantified per bacteria cell
using flow cytometry. From the data, the number of ketone
molecules on the bacteria surface is directly related to the ketone
content in the liposome as well as the liposome fusion/incubation
duration. By tuning the ketone content in the liposome and
incubation time (liposome fusion time), the amount of ketone on
the cell surface can be directly modulated.
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To investigate the retention of (bio-orthogonal groups) ketone groups on the cell
surface over time we analyzed the amount of ketone via flow cytometry (Figure 2.11).
This transient transfection may be valuable in modifying bacteria for specific time-
sensitive applications. To determine the quantities of available ketone molecules on the
bacteria cell surface, a fluorescent molecule FITC-ONH2 was used to conjugate with the
ketone on the bacteria membrane. An aliquot withdrawn from the culture incubated in fresh
LB media showed a significant reduction in the number of ketones reported after 4h growth
and showed negligible amounts after 12h of growth. The fluorescently labelled bacteria
were characterized using flow cytometry and the quantity of fluorescent molecule was
calibrated based on a standard fluorescence quantification kit (Quantum ™ FITC-5 MESF
from Bangs Laboratories, Inc.). The quantification kit contains a group of fluorescent
beads labelled with varying amounts of FITC. A QuickCal ® analysis template is provided
with the kit. After using flow cytometry to measure the FITC intensity of the group of
beads, a standardized calibration system can be established based on the analysis template.
Therefore, the FITC intensity can be directly translated into the amount of surface
conjugation. This transient feature may be useful for applications that require the bacteria

to only present probes or ligands for short periods of time sensitive assays and tracking.
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Figure 2.11 Transient depletion of bio-orthogonal groups on a bacteria surface
over time

Transient transfection of bio-orthogonal groups on a bacteria
surface.  Time course of ketone content and viability of
functionalized cells studied over 12h, with incubating in fresh LB
media at 37°C. After 12h incubation in fresh media, cells
completely dilute the ketone content and are no longer surface
tailored with bio-orthogonal groups and are indistinguishable from
non-tailored bacteria.

To further demonstrate the scope of the bio-orthogonal bacteria surface method for
protein display, we used the classic association of biotin and streptavidin. After the
introduction of ketone groups to the bacteria surface, biotin-ONH> was added to the cells
to ligate an oxime bond. Then streptavidin was added and the ligand-protein association
characterized by flow cytometry, mass spectrometry and western blotting (Figure 2.12).
First, biotin-ONH> (Quanta Biodesign) was conjugated to the ketone presenting bacteria
surface. The presence of biotin on the surface was then confirmed with the bio-specific
association of FITC-conjugated streptavidin and quantified by flow cytometry (Figure

2.12A). A western blot analysis showed the bacteria cell wall contained streptavidin only
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when bacteria presented biotin groups via bio-orthogonal oxime conjugation (Figure
2.12B). Briefly, after biotin display and streptavidin addition, bacteria cells were lysed and
the membrane protein content was isolated according to a straightforward protocol (Figure
2.12C). Samples were then run on SDS gel, blotted and stained with anti-streptavidin
antibody HRP and detected using luminol. Furthermore, the bands in the gel lanes were
excised, trypsinized and analyzed using mass spectrometry. (Figure 2.12D) clearly, shows
tandem MS/MS analysis of the bacteria surface containing streptavidin. Several control
experiments were performed: 1. Bacteria that did not present ketones on the surface
showed no streptavidin binding. 2. Bacteria exposed to liposomes without ketones (blank
liposomes) showed no streptavidin binding. 3. Bacteria presenting ketones were reacted
with a sacrificial hydroxylamine and then exposed to biotin-ONH; and then to streptavidin
showed no streptavidin binding. These experiments showed that only upon liposome fusion
of ketone groups followed by biotin-ONH. oxime conjugation, followed by streptavidin

addition resulted in protein tailoring of the bacteria surface.
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Figure 2.12 Bacteria surface engineering with bio-orthogonal groups for further ligand
and protein conjugation

(A) Bacteria surface-engineered with ketone groups via liposome fusion can
be further modified by the conjugation of hydroxylamine tailored ligands
such as Biotin-ONH.. The biotin ligand present on bacteria surface can then
be recognized with Streptavidin labelled with an FITC reporter
(Streptavidin-FITC) and characterized by flow cytometry. (B) Cells treated
with blank liposomes containing no ketone molecules do not show any
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fluorescent signal, while cells treated with ketone liposomes showed a
fluorescent signal (C) Cells with the biotin-streptavidin complex were lysed
and the plasma membrane content isolated. The total plasma protein content
was analyzed on 0.1% SDS-12% PAGE and the western blot was stained
with anti-streptavidin antibody and then detected with luminol. Lane 1 is a
protein ladder intended for molecular weight measurement. Lane 2 is the
positive analyte of ketone-engineered cells treated with biotin-ONH; and
then streptavidin (ketone-engineered cells + Biotin-ONH; + Streptavidin).
Lane 2 is a negative control sample of ketone-engineered cells without
biotin-ONH, and treated only with streptavidin (ketone-engineered cells +
Streptavidin). Lane 3 is a negative control of cells treated with blank
liposome with no ketone (blank cells + Biotin-ONH, + Streptavidin). Lane
4 is a positive standard of pure streptavidin. (D) Mass spectrometry analysis
of digested lane 1 sample.

The interaction of gram negative bacteria with a range of materials and other cells
has important implications in a variety of diverse fields including bioenergy, biofuel,
biofilm formation, and the infection of plants and animals.’%8° Networks of biofilms are
often associated with cardiovascular diseases and could form chronic artery plaques around
the valves. A study in 2014, utilized a fluorescent tag to reveal the role of bacterial
infection, contributed by at least 10 different types of bacteria in the formation of a plaque
through biofilm secretion.'®182 |n particular, P. aeruginosa becomes pathogenic upon cell-
cell interactions in a biofilm.1® To further explore the utility of this bacteria surface
engineering system, we showed the specific association between tailored Pseudomonas
aeruginosa bacteria and tailored materials via bio-orthogonal ligation and ligand-protein

interaction.

In our previous work, we established a methodology to rapidly fabricate aldehyde
presenting indium tin oxide (ITO) materials for material science, biomaterial and solar cell

applications.’® 18 ITO is a conductive and transparent material and ideal for surface
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chemistry studies. In the present study, we employed the aldehyde-tailored ITO substrates
and seeded surface-engineered bacteria presenting hydroxylamines onto these substrates to
evaluate the specific binding of bacteria to ITO substrates via an interfacial oxime ligation
(Figure 2.13). It was observed that control bacteria with no hydroxylamines present on the
surface adhered poorly to the aldehyde-tailored 1TO, while the hydroxylamine-presenting
bacteria showed high amounts of binding and significant adherence to the aldehyde-

tailored ITO even after washing.
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Figure 2.13 Surface immobilization of bacteria using biorthogonal chemistry

llustration showing surface-engineered bacteria presenting
hydroxylamine adhered to aldehyde-tailored indium tin oxide
(ITO) material via oxime immobilization. (A) Images showing
that control bacteria with no hydroxylamine present on the
surface do not adhere well to aldehyde-tailored indium tin oxide
(ITO). (B) Images showing significant adherence of surface-
engineered bacteria, which present hydroxylamine and bound to
the aldehyde-tailored ITO via oxime bonding.

In this context, we determined that ligand-presenting bacteria should adhere to
protein-coated slides via a bio-specific protein-ligand interaction (Figure 2.14). Ketone
presenting bacteria that were subsequently reacted with biotin-hydroxylamine showed
significant levels of biotin conjugation via oxime ligation as described above. This biotin

presenting bacteria were then added to streptavidin coated glass substrates (Arrayit) and
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adhered efficiently. Control experiments deficient of ketone, biotin or streptavidin were

showed no adhesion to the material surface. By re-wiring the bacteria surface with ketone

groups or hydroxylamine groups, it is possible to sort or capture these bacteria in complex

mixtures with polymers, beads or materials presenting complementary bio-orthogonal

groups.
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Figure 2.14 Surface immobilization of bacteria using biorthogonal chemistry via Protein-
Ligand interaction

An illustration describing ligand immobilization (Biotin-ONH>) on ketone-
presenting bacteria and subsequent ligand-protein (Biotin-Streptavidin)
interaction at the interface of bacteria and material. (A) Microscopy showing
no adherence of control bacteria onto a Streptavidin-coated glass substrate;
the particles are merely artifacts on the surface. (B) Microscopy showing
that Biotin-tailored bacteria adhered to a Streptavidin-coated glass substrate
via Biotin-Streptavidin recognition.
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2.3 Experimental Procedures

2.3.1 Liposome Preparation (Figure 2.5)

Liposomes were prepared with DPPC, DMPG and the corresponding bio-
orthogonal pair in various ratios. For example, 160 ul of DPPC 10mg/mL stock, 10 pL
DMPG 10 mg/mL and 55 pL of 10 mg/mL ketone/hydroxylamine were mixed in
chloroform. After thorough evaporation of the organic solvent using air stream, content
was re-suspended in an HEPES buffer and sonicated for 4h using tip-sonicator that is

placed in an ice bath to avoid overheating.

2.3.2 Functionalized Fluorescent Assay (Figure 2.9)

Bacteria E. coli BI21, were grown to OD®°= 0.6, corresponding to approximately
4 x 108 CFU/mL. The cells were harvested by centrifugation at 4000 RCF for 10 minutes,
washed with 100 mM CacCl. and resuspended in 6 mL of 100 mM CaCl> for 2h at 4 °C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with 6 uL EDTA 50 mM pH 8.4 and incubated at 37 °C for 1h. Liposome fusion
was attempted by the addition of various concentrations of Ketone-SUV (10%, 20%, 30%,
etc..) to the competent cells at 37 °C for 1h. Aliquot samples were withdrawn and washed
with PBS buffer pH 7.0. 5 puL of 1.6mMol FITC-PEG-hydroxylamine was added to the
suspension for 5 minutes at 4 °C. Unbound probe was washed thoroughly three times with
PBS buffer to reduce non-specific binding to cells. The extent of fusion was assessed by

measuring fluorescence signal using a Nikon camera fluorescent microscopy at 492 nm
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excitation and 518 nm emission, along with Beckman Coulter Flow Cytometer at 600 nm

excitation for FITC based probe.

Control (Blank liposome). Liposomes were prepared with 160 uL DPPC 10
mg/mL stock and 10 pL DMPG 10 mg/mL, mixed in chloroform. After thorough
evaporation of the organic solvent, content was re-suspended in an HEPES buffer and
sonicated for 4h using tip-sonicator in an ice bath. This composition results in the formation

of a plain liposome deficient of biorthogonal pairs.

Control (Quenched liposome). Liposomes were prepared with 160 uL DPPC 10
mg/mL stock and 10 pL DMPG 10 mg/mL and 55 puL of 10 mg/mL dodecanone mixed in
chloroform. The solution was then treated with excess sacrificial methyl hydroxylamine to
quench the ketone on the liposome. After thorough evaporation of the organic solvent,
content was re-suspended in an HEPES buffer and sonicated for 4h using tip-sonicator in
an ice bath. This composition results in the formation of an oxime ligated liposome

deficient of any reactive bio-orthogonal pairs.

2.3.3 Transient Transfection Assay (Figure 2.11)

An aliquoted sample of functionalized bacteria with ketone and FITC-PEG-
hydroxylamine label was placed into fresh LB culture over a monitored period of time. A
sample was withdrawn at a particular time interval to determine OD%° as well as

fluorescent intensity corresponding to the number of oxime-FITC residue on the surface.
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2.3.4 Protein-Ligand Interaction Analysis, Through Biorthogonal Ligation

(Figure 2.12)

Bacteria E. coli BI21, were grown to OD®°= 0.6, corresponding to approximately
4 x 108 CFU/mL. The cells were harvested by centrifugation at 4000 RCF for 10 minutes,
washed with 100 mM CaCl; and resuspended in 6 mL of 100 mM CacCl, for 2h at 4°C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with 6 uL EDTA 50 mM pH 8.4 and incubated at 37 °C for 1h. Liposome fusion
was attempted by the addition of 70% concentrations of Ketone-SUV to the competent
cells at 37 °C for 1h. Aliquot samples were withdrawn and washed with PBS buffer pH
7.0. Series of different volume 20, 40, 60, 80, 100, 120 pL of Biotin-PEG-hydroxylamine
50 mg/mL were added to the suspension and incubated for 3h minutes at 4 °C. Unbound
biotin was washed thoroughly three times with PBS buffer to reduce non-specific binding
to cells. Conjugated cells were then treated with 50 pL of Streptavidin-FITC for 30
minutes at 37 °C. The extent of fusion was assessed by measuring fluorescence signal using
a Beckman Coulter Flow Cytometer at 600 nm excitation for FITC based probe. A control
experiment was conducted parallel to other trials, with the addition of plain liposomes

deficient of bio-orthogonal pairs.

Control (Blank liposome). Liposomes were prepared with 160 uL DPPC
10mg/mL stock and 10 pL DMPG 10 mg/mL, mixed in chloroform. After thorough
evaporation of the organic solvent, content was re-suspended in an HEPES buffer and
sonicated for 4h using tip-sonicator in an ice bath. This composition results in the formation

of a plain liposome deficient of bio-orthogonal pairs.
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Control (Quenched liposome). Liposomes were prepared with 160 uL. DPPC 10
mg/mL stock and 10 pL DMPG 10 mg/mL and 55 pL of 10 mg/mL dodecanone mixed in
chloroform. The solution was then treated with excess sacrificial methyl hydroxylamine to
quench the ketone on the liposome. After thorough evaporation of the organic solvent,
content was re-suspended in an HEPES buffer and sonicated for 4h using tip-sonicator in
an ice bath. This composition results in the formation of an oxime ligated liposome

deficient of any reactive bio-orthogonal pairs.

2.3.5 Aldehyde Surface Adhesion Analysis (Figure 2.13)

Bacteria E. coli BI21, were grown to OD%°= 0.6, corresponding to approximately
4 x 108 CFU/mL. The cells were harvested by centrifugation at 4000 RCF for 10 minutes,
washed with 100 mM CacCl. and resuspended in 6 mL of 100 mM CaCl> for 2h at 4 °C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with 6 uL EDTA 50 mM pH 8.4 and incubated at 37 °C for 1h. Liposome fusion
was attempted by the addition of hydroxylamine-SUV 70% to the competent cells. Aliquot
samples were withdrawn and washed with PBS buffer pH 7.0. ITO plates coated with
aldehyde functionality were submerged in 10 mL of cell suspension for 4h. Plates were
removed and washed thoroughly with PBS buffer and gram stained for phase contrast
microscopic analysis. Surface adhesion experiments were replicated with Arrayit®

Premium Superaldehyde glass and Streptavidin/Avidin glass substrates.

Control (Native cells). Native E. coli BL21 cells were treated with glass plates

presenting ketone functional groups and incubated for 30 minutes. Plates were removed
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and washed thoroughly with PBS buffer and gram stained for phase contrast microscopic

analysis

(Quenched plate). Glass plates presenting ketone functional groups were
submerged into a solution of methyl hydroxylamine in chloroform and incubated for 30

minutes. The resulting surface will no longer present a reactive ketone moiety.

2.3.6 Protein-Ligand Material Surface Adhesion Analysis (Figure 2.14)

Bacteria E. coli BI21, were grown to OD®°= 0.6, corresponding to approximately
4 x 108 CFU/mL. The cells were harvested by centrifugation at 4000 RCF for 10 minutes,
washed with 100 mM CacCl. and resuspended in 6 mL of 100 mM CaCl> for 2h at 4 °C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with 6 uL EDTA 50 mM pH 8.4 and incubated at 37 °C for 1h. Liposome fusion
was attempted by the addition of ketone-SUV 70% to the competent cells. Aliquot samples
were withdrawn and washed with PBS buffer pH 7.0 then treated with a 5-fold excess of
biotin-hydroxylamine for 15 minutes. Arrayit® Streptavidin/Avidin glass (1x1 cm) was
submerged in 10 mL of cell suspension for 4h. Plates were removed and washed thoroughly

with PBS buffer and gram stained for phase contrast microscopic analysis.

Control (Native cells). Arrayit® Streptavidin/Avidin glass (1x1 cm) presenting
protein molecules was submerged into a PBS pH 7.0 buffer with native E. coli BL21 cells
and incubated for 30 minutes. Plates were then removed and washed thoroughly with PBS

buffer and gram stained for phase contrast microscopic analysis
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Control (Quenched plate). A solution of biotin hydroxylamine was treated with
excess acetone for 30 minutes. Then acetone was evaporated for 5h and Arrayit®
Streptavidin/Avidin glass (1x1 cm) was submerged into the quenched solution of biotin-
oxime in PBS pH 7.0 and incubated for 1h. The resulting surface will no longer present a

reactive ketone moiety.

2.4 Conclusion

In summary, a novel and rapid gram-negative bacteria surface engineering method
was developed and demonstrated for E. coli and P. aeruginosa. We introduced a new
method based on liposome fusion to engineer gram-negative bacteria cells with bio-
orthogonal groups. These groups can subsequently be conjugated to a range of molecules
(biomolecules, small molecules, probes, proteins, nucleic acids, ligands, nanostructures,
radiolabels, etc...). This method can be universal for tailoring a variety of gram-negative
bacteria for various applications in sensing and therapeutics. We showed this strategy is
efficient for tailoring E. coli and the P. aeruginosa bacteria strains. This straightforward
method is 1. Fast 2. Efficient 3. General for a range of ligand conjugations and bypasses
molecular biology and metabolic interference processes to tailor cell surfaces. This method
could be of crucial importance to a range of applications including bacteria labelling and
probing, interfacial kinetic study, bacteria-material interaction, bacteria-mammalian cell
interaction and vaccine development. Due to the liposome delivery method, many different
types of bio-orthogonal chemical reactions may be installed onto the cell surface.
Furthermore, a wide range of molecules with lipid-like features may be incorporated into

a liposome and subsequently delivered and displayed on a bacteria surface including
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ligands, probes and proteins. This method also provided an open platform for easily
installing any functional groups, probes, ligands, proteins, and nanostructures for
biological and tissue engineering studies and applications.'®-1%2 Although this approach
provides a unique opportunity to incorporate a functional group onto the surface of a cell,
it still remains to be an inadequate technique to allow for macromolecule conjugation.
Presentation of a biorthogonal group on the surface would require its functional group sister
to be installed on the other substrate to form a covalent bond. This means that both systems
need modifications and synthesis to be armed with one of the reactive moieties. Synthesis
of a hydroxylamine, or a ketone, on biological molecules is not a simple task to accomplish
without suffering from synthetic consequences. Such limitations leave a tremendous gap
for improvement in designing a system, which would minimize the number of modification
steps performed on either component. The exploration and developments to address such

concerns will be elaborated in details in the following chapter.
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3 CHAPTER THREE

Novel Chemo-Selective Bio-conjugation for Primary amines

3.1 Introduction

In the previous Chapter 2, we introduced a novel method that allows for an efficient
delivery of functional groups onto the surface of a model bacterial organism without
interfering with their natural physiological operations. The system uses lipid like molecules
to deliver a biorthogonal pair that does not react with cellular components, hence serves as
a chemical handle for further bioconjugation. This technique offers a specialized approach
in delivering functional groups and it always requires two compatible reactive partners for
a successful conjugation. The functional groups delivered are often chosen from a library
of biorthogonal pairs that are proven to be exceptionally chemoselective for their partner
reactant. For this reason, conjugation of two biological bodies to one another using this
approach requires the installation of two functional groups on both analysts. Although the
performance of liposome fusion delivery system is independent of this prerequisite, it
would not eliminate the need for chemical modifications on biomolecules. While the cell
surface could be easily re-engineered with a particular organic functional group using
liposome fusion, tethering it to a macromolecule (ie. antibody) still requires chemical
incorporation of the other pair onto protein’s structure. For this reason, liposome fusion
delivery does not address the concerns and challenges of minimizing chemical reactions

performed on biomolecules. As demonstrated in Chapter 1, it is important to recognize the
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tedious and cumbersome challenges of modifying a macromolecule through organic
synthesis or biochemical re-engineering. In order to resolve this conundrum, one should
seek an alternative that would only require modification on one of the reactants, leaving
the biomolecule unaffected. Such dilemmas leave the gap open for the discovery of a new
method through which, a biomolecule could be selectively discriminated in a
heterogeneous environment. Ideally, a suitable system should be designed to target a
reliable, available and highly reactive counterpart on the biomolecule. The challenge is
analogous to designing a universal organic functional trapping “Master lock” that could
easily react and link macromolecules together. It would also be beneficial to hold a key to

this “lock”™ to reverse the effect upon demand.

Conjugate Release
lock Key

Qg W Qo i Qs W
! 1

A

Biomolecule Probe/Reporter Biomolecule-Probe Biomolecule Probe
Conjugate

Figure 3.1 lllustration of linking macromolecules with reporters via formation of a “lock”

Bioconjugation researchers have always been in pursuit of such trapping “locks”
and “master keys”, however, the complexity of biological environment makes it an
extremely difficult objective to achieve. In spite of all difficulties, proteins offer some
breaks through their amino acid side chain residues. We introduced the collective effort of
researchers to identify and label the reactive side chains on different locations of protein
structure in Chapter 1. Among the long list of chemical reactions performed on amino

acids, “amines” deserve special attention as they are highlighted as the most effective
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targets. Amines are the single most available nucleophilic centers in biological
environments. They participate in nucleophilic addition reactions under a relatively broad
pH spectrum. They are highly abundant in protein structures that dominate the biological
world. They often do not engage, or have small activity, in catalytic operations of
macromolecules. Unlike thiols, which are mostly trapped in disulfide bridges, they are not
essential for maintaining the structural integrity of proteins. In spite of the long list of
existing amine-conjugating systems, the area demands an improved, efficient and green

conjugation strategy that eliminates the flaws of previous techniques.

Physiological Condition OH
R, ~O R, gy, Analyte
X +  HNT RS >~ N
Rz \O R2 OH

Figure 3.2 General presentation of conjugating a biomolecule to a dialdehyde headgroup

Herein we introduce a novel amine-conjugation strategy that offers a unique
opportunity to chemoselectively conjugate to any accessible primary amine found on
biomacromolecules. This approach is not limited to its use in bioconjugation chemistry; it
could very well serve as a fresh method in organic synthetic reactions. The conjugate
headgroup we introduce in this work is an inspiration from the glutaraldehyde crosslinker
that has been effectively used in biochemistry for labelling and crosslinking of proteins.
Our active headgroup dialdehyde structure allows for two consecutive nucleophilic
additions of amino groups; however, unlike glutaraldehyde, it would rapidly trap the
attacking amine in an annulated ring structure that would not easily collapse under

physiological conditions. This system provides exceptional chemoselectivity for primary
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amines, fast kinetic profile, steady atom economy, green reaction and on-demand

reversibility.

Although proteins are rich in primary amines, in the form of lysine side chains,
there are other functional groups that could either react or contribute to increased
nucleophilicity of other active centers in the vicinity of any electrophile. It is important to
design a strategy, which could discriminate among those unwanted nucleophiles and only
click with a primary amine of a lysine. Failure to maintain chemoselectivity leads to
destruction and possibly denaturation of native structures and defeats the purpose. Our
dialdehyde system allows for successful ligation with only one primary amine and remains
unreactive towards other nucleophiles like thiols and hydroxyls. In unusual cases, it may
allow for hydroxyl conjugation, however, it would be rapidly outcompeted with the more

strongly nucleophilic amine.

The reaction kinetics is highly comparable with cellular natural reactions, thus
secures an excellent place among other biochemical reaction processes. Its rapid
conjugation makes this approach a unique method for biochemical experiments in which
reactants are susceptible to time-sensitive degradations. Bioconjugation is obtained within
seconds and the reaction proceeds to completion within minutes at room temperature at
neutral pH. Increasing the temperature works only to enhance reactivity. In contrast,
dialdehyde molecules remain highly stable at freezing temperatures for prolonged storage

time and subsequent use.

This reaction deserves special attention for its good atom economy. A successful

conjugation produces no organic by-products and would not undergo any side-reactions.
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In organic solvent conditions, it would only produce two moles of water that could be easily
excluded from reaction vessel; and under physiological conditions, it preserves those
hydroxy moieties on the parent molecule. This quality of our system becomes a powerful
trait in practicing green chemistry both in the contexts of organic synthesis and
bioconjugation. This property differentiates dialdehyde conjugation from all other
conjugation systems that produce some by-product residues, and require further
purification. It also delivers the main purpose in designing a novel method in which the
need for delicate chemical modification and laborious purification procedures on valuable

biomolecule samples are completely eliminated.

o 3 0
R — T R ®
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Figure 3.3 General presentation of decoupling of a conjugate between an amine biomolecule and dialdehyde
headgroup

Perhaps the single most important feature of our system is its on-demand
reversibility. Once an amine is trapped in the dialdehyde annulated structure, it could easily
undergo a reverse process under lower pH ranges to release the reactants. This quality
becomes extremely valuable in applications that depend on the release of a payload, toxin
or simply withdrawal of labelling effect. We believe that our technology has the

opportunity to serve as a promising alternative for the current antibody-drug conjugates.
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3.1.1 Carbonyl and Imine

Our dialdehyde system uses two carbonyl centers to trap the attacking amine;
hence, it is important to develop a robust understanding of carbonyl chemistry before
discussing the system in detail. An aldehyde consists of a carbon double bonded to a sp?-
hybridized oxygen with a bond angle of approximately 120°. Chemical properties of
carbonyl groups are often compared against alkenes. Much like an alkene, the bond is made
up of a sigma and a pi bond, but oxygen’s greater electronegativity, makes it slightly more
polar, which contributes to the larger molecular dipole moments (D) of aldehydes and

ketones.
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Figure 3.4 Dipole moment of carbonyl

The molecular dipole moments (coulomb-meter) of a carbonyl
functional group increase with the addition of electron-donating
substituent from formaldehyde to a ketone.

The resonance structure of carbonyl generates a carbocation that is significantly
stabilized by any inductive effect of a sp® center. The oxygen contains two non-bonding

electron pairs through which it forms hydrogen bond.%
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In addition to the dipole moment of the carbonyl compound which locates a partial
positive charge on the carbon, their a carbon is also considerably acidic. These features
would enable a carbonyl compound to act as both an electrophile and a nucleophile. The
reaction of carbonyls towards nucleophiles has been extensively studied; there are two
possible mechanisms for nucleophilic addition reactions: acid-catalysis mechanism and
base catalysis mechanism. Stronger nucleophiles tend to undergo base-catalyzed additions
during which they attack the carbon of the carbonyl to generate a tetrahedral transition state
that pushes pi electron density towards the oxygen. The negatively charged oxygen is
perceived as a relatively strong base, which could abstract a proton to further stabilize the
intermediate. In contrast, weaker nucleophiles require pre-activation of the carbonyl group
in order to add to the carbocation of the carbonyl. While there are many nucleophiles that
could engage in a nucleophilic addition to the carbonyl group, hydroxyl, amines and thiols
are the most important in the context of bioconjugation chemistry. Primary amines are
nucleophilic at the neutral state and could readily add to carbonyl groups. The addition of
the amine to aldehyde and ketone would usually proceed with the loss of water to form an
imine bond also known as a Schiff base. The addition reaction to an aldehyde/ketone
proceeds through the generation of an unstable carbinolamine, which is a term referring to
a species containing -NRy and hydroxyl on the same carbon. Under acidic conditions, a
proton could facilitate the loss of hydroxyl group in the form of water. This step is
significantly faster than a typical dehydration of an alcohol. The final imine product could
also abstract a proton on the nitrogen, as it is an analogue to a carbonyl, and undergo further
nucleophilic addition with any immediately available nucleophile. Therefore, removal of

the water by-product or any other nucleophile would further increase the yield of product.
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The sp?-hybridized carbonyl groups are reactive towards both primary and
secondary amines. The formation of a stable product in the reaction of a primary amine
with a single carbonyl group is highly dependent on the solution and microenvironments
of the reagents. Nucleophilic addition of a primary amine to a carbonyl in aqueous solution
forms an imine, which is a reversible process and would not be a sustainable method to
generate a conjugate®. Other factors such as pH, temperature and concentration are also
crucial in the overall kinetics and feasibility of reaction. While higher pH ranges tend to be
more suitable for solubilisation and stabilization of a final Schiff base product, lowering
the pH would rapidly favour the reversion to starting material and complete dissipation of
C=N bond. In contrast, the same reaction has a higher chance of success in an organic
solvent and could withhold a stable imine product. Temperature, for most reactions,
enhances the progression of the chemical reaction and favours the formation of products.
This principle could hold true in reverse reactions for formation of starting material, as they
would also be considered a form of product on the other side of the reaction arrow. The
reaction of an amine with carbonyl is no exception from this notion either.5? Beyond pH of
the environment, concentration of reactants is the most influential factor in the formation
of the product as it has an immediate impact on the direction of equilibrium. Excess
equivalence of attacking amine, even in agqueous solution, would always help to maintain
some amount of product in the form of Schiff base. However, deprotonation of a primary
amine at its acidic dissociation constant range is a reversible process. This leaves some
finite amount of deprotonated amine available in a solution that facilities a nucleophilic

addition, and further consumption of carbonyl. However kinetically slow, this minor
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amount of deprotonated amine is substantial enough to push the reaction forward towards

complete depletion of carbonyl in solution.>?

Unlike a primary amine, the addition of a secondary amine to carbonyl tends to
form an enamine bond. Enamines are more versatile and reactive intermediates that could
act both as a nucleophile and base but not as an electrophile. Gilbert Stork in 1963
demonstrated the ability of an enamine to act as a nucleophile to form a robust C-C sp®
bond with a reasonably activated electrophile.’®* Since then, reactions of enamines have
been extensively studied and has led to the development of many established synthetic

methods for a B-substitution of amines. 195204

The dialdehyde reactive headgroup consists of two sp?-hybridized carbonyl groups
with planar carbon centers that are five carbons away from one another. The flat chain is
substituted at position C3 with a chemical handle that carries the rest of the molecule. The
incorporation of a chemical handle in the structure of a general substrate allows for
installation of specialized components on the molecule specific to experiments. Later,
during the next chapter, influences of functionality and electronics on the yield of
conjugation will be discussed in great details. There are two parallel additions to carbonyl
centers resulting in the formation of a secondary amine intermediate. While carbinolamine
is known to be relatively unstable and short-lived, a 6-membered ring could easily secure
a stable structure that would not further collapse to other species. In addition to that, the
attacking amine is no longer considered a primary, therefore the formation of an imine
bond would not be conceivable; later, and dehydration will result in the formation of two
enamine bonds inside the ring. As mentioned previously, the fate of the 1,4-

dihydropyridine ring versus the hydrated aminal species in solution is heavily dependent
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on the microenvironment of the reaction, such as solvent and pH. The unique characteristic
of the dialdehyde system, in contrast to another carbonyl reactive moiety, lies in its ability
to form a thermodynamically stable ring that locks the attacking amine in a 6-membered
ring. Unlike any other amine conjugation systems, which use carbonyl as a chemical trap,
a dialdehyde headgroup minimizes the chance of imine formation, hence eliminates the
concerns over the stability of the conjugate. The conjugate will not require further

stabilization or chemical treatments with reducing agents to secure a robust molecule.

3.1.2 Glutaraldehyde

In depth understanding of the dialdehyde system requires a comprehensive
examination of its parent molecule, glutaraldehyde. This involves reactivity, stability and
conjugation mode of action through which glutaraldehyde has served in the previous
biochemical reactions. It is of great importance to recognize that the dialdehyde system is
essentially an improved extension of its parent molecule glutaraldehyde. An absolute
knowledge of glutaraldehyde chemistry becomes a pre-requisite for the logical
understanding of the remaining of this work. In this section, we will focus on

glutaraldehyde chemistry in a comprehensive elaboration.

Glutaraldehyde essentially consists of two terminal aldehyde groups. Aldehydes
are generally less stable than their ketone counterpart is and are often susceptible to air
oxidation over time. Once hydrated, they tend to adopt various structures that result in
chain polymerization which often but not always, lead to the generation of some

irreversible products that no longer share the same reactivity as a carbonyl. Presence of
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nucleophilic centers in the vicinity of a carbonyl, or in the same solution could lead to
addition reactions to the aldehyde or creation of bonds and functional groups that facilitate
the rotation or inaccessibility of reactive centers for further chemical reactions.?%-2% The
most important side-reaction of aldehyde is acid/base catalysis of the aldol reaction. Aldol

reaction usually initiates further polymerization to indistinguishable long chains.

Glutaraldehyde has been the subject of research for almost 60 years owing to its
unique ability to immobilize proteins, cross-link macromolecule and fix cellular
components. There is a limited class of macromolecules that are reactive towards
glutaraldehyde or other carbonyl centers. Their ability to react with carbonyl centers is
essentially determined by the availability of the proper type of nucleophilic moieties. Most
carbohydrates?® and lipids?!® have proven to be inert towards molecules, unless an
artificial nucleophilic center is incorporated into their backbone. Glucosamine is an
example of a naturally occurring amino sugar that contains the right functional group to
present some reactivity with carbonyl groups. Lipids that are armed with a source of
primary or secondary amine, like phosphatidylserine, also have moderate non-selective
reactivity for electrophilic moieties.?!! Nucleic acid polymers are reactive towards
formaldehyde, which is a small carbonyl-carrying molecule and could be easily used in
fixation of the entire DNA through reaction of the corresponding nucleotides amino sugars
with formladehdye,?'? however, the reaction of other aldehyde-containing molecules like

glutaraldehyde with DNA itself, remains to be investigated.?*3

In addition to the crosslinking utility of glutaraldehyde, techniques used to
immobilize enzymes were also an attractive area of research that gained attention after

much data was collected on protein crosslinking using glutaraldehyde. The technique is
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often dependent on the formation of a robust covalent bond between a hydrophobic
molecule and a macromolecule through coupling with a glutaraldehyde bridge. A similar
principle could be thought of in crosslinking use of glutaraldehyde between enzymes.?**
The role of a bifunctional immobilization reagents was first explored in the 1950’s by
Zahn.?® Other crosslinking utilities of glutaraldehyde were developed for the purpose of
protein stabilization and further X-ray crystallographic analysis by Quicho and Richards?®
and microscopic analysis of fixed tissues conducted by Robertson and Schultz in 1970.2/
In the later years, glutaraldehyde attracted tremendous attention in crosslinking chemistry
and enzyme interaction for its exceptional ability to form a 3D network of intermolecular
species, conjugation of hydrophobic molecules and protein structure analysis. Furthermore,
there is a limited list of class of molecules that show reactivity towards aldehyde in
biological settings. Each one of the mentioned applications would require a particular set
of conditions exclusive to that experiment, which are often determined empirically through
trial and error. Such limitations predominantly arise from protein insolubility and natural
behavior?'®21® protein concentration,??° the optimal pH, %! operating temperature, 2 ionic

223

strength of medium??® and reaction time.??*

General use of glutaraldenyde was first illustrated in the 1960s for fixation of
tissues through, back then an unknown mechanism, which later discovered to be
crosslinking of internal proteins.??® Glutaraldehyde’s highly efficient reactivity towards
proteins in aqueous solution near neutral pH, made this reagent a very attractive and
essential ingredient in crosslinking experiments. Glutaraldehyde reacts with many
functional groups either on the surface or sometime embedded within relatively deeper

layers of a macromolecule. Amine, thiol, phenol and imidazole are all nucleophilic centers
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that have shown reactivity towards glutaraldehyde. While the complexity of glutaraldehyde
conformation has a crucial determinant on the reaction mechanism with each of the
nucleophiles, the purpose of conjugation is often always fulfilled by the formation of some
kind of bridge between the glutaraldehyde and the macromolecule. Enzyme
immobilization studies, in particular, have presented a suitable model study for such
complexities, which we will examine later in the discussion. Studies on amino acid’s
reactivity towards aldehydes have provided substantial information about the condition of
reaction, hence the suitability of glutaraldehyde for crosslinking of proteins in an aqueous
environment at different pH ranges. The preliminary investigation of reactivity of the
following amino acids was conducted from the early 1960s to late 1970s; Lysine,??®
Tyrosine, phenylalanine and tryptophan,??’ cysteine, serine, proline, histidine, glycine,

arginine and glycylglycine??®

are the major amino acids that have been reported in the
mentioned literature for their side chain functional group nucleophilicity. While different
types of molecules containing an aldehyde had been used in the mentioned studies,
collective results obtained suggest that there is different reactivity between amino acids
towards the carbonyl functional group. The order of decreasing reactivity of the side chain
is as following e-amino, a-amino, guanidyl, secondary amine and hydroxyl group.
Avrameas and Ternynck have demonstrated the poor reactivity of the guanidyl towards
glutaraldehyde and speculated that rapid consumption of the reagent by other more reactive
amino groups would retard any reaction with guanidyl.?'® Another study conducted by
Okudaet al in 1991 revealed that thiols only react with glutaraldehyde in biological settings

if a primary amino group is available in the vicinity of the reaction site.??
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Since the g-amino of the R chain on lysine presents the most reactivity and
application in bioconjugation, herein we will focus on some of the preliminary studies that
have speculated and proposed possible mechanism for the formation of a conjugate
between e-amino and glutaraldehyde in aqueous solution. This explanation will be an
analogue to dialdehyde’s reactivity with lysine side chain. Formation of a Schiff base in
the reaction of a primary amine with a carbonyl center is widely studied over the pH
spectrum. While there is a significant reversibility at relatively lower pH ranges, pH 7-9
ranges are an optimal window for minimum reversibility. The immobilization and
conjugation of a protein to a glutaraldehyde bridge, or any other carrier of a similar
electrophilic center, is generally, but not always, a direct implication of lysyl moiety
ligation to the electrophile handle.?** Although pKa (acid dissociation constant) of e-amino
is greater than 9.5, upon successful establishment of an equilibrium there will be some
finite amount of unprotonated amines that remain available and reactive at acidic pH
ranges. Such small amount of unprotonated amine in solution is sufficient to react with
glutaraldehyde, which then shifts the equilibrium towards complete consumption of the
reagent. Since lysine is mostly abundant on the surface and outer core of protein structures,
and does not participate in crucial enzymatic or other biological regulatory functions of the
protein, it is available for chemical ligations. Consequently its ligation does not necessarily

disturb protein function or structure.?'

3.1.2.1 Structural Analysis

The structural variations of glutaraldehyde have a substantial impact on the stability

and reactivity. Glutaraldehyde molecule could easily adopt different structures depending
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on the environment it resides in. The solution conditions have an important effect on the
final configuration of the molecule, consequently would also influence the application of
the crosslinking molecule. pH, temperature, solvent, concentration are some of the
consideration in working with glutaraldehyde. There are 13 well-studied forms of
glutaraldehyde that each is to behave differently in interaction with other macromolecules
like protein. There is an abundance of data on the structural conformation of the
glutaraldehyde in the literature that has been collected over 40 years of research on the
crosslinking ability of glutaraldehyde. Aso and Aito studied the effect of catalysts on the
polymerization of glutaraldehyde and observed comparable results in aqueous solution at
room temperature. The products were characterized to be a tetra- and pentamer making

approximately one aldehyde group per multimer.23023
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Scheme 3-1 Glutaraldehyde products in aqueous solution with cationic catalyst

Glutaraldehyde could spontaneously form a polymer in presence or absence of a
cationic catalyst in aqueous solution. Structure (VII1) was identified as a soluble
tetramer or pentamer comprising one free aldehyde group per molecule formed
through the intramolecular-intermolecular propagation polymerization with ring
formation.

Richards and Knowles conducted comprehensive studies using NMR spectroscopy
and examined the protons in the commercially available aqueous solution. Their spectra

analysis was in a disagreement with the formation of a dimer, cyclic dimer, trimer or any
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bicyclic trimer in single abundance, rather a mixture of all multimeric sub-units as well as
the polymeric structure was observed. Their observations were consistent with the
formation of o,B-unsaturated aldehydes which could subsequently lead to the formation of
other heavy chain polymeric units or cyclize through aldol condensation. Their proposed

structure would make many carbonyls available for further reactions. 2%?

CHOCHO
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Scheme 3-2 Glutaraldehyde o, f-unsaturated polymer

A solution of commercial glutaraldehyde is largely polymeric and comprises
significant concentrations of a,B3-unsaturated elements (V1). Such species could form
rings (VII) by the loss of water molecules through aldol condensation. Although
structure (V1) is a representative of an average structure containing the unsaturated
polymerized glutaraldehyde (a,B-unsaturated compound), the carbonyls would be
hydrated.

A year later, Hardy et al conjoined two techniques of UV spectrometry in tandem
with HNMR spectroscopy to further confirm the presence of a,-unsaturated aldehydes in
the organic extracts of the mixture. However, low abundance of such species revealed by
trivial integration of the corresponding peak at 235 nm demanded further structural analysis
on purified samples. Conversely, a purification procedure using organic extraction was
only helpful to recover 50 % of the original sample; even then, the obtained glutaraldehyde
underwent rapid rehydration that rendered the spectroscopic analysis ineffective. The

combined information extracted from this study was in a strong agreement with Aso and
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Aito’s finding in the early 1960’s that suggested the establishment of an equilibrium among
hydrated polymers.®° Korn et al also conducted similar studies using UV spectrometric
analysis and confirmed the observations of Hardy et al, indicating a very low abundance
of a,B-unsaturated aldehydes and higher concentrations of cyclic hemiacetal diagnosed by
HNMR spectroscopy.?®® A few years later in 1972, Whipple and Ruta confirmed the
predominant hemiacetal formation of polymers using *C-NMR, also concluded that
hemiacetal products adopt an equilibrium between cis and trans geometrical isomeric

conformation. 234

(I:jO)CHO HO\EOJ/OH HObOJ\CjOH

) av) V)

Scheme 3-3 Glutaraldehyde cyclic hemiacetal polymer

Glutaraldehyde simple monomer (1) coexisted in a mixture of hydrated forms
(structures 1, 111, and 1V) in aqueous solution. All of these structures occur in an
established equilibrium in an aquatic solution.

Monsan et al that integrated all previous findings together to draw a complete
conclusion performed the most comprehensive study until 1975. Manson used NMR, MS,
IR and TLC to verify that under neutral to slightly alkaline pH, molecular forms would
precipitate out of solution.”®® Once a reasonable understanding of the structural
conformation of glutaraldehyde was obtained, most studies shifted to more applied
research such as polymerization or isomerization reactions affecting the shelf life of the

crosslinker. In 1980, Margel and Rembaum looked at the products of aldol condensation
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at medium to high pH ranges. Their observations were consistent with Monsen’s findings
in the formation of what they had earlier called “poly-glutaraldehyde”. The o-hydroxy
aldehyde polymer is very sensitive to solvent, pH and oxygen content in the solvent and

would easily proceed to form other by-products.?3®
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Scheme 3-4 Glutaraldehyde polymerization reaction

Investigation of aldol condensation of glutaraldehyde in the pH range of 7.0 to 13.5
reveals a poly-glutaraldehyde that could remain soluble or insoluble in water. The
extent of functionalization ie. hydroxyl, carboxylic acid, carbonyl is largely
dependent on pH, oxygen content and other kinetic parameters leading to the
structures (XI11) and (XI11).

In the later studies conducted by Tashima et al, some novel forms of smaller
subunits of polymer were observed at moderately alkaline pH. Functional group analysis
performed on the mentioned structures, using IR and UV spectroscopy, suggested the

presence of hydroxyl and formyl group in a tangled conformation. Later confirmation by
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GC and elemental analysis, a more vivid image of the structure was obtained. An exact
mass of 182 g/mol for the corresponding molecular formula C1oH1403, further examined

by 2D 'H-NMR, indicated an annulated structure below 2%,
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Scheme 3-5 Glutaraldehyde product in alkaline solution

Treatment of glutaraldehyde with an alkaline solution will result in the formation of
some dimers characterized by IR spectroscopy. Data suggests formation of some a.,3-
unsaturation formyl and hydroxyl groups

Although glutaraldehyde structure has always gained its attraction due to its unique
ability to crosslink proteins in water, the effect of the solvent remained to be neglected for
almost 20 years. While all studies had agreed that a solution of glutaraldehyde will not
contain much of the monomeric parent molecule, Kawahara et al argued that not all of the
parameters had been considered in the adopted structure of the polymer. They looked at
the effect of the solvent on the possible formation of the polymers, and its interaction with
the polymer. They suggested that water would be a relatively suitable nucleophile that
would present some reactivity towards the carbonyl moieties thus change its availability in
the form of free aldehyde groups. Kawahara suggested that since studies conducted by
Monsan?* have all been performed in organic phase their outcome would suffer from
factors affecting the feedback. While structural analysis of glutaraldehyde, from a chemical
perspective, would not be hindered if performed in an organic setting, the feedback of such

studies would not remain useful for biological conditions. Such disparagements led to the
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further prosecution of other results accumulated in the course of 20 years. In a wider
reconsideration, the efforts of Richards, Knowles®? and Hardy?*° were also reassessed for
the use of deuterated water in their NMR spectroscopic analysis. Monitoring the peak of
interest in both of their independent *H-NMR studies, which much of the conclusions were
drawn from, presented inconsistent integration for the a-carbon proton.?*® In addition to
integration discrepancies, the equilibrium of most polymers fluctuated between water and
deuterated water.2®® Whipple and Ruta’s 2** studies also had looked at *C-NMR peak
intensities that could not reveal accurate quantitative measurements for any convincing
conclusion. Consequently, Kawahara et al 2*° employed UV spectroscopy and light
scattering technique to look at the same structures previously claimed to be dominant but
used commercially available 70% (w/v) glutaraldehyde aqueous solution which would also
present a consistent sample with that of used in biological experiments. This study
suggested that concentration, solvent and pH would all collectively determine the stable
structure of glutaraldehyde in solution. Lower concentrations and pH ranges of 3.5 to 8
would shift the equilibrium to the formation of some deconvoluted monomeric hemiacetal
units. In 1997, same authors revealed that concentrations of up to 10% glutaraldehyde in
water could be suitable for maintaining a monomeric structure and that the o,-unsaturated

products could be present only in negligible amounts.?*°

HolL(OJOkOJOH

n
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Scheme 3-6 Glutaraldehyde products at low concentration
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Upon dilution, large quantities of polymeric species
that contain cyclic hemiacetal structure (V) slowly
convert to monomers.

Comprehensive studies conducted in the past 50 years on the structural behavior of
glutaraldehyde in organic or aqueous solutions, unanimously suggest of the formation of
multiplex subunits of mono, di, tri, tetrameric polymers that would present an inconsistent
number of carbonyl functional group for the crosslinking application. The concentration,
pH, temperature and buffer system used in downstream applications remain to be assessed
based on individual applications and analytes of interest. Hence, the effectiveness of
glutaraldehyde in crosslinking could not be generalized and must be exploited only in the

contexts of a particular experiment.

3.1.2.2 Mechanism of Glutaraldehyde Bio-conjugation

As previously discussed, glutaraldehyde could exist in different conformations in
aqueous solutions; therefore, there is not a single apparent mechanism of conjugation
proposed in studies. However, observing the structure of the products of such ligations at
higher pH ranges generates more stable species that would allow for a more detailed
structural characterization. These studies would then help to postulate a more accurate
mechanism for the formation of the products. Richards and Knowles in the 19682%? and
Monsen et al?3® in 1973 proposed some possible pathways through which the amino group
of the protein reacts with a,B-unsaturated aldehydes in an aldol condensation. In their
mechanism, amino group undergoes a conjugate addition to the ethylenic double bond on
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the a,B-unsaturated aldehyde oligomer in a Michael-type addition reaction. In contrast,
Monsen et al suggested that aldehydic carbonyl groups are the target of the nucleophilic
addition. This mechanism is obviously bound to encompass the formation of a Schiff base
that must be stabilized by conjugation. The reported results of both studies are in an
agreement that glutaraldehyde exists in some kind of polymeric conformation and is not
present in its monomeric unit. Boucher’s research presented a conflicting mechanism in
the 1970s and suggested of a monomeric starting material of glutaraldehyde in aqueous

solution.241:242

Schiff base H H
> OHC CHO
CHO 1CHO 2 RNH,
OHC CHO

n

Michael addition CHO CHO
VD = OHC CHO

Scheme 3-7 Reactions of primary amine with glutaraldehyde in solution (Michael addition,
Schiff Base)

A mechanism proposed an addition reaction on the aldehydic part of the a,f3-
unsaturated polymers (and poly-glutaraldehyde) towards the formation of a
Schiff base (imine) stabilized by conjugation. A different postulated pathway
involves the reaction of the protein amino group with a,f3-unsaturated aldehydes
formed by aldol condensation of glutaraldehyde. There is evidence of a conjugate
addition of amino groups to ethylenic double bonds through a Michael-type
addition. This mechanism was supported through demonstration of nucleophilic
addition on the ethylenic double bond with a large excess of amine.

Boucher’s findings suggested that the active form of glutaraldehyde that reacts in

solution is strictly dependent on the pH of the solution and that the oligomeric forms of it
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could easily revert to their monomers upon treatment with heat or ultrasonic radiations.
Unlike acidic conditions, alkaline pH would not allow for such reversions and force
glutaraldehyde to stay as oligomers. The rationale behind the latter observation was solely
based on the slow rates of interchanges between glutaraldehyde oligomer and monomer
with temperature and time. Years later, Ruijgrok®*® in 1990 confirmed the conclusion
drawn by Boucher, by exploring the effect of heat generated by microwave irradiation

versus conventional heating on the aldehyde moiety in glutaraldehyde aqueous solutions.

The nature of the glutaraldehyde starting material remained a controversial subject
among active research groups. In 1976 Hardy et al?** and Lubig et al?*® argued that an a.B-
unsaturated aldehyde could not be the primary species that offers a reactive center. Rather,
in the presence of amino groups, some dimer structure arising from an o,f-unsaturated
precursor is more likely to be responsible for providing a more reactive moiety for
conjugation. This mechanism requires two equivalence of the monomeric units to undergo
concerted nucleophilic addition of a single amine to form, possibly, a quaternary structure
of amine. Although a definite mechanism could not be postulated at the time, a pathway
involving cyclization, dehydration and even internal redox reaction was proposed. A
pyridinium-containing dimer was later isolated by the same group and characterized using
UV spectroscopy that produced a consistent UV absorption consistent with the Bowes and

Carter report of 1968.2%

Y +
2 CHOCHO 2 RNH,

Y
2\
Z

()

Scheme 3-8 Reactions of primary amine with glutaraldehyde in solution (Crosslinking)
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Upon reaction of a protein amino group with glutaraldehyde, some
dimers could form products that contain quaternary pyridinium
compounds, rather than glutaraldehyde polymers reacting with amino
groups.

Tashima et al?* reported a study in 1991 that confirmed the Michael addition to the
ethylenic double bond in alkaline condition and that an excess of the amino group would

eliminate the need for a redox pathway.
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Scheme 3-9 Dimeric cyclic glutaraldehyde reaction with proteins under alkaline conditions
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In the mid-1990s, Walt and Agayn?*® conducted a more detailed and systematic
approach to explore the effect of pH and the reactivity of different forms of glutaraldehyde
in solution. They proposed that conjugation of an amino group with any aldehydic center
of any kind is not favourable as it will form a Schiff base. However, there are two possible
outcomes under acidic conditions, which both would contain a polymeric unit of bridged
protein. Polymeric units of connected hemiacetal are more plausible to form as the result

of an amine nucleophilic addition, which definitely will generate a polymeric structure.
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Scheme 3-10 Glutaraldehyde reaction with proteins under Acidic conditions

Multiple reaction products were proposed depending on the pH profile of reaction. A mixture
of monomers ranging from free aldehyde form (1) or cyclic hemiacetal (IV), cyclic
hemiacetal oligomer (V) could exist under acidic or neutral conditions. A nucleophilic attack
by lysine residues is expected to induce the formation of a Schiff base in solution. However,
Schiff bases are known to reverse under acidic conditions and are not favoured, leading to a
reaction of monomeric cyclic hemiacetals (1V) and multimeric form (V).
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In contrast, under alkaline conditions, two different Schiff base products are
predominant that are robust and unreactive in an acid hydrolysis reaction. The stability of
the Schiff base products is due to a stronger stabilization through repeating internal double
bonds with the aldehyde groups and formation of the Michael addition product. The
presence of an excess amine in solution would eventually react with the exposed aldehyde
groups and produce more Schiff bases that are labile to acid hydrolysis and contribute to
overall unsuccessful conjugation. This concern could be addressed by reducing the Schiff
bases to a secondary amine that is a promising alternative to secure a robust conjugation

system.
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Scheme 3-11 Glutaraldehyde reaction with proteins under alkaline conditions

Under basic conditions, the reaction of a,f-unsaturated oligomeric aldehydes (V1)
with amine could produce two products robust to acid hydrolysis under basic
conditions : a Schiff base (Vla) and a Michael addition product (V1b). If the excess
amino reactant is present, some mixed product of (VIc) could also exist in solution
but susceptible to loss of resonance stabilization under acidic condition.
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Finally, Kawahara et al>*® in 1997 demonstrated that presence of amino group
would catalyze polymerization reactions and favours aldol condensation in solution. This
reaction would produce large polymer units containing many aldehydes and a,f-
unsaturated aldehydes that are available for formation of both Schiff base and Michael
addition reactions. This study suggested that glutaraldehyde aqueous solutions are more
likely to act as a staining brush that would crosslink proteins in massive mixture rather than

small-localized patches in solution.

While there is still a considerable disagreement in the aqueous structure of a
commercially available glutaraldehyde solution, it is still an important reagent in protein
conjugation experiments. Regardless of its mechanism of bioconjugation, it has proven to
be an extremely effective reagent for highly specialized experiments. Although there is not
a single mechanism that could be proposed to accurately describe the formation of
conjugates with protein, its effectiveness could not be dismissed. Over the years, efforts to
solve conjugation mechanism has been shifted towards more advanced and applied utility

of such reagents.

3.1.2.3 General Synthesis of Aldehyde and Glutaraldehyde

There are multiple synthetic routes available in the literature to conveniently
synthesize a carbonyl group in the form of an aldehyde or a ketone, alcohol oxidation,
Friedel-Crafts acylation, alkyne hydration and oxidative cleavage.'®3?4-2*° However, the
extensive utility of carbonyl groups in organic chemistry has demanded highly adaptable
synthetic methods that would allow for installation of such electrophilic centers in
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molecules. Such synthetic approaches are not limited to reactions inside an organic
chemist’s reaction flask but have advanced onto biologist’s toolbox. Biologists can now
incorporate carbonyls onto larger macromolecules using enzymatic interaction and other
catalytic protocols in-vitro studies. While there are many ways to synthesize a carbonyl
group, oxidation of an alcohol is the ideal route in the laboratory or industrial settings.
However, the disadvantage of these methods lies in the relatively toxic reagents that
facilitate the reaction. Chromium salts and pyridinium salts are the cheapest reagents used
that also produce undesirable by-products, which are not environmentally friendly. Organic
oxidants such as iodated organic catalysts have been developed to overcome such
shortcomings; however, they often require difficult laborious purification. In contrast to
selective and mild oxidants, safer reagents like permanganate salts are sometimes used in

preparations of carbonyl groups but suffer from over oxidation to a carboxylic acid.

Friedel-Craft acylation is also a powerful method to generate aldehydes or ketone
using carbon monoxide or acyl groups. This method is obviously strictly designed for
aromatic molecules to be armed with a carbonyl reactive moiety. Hydration of alkyne is
another method through which a carbonyl group could be installed on a substrate. However,
alkynes are equally important in bioconjugation and play a crucial role in some types of
click-chemistry, therefore are not often used as a suitable precursor for carbonyl synthesis.
Mercuric salts are used in at lower pH ranges or hydroboration-Oxidation to hydrate the

alkyne and produce the corresponding carbonyl.193247-249

There are many methods reported in the literature for general synthesis of a
glutaraldehyde, but only a few are industrially practical. There are many limitations in the

stability of the final product. Use of toxins and harsh conditions also pose serious
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restrictions in the manufacturing process. There are some general methods reported for the
synthesis of CHO-(CH2),-CHO that are discriminate of the n. For instance, while oxidation
of ethylene glycol and acetaldehyde are the preferred methods for glyoxal production,
oxidative ring opening of cycloalkene or addition of a vinyl ether to acrolein are often used
to make glutaraldehyde.?®® Wei-Lin Dai et al have reported a green method which uses
catalytic amount of peroxide and some mesoporous silica catalyst (WS2@HMS) material

as the catalyst to open a cyclopentene oxide into final product in reasonable yields?>*.

H,0, (WS,@HMS) 0\\/\
@CHZ) . O@CHZ) > (CH,)
n Cat n ON n

Scheme 3-12 General synthesis of a glutaraldehyde molecule
In another report, acrolein could undergo Diels-alder [4+2] cycloaddition with

methyl vinyl ether in the gas phase to yield 3,4-dihydro-2-methoxy-2H-pyran. An acidic

work up of the reaction would yield glutaraldehyde.?®

3.2 Results and Discussion

Oy ?

R

Figure 3.5 General structural representation of dialdehyde substrate

The synthesis of all amine-conjugating molecules in this work are designed to

produce a 5-membered aliphatic structure. Synthesis of a substituted symmetrical five
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carbon aliphatic chain with dicaronyl terminal functional groups is not an easy task to
accomplish without sacrificing selectivity, stereochemistry, functionality, and yield and in

some cases, synthetic feasibility.

In addition to those challenges, there are not many synthetic routes reported in the
literature to eliminate or minimize difficulties. Furthermore, synthetic protocols are usually
developed to satisfy a need for a highly demanding application; otherwise, specialized
molecules are synthesized through a custom synthetic route. Insufficiency of such methods
for synthesis of a terminal dicarbonyl molecule is partly due to lack of a broad application
for this class of molecules. In addition to that, proposed synthetic route must account for a
reactive handle group at position C3’ in all substrate models without limiting the
cyclization to a 6-membered ring. A functionalized C3’ aliphatic molecule with terminal
an electrophilic center on a 5-carbon backbone is far more specialized to be found among
the common commercially available options. The biological exploitation of this work is
focused on a highly specialized application, therefore a novel synthetic route had to be

designed in house to fulfil all the requirements for downstream functions.

A general look at the final structure of a dialdehyde substrate, it becomes evident
that using a 5-carbon backbone precursor is the most convenient approach. In an attempt
to seek functional groups that could be converted to aldehydes in high yields, olefin
becomes the first choice as it offers great reactivity, stability and commercial diversity.
Furthermore, starting from an olefin, two aldehyde groups could be installed on the same
molecule with a single reaction. Olefin could be easily converted to vicinal hydroxyls that
are excellent precursors to carbonyl groups on the same backbone. Oxidative cleavage

would then yield two carbonyl groups that could either stay on the same chain or simply
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split into two independent molecules. While all other synthetic methods are limited to use
in a fume-hood in presence of harsh solvents and reagents, oxidative cleavage could be
easily performed using mild conditions. For this reason, it is a powerful tool for in-vivo or
in-vitro installation of the carbonyl group on biological molecules like protein, sugar and
artificial amino acid. Alternatively, Oz could add to an accessible alkene to form an ozonide
intermediate, which under mild reducing environment, cleaves to generate two carbonyl
groups. A variety of reducing agents could be used for this purpose, but DMS and zinc are
the common reagents. Oxidative cleavage is also feasible under oxidizing environments
using H202 or KMnOg4 but both would further oxidize the aldehyde product to a carboxylic

acid.

The laborious procedure of ozonolysis of olefin in some laboratory settings
demanded the development of more practical methods. Lemieux—Johnson oxidation in
1956, inspired by Milas hydroxylation in the 1930s, introduced a promising method in

which a combination of two steps could conveniently substitute the need for Oz 252:2°3:254

Mechanim A
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Figure 3.6 Reaction mechanism proposed for formation of vicinal 1,2 diol
through oxidation of an alkene
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During the first step, the olefin would be converted to vicinal diol in an syn addition
reaction using OsO4, which could be easily oxidatively cleaved into the corresponding
carbonyl groups. There are some disagreements in the order of addition to the OsOa,
however, experimental observations have demonstrated the possible mechanism of 1,3-

dipolar cycloaddition or a (2+2)-addition to the metal center.

Sodium periodate in aqueous solutions would serve the same purpose as ozonolysis,
and is compatible with polar protic solvents. After preparation of the diol, hydroxyl groups
attack the NalOs to reduce the iodine (V1) to (V), the cyclic iodate ester then undergoes a
reverse cycloaddition, which breaks the C-C and forms two separate C-O n bonds. This
mechanism is analogous to the second step of ozonolysis with an additional proton transfer
step; it is also quite similar to periodic acid and leads to a tetra-acetate cleavage. The
resulting inorganic by-products are easily filtered and the desired organic carbonyl

compounds are taken up in an organic solvent,2%:256:257

o}
OH
b oo o

R,~_OH .0 o R~ 0-1X0Na* R;—0, ( o
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Figure 3.7 Reaction mechanism proposed for oxidative cleavage of | 1,2 diol using NalO4

While Lemieux—Johnson oxidation proved to be an important synthetic route in the
preparation of aldehydes and ketone for biological studies, the OsOa used in the preparation
of its precursor diol raised serious health concerns. Its relatively low LDsq of 200 pg/m?®
along with its reactivity towards the abundant unsaturated molecules in the optic nervous
system and its ability to penetrate plastic make it a poor candidate in practice. A more

convenient and less toxic method of dihydroxylation was then introduced by Van Rheenen,
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R. C. Kelly and D. Y. Cha of the Upjohn Company that uses a mild re-oxidant NMO for

re-generation of OsOys in a catalytic cycle.?82%°

2 H,0
R, Rie O o HO_ R,
[ Os.
R, RS lo BRLY) HO”™ 'R,
O\\()s"0 @os®
o 0 UpJohn Dihydroxylation Cycle (I;
VIII VI

® ~

Figure 3.8 Catalytic cycle of UpJohn dihydroxylation using OsO4 and NMO as re-oxidant

Further improvement of this reaction by K. Barry Sharpless yielded a more
selective and reliable method that would produce enantiopreferred isomer of the vicinal
diol in high yields using (DHQ).-PHAL called AD-mix-o and (DHQD),-PHAL called AD-

mix-B chiral ligands,2°8.260-262
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Figure 3.9 Enantioselective oxidation of an alkene using AD-mix-a and AD-mix-g chiral ligands

Yang et al?®® reported a method for conversion of less substituted olefins to aldehyde
without further oxidation to a carboxylic acid. They took advantage of a RuClz catalyst in
their work that could convert an olefin to aldehyde in different solvent systems. The paper
introduces the use of three different combinations of the catalyst, solvent and other salts
that are specific for the olefin substrate used. A 3.5% mol RuClz—Oxone—NaHCO3 in
CH3CN—-H20 (1.5:1) is used to generate aromatic aldehydes, RuCls—NalO4in 1,2-
dichloroethane—H>O (1:1) would convert aliphatic olefins and RuCls—NalOs in
CH3CN—-H20 (6:1) proves to be the most effective combination for terminal aliphatic

olefin.
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Scheme 3-13 A general reaction scheme for synthesis of a C3’
substituted dialdehyde substrate using metathesis
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Hutchison?® in 2006 (Scheme 3-13) reported the synthesis of a 6,6-bicyclic
malonamide that contains useful information about installation of a chemical handle on
C3’ position of a 5 membered aliphatic carbon structure. Although their scope of synthesis
stays limited to designing ligands with a binding site for f-block trivalent lanthanide ions,
some of their synthetic steps are a valuable demonstration for the generation of a generic
dialdehyde substrate. After the making of an aliphatic diene, their attempts to convert the
olefin directly to dialdehyde, followed by an ozonolysis protocol, failed to be effective as
it posed some complexities in the reduction of the ozonide intermediate. Therefore, a ring-
closing metathesis was performed using Grubb’s ruthenium catalyst to generate a C3’

substituted cyclopentene ring, which was then successfully converted to a dialdehyde.

While synthesis of a dicarbonyl headgroup itself is not a difficult task, development
of a sustainable method that would allow for the further multilateral synthesis of a suite of
the substrate becomes a great challenge. Targeting of an amino group from a biological
source is a delicate endeavor that is often affected by many factors in an acutely convoluted
environment. The competing reactive centers, solvent, solubility, pH, temperature and
concentration concerns are only a few examples that could be mentioned. Other regulatory
functions and physiological interactions such as enzymatic processes, trafficking and
signal transduction of small molecules in a cell become a great concern in the fate of any
introduced non-native molecules. The conjugating substrate could interact with these
factors in many ways and adopt an unexpected behavior, which would not be consistent
with predicted observations. For this reason, it is important to obtain a tangible
understanding of conjugating substrate’s behavior and connections with each of possible

influential parameters in an isolated study. In order to mimic the ability of a dialdehyde
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molecule to successfully react with an amine, a set of substrates were synthesized and
reacted with a sacrificial primary amine. Propylamine is chosen as a model nucleophile to
satisfy the resemblance to R chain of a lysine, furthermore, its volatility would allow for
convenient and fast isolation of the conjugate product. Looking at combined synthetic
routes reported in the literature as well as an extensive examination of possible pathways,
series of substrates were synthesized to serve as a novel amine conjugation system, which

we will elaborate in the next subsections.

3.2.1 Substrate Type A

Earlier in the chapter, we introduced the criteria for an ideal and safe route to
synthesize a dicarbonyl compound with a place holder for a chemical handle at position
C3’. A close look at the commercially available precursors containing an alkene within a
5-carbon open chain or cyclic aliphatic backbone, cyclopentene is an obvious option,
however, lack of a convenient synthetic direction to selectively install a handle at C3’

makes it an unsuitable molecule for further reactions.

Synthetically R
challenging

O —

Figure 3.10 General representation of synthesis for a C3 substitution of cyclopentene

A commercially available 3-cyclopentenecarboxylic acid is an excellent choice,
which offers a carboxylic acid on C3” and could be used for installation of a variety of

functional groups. Carboxylic acids are not generally considered highly reactive moieties
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but they could be easily translated to other reactive centers. They are superb starting
material for the formation of a robust amide bond, which is an abundant and important
linkage in the native biological system. Conversion of a carboxylic acid to an amide bond
has been studied extensively for its importance in securing a robust connection both using
organic reagents?®>2"! and enzymatic reactions.?’?> While this conversion in presence of an
organic solvent could be achieved in great yields and selectivity, it is far less efficient in
an aqueous environment as most activated carboxylic acids are susceptible to substantial
hydrolysis. It is evident that this ligation is also dependent on the availability of an
attacking amine on the carrier molecule. Most primary and secondary amines are proven

to be reactive both in neutral or quaternary salt in alkaline conditions.

[
-

O, _OH 0. X
Coupling reaction O

X= Nucleophile

Figure 3.11 Cconversion of a carboxylic acid moiety to an amide bond with a nucleophilic
substitution on activated ester

We initially started with using 3-cyclopentenecarboxylic acid in two separate
model systems, to form an amide linkage, with a propylamine and phenethylamine carriers
using N-hydroxysuccinimide and DCC under alkaline conditions to afford molecule 2 and
5 with reasonable yields (Scheme 3-14). The often-relative low yields of such amide
syntheses using N-hydroxysuccinimide, through the generation of an activated ester, lies
in the rapid rearrangements of O-acylisourea to a highly stable N-acylurea. The limitations

and inadequacies of activated esters formed from first generation DCC/EDC coupling
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protocols have been elaborated in details in Chapter 1 (Figure 1.7). Oxidation of the olefin
to vicinal diol 3 and 6 proceeds through a concerted interaction of two oxygens from OsO4
with the alkene interface. The resulting 5-member osmate ester transition state is then
reduced in aqueous solution to generate the two diastereoisomer syn (3R,4S) and (3S,4R)
products. It is evident that the dialdehyde product of the subsequent oxidative cleavage
step performed on the vicinal diol in this reaction does not have any particular
stereochemistry associated with it. Although for this reason, the 1,2 diol compounds could
be isolated in as a mixture of diastereocisomers, some are reported and characterized as

isolated products in this work.
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Scheme 3-14 Model reaction for synthesis of substrate Type A

An activated ester was generated using DCC/ N-hydroxysuccinimide and
bicarbonate in THF. The addition of propylamine and phenethylamine to the
intermediate affords substrate 4 and 7. Substrate Type | is a model molecule that
contains an amide linkage directly attached to the C3’ tertiary carbon.
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Following the isolation of 1,2 diols, both isomers were oxidized to the
corresponding 4 and 7 dialdehyde substrates. Characterization of a dialdehyde molecule is
an extremely difficult task using conventional analytical techniques for the reasons
explained in details in analogous structural investigations and elucidation of glutaraldehyde
(Section 3.1.2.1). Similar to glutaraldehyde, a dialdehyde substrate tends to form a
hydrated hemiacetal headgroup that is consistent with the presence of some multiplet in the
4.5 to 5.6 ppm region of the 'H-NMR spectrum (Figure 3.12). In addition to hydrated
structures of a dialdehyde head group, there is a great prospect for polymerization

progression in the solution.
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Figure 3.12 'H-NMR spectrum of molecule 4

NMR spectroscopy indicates presence of two distinctive aldehydic protons and a set
of complex multiplet consistent with signals belonging to a cyclic hemiacetal or
hydrated aldehyde
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In order to address this concern, an aliquot of the dialdehyde sample was placed in
a sealed desiccator with P2Os and dried over 48h, however, the shortest time exposure to
air or saturated water level in any deuterated solvent is sufficient to rapidly hydrate the
sample and render the effort ineffective. Based on the information regarding
glutaraldehyde reactivity reported in the literature 214216:217,225240,242,243,245251  thynge
carbonyls that are hydrated or otherwise engaged in an oligomeric chain, remain reactive
towards amino groups.2® Such behavior is demonstrated in glutaraldehyde’s ability to
crosslink and immobilize macromolecules while assuming unresolved structures. This
information gives confidence that there is a promising chance for dialdehyde substrate to
also behave similarly and readily react with an attacking amino group. Although
characterization of a dialdehyde itself is a strenuous task, formation of conjugate and

derivatives will be of great value in further characterization of precursors.

o 0)
propylamine
N ﬂ -0 . ~o N /U\©
H
N
\O ? NS ~ N

4 4,
@ o propylamine @\/\ o
N —0 » N X
H H
\ 2 - N
0 [ ]
7 7a

Figure 3.13 Possible formation of an amide conjugate using propylamine and phenethylamine

The addition of a primary amine (propylamine) to substrate 4, and 7, should
presumably yield an annulated conjugate.
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To investigate the reactivity of molecules 4 and 7, a sacrificial primary propylamine
was introduced in an organic solvent and reacted for 2h (Figure 3.13). The resulting
conjugates were then analyzed by *H-NMR in CDCls to obtain preliminary structural

information.

The obtained NMR spectra of molecules 4. and 7a contain a very ambiguous set of
signals that are difficult to correlate with any reasonable structure consistent with the
formation of the desired product. The abundance of unresolved signals spread over most
of the spectrum 4a suggests the formation of multiple species in reaction with propylamine
(Figure 3.14). A very little correlation exists to link the signals with any expected
structures in the spectrum. Furthermore, there is no evidence supporting the formation of
any enamine or even imine bonds in this reaction. A close look at the structure of 4 and 7
substrates, there is a single B-proton to carbonyl that could possibly allow for a
rearrangement into different structures that do not share the same electronics or chemical
properties with a 1,4-dihydropyridine ring. A B-hydride shift could lead to the formation
of many structures like 1,2-dihydropyridine, 2,3-dihydropyridine and pyridinium ion that

may not produce distinctive signals in *H-NMR spectrum if carrying a charge.

0]

8 RHNJKG
_o Propylamine /// x-No

Figure 3.14 Possible products propylamine conjugation to substrate Type A
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'H-NMR spectrum suggests the formation of a species that is not consistent with the
structure of a 1,4 dihydropyridine. Since the peaks are relatively undefined and
broad, one could speculate the formation of some form of a polymer or a charged
moiety.

All undesired reactions discussed above are only the outcome of the addition of one
amino group to the dialdehyde; however, the addition of multiple amines to the same
substrate should not be forgotten. Such side reactions would allow for two amine additions
to carbonyls and engage them in a covalent imine bond. TLC attempts using different
solvent systems also produced streaking patterns that added to the uncertainty of a clean

reaction between sacrificial amine and dialdehyde substrate Type A.

Observations obtained from conjugation, motivated us to examine the substrate in
a detail to find possible reasons and drawbacks, which could lead to unsuccessful ligation.
Although 'H-NMR spectroscopy failed to reveal useful feedback on an effective
conjugation, it is evident that upon nucleophilic addition of amino group, the aldehydic
peaks at 9.5 ppm were no longer present. While the characterization of a product by means
of isolation is not practical, such observations suggest a chemical reaction between 4 and
7 with the attacking amine. Therefore, complete consumption of aldehydic signals from
the spectra leaves the desire for further investigation into other alternative models that
would allow for a more vivid representation of the system. Furthermore, an unambiguous
characterization could reveal invaluable information about the mechanism and behavior of

dialdehyde system in bioconjugation contexts.
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3.2.2 Substrate Type B

In an attempt to address the possibility of a rearrangement, contributed by the -

proton, a methyl (— CH3) was installed in B position in replacement of proton.

o Alkylation o

Figure 3.15 Installation of a methyl group to generate a quaternary carbon at C3 position

The considerable acidity of the a-keto proton would allow for the formation
of a C-C bond through alkylation of the dianion enolate.

A carboxylic acid dianion was generated using t-butyl lithium in THF at -78°, to
which excess methyl iodide was added (Scheme 3-15). In spite of common over alkylation
reactions at the B-keto positions, the product of the first alkylation will be a quaternary
carbon that would not suffer from such side reactions. A simple acid/base separation would
afford product 12 in an exceptionally high yield. Although LDA is a more common base
used for the generation of enolate within the working pka range (18-21), deprotonation
using t-butyl lithium was much more effective in the generation of the dianion carboxylate.
Molecule 13 is obtained similarly to previous oxidation reactions using OsO4 with NMO
in a catalytic cycle to afford two diastereomer products in a relatively lower yield compared
to 3 and 6. The 1,2 diol product should be preferably protected to prevent any competition
with amines during the formation of amide bridge. Protection of 13 will generate two
diastereomers 14 , hence an interesting set of complex signals arise from stereochemistry

of the protecting group and splitting pattern with neighboring nuclei. Unlike previous
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routes, a triazole-activating group was used for enhanced efficiency and yield.
Incorporation of a tetramethylammonium salt in the body of the coupling activator is a
significant improvement in increasing the yield of securing an amide bond. The new class
of reagents is extraordinary replacements for N-hydroxysuccinimide/DCC or EDC

combination, as they do not allow rearrangements to N-acylurea.

(0]
o t-butyl lithim o cat OsO4, NMO (aq) Dimethoxy propane
HO ——— HoO HO OH g
Anhydrous H,0, MeOH p-TsOH (cat),
THF, Argon, OH Dry DCM
-78¢

(0]

N:N O o
1) TEA, DCM/ACN ! dry DCM
HO N, — = RHN
(0] o o (0]
2) HBTU RNH,
o O)r (6]

o 0

MeOH, H,0 o MeOH, H,0
B—— OH RHN =0 TypeB
Dilute IN HCI NalO,

OH \

(0)

Scheme 3-15 General synthesis of a substrate model Type B

Surprisingly, the activated ester product of triazole salt with any carboxylic acid is
sufficiently stable to be isolated and stored for 6 months with minimum degradation. The
addition of a primary amine to it will rapidly form the amide bond and leave behind N-
hydroxytriazole as well as the corresponding tetramethylammonium salt. Formation of 1,2
vicinal diol through dihydroxylation could be done either early on during the synthesis or
accommodated at the end. However, if attempted after amide formation the excess NMO
present in the reaction vessel could possibly cause oxidation of the amide to N-oxide. In

contrast, early oxidation followed by protection of the 1,2 diols prevents such side reactions
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and also allows for a long-term storage of a stable precursor, which could be converted to

fresh dialdehyde in a convenient quick step without any degradations.

Inspecting the NMR spectrum (Figure 3.16) of 18, it is apparent that the tolerance

of the dialdehyde headgroup towards the formation of hydrated states drastically improves,

such that, there are much more resolved signals spread out in the aliphatic region.
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Figure 3.16 'H-NMR spectrum of molecule 18
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The two distinctive signals at 1.132 and 1.167 ppm belong to the newly installed -
CHs protons. This information suggests that there should be two different molecules
present in the solution. While there are two o-keto diastereotopic protons that could
contribute to different environments around other nuclei, the presence of two independent
set of CHs proton signals could only be justified by a polymeric structure of hemiacetals.
There are also two peaks at 9.654 and 9.681 ppm characteristic of aldehyde signals.
Although the spectrum presents some cleaner and more resolved signals corresponding to
dialdehyde products, substantial evidence of hydrated headgroup and oligomers are still

persistent at 5.0 to 5.5 ppm region.

In order to address this concern, similar to previous attempts, an aliquot of the
dialdehyde sample was placed in a sealed desiccator with P>Os and dried over 48h,
however, the same behavior, similar to first model reactions, was observed and analyte
quickly formed hydrates in NMR tube. TLC experiments also generated the same streak
smears that could not be resolved into isolated spots. While a column chromatography
appeared to be a tempting approach for purification to a single molecule, results obtained
from TLC were not convincing enough to proceed with any separation. A conjugation trial
using propylamine was performed to investigate the formation of 1,4-dihydropyridine with
the dialdehyde 18 substrate. As stated before, it is expected for all isomers to exhibit some
reactivity towards an attacking nucleophile of the proper valance. The addition was
conducted in DCM and solution was stirred for 2h, then the solvent was stripped off and
the sample was analyzed by *H-NMR spectroscopy in CDCls. The results are much more
encouraging than previous attempts in Type A substrates, as there are many resolved peaks

that could help solve a possible structure. It is evident that the chemical shift of enamine
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bonds are unusual, experiencing a symmetrical environment, they are usually around 4.0
pm and 6.0 ppm. The significant difference in the chemical shift of two vinylic protons lies
in the increased electron density contributed by the lone pair of nitrogen released onto the

B position that explains the upfield signal.

o— proton

/

N, L@
B —
G 9
\B—proton

Figure 3.17 Resonance structure of enamine contributing to up/downfield NMR chemical shift

Looking at the spectrum of 19, the conjugated propylamine to substrate 18, there is
a doublet of doublet between the range of 5.101-5.124 ppm (j= 6.8 Hz); and an unresolved
set of peaks at 5.031-5.047 ppm (j= 6.4 Hz) both chemical shifts are indicative of a set of
nuclei that are not in the vicinity of an electron donor heteroatom (Figure 3.18). However,
the chemical shift of these protons is highly consistent with a polymeric structure of the
dialdehyde substrate engaged in a hemiaminal chain. The persistent formation of a
hemiaminal chain is easily justified by the formation of a kinetic product intermediate that
is rapidly trapped as a stable product, hence would no longer undergo the entropically

favoured process of losing water and remain as hydrated hemiaminals.
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Figure 3.18 Partial NMR spectrum of substrate 14
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Furthermore, the complex signal at approximately 7.5 ppm is consistent with the
formation of imine bonds with the condensation of attacking amine with the two aldehydes
in the parent molecule. Although there is an equilibrium between the kinetic product in the
form of imine versus the thermodynamic product 1,4-dihydropyridine, the imine product
is more favoured in a deuterated organic solvent. To investigate whether time would favour
complete shift of equilibrium towards thermodynamic imine product, a fresh aliquot of 18
was treated with a stoichiometric amount of propylamine and incubated for a longer period;

however, the resulting spectrum presented an identical set of signals.

To better understand the system, an analogue substrate was synthesized that held
an aromatic ring for better differentiation of starting material dialdehyde against the

conjugate.

This model substrate was treated with two different attacking nucleophiles
methylamine and propylamine. Methylamine was chosen to mimic a slightly less hindered
and more available amine, which may eliminate any ambiguity regarding the influence of
larger attacking amines on the system (Figure 3.19). A thorough 1D-NMR and 2D-NMR
Correlation  Spectroscopy (COSY), Heteronuclear Single-Quantum  Correlation

Spectroscopy (HSQC) and Heteronuclear Multiple-Bond Correlation Spectroscopy
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(HMBC) analysis were conducted to resolve a possible structure (Figure 3.20, Figure

3.21, Figure 3.22, Figure 3.23).

Interestingly methylamine reacting with substrate 22 produced a mixture of products
that presented substantial signals highly consistent with the formation of a 1,4-

dihydropyridine ring in great abundance.

st
<. SR

SN N
N O *bw

Figure 3.19 Possible conjugation products of substrate 22 using different size nucleophile
methylamine and propylamine

Substrate 22 was treated with methylamine in THF to investigate the possible
outcome products. NMR spectroscopy is suggestive of formation of two products
in the form of annulated conjugate AND disubstituted carbonyls in the form of
imine residue. In contrast, there is very little evidence for the formation of an
annulated conjugate with propylamine. The appearance of persistent signals at
7.645 ppm is predominantly consistent with the formation of imine product. This
behaviour could be rationalized based on the size and accessibility of smaller
primary methylamine as opposed to larger nucleophiles.
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Figure 3.20 2D-COSY Spectrum of substrate 22 conjugate with methylamine
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Conjugate products of substrate 22 with methylamine produce an approximately

equal amount of imine and enamine product. Although 1D proton NMR is self-explanatory,

2D-NMR spectroscopy provides essential information about the nature of the protons and

the carbon they are attached to. There spin system and the splitting pattern available in the

COSY spectrum (Figure 3.20) is highly consistent with the existence of both products at

the same time, as well as some unreacted dialdehyde that assumes a hydrated structure.

Further, the 2D-NMR spectrum of HSQC in conjunction with DEPT analysis (Figure 3.21)

confirms the number of nuclei attached to the corresponding carbon on each product.
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Figure 3.21 2D-HSQC spectrum of substrate 22 conjugate with methylamine
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Figure 3.22 2D-COSY Spectrum of substrate 22 conjugate with propylamine

121



Similarly, substrate 22 was conjugated to propylamine and the resulting products
were analyzed using 2D-NMR spectroscopy (Figure 3.22, Figure 3.23). Although very
analogous results are observed, imine product is far more abundant than enamine.
Formation of hydrated dialdehyde in the form of cyclic hemiacetal is also observed in the
spectrum. In another speculation, the signals consistent with the formation of the
hemiacetal could be equally related to the formation of some polymeric cyclic hemiaminal

products.
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Figure 3.23 2D-HSQC spectrum of substrate 22 conjugate with propylamine
In order to distinguish between an imine and enamine bond, and to further confirm
the above speculations, we attempted to take advantage of their differences in behavior in

the reduction reaction. Reduction of an imine bond to the corresponding N-C bond is a

common practice in organic chemistry. While imines are readily reduced in agueous
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solutions, enamines require certain pH window for the same reaction. Cyclic enamines
suffer even more from such special lower pH conditions. For this reason, any attempt to
reduce a cyclic enamine under neutral conditions would remain ineffective; in contrast, an
imine bond is expected to readily reduce. The conjugate product of substrate 22 with
methylamine and propylamine were both exposed to cyanoborohydride in water pH 7.4
and stirred for 1h at room temperature (Figure 3.24). The NMR spectra obtained from both
reaction vessels corroborates with the speculations made in complete disappearance of the

imine signals and persistence of signals for the enamine peaks (Figure 3.25, Figure 3.26).
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Figure 3.24 Reduction of N=C bond using mild reductant sodium cyanoborohydride

The impure conjugate mixture of both methylamine and propylamine ligated
products were reduced using sodium cyanoborohydride under a neutral condition in
MeOH. A simple analysis of the *H-NMR spectra obtained from the product of this
reaction could reveal valuable information about the possible ligated products of
amine conjugation.
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Figure 3.25 *H-NMR spectrum overlay of substrate 22 conjugations with methylamine
vs reduced products

Upon treatment of the conjugate mixture of substrate 22 with
methylamine, it is evident that imine peak is collapsed and the enamine
peaks remain intact. This result is highly consistent with the expected
outcome of reduction reaction of a simple imine and a cyclic enamine
moiety. Imine products are easily reduced under neutral mild reducing
environment; however, cyclic enamines require considerably lower pH
conditions to convert to N-C bonds.
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Figure 3.26 *H-NMR spectrum overlay of substrate 22 conjugations with propylamine vs
reduced products

Upon treatment of the conjugate mixture of substrate 22 with propylamine,
it is evident that an annulated product concentration in the form of
dienamine is trivial in the impure mixture of the analyte. The substantial
imine peak is highly suggestive of formation of N=C bond in the conjugate
molecule. Upon treatment with a mild reducing agent under neutral
conditions, the imine peak is collapsed and the trivial enamine peaks
remain intact. This result is another supporting evidence for the formation
of imine products in considerably higher abundance to dienamine product
while conjugating with propylamine.

There is undeniable evidence that there is some imine formed during the
nucleophilic addition to the dicarbonyl systems. This phenomenon could be rationalized
based on kinetic vs thermodynamic products of nucleophilic additions. Although imines
are generally more stable than enamines, in the case of an annulated 1,4 dihydropyridine,

the formation of the 6-member ring outcompetes the stability over imine products.
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However, the formation of an imine product could be explained through thermodynamic

favourability and is expected to gradually transform into the kinetic product.

3.2.3 Substrate Type C

In spite of the reasonable improvements in results and illustration of a successful
conjugation in the previous two model systems, we remained intrigued to address the
remaining uncertainties in the characterization of the product. It is believed that reducing
chemical functionality in the vicinity of a highly reactive center could potentially minimize
the effect of other factors in the fate of conjugate. While amide bonds are proven fairly
inert and robust in connecting two foreign structures, we speculated that they still might
influence the stereochemistry and electronics of the molecule. In an attempt to address this
issue, we replaced the amide bond with an ether linkage. Ether bonds are generally inert
and do not elicit any reactivity towards other functional groups nor contribute to changes
in electronics of molecules. They often participate in chemical reactions only at extreme

temperature and pH ranges; their stability is also reasonable at physiological conditions.

Synthesizing substrate models that contain only a small carrier moiety would
merely satisfy the requirements for studying physical organic criterions, disregarding other
possible modes of characterizations in biological settings. Such limited one-directional
approaches would be a waste of time and resources. For the explained reasons, this time a
lipid-like substrate was synthesized to allow for a genuine characterization of amine
ligation, AND demonstration of its ability to deliver amine containing ligands in a

biological application using liposome fusion.
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Synthesis and isolation of molecule 28 proved to be much more challenging than
expected, due to its low molecular weight and considerably low boiling point
(approximately < 80°C) (Scheme 3-16). The close boiling point of the product and solvent
THEF in the reduction step led to a significant loss of the alcohol in the distillation of solvent.
The subsequent alkylation of alcohol also required inert and anhydrous conditions, which
demanded a thorough purification from any residual solvents from previous reduction step.
Substitution of THF with anhydrous ether in the reduction step, followed by the minimum
amount of aqueous work up allowed for significant improvement of product yield.
Substrate 32 was tested with propylamine to demonstrate its ability to form the expected
conjugate structure, however, it failed to produce any species characterizable via NMR
spectroscopy. Therefore, it was quickly disregarded as a suitable precursor candidate for

prospect models.

o) 1) dry THF,
LiAlH,, : _78¢ (0]
HO 4 HO/\@ inert, -78 m /\O cat OsOy, NMO (aq)
dry THF, Excess NaH, cat MeOH, H,0
inert, -78¢ KI 29
28 2) -40%
bromododecane
NalO, 0} _
™o on N0y (v Y
MeOH, H,0 N\
30 OH 31 0

Scheme 3-16 General synthesis of a substrate model Type C-1

Later in the biological applications, we revisited molecule 31, for liposome delivery
purposes and surprisingly learned that it is competently efficient to deliver amine-

containing ligands via liposome fusion. We learnt that such discrepancies between results
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obtained from abortive preliminary organic reactions in organic vessel versus biological
applications could be miss-interpreted, hence diverge us away from many potential

valuable developments.

Although at the time preliminary results of ether linkage failed to produce satisfying
outcome, our last hypothesis towards a promising conjugation was left to be examined in
(Scheme 3-17), in which, a lipid like substrate was synthesized to contain an ether linkage

as well as a methyl (-CHs3) substitution at position C3’.

Unlike molecule 28, the analogous alcohol 33 had enough molecular weight and
higher boiling point to be easily isolated and fully characterized. Overall, subsequent
alkylation and dihydroxylation products were obtained in reasonable yield; however,
alkoxide of 33 is a relatively bulky anion and contributes to some product loss via
deprotonation of bromododecane and formation of minor E2 products. The oxidative
cleavage of 1,2 diol to the corresponding dialdehyde 36 yielded a rather unclean mixture
of expected scattered signals that could not be easily related to an isolated dialdehyde.
Although it is evident that the sample is a mixture of oligomers and other possible hydrated
structures, successful conversion of 1,2 diol to dialdehyde is a definite fact supported by

aldehydic signals at 9.836-9.84 ppm (Figure 3.27).
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Scheme 3-17 General synthesis of a lipid substrate model Type C-2
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Figure 3.27 *H-NMR spectrum of molecule 36

Following the previous logics, expecting some degree of conjugation to any
variation of dialdehyde molecules, we treated substrate 36 with propylamine (Scheme
3-18) and examined it with TH-NMR spectroscopy. Surprisingly, for the first time, the
product of an amine conjugation to a dialdehyde substrate produced the purely anticipated

product that did not require any purification or work up whatsoever (Figure 3.28).
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Figure 3.28 'H-NMR spectrum of molecule 37

Treatment of molecule 37 with propylamine produced a single product
that requires no further purification. Evaporation of excess amine would
result in a quantitative, pure and clean product.

This experiment illustrated the certainty of previous speculations, that even though

dialdehyde head groups could be engaged in polymeric or hydrated structures, a primary
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amino group could still engage them in a reaction to form 1,4-dihydropyrdine conjugate.
Therefore, the structural and chemical configuration that a dialdehyde molecule assumes

in solution is proven irrelevant in its ability to ligate into a single final product.

A similar molecule was synthesized to improve the non-polar interactions of the
lipid tails and the liposome hydrophobic residue (Scheme 3-19). Installation of an extra
carbon chain would force a certain steric hindrance and minimizes polymerization of the

dialdehyde headgroup, hence would make it more accessible for nucleophiles.

Dry THF, 1) dry THF,
O O 1) K (s), t-butanol o O inert, -78¢ OH inert, -78¢
/\OMO/\ - /\O 0/\ e E><:OH >
2) Cis 1,2-dichloroethene LiALH, Excess NaH, cat
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@Co/\é%lo cat 0sO4, NMO (aq) HODC /\é/) MeOH, H20 OKO/MIO
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Scheme 3-19 General synthesis of a bislipid substrate model Type C-2

The NMR spectra obtained from 42 and 43 both remain consistent with previous

observations from successful ligations (Figure 3.29, Figure 3.30).
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Scheme 3-20 Conjugation of propylamine to dialdehdye substrate 42
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Figure 3.30 *H-NMR spectrum of molecule 43
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3.2.4 Substrate Type D

Summarizing all the information obtained in the previous attempts, we identified
the essential intrinsic features of a suitable substrate. A list of all the key elements required
for achieving a successful conjugation was prepared. All these elements would satisfy both
the organic chemistry criteria AND the chemical biology applications. Due to a wide range
of applications for our amine conjugation system exploited in different areas of
biotechnology, much effort was invested in producing a single parent substrate that could
be installed on a variety of molecules (ie Reporters, adjuvants, antibody, proteins etc). The
multilateral synthesis of this parent molecule had to fulfil all requirements such as synthetic
flexibility, stability, Kkinetic competence, characterizations, solubility and synthetic

feasibility.

The incorporation of a feature in the parent molecule that facilitates further
installation of any handle group suited for any practice is an absolute perquisite for an ideal
synthetic route. This unique trait in the design of such precursors is an important quality of
synthetic routes for organic and biological applications, which allows for the integration of
any probe or component into the structure of a dialdehyde molecule. Stability of the
precursor is also very important in offering a reliable substrate that would withstand long
shelf life and remain invincible to degradations. Any designed precursor should remain
kinetically competent with other biological reactions. Although conjugation to dialdehyde
headgroup itself has proven to be an extremely fast and efficient ligation, the influence of
other functional groups within the vicinity of carbonyls should not be neglected. We have
already demonstrated the effect of some organic functional groups and their

stereochemistry/electronics on the outcome of ligation. Furthermore, any design that could
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not offer a comprehensive characterization of synthesized molecules would be an
inadequate approach in establishing a viable protocol. Although characterization of most
of the dialdehyde molecules is limited due to the structure, they assume in solution, they
still should allow for a full identification via derivatization. Such models should also be
soluble in aqueous solutions, be reactive at 37 °C and neutral pH and refrain from
interacting with untargeted physiological components. These requirements demand an
approach for the synthesis of a biocompatible molecule, which could easily operate under
physiological conditions. To conclude, the design should also present a practical synthetic
route that could be conveniently translated from the chalkboard and be materialized in the
fume-hood. Retrosynthesis of a precursor that would satisfy all of the features explained

is a difficult task.

In an attempt to introduce a novel design, we proposed the ideal candidate (Figure
3.31), which offered a reactive carboxylic acid moiety handle (Part A), sufficient distance
of carbonyls from the end product 1,4 dihydropyridine ring (Part B) and synthetic

feasibility for oxidative cleavage (Part C).

Part C PartB Part A

Figure 3.31 General structure of an optimized dialdehyde substrate template type D

Many attempts were made to design a substrate that would contain a relatively

longer linker from ether linkage point (part B) to minimize functionality in the vicinity of
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the dialdehyde headgroup (part C), but they all proved to be inefficient and in some cases,
synthetically impractical. Some of the attempted synthesis will be briefly highlighted

below:

Butoxide was selected to represent any alkoxide for convenient purification and 3-
bromopropionic acid was chosen to serve as a potential linker (Scheme 3-21). Butoxide
anion was generated in cold THF and NaH under inert pressure, to which the electrophile
was added. Since the carboxylic acid would immediately reprotonate the alkoxide, excess
NaH was used in the reaction vessel. The suspension was then stirred at a lower temperature
to ensure the alkoxide is regenerated, then brought to room temperature and stirred for 1h.
the mixture was then moderately heated at 55 °C overnight. After an acid/base work up,

there is no trace of any desired product generated.

S~ OH Br\/\[(OH > \/\/O\/\H/OH

(0] 0]

Scheme 3-21 Synthetic approaches for finding a suitable linker for dialdehyde substrate template
using 3-bromopropanoic acid

The addition of 3-bromopropionic acid to a source of NaH, the carboxylic acid
would immediately lose its proton and push the reaction towards a much faster and
favoured intramolecular process of cyclization into a lactone (Scheme 3-22). This process
completely quenches the electrophile and make it unavailable for further Sn2 type

additions.
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Scheme 3-22 Lactonization of 3-bromopropanoic acid into p-propiolactone

Although lactones are well known to undergo ring-opening processes through
activation of the carbonyl and generate useful reagent in-situ, such procedures require a
source of a proton or other Lewis acid; both of which are difficult to exist under alkaline
conditions. In another attempt, KI was added to enhance the rate of alkoxide addition, yet
it only served towards an even faster lactonization. The solution to the problem seemed so
easy by protecting the carboxylic acid moiety with a t-butyl ester-protecting group.
However, 3-bromopropionic acid with a corresponding protecting group was not
commercially available and protecting 3-bromopropionic acid in the lab was not an
endeavor to accomplish when slightly different suitable commercially available reagent
was readily available. Therefore, the reaction was performed using 2-bromoethanoic acid,
with a t-butyl ester-protecting group, at 4° with in THF and excess NaH under inert pressure
followed by dilute HCI aqueous wash. t-butyl ester protecting group is among the most
enduring protections and its removal is not as easy as a simple dilute acid work up. In spite
of its persistence, the isolated product had already lost its protection after column
chromatography. There are many inorganic catalysts and harsh acidic/basic conditions
reported in the literature for the removal of such groups?”*-?® (Figure 3.32). Sale et al*’*
have used NaH and DMF to generate NaNMe; in-situ which then deprotonates the  carbon
and proceed with deprotection into the corresponding carboxylic acid. Although NaH

itself is not strong enough to abstract a proton from B carbon and generate the
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corresponding carboxylate and isobutylene, refluxing for a long time may convert it to

NaOH, which then could hydrolyze the protecting group in long reaction times.

( NCE)V[eZ

Pathway A
NaH + DMF —» NMe2 )J\r\ 74 )\
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Figure 3.32 General mechanism pathway for deprotection of t-butyl ester protecting group

Even though a successful trial for alkylation of a linker with a carboxylic terminal
moiety was conducted, the reaction exhibited much lower yields using hindered alcohols.
Despite the recent successful alkylation attempt, challenges in translating conditions from
the model reaction that uses an unhindered primary alcohol to a relatively sterically
hindered alcohol compound 33, led us to consider other alternatives. 6-bromohexanol
seemed to be a suitable alkylating agent that would make an accessible electrophilic center
for nucleophilic additions (Scheme 3-23). The terminal alcohol could be easily protected
to allow the electrophilic center react with other alkoxides, then deprotected and converted

into a carboxylic acid. Although the design seemed to be very promising, the isolated
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product’s yields were still not as effective as anticipated. Elimination products were much
more predominant, hence led us to use other synthetic routes and use another alkylating

agent that was bound to undergo Sn2 addition.

Bl‘\M,OTHP

—

33

Scheme 3-23 Synthetic approaches for finding a suitable linker for dialdehyde substrate template
using 2-((6-bromohexyl)oxy)tetrahydro-2H-pyran

Eventually, compound 44 was synthesized through alkylation of the smallest unit
possible, chloroacetic acid, which would not cyclize into a lactone ring nor has the
opportunity to form E2 by-products (Scheme 3-24). A thorough chemical spectral analysis
of the obtained product was conducted through *H-NMR, *C-NMR, HMBC 2D-NMR
spectroscopy and to ensure an ether linkage is established. The elaborative examination of
44 assisted to understand the structural and chemical properties of the molecule to

determine whether it could serve as a standard template for prospect syntheses.

1) dry THF,
inert, -20°¢
(0] t-butyl lithim (0] LiAIH,, E);CQSS NaH, cat Ho
OH
G)L Anhydrous d/lL firy THF,C 2) Chloroacetic acid \[0]A > < ]
THF, Argon, inert, -78
-78¢ 33 44

HO
cat OsO4, NMO (aq) O/}(OH Dimethoxy propane >< DC
_ >

H,0, MeOH HO o p-TsOH (cat),

45 Dry DCM 46

Scheme 3-24 General synthesis of optimized dialdehyde substrate template Type D
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Figure 3.33 Chemical shift of the two distinctive diagnostic protons of substrate 44
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Unlike previous experiences in dihydroxylation of other molecules, substrate 45 was
synthesized in a relatively low yield of 72%. While the reported yield is the best obtained
in the lab, most trials attempted suffered from significantly lower yields. The inefficiency
in synthesis is not entirely due to chemical processes during the reaction, work up and
purification also contributes to these considerable poor yields. The chemical features of the
product and the nature of other chemicals present in the reaction vessel would not allow
for a simple take-up of desired organic product in an organic solvent. Since oxidation of
the olefin requires an excess amount of NMO, the crude product must be washed with some
aqueous solution. In addition to solubility concerns, the catalytic re-oxidation of OsOj is
most efficient at higher pH windows, therefore NMO solutions are often supplied 50% in
water at pH 9.0. However, substrate 45 would no longer be a neutral molecule at that pH
and must be re-protonated. Compound 45, with two hydroxyls and a carboxylic acid,
allows for strong and persistent hydrogen bonding, thus exhibit noticeable hydrophilic
properties. To address all concerns above, the crude was treated with a minimum amount
of a dilute acidic solution, then dried over MgSO. and quickly dry loaded onto silica gel.
While this seemed to be the best solution to the problem, most of the product was still lost

in column chromatography process. Inadequacy in yield proved to be the most important
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drawback of this design that could not be addressed using other alternatives. Contrary to
this disadvantage, the applications intended for dialdehyde substrates do not require
concentrated samples, therefore obtaining higher yields has never been the scope of

optimization in this research.

l MeOH, H,0 11;11 o
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Scheme 3-25 lllustration of a synthetic pathway for generation of a typical dialdehyde substrate,
followed by conjugation to a biomolecule.

Acetonide protected dialdehyde headgroup could be conveniently installed on any
reporter molecule (presented by a purple star) and made available through a simple
deprotection step. A biomolecule armed with a primary amine could effectively
conjugate to this complex and detected using the appropriate analytical method.

Substance 45 allowed for a convenient conversion of the carboxylic acid moiety to
many different substituents that could carry another reporter (Scheme 3-25). To ensure a
long-term storage ability, the 1,2 diol moiety was protected with acetonide to afford
molecule 46, which could be stored indefinitely and converted into fresh dialdehyde for
experimentation. A triazole-activated carboxylic acid of substrate 46 is also stable enough
to be stored for a long period of time, which makes it a unique precursor for subsequent
reactions. In particular, any carrier molecule armed with an amine could form an amide
bond with the substrate that remains to be robust under physiological conditions. Once the

target substrate is made, the dialdehyde headgroup could be easily synthesized through
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quick deprotection, followed by oxidative cleavage of 1,2 diol. Some example reporter

molecules are highlighted in the next subsection.

It is noteworthy to mention that in parallel attempts, precursor olefin was first
converted to a 1,2 diol, then protected with acetonide and reduced to afford a primary
alcohol (Scheme 3-26). In spite of higher yield obtained in overall product, its bulky anion
has greater chance to participate in E2 reactions rather than Sn2. Although 2-chloroacetic
acid does not allow for any elimination reaction, nucleophilic substitution is also not a

favoured process. For this reason, it could not be used for subsequent reactions.
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OH
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Scheme 3-26 Alternative synthetic proposal to generate substrate 45

Generation of a bulky anion will be a hindered nucleophile that does not serve well
as an accessible nucleophilic center.

3.2.5 Kinetic Study

Our conjugation system is designed to serve in tandem with other biological
structures and chemical machinery, thus it is very important to ensure that it delivers the

purpose rapidly tuned with other biological reactions under physiological condition. An
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amphiphilic model substrate 53 was synthesized to investigate the kinetics of this system

in organic (CDCIs) and the aqueous (D20) environment.

Although compound 53 contains an aromatic ring, it is readily soluble in water at
room temperature. This unique and powerful physical property of 53 enabled us to mimic
the behavior of dialdehyde head group and its reactivity in aqueous solutions. Other
substrates that would allow for a thorough investigation in both aqueous and organic
solvent would entail installation of a PEG moiety, which adds enormous synthetic

complexity and inconvenience in the purification of dialdehyde.

The kinetic studies (Figure 3.34, Figure 3.35) were carried out through a pseudo-
first order reaction using propylamine as a nucleophile to annulate into the 1,4-
dihydropyridine ring. Kinetic parameters were obtained by monitoring the disappearance
of the dialdehyde peaks after 25 seconds and growth of the vinylic peaks over 3.3h. The
aldehydic region is omitted in this figure as it collapses rapidly within seconds of the

reaction.
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Figure 3.34 Pseudo first order reaction of substrate 53 with propylamine

A 50 mM solution of molecule 53 was reacted with 10X excess
sacrificial model propylamine in CDCl; and analyzed using a 700 mHz
NMR over 180 minutes at room temperature in NMR tube. The reaction
progress reveals a rapid initial nucleophilic addition of the amine to a
carbonyl, followed by the second intramolecular addition to forming a
6-membered hydrated dihydropyridine ring. The aldehydic peaks were
fully consumed within seconds of initiation, followed by immediate
formation of the distinctive enamine peaks and N-alpha protons on the
conjugate. The mechanism suggests a rapid elimination of water to form
the stable saturated dihydropyridine with a short half-life of 30 minutes.
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Figure 3.35 Plot of 1,4dihydropyridine formation through enamine peak monitor

A sustainable bioconjugation is achieved within seconds of the
reaction indicated by the disappearance of carbonyl peaks. Any
intermediate formed would rapidly proceed to lose the element of
water and form a dihydropyridine ring. The graph is drawn based on
observing the appearance of the vinylic protons and alpha amino
protons.

Since the reaction is extremely fast, obtaining meaningful data points using

aldehydic peaks is not plausible. It is evident that a successful ligation is established rapidly

to sustain a conjugation with targeting nucleophile. This affords an intermediate that would
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eventually transform into a 1,4 dihydropyridine ring. However, structural elucidation of
the actual intermediate formed is a difficult proposition and depends on postulated
mechanisms for the reaction. Formation of carbinolamine or imine are two credible routes,
but both remain to be merely a speculation. Since the determination of the actual structure
is not within the scope of our research, further investigation was halted. Peaks representing
the vinylic protons reach their half-life within the first 30 minutes of exposure to
propylamine and reached maximum abundance at 100 minutes. However, it is important
to recognize that a successful viable ligation is achieved within the first 25 seconds of

reaction (Figure 3.36).
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Figure 3.36 Graph of carbonyl consumption over 175 seconds of nucleophilic addition

The aldehydes are completely consumed within the first 25 seconds of
nucleophile exposure. Although conjugation of dialdehyde moiety is very
fast, the transformation of any intermediate into a final product is a
relatively longer process.
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In 1974 Sayer et al>’® have conducted a very thorough study on the formation of
carbinolamines in the reaction of a primary amine with substituted benzaldehydes. They
revealed that pH plays a major role in the kinetics and the mechanism of product formation;
hence they focused on kinetics and structural reactivity of the carbonyl molecules at various
pH conditions. Their data suggests two different pathways of reaction: (I) At relatively
lower pH ranges below 7, a general nucleophilic addition of a reactive amine to carbonyl
through a concerted mechanism under acid catalysis is believed to be plausible, whereas,
(11) a formation of a zwitterionic intermediate is more favoured in a stepwise uncatalyzed
addition reaction, followed by a proton transfer facilitated by water or other proton sources.
The reaction of a weakly basic amine, the hydronium catalyzed process in the formation of
the carbinolamine, is more credible through the pathway (I) and remains independent of
the polarity of the substituents on the reactants. In contrast, for stronger attacking amines
with larger rate constants, the intermediate is rapidly stabilized by the “proton switch” from
the quaternary amine, which is proven highly sensitive to the polarity of the electrophile.
It is noteworthy to mention that formation of carbinolamine is only plausible is an aqueous
environment where most double bonds between N and C are hydrated. Changing the
solvent to some organic would result in the formation of imine bonds. In contrast to a
primary amine, nucleophilic substituted amines would generate an enamine compound,
which is less stable than an imine bond. Lack of any hydrogens on the nitrogen atom in the
carbinolamine makes the imine formation an impossible option. Alternatively, a-hydrogen
to carbonyl would stabilize the intermediate and facilitate the B-elimination to secure a -

bond.
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A pH profile study was conducted to investigate the effect of different acidic/basic

environment on the reversibility feature of the system (Figure 3.37). It is evident that the

1,4-dihydropyridine rapidly hydrolyzes within seconds to release the conjugated amine,

while it remains stable at higher pH ranges for an extended period of time. Such superior

stability of the conjugate structure makes this system a good strategy for payload delivery

and prolonged biological applications that require a robust link but also depend on

reversibility to release the payload messenger.

100 «
90 - 11\11
oo T W

80 - o o

70 - pH 3.0
é‘:‘
S 60 - pH 7.0
g
E 50 4 pH 9.0
S
g 40
[~
k|
g
= 30 4
-
¢
£ 204
o
="

10 4

0 . —A— —,
0 2 3 4 5 1 2 2
- Min ————| — Day | |- Week

Figure 3.37 Examination of dialdehyde conjugate stability with pH changes over extended time

The effect of pH was investigated on the conjugate formed in the kinetic
experiment over three ranges of pH spectrum. The stability of the product was
carefully monitored over one month by observing the persistence of key peaks
and formation of other residual signals. The conjugate rapidly undergoes
hydrolysis under acidic conditions to form the starting material, while it remains

Time period

highly stable at higher pHs over months.
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Since the dienamine collapses within seconds of acid treatment, a closer look at a
shorter period was necessary to establish the abundance of the reverse product. (Figure
3.38) demonstrates the stability of the conjugate at different pH ranges after 3 minutes of
exposure to H*/OH". The concentration of the conjugate decreases to 10 % of its original

amount within 3 minutes.
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Figure 3.38 Examination of dialdehyde conjugate stability with pH changes
after 5 minutes

Lowering pH initiates the reverse process of breaking enamine
bonds to release the primary amine and possibly regenerate the
starting material aldehyde. However, higher pH ranges remain
ineffective towards any chemical changes

It is important to replicate the analysis in aqueous solutions; however, conducting
kinetic studies in D>O would suffer from hydration/deuteration of both enamine bonds.
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This will make the vinylic enamine peaks unavailable for rate diagnosis (Figure 3.39). The
disappearance of the aldehyde would also be seriously affected by hydrated conformations
that could skew the results. The only useful peak for screening would be the accumulation

of the corresponding signal to a-proton on attacking amine.

H OH
Residual H,O available in solvent R,

Y R3_N
R,
H OH

—\ Ry

R3_N;>< D OD
R, Residual D,0 available in solvent R,

! R3_N
R,
D oD

Figure 3.39 Effect of protonation/ deuteration of enamine moieties of 1,4-
dihydropyridine conjugate

Exposure of a 1,4 dihydropyridine conjugate ring to a protonating
solvent will result in the formation of a hydrate structure that
would restrict a proper and unambiguous detection of vinylic
protons via NMR spectroscopy.

Stability of synthesized dialdehyde molecules used in this study is often compared
against a commercially available glutaraldehyde in aqueous solution. Unlike a simple
glutaraldehyde that could serve as a multipurpose crosslinking reagent, the molecules
synthesized in this work are generally chemically different from one another, therefore are
designed for dissimilar applications. While the backbone of the structure remains
somewhat consistent, the carrier tail away from dialdehyde headgroups is designed for a
distinctive task. For that reason, the stability of the molecules may slightly vary among the

same class of molecule. The overall stability of such substrates has been investigated by
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'H-NMR, ¥C-NMR, MS and monitoring the successful downstream conjugation in
biological settings. The stability and durability of the final product are also investigated
using *H-NMR, *C-NMR and MS over 6 months for sustaining the molecular integrity of
a 1,4-dihydroyridine moiety in an organic solvent. The stability of the product 54 was also
considered at three pH’s of 3.0, 7.0 and 9.0 over one month in both organic and aqueous

solvents.

3.2.6  Synthesis of Small Organic Reporter Molecules

The compelling evidence for an effective conjugation using substrate 46 as a
template was adequate for biological applications in which, all requirements for
establishment of a robust bio-conjugation was satisfied. Resolving all uncertainties and
addressing questions regarding the suitability of a method for an effective conjugation
system, we shifted the focus from characterization towards producing more practical
molecules for in-vivo applications. There is a vast pool of molecules that could be armed
with a dialdehyde warhead. Medical imaging probes, immunoassay ligands, fluorescent
reporters, immobilization factors, nanotubes and colloids, oligosaccharide antigens,
nucleic acids, synthetic polymers, antibodies, crosslinking bridges, stapling polymers are
only some of the examples and much more that would simply overwhelm the field. We
chose to focus on relatively modest probes through which, we found great utility in our
own multidisciplinary field of research. Biotin, DNP, FITC, and peptides were the first
class of molecules we attempted to arm with our amine coupling molecules. Despite many
efforts, due to time restraints and laboratory limitations, only the first two on the attempted
list could be successfully synthesized.
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Synthesis of a biotin-dialdehyde is one of the greatest synthetic challenges in this
work with the limited available analytical and purification techniques. There are many
reported protocols that afford an elegant modification of a biotin molecule for click
chemistry, bio-conjugation or protein studies; however, isolation of such products requires
advanced analytical resources such as HPLC or prep-column chromatography. Even then,
the product is often obtained in very small amount, only enough for reduced number of in-

Vivo experiments.

Formation of an amide linkage between a commercially available biotin-cadaverine
HCI salt and substrate 46 proceeds through the generation of an activated N-
hydroxytriazole ester with the carboxylic acid handle. Most previous amidation reactions
were conducted in DCM/ACN, but biotin cadaverine is insoluble in most organic solvents
including those with high dielectric constants like DMF and DMSO. Surprisingly the
reaction proceeds with no problem in MeOH/ACN mixture in alkaline conditions.
Although neutral MeOH could serve as a moderate competing nucleophile towards highly
reactive electrophiles, keeping the temperature and addition of the amine simultaneously
with N-hydroxy triazole would minimize the effect of solvolysis of any kind. Synthesis of
57 posed another major problem during which, sulfur-containing substrates could easily
oxidize to their higher oxidation states. The oxidative cleavage step of 1,2 diols is bound

to generate sulfoxide and sulfone. Therefore, purification of such molecules becomes
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inevitably impossible using the conventional methods available in our laboratory practice.
In addition to purification challenges, depending on the stoichiometry of oxidizing agent,
multiple species of the product could be afforded in a mixture of sulfide oxidation state
variations. Although this particular concern could be rectified through the use of an excess
oxidizing agent, the purification challenges remain in effect. In addition to synthetic
obstacles, we assumed an even more serious challenge concerning the biological activity
of biotin sulfone/sulfoxide’s and their affinity towards the corresponding Avidin

molecules.
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Figure 3.40 Different variations of biotin molecule with different oxidation state of S

The binding affinity of a biotin molecule decreases with increasing
oxidation state of S, however, there is still a substantial affinity for d-
biotin sulfone. Such variations are so subtle that a complete removal of
S from the parent structure will still result in a sustainable attraction
with protein pocket.

However, there is an abundance of research conducted investigating the differences

in binding affinity for streptavidin among biotin sulfide, sulfoxide and sulfone variations
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(Figure 3.40). Surprisingly, while the parent molecule biotin sulfide has the highest affinity
for streptavidin 107 mol/L,%’ o