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Abstract

The ability to tailor cell surfaces with narative molecules is critical to advance
the study ofcellular communication, cell behavior, and for ngdneratiortherapeutis.
There has beem tremendouseffort to tailor mammalian celsurfaceswith organic
functionalgroups;however, therarefew reliable and noimvasive methods for reiring
the bacterial cell surfaceCurrent methods toe-engineer bacteria surfaces rely on
complicated, slow, and often expensiw®lecular biology and metalo manipulation
methods witha limited scope on the type of molecules installed onto the surfadbeln
first part of thisreport, we introduce a new straightforward method based on liposome
fusion tore-engineer Granmegative bacteria ceflurfacewith bio-orthogonal groups that
can subsequently be conjugated to a range of molecules (biomolecules, small molecules,
probes proteing for further studies and programmed behavior of bacteria. This method is
fast, efficient, inexpensive, and useful fanstalling a broad scope of ligands and
biomolecules to Gramegative bacteria surfaces.

The development of methods to conjugate a range of molecules to primary amine
functional groups have revolutiadd 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 applicationaffibettall
scientific fields. Current conjugation methodsith primary amines inclugl the use of
activated carboxylic acids, isothiocyanates, Michael addition type systems and reaction
with ketones or aldehydes followed by in situ reductim@nation In the second parive

introduce a new traceless, high yidiast; 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 mediae@us in high yield
Moreover, no catalyst or activating group is required and the onbydjuct is waterThe
dialdehydeheadgroup wasised for applications in cell surface engineering and for
tailoring surfaces for material science applications. Weécipate 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 ofame$ein 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 provere toehtral tothe
advancementf biochemistrypiotechnologyand medicineThestrength of such reactions
liesin their ability to modify a native neaomolecule without disturbingegular function
in the physiobgical environment. Improvement of theseetnicalreactionshasled tothe
developmenbo f an increasingly growing field of
highlights the derivatization of macromolecules through a covalent connection to a foreign
body. Among such molecules, carbohydrates, agisicamino 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 ahesemolecules has offerealnew gateway to study the
cell function in more details and also to use them in molecular biology for diagnostic and
therapeutic purposes. Howevesmplexity and sensitivity of these macromolecuiage
made such modifications often very difficult, laborious and expensiveinhlogationof

reactions that would be biocompatible and silent to regular cellular hydrolytic ab@sn



demandedonjugation strategies i si ng fr om or g aManydiscoveredmi st s €
reactionscould conjugate ligands to macromolecules and act as probes or reporters in
binding studies'® High-throughput approaches have been the result of innovation of

reporters likebiotin, #°> NMR probe& and immobilized ligand on surfacé$

Appended small molecules to larger structunese opened a new gateway in
methods to study protein behavior and other biochemical experiments. FRET reaorters
be modifiedto reveal invaluable information about the conformational changes of protein
protein interaction as low as 10 nm radg&on-fluorescent probes algaay important
part in bioconjugationexperimend and are heavily used iunderstanding ofntegral

proteins and channels on cell surfatles

Protein conjugation has always been thajor spotlightamongbioconjugation
chemistsfor the developmenbf method that would allow for ligation withretention of
the native function. Protein pegylatiéfi'# probe installation, proteiprotein interaction,
immobilizationt®” and antibodydrug conjigatiort®2! are only a short list of the
attributions. The growing field of novel therapestfor cancer therapy hasdosed 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 sé#fdospproval of
Adcetris® (brentuximab vedotin) and Kadcyla® (adastuzumab emtansine), by the
Food and Drug Administration (FDA) in 201$the product of such efforts aral great
step forward for materializingntibody drug conjugateADC) therapie$® An important
pre-requisite of a successful ADC compliexts ability to release the payload in the most

available form into the cytoplasm. Although thereaisremendousongoing effort to



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

limitations associated with their efficacy.

There has beeanormousdevelopments and contributionstime biomedical and
biotechnology fieldfrom organic chemistryin the past 50 years. There are great
improvements in the organic reactions that facilitate all thetioeed objectives above.
Although the search for reactions that would accommodate for all the necessary conditions
of a successfubioconjugationis a difficult task, there is a long list of reagents and
functional groups available for chemical biologikt3 ypically, abioconjugatiorreaction
could either be fAbiorthogonal 6 or sthempl y
formationof a covalent bond. Biorthogonal reactions are actassof bioconjugation
field, that occur under physiological conditions, at’@7neutral pH and ar@visible to
otherreactivefunctional groups found in biology. Such reactions do not produce side
products and do not exhibit reactivity towards reactive moietigecellularenvironment.

For this reason, they are often hidden from enzymatic metabolic processes or clearance
from the cytoplasm. All mentioned criterions must be fulfilled so thaational group

could be considered a biorthogonal pair.

1.2 Classes oBioconjugation Reactions

An important feature déioconjugatiorreaction is the ability of the reactive centers
to remainhighly selective for each other tensure a specific site is targeted in a
heterogeneous environment. Poor control of such modifications will often result in loss of

physiological function of the macromolectieMany researchgroups have focused on



development and design af 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 nate 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, alsoaoffasatile reactive
centerfor conjugation. However, this could create both limitation and opportunity for their
use in chemicaligations Many of these functional groumerve merely as a general
nucleophileand present limited selectivity towards other electrophiles. Best isgiect
could be achieved with cysteine, lysine, and histidine and in some caseg%Enadiol

of cysteine is one of the masudied reactiveentes to tether proteins with other biologic

and nonrbiological bodies. However, reversibility reactionand relatively low abundance

of available cysteinén the protein structusshasprovidel the opportunity for a better
reactive enterin bioconjugatior?’ In contrast to thiol, lysine offers a more reactive yet
less selective primary amine, which coulddppliedin multiple quantitative conjugations
independent of site specificffy Conjugation of the primargmine requires a relatively
harder electrophiliccenter such as an activated estersulfonyl chloride® and
isothiocyanate residu® Here we highlight some of the mostmmonbioconjugation

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

1.2.1 Thiol

Thiols arethemost nucleophiliacentes found in the biological macromolecufés
Although they are more reactive at lower pH ranges in comparison with a primary amine,

4



they areoften found to be bounidy a disulfide bond. In order to generate a reactive thiol
center the thioester or the oxidized disulfide bond mustdzkiced using mildeagens

such as dithiothreitdt or phosphinederivatives (TCERY*

SH SH SH

o e ?’ '“54{\”' o

Figure 1.1 Thiol liberation for conjugationreaction

A cartoon presentation of a disulfide bond reduction usimg
appropiate 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
independenbioconjugation reactions.

In-situ preparation of ahiol group could allow fora nucleophilic addition to
forming thioether bond For example maleimidereacts readily with sulfhydryls in high
selectivity® or alternatively an alkylation reaction could be conducted using
iodoacetamideThe presence of electron withdrawing carbonyl makissreagent a good
alkylating agent for thiolsln spite of selectivity, iodoalkanes are krmowo react with
methionine in a heterogeneous sanmipl®ther protocols have reported the reaction of
thiols with allyl halide to form the allylic thioether, but the scope has remained restricted

to peptide modificatiol’
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./\SH

Figure 1.2 Thiol nucleophilic conjugate additiorio maleimide

An available thiol could react with a haloalkane that is incorporated onto
abiomacromoleculehemical structurghus could be used as a chemical
reporter that generates a robust covalemd in a 1,zhucleophilic
conjugate addition reaction. Alkylatiari a thiol using such haloalkanes

is an irreversible process and wouddult ina permanent labelling of the
subject

While chemical modification of thiolwith reagents has been a common practice
in biochemical experiments, unnecessary exposure of psdaieichemicals often leads to
undesired conseguences. Further more, l ow a
fundamental role within the core of a protein for maintaining a functional structure, makes
it a relatively unpreserved candidate foioconjugation reactions’® In spite of all
shortcomings, thiol is proven to be one of the most effective sites ugbé motein

bioconjugatiorin modern practice

1.2.2 Hydroxyl

Tyrosine residue could also be used as a peptide hautieg as a nucleophile
through its hydroxyl. The preliminary attempts in tyrosine conjugation were exploited
through(SvAr) reaction ofazoderivatives with phenol airtho position®® Depending on
the photostability and photochemical properties of the substituents on the azberyl,

resulting tyrosineazo aryl conjugate may not have significant reporting chewiatts.
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Introducirg an electrorwithdrawing groupin the para position allows for an easy
reduction into the aniline that could be further transformed into a stable benzoxazine with
a substituted acrylamid&ventually an electrophiliccentercould be installed on the azo
aryl ring andserveas a chemical handle. For example, installation of a ketone group could

allow for a ligation to a hydroxylamine or hydrazifie

o o SNOR
H,NR N.
N

ArN," N.
o, T-eTyT e
OH
Very slow OH RT, 2h OH

Figure 1.3 Tyrosine conjugation via SAr reaction

Tyrosine residue could be labeled with an azo aryl moiety through a
nucleophilic aromatic substitutioat the para position. Theazo aryl
molecule could be armed with an electrophiieter andfurther act as

a secondary chemicthp for bioconjugation.

Other useful protocols offer high selectivity for tyrostomjugatiorbut rely onthe
useof multiple reagents. In a threeomponent variation of Mannich reaction, an amine
and aldehyde could react to form an intermediate imine, wpidducesa good
electrophilic centerfor a substitution reaction at trertho position of a phenol. This
reaction is hight efficient and its most effective at lower pH ranges of 5.0 waitbw
millimolar concentration of reactants. Since tyrosine residue is mosthdaht in the core
structure ofhydrolytic polypeptids, Mannich conjugation is considered lbe a highly
selective reaction for tyrosine labelling. However, reproducibility of this protocol is

dependent on the nature of protein and tyrosine microenvirotfirfént
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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 td=igure 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
corjugation.

1.2.3 Carboxylate

Carboxylates are found in literally every protein strucagthe Gterminus,and asaside

chain inglutamate and aspartate residues. Conjugation to any of these moieties requires a
standard peptide coupling protocol throute 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 hydrolysidar physiological conditiorf$
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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 irrevetaiidys the
target.

1.2.4 Amino

Lysine residues are ammpottant 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 enzymed&ctions but surface residues show
little responsibiliy in protein function. For that reasosyrfacelysine residues become
outstanding reactiveentes for protein labelling. Other amino acids containing a nitrogen
in their side chain like tryptophan, asparagine, glutanairggnineand histidine have little
to no importance irbioconjugationchemistry.Either most arekey players in catalytic
actiors or simply do not offer a reactive nitrogeenter For example, electrically charged
side chains guanidyl group with pKa of 12.5, iesonance stable structure of a diamine
functional group that shows minimum nucleophilicity in organic chendfsayd chemial

biology.*®
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Figure 1.6 Guanidyl groupstabilization

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
mostavailable nucleophile on any protein structure. Primary as@reknown to sustain
its reactivity even at low pH ranges, where functional groups are protonated. High
abundance and availability, unique chemical properties and superior reactivity ofi¢his si

chainmakelysine the most important labelling targetilmconjugatiorchemistry.

Engaging an amine in@valentbond outside of physiological conditi®is not a
difficult task, but mostly remain to be only plausible in an organic reaction vessge T
has been many reported protocols and reagentamine coupling in the context of
chemical biologyThe reactionof a primary amine with activated esters, isothiocyanates
and ketone are well known processes commonly used in organic reactions. Akiachg
one delivers a specialized purpose for a set of condjtamtivated esters have maintained
a more general role ithe polypeptideand artificial protein syn#sis. While the method
remains to be major routefor the synthesisof larger molecules (polypeptides), it has
limited scope for in-vivo applications. A classic example of such activatoraNis

hydroxysuccinimide that generateconvenient electrophilenterfor any reactive amine

10



to make an amide linkage. A major factentributing toa significantly low yield of N-
hydroxysuccinimide activation is the rearrangemeniOedicylisouredao the stableN-
acylurea, which quenches the ester and renders it unreactive towards other amines. In
addition to low vyield, purification ofyaproducts is often very difficult, which addsttee
drawbackof in-vivo applicatiors and cost ofthe experiment Subsequently, synthetic
infeasibility, poor vyield, the release of by-products and instability of N-

hydroxysuccinimidelemandednore 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 @acylisourea to a stable urea

Anionic carboxylates could be easily transformed into activated
centes that present unique electrophitiwietiesfor 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 reactéands
DCC/EDC type coupling agents an ineffective approachtter
formationof amide bonds.

There is a large library of activating molecylestendedto overcome such
obstacles of amine conjugation; among all HBTU, HATU, HCTU, TBTU, PyB@®
offered the best synthetic feasibility the reactionvessel, howeverthe very limited

application has been sought for anyivo 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 geompamne coupling techniques.
Their operating pH range (995) is slightly higher than esters, which makeem
unsuitable for some proteins. Furthermore, they provide no selectivity fdaripeted

aminoacidresidueand show reactivity towards most nuclades.

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

Figure 1.9 Amin conjugation via formation ofthiourea

The anino group could be easily trapped in a covalent bond with
isothiocyanate¢o form a stable thiourea linkage 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*® Dearbornet alhave demonstrated in their work in 1979 that a protein could be
successfully labeled dtsineresidues and the-Nerminus. 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 bondThe aldition of a mild reductant could secure a
robust sg® bond that will no longer reverse to yield starting
material.

Otherreported exotic amine coupling reactiamw limited practical scope for-
vivo applications For example primary amines could undergonucleophilic addition
reaction with 1Hbenzo[d][1,3]oxazin&,4-dione, to irreversibly open the ring to yield
orthoaminebenzamide. A slight variation of this protocol using oxidative cleavage method
and aniline tethered protei f' Tanakaet adhpver t e d
introduced another technique that useszaelectrocyclizatioof a beta keto reagewith

amine to form a charged ring structdfé®
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Figure 1.11 Amine conjugation viaazaelectrocyclization 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 enoughdgerve as a bioconjugation product for
lysine labelling.

Although providing a suitable electrophilicenter could result in a chemical
ligation, not all conjugates would produce a stable structure. Most of the mentioned
procedures lead tthe formationof an unstable speadhat could easily collapse i#n
agueous environment. Others are either inefficient in reaction or require anemycal
modifications on the protein itself, which then introduce further complexitiestlmo
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
onthebiomacromoleculeas well. Although reversibilitis a drawback of most strategies,
it could also be aimportant requirement of some biological applications. For example,
the efficacy ofADC is heavily dependent on the ability of the complex to reldeséoxic
payload through some reversible process. However, most techniquesdstaot a stable

preliminary bond needed fepnjugationandrender the purpose ineffective.
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1.3 Classes of Biorthogonal Reactions

The exploration obiomoleculeshas always been a challenge for sciestist
order to investigate cell behavior in its native state, they have always designed their
approaches tomposeminimum modification on the cellular machinery system. This is an
exceedingly delicatdask to accanplish without disruptinga biomoleculés native
structure. In order to address this concern, biologists and chemists collaborated to introduce
new methodologies that could create maive centers on biomolecsla hese functional
groups had to serve axhemical 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 &owins; furthermore, they must fulfil

all ligationrequirements under physiological conditions.
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Figure 1.12 List of biorthogonal reactions

Some exmples of biorthogonal pairs apeesentedherethat could
produce a traceless, efficient and bioconipatiinkage between
macromolecules without engaging in side reaction with cellular
endogenous reactive moieties.
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The combined effort of biologists and chemists gave risent@rkablennovations
in biochemistry and molecular probing. A Nobel prize was granted in thisfard¢ae
synthesis o genetically encoded fluorescent proi@iirP) in 2008° While some macro
biomoleculesare manipulated via genetic encoding, others like glycans, carbohydrates
cannot be modified after biosthesis.In order to introduce modifications hand full of
reactions have been carefully s ddadstotheed f
developmenbf a considerably useful field of biorthogonal chemistiyis term was first
coined byCarolyn Bertozzin 2003 and refers to a set of reactions that do not interfere nor
interact with other functional groups in physiologieavionrments? In spite of her work
and contributions to the field, biorthogonal chemisgtrg relatively older concept that was
initially intended to address the reactivity of amino acid side chains ehiémical
reporters However, the new definition limits the list of functional groupotdy those
nortnaturally occurring moieties in biorexules. Some of the most important
biorthogonal reactions worth looking ingaeatdetail arethe 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 carlgyoubs,which
|l ocates a partial positive charm@dyaadc. t he
These features enable a carbonyl compound tabeitt as an electrophile and as a
nucleophile. The reaction of carbonyl towards nucleophiles has been extensively studied;

17
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there are two possible mechanisms by which a better electrophiler cegenerated: acid
catalysis mechanism and base catalysis mechaSisomger nucleophiles tend to undergo
base catalyzed additiomiring which they attack the carbon of the carbonyl to generate a
tetrahedral transition state that pushes the electemsity towards the oxygen. The
negatively charged oxygen is perceived as a relatively strong alkoxiderharh could
abstract a proton to further stabilize the intermediate. In contrast, weaker nucleophiles
require preactivation of the carbonyl group iorder to add to the carbocation of the
carbonyl. While there are many nucleophiles that could engage in a nucleophilic addition
to thecarbonyl group, hydroxylamineand thiolare the most important in the context of

bioconjugation chemistry.

Amines hae proven to be the single most nucleophditd accessible reactive
moietyavailable on the side chain of amino acids. Their reagtiatih most electrophiles
are usually efficient and feasible under physiological conditions. A common reaction for
amine caojugation is the condensation of amiwegh carbonyls in the form of ketone or
aldehydePrimary amines aneucleophilicat neutrapH and could readily add to carbonyl
groups.The aldition of primarynitrogen to aldehyde and ketone wouklallyproceed
with the loss of wateto form an imine bonalso known as Schiff base. Tis addition
would generate an unstable carbinolamine, which is a term referring to a species containing
T NRn and hydroxyl on the same carbon. Under acidic conditionsgtarpcould 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 undengbeiunucleophilic addition with any
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immediatdy available nucleophile. Therefore, removal of the watepitmgluct or any

other nucleophile would further increase the yield of product.

The sp-hybridized carbonyl groups are reactive towards both prinzang
secondary amines. The formation of a stable product in the reaction of a primary amine
with a single carbonyl group is highly deykent on the solution and miemavironment of
thereaction Nucleophilic addition of a primary amine to a carbonyl in aggesolution
forms an imine, which is a reversible process and would not be a sustainable method to
generate a conjugatéOther 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 rapitlyour the reversion to starting
material and complete dissipation of C=N bond. In contrast, the same raactimme
tolerantin an organic solvent and could withili a stable imine product.o@trary b
agueous solutions, pH hascampletdy different definition in an organienvironment;
hence acidity and proton availability would also be an atypical concept. Temperature, for
most reactions, enhances the progression of the chemical reaction. This principleecould
truefor reverse reaction®wardsthe formationof the starting materiasis considereda
form of product on the other side of the reaction arrdle eactionof an aminewith
carbonyl is no exception from this notion eith&Beyond pH of the environmerihe
concentratiorof reactants is the most influential factor in the formatiothefproductas
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 argram@ne atits
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acidic dissociation constant range is a reversible process. There leaves some finite amount
of deprotonated amine available arsolutionthat facilities a nucleophilic addition, and
further consumption of carbonyl. However kinetically slothis minor amount of
deprotonated amine is substantial enough to push the reaction forward towards complete

depletion of carbonyl in solutioover extended time?

1.3.2 Oxime Ligation

Condensation of amines and carbonidsnot as efficient under physiological
settings, as the imine product is not stable enough to sustain a robust covalent bond under
aqueous environmenhlucleophilic additions could be perceived as sharing electrons
between the HOMO and LUMO orbitals. Sorkeelectronegative heteroatomould
increase the HOMO energy level of the attacking nucleopRégersibility of imine and
enamine are due to | ack o-bonda Thisiegabibiynis s m t o

resolved in nucleophiles carrying adelectronegative heteroatom.
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Figure 1.13 Energy level of HOMO and LUMO
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Effect of the alphadonor, with a lone pair of electrons, on a
nucleophilicheteroatomwould increase the energy level of
HOMO; hence results in asubstantidy increased
nucleophilicity.

Theinteraction of the HOMO energy levels of the two adjacent heteroatglins
consequently causesignificant electron repulsion or splitting, which would resudtrise
in energy levels. This effect will lead &xdiscretereduction of the HUMO/LUMO enexg
level, therefore enhances the electron transfer process. In addition to enhanced
nucleophilicity of the attacking atom, tirereased electron density of the heteroatom also
del ocalizes the partial dbend dHisacontyitetionoalso t h e
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 lla@esame contributions in
acid/base reactions. Their interactions with a prat@much less affected by the frontier
orbital, hence their influence will be smaller in acid/basereaction. This chemical
phenomenon resulting in an enhanced nucleoplyilafithe attacking functional group is
referred to asnalphaeffect >34° Eminent exampkeof such nucleophiles are hydrazine
and hydroxylamine and their products arerogdne and oxime respectivelyhd products
are easily characterized by their IR absorption stretch at 140¢hWhile catalytic
amouns of H" would significantly improve the rate of oxime/hydrozone formation, such
condition is not a prerequisite for dehydration. In fletformationof an oxime bond has

been extensively studied in our groapd has proven to be just as rapidaaseutral
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condition.In spite ofthe slightabundance of aldehyde and ketones in the cell, in the form
of hormones and carbohydrates, theremany reports in the literature thiacorporate
artificial carbonyl andise this type othemistryin biological experiments. Schultz and co
workers have demonstratea sitespecific protein labelingprocedureusing a ketone
functional groupthat could serve as a chemical hartdl®erhaps a better approach to
chemically modify macromolecules is to modify integral or surface proteirtheocell
membrane, wherenzymes do not recognize carbongertozzihas demonstrated in two
different worksthat a metabolic process could convert carbohydrates inteskgers The
delivery of such sugars onto the cell surface will allow for incorporation of a keto chemical

handle, which could be detected usirfgydroxylamine reportet®->°

Utilization of norrnative supernucleophile in biochemical settingsdiasgained
tremendous attention in the recemars,as theyare 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 thexperiment. Their solvent compatibility, pditability and
fast kinetics make them exceptional functional groups in biology. More importantly, they
are often iacognito to most of the biochemical enzymatic machinery, hence could

selectively target a pactilar region of the cell.

1.3.3 Staudinger Ligation to Triarylphosphine

Ligation of an azide and a triarylphosphine has offered an interesting resatut

the nonselective interactions of carbonyl and hydroxylamimesivo studies with other
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exogenousmoleculesand hormonesThis 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, byhe installationof an ester moietprtho to the azeyilde intermediate. In the
absence of an ester, the intermediate would simply hydrolyze to réleasarresponding

amine and phosphine oxif&

CH,0H
o 0
|~ Biomolecule 1,0
A i < \ o N {BioHeiesic
—~ PPhy —~ Ph
o} R 2

Figure 1.14 Overview of Staudinger ligation in bioconjugation

Triarylphosphines with 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. Installationof an accessible estertime vicinity of nitrogen anio
would allow for a rapid intenolecular process of substitution. Once the
negative charge is stabilizeshdan amide bond isstablishedthe addition of
water would yield phosphinexide.

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 moietiesotliidserve as mild uctants

for azides inthe cytosol Glutathione is a rich source of redox interactions in the cytosol
that plays a signifiaat role in biological process&8%3 This issue has been dealt with by
Bertozzigroupthrough prereduction of thiols using TCEE* The only disdvantage of

this alternative is the increasgédneration ofree 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 thaeudilderivative of the
triarylphosphine armed with a fluorogenic reporguch reagents are extremely useful for
reattime imaging and monitoring of organelles or c&lidmong other moditations of
this ligation, we could highlighRaines and cavorkers report orthe preparationof a
traceless Staudinger ligation that uses a thioester moiety for the formation of an amide bond
between two distinct peptides carrying an afda addition to the redox complexities of
the reaction, a toxic bgroductis released in the form of methanol. Although in very small

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

A slight modification on the original Staudinger ligation takes advantdghe
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 conjugadeldicts, it
releases byproducts in the form of phosphine thiol species.

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

they have only served to accelerate phosphine oxidationih air

1.3.4 Cycloaddition

Azides are very useful functional groups in the context of biological reactions. They
are completely nomative and absent in the world lmblogy. This feature meaes 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 chemicakeactiorwith alkyneshasbeen introduced in the late $@entury by Arthur
Michaef® but studies mechanistically by Professor Rolf Huisgen in the 50s during which,

a concerted mechanism for the formation of the cyclic product was proposed it? 1963

o~ - _N
N-N
-N3 > ‘§<\I

Cu (I)

4

-~

e

Figure 1.16 Overview ofHuisgen Click chemistry

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

However, it was not a suitable reaction ie conducted under physiological
conditions. A major drawb&icwas 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 othe cellular environment.Independently from one another,
Sharpless and Meldal proposed that coppedild, in fact,catalyze the preparation of a
1,4disubstituted 1,2;Biazole with great enhancement of up to 7 orders of magnitude

faster’0:7472
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Figure 1.17 Overview of catalytic cycle of CUAAC

A catalytic cycle of CoppeCatalyzed AzideAlkyne 1,3dipolar cycloaddition is
presented.

Coppercatalyzed azidalkyne 1,3 dipolar cycloaddition (CuAAC) attracted
tremendous attention and was further developed to be a powerful sywitireticorganic
reactions combinatorial chemistry, material chemistry, polymer chemising, chemical
biology.”*®*However, it was first utilized as a b
attachment of reporters to cowpea mosaic virus in 200ater same year Kéhn also

reported the use ofightype of chemistry in tagging viral infectiaffs

Although therewasa greathope forthe CUAAC reaction to secure a promising
positionto selectively tie biomolecutein a heterogeneous sample, it presented serious

toxicity towards living cells and inhibited their further growth. coli cells, subjected to

27



small concertation of CuBr 100puMailed to divide after a 16h exposi¥é®? Similar to

bacterial ceB, mammalian cells alsshoweda concentration dependent survival rate

towards Cu(l) inoganic salt. It was evident that an alternative catalysis should be explored

to eliminate the need for QU) exposure. In an effort to replace metal catalysis, Bertozzi
developeding strain conditions thaterefirst introduced by Alder and Stefi 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 fAexpl osi acewithphdndaziddt eact i
Intrigued by their discovery, Bertozzi successfully labeled cell surface glycan with an

azide functionalgroup and detected it using a synthesized biotin reporter tethered to a

strained cyclooctyne with no toxic effeés

\”; i
oBlalegue, -~ N+ Regioisomer

Figure 1.18 Overview of strained alkyne and azide click chemistry

Introducing a strained alkyne, in the form of octyne ring, eliminates the
need fora catalytic process of click chemistry in the formation of a
triazole ring.
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The preliminary results led tothe developmentof series of other synthetic
biomolecules decorated with strained alkynes and solved the problem with metal catalysis
of Huisgen reactionsSince then,tere has not been much ground breaking advancement
i n tlheckiicchemi stryo ot he-+withdrdwangngroups thatkedtb at i o n

60 fold kinetics improvemerif:8’

PR F pr—
o COOH
\—COOH i'n

COOH

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 bioconjugatidield, biochemistsalso deserve credit for their efforts in
functionalization of native biomoleculelmcorporation of a selective functional group on
protein,glycanand lipidis the greatest achievement of such efforts. All these protocols
depend on cell s enzymatic machinery to in:
While they seem to béhte p r o d u cnaturab hehawoe, Itheyossll depend on the

manipulation of some enzymatic function.
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Figure 1.20 Synthesis of protein with umatural amino acid tag

Unnatural amino acids could be imporated 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 eworkers pioneered protein labelling using metabolic
residuespecific modifcation Thecell is fed with non natural amino acids that could
undergo metabolic conversion to install a chemical handle on a macromdfe@iaere
has beera tremendougffort and development itihe incorporationof such biorthogonal
functional groups on proteins thhave provend be useful in imaging and cellular
trafficking experiment$® A conceriing challenge for biochemists lies in thenctional
incompatibility of some nomatural amino acids with their parent molecular structore
serve equally in hydrolytic functionSuch dissimilarities require special attention and
modified protocols for le experiment intended. For exampl@ninonacytRNA
synthetases (aaRSs) must be genetically mutated to remain tolerant for unnatural

substrate§2%3
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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 nenatural amino acid using its enzyme. This technique |leal@of
uncertaintiesegarding 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 mentionedeasons,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
thegeneticencoding of proteins to carry a functional group on their native struttures
method a terminatingcodon (UAG) is replaced with a code that encodes anatural
amino acid onto the complementary template of tERIBespite theeleganidesign 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 atkeipr folding and
structural analysis in the past ye¥f€® Many functional groupsuch as amino acids
carrying an azidé” alkynes, %! carbonyt?219 and alkené$* have beensuccessfully
incorporded into protein structure usingn-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,Ralides
anilines!®-1%7 poronic acidg® photoisomerizable androsslinkes.2®!1° The extent of
improvement otheseapproacheseemed to be endless teaen a complete structure of a

fluorophore was successfully installed on the protein struéttfé?
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Glycanscanalso be engineered to carry a biorthogonal pair on their structure. The
principle is virtually identical to protein metabolic labelling methtdsSince glycans do
not contain the same translational template as proteingedeti@lly encodinghemis not
as applicable asther biomolecules However, incorporation of a functional group via
metabolicmodificationson a nonnatural carbohydrate is a wgltacticed protocolThis
method is called metabolic oligosacchariglegineering, whichwas first rgported by
Reutterset al by altering the acyl side chain on precursbFacetylmannosamine
(ManNAc) derivatives314In an extension of this protocol, Bertozzi transferred a ketone
functional group on the cell surface using ManNAc derivattvé® The carbonyl group
was easily detected using a biorthogonal pdike an actvated amino group,

hydroxylamine or a hydrazine reporter.

@ Carbohy
> Met abol

> o
Exocyt M

Figure 1.21 Cell surface reengineering using metabolic pathways

A nortnative organic functional group could be incorporated onto cell
surface viathe metabolicaction of cells on a precursor carbohydrate.
Enzymatic processes could transform a precursor residue e®n th
carbohydratestructureinto the corresponding metabolite that will be
excreted from the cell through exocytodibe functional group could get
incorporatednto themembrando be used as a chemical handle.

Similar to glycans, lipids are also synthesizwithout flexibility for post
translational modificationtherefore installation of a probe on lipid products remain to be

more challenging than proteins. There are numerous reports on modification of lipids
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through myristoylation and palmitoylation tsmbed a biorthogonal pair on the backbone.
Berthiaumeet al have used this technique to study the effects and contributions of
myristoylation to apoptosis using Staudinger ligafith Or in a similar studya novel
protein lipidation mechasm was studied irthe liver by labelling the mitochondrial
palmitoylation produc!'® A number of farnesyl precursors have been synthesized to carry
a biorthogonal functional pair thés used to study protein modificatidgh® 122 While
functionalization of lipids would not have much physiological importance itself, it could
serve as a powerful mean to conduct mechanistio/o studies of proteingellularinter-

componentsnd lipid metabolism.

Organic chemistry, moleculdbiology and genetics have all offered various
methods to intervene with the basic celldlarctionandintroduce a unique foreign body
on biomacromoleculesEach field has exhausted the resources to design a minimally
invasive method through which, a cetiuld be decorated with a noative moiety that
could serve as a chemical reporter. I nspir
organic chemists have modified adidertedtheir reactions out of round bottom flasks to
fill in some of thegaps. Molecular biol@ists have designed new methddat would
compel cel to synthesize proteins and other biological entifeged for an intended
purpose. In spite of all collective efforts, there remains a huge gap to satisfy all the needs

for a clean, kalthy and green conjugation.

While genetic encodingmetabolicpathwaysand other biochemical procedures
leave the impression of flawless approegthey are often highly laborious, expensive and
require trained personnel to execute a successful exg@rifiine available techniquese

oftencomplexandassociated witlhincertainties thamnay 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 monitat aantrol. Therefore, much of the result obtained
could be skewed by uncertain aspects unknd@eanetic and metabolic manipulation of

cells towardghe productionof proteins and other biologics would obviously permanently
change the identity of the cell &ds heredit:
dictated to the celthe subjects no longer an accurate model of that cell line for prospect
experimentsin addition tathe lossof nativeidentity, 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 preparatiohékey moleculamplayers in life arevery
sensitive and could be susceptible to damages upon exposure to any chemical or biological
modifications.Proteins in particular,oecome avictim of such modifications. Aey are

often very expensive and difficult to purify the lab, thus labelling ad experimentation

on them should be conducted with caution. The efficiency of such protocols must remain
exceptionally high as the starting mategiake usually available ismall gquantities
Furthermore, exposure of chemical reagents could easily chiaagetive folding and
structural feature of a functioning protein. The result of such maniputatoard lead to
inaccurate and distorted operation of the macromolecule. Hence the protein would no
longer serve as a true model and representative adtiteerstate. The currently available
methods and reagents for bioconjugation often suffer frameleaseof unnecessary by
products that could pose threat to the hon
traceless the current chemical reacti@ms, there still remains some residues or by
products that could be potentially cytotoxic for liviogganelles. Selectivity for an isolated

target is another concern and challenge for accurate labelling of macromolecules. In spite
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of the rangeof nucleogiles present in theeterogeneous cellular sample, fishing for a
segregated target becomes detrimental for a successful conjugakienfield 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.

Herein the first part of this workwe reporta novel strategyto insert an organic
biorthogonalfunctional group on the surface ofmaodel organism bactereell, using the
common cellular practice of liposome fusion. These functional groups could then serve as
counterfeit handles/receptors on tel surface to enable temporal and spatial control over
its default command. This techniqoéfers asafeincorporaton 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 cellTraditionally, liposomefusion has been used tovercomethe
challenges of delivering pharmaceutical ingredients into the cell via binding to exclusive
receptors. The chemistry incorporated onto thesigflace does not interact with any of
the endogenous or surficial glycopemts, yet offers efficiency,simplicity and
compatibility with cellds biochemistry and
cell activity. Preliminary research has shown successfulsoelice engineering on
eukaryotic mammalian cells; yet intradog such exogenous integrals onto the prokaryotic
cell-surface remain® develop This research explores the feasibility of prokaryotic-cell

surface engineering usinige liposomefusiontechnique.
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In the second part of this work, we introduce a naneihe conjugation system that
would eliminate the need for ampemical/physicamodificatiors on thebiomolecules or
cell surface. This is the first time, to the best of our knowledge, that a unique strategy
allowsfor a successful conjugation and relea$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-psoducsk. The functional group designed is
biocompatible and could easilperate under physiological conditions. It is synthetically
flexible and could be installed on a variety of small organic molecule reporters to label
carbohydratesglycansand amino acids. lis also applicable to a wide range of larger
macromolecules inhe form of proteins and evetrosslinks a whole cell to other

micro/macroscopic entities.
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2 CHAPTER TWO

Re-Engineering Gram Negative!Bacteria Cell-Surfaces with: Bi®©rthogonal
Chemistry via Liposome IFusion

2.1 Introduction

Bioconjugation chemistry has offered a new insight into targeted labelling of
cellular components in the past ye&s2*A number of organic functional groups have
been introduced thatould allow for a high discrimination of a particular recipient within
the cytoplasmof a cell. Biochemists have also introduced novel methods to incorporate
such chemical handi®n macromolecules to serveaasessentiatommunicatiormedium
In spite of all efforts, there is an existing gajfiltoin thedelivery of such chemistries onto
biological subjects. Although there are many organic reactions that could satisfy the
objectives in bioconjugation, there remains a method that couldssfigite deliver them.

We already discussed the recent advancemettsg re-engineeringf cell surfaces using
metabolic incorporation of functional grodp¥® or theinstallation of nomatural amino

acids onto the corplementary template of tRNZ Molecular biology and genetics have
offered various methods to intervene with the basic cellular trafficking by degigni
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 théuti&dl. Although

these technigues have served in many experimental procedures to unravel scientific

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

ontocell deserve equal attention to designing innovative chemical reactions.
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Figure 2.1 Delivery of reporter ontaell 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 needéwor a n
strategy to safely deliver them oritee membrane
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Biological membranes are primarily designed to serve as barriers, with minimal
tendency to expose cell compartments to the endogenous variables. Nonaleleds,| 6 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 recamddrglogical
regulators, which mediate cellular activities. Among such activities, membrane fusion
plays a central role not only in c&lell fusion,or fertilization andmyogenesibut also in
endocytosis, exocytosis and other transport processes betetelar organelles. All

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

Ce||_125|' 128

Ligand gated G-protein Integrin
ion channel coupled receptor

Figure 2.2 Cell membrane surface components

The aurface of a membrane is decorated wihvariety 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 manipulatiorttod bacteria cell surfagreimportant for a
range of fundamental studies of bactebahaviour and for therapeutic applications to
improve human healttt® The first studies of modifying bacteria surface proteins were
perf or med i nedttohthre critical 8idvéopmeatmfdools$ to tailor bacteria cells
with biological macromolecules and synthetic rmaade molecules for applications in
microbiology, vaccinelevelopmenand biotechnology®®**!In particular, grarmegative
bacteria including Pseudomonas esiugonosa and E. coli have shown increasing
importance due to their implications in infection and pathogeA&si&These bacteria
also serve as model single cell organisgmstudy fundamental cell behaviour as well as
various bacteria associated diseadsthods to tailor bacteti@ell surfaces are essential
to generate new bactdriglatforms that have the ability to display a wide range of
molecules to further explorend manipulate bactetisbehaviour and to design next

generatiorof therapeutics.

Due to the complexity of the bacteria cell surface, few straightforward and robust
technologies exist to addlomacromoleculesr synthetic small molecules and ligands to
the membrane with high efficiency afidelity. Current methods use thremin strategies,
all of which have been extensively discussedChmapter 1: 1. A molecular biology
approach that uses genetic surfaégpldy 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 tHeacteria cell surface via chemical ligation to membrane proteins
or carbohydrates. Through genetic surface display technologies, a range of applications

including environmental remediatigff biofuel production® biocatalystg® bio-
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sensing’ protein library screenint® cancer therapeuti¢s® vaccine developmepo-141

and intestinal probioticherapy*? have been investigated. However, these technologies
traditionally cannot be applied to install nganetically encoded molecules such as lipids,
carbohydrates, and a variety of Aogiive chemical compounds. To address this limitation,
chemical surface display technologies, which allow for installation of-naine
compounds onto celurfaceshave become increasingigterestingto researchers over
recent years. These technologiegs aommonly based on metabolic labelling of small
peptides, which relies on intercepting the machinery pathways efvaklbiosynthesis.
Thus, they are well suited for manipulating the surface glycans as well as subsequent
conjugation of other attachablmpounds. These technologies led to many studies
including directed evolutigff® proteomic analysi&' immunotherapy***® molecular

imaging#® and hostpathogen interactiori$’

Herein, we introduce a rapid and straightforward greegative 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 uedean
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 ketdumectionalized liposomes.
Through liposome fusion, the bacteria surface can be engineered to present
ketone groupswhich can subsequently reacittwan oxyamine tailored
reporter molecule via biorthogonal 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 bacteriawgface through oxime ligation.

In this reportwe use for the first time an oxime reaction to taildPseudomonas

aeruginosaand E. mli 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 activitiesln 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 tision has been used as a technique for the delivery of chemical and

biological cargoes into mammalian cells for many yg&¥$° In this study, we used the

liposome strategy to deliver novepid-like functional molecules efficiently to a bacteria
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surface. The liposome fusion method takes advantage of hydrophobic interactions of
liposome vesicleand lipid bilayers to insert into the outer membrane structure. Although
such interactions are eteastatic in nature and thermodynamically favoured, the

composition of the liposomeanostructurglays a significant rolén inducingadhesion

and fusion
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Figure 2.4 Drug delivery via liposome fusion

Active pharmaceutical ingredients could be encapsulated in a liposome

micelle and fed taa cell in a culture. If the liposome composition

remains compatible with cellular membrane lipid composition, they

could be recognized as normal building blocks of imeme 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

i s i nspired by ~cell 6s natur al trafficki
regularlytaken ughrough 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 sidéonsam a
biological environment is required. Tremendous research has been performed to
investigate and expand the scope of these special chemical reactions teroréubigional
chemistry°¥153 Several new types of biorthogonal reactions have been discovered
including click, hydrazone, tbl-ene, dielsalder, etc.. However, the most popular click
reaction is the copper catalyzed Huisgen [3+2] alkyne and azide redmtiyazoneand
oxime chemistry. Pioneering efforts by several researchers have shown the utility of these
reactions for rany biological applications ranging from vivo targeting, drug delivery,

antibody drug conjugates, protein engineering, proteoimzgyingand biosensing*¥ 16

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 overctieel | 6 s def aul t com
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 nutrientsaxmastin and out of the celp81°°
Historically, it has been used to conveniently avoid the challenges of dispensing
pharmaceutical ingredients into the cell that require binding to sixelueceptors®°-162
The chemistry incorporated onto the emifface does not interact with kaative
molecules and glycoproteins, yet offers efficiersigplicityand compati bi l ity

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

A ketoneterminatedipid-like molecule is mixed with 1;8ipalmitoyl-
snglycera3-phosphocholine (DPPC) and 4diinyristoyksn-glycerc-3-

phosphe(1-racglycerol) (DMPG) to form ketonéunctionalized
liposomes.

Preliminary research has shown successfulstefiace enginearg achievements

on eukaryotic mammalian cells; yet introducing such exogenous integrals onto the

prokaryotic celsurface remains a challenge. This research explores the feasibility of

prokaryotic celsurface engineering using liposorusion techniqug®2163
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Figure 2.6 Tissue assembly using biorthogonal ligation

Native mammalian cell€l) and(2) were incubated with functionalized liposomes
(3) and(4) to re-engineethe surface membrane with the corresponding biorthogonal
pair. The resulting engineered cgl§ and(6) were mixed and incubated to form a
viable tissue assembly constr(g}.

Prokaryotic cell permeability is a highly organized task, regulated byetheall
to maintain cellds viability and organel |l
fundamental differences between the giraegative and positive bacteriehe @Il wall of
a gramnegative bacteriunis comprised of an outer membrane, periplasmic space
(peptidoglycan) and cytoplasmic membraf®wever, peptidoglycan layer in a gram
positive bacteria is far more robust and thickéFor this reason, liposome fusion attempts
on grampositiveBacillus subtilisdid not produce any promising results. Flow cytograms
obtained from those attempts presented minor auto fluorescencengnhitim their

surface.
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Figure 2.7 Overview membrane structure of bacteria

Bacteria membranare significantly different between gram positive
and negative cells. Whil¢he surface of gramnegative 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 Watability.

Becauseof their effective permeability function of their outer membrane, both
structures are resistant tiee majority of foreign agents. Nonetheless, some hydrophobic
macromolecules have better diffusion probability by the virtue of either hydrophobic
interactions wittanouterl eaf | et or si mply cell 6s routine

requirements$® Some small hydrophilic molecules could also enter cells inner structure
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from waterfilled porin channels, but such transfers are highly disfavoured, as serious
damage could be inflicted upon cell &s str u:
cell trafficking of a grammegative cell, lies the composition of thpopolysaccheade

(LPS-A), found on the outer membrane, aradienic interactions (G4, Mg?*, Na' ) on

the surfacg®®166.16268 | pS molecules bindto at i ons and form a poly
the surface of the cell; these molecules are further stabilized by divalent charges available
across the cell walf® Large number of antibiotics act on disrupting the interaction
between LPSrosslinkes, which would eventually resuit cell wall instability and trigger
collapse'’°For the very same reason, diffusion of even highly hydrophobic foreign entities
through the outer membrane requires moderate, yet effective, disruption -afatiB$ic
interactions. Low concentration offielating agents, iparticulatf EDTA, have served well

in compelling the cell to permit incorporation of some hydrophobic molecules into the

membrane structuré®’1

2.2 Results and Discussion

In previous studies from our laboratomyanostructurdiposomes made from
POPC/DOTAP and biorthogonal lipids have shown broad scope results in decorating the
surface of mammalian ceft§ 1”” However, this particular liposome composition may not
be necessarily compatible with the méjp of gramnegative bacterial cell membranes.
Recent reporthave shown successful delivery of antimicrobial cargo into the cytoplasm
of bacterial cells using DPPC/DMPG lipitR Therefore, we designed our bio
orthogonal/liposome delivery system based on a combination edimy#istoylsn

glycera3-phosphe(1-racglycerol) (DMPG) and 1;2ipalmitoylsnglycerc3-
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phosphocholine (DPPC) and a {mcdhogonal lipid like moleculgFigure 2.8). This
combination will result in a negatively charged liposome, while cellsraksinanionic

surface properties. This seems counterinteitio the principles of charge attractspn
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 lifiidd molecule and
hydroxylamine tethered to a reporter probe is shown. Bibghogonal

pairs could ligate to forma a stable oxime bond undgrsiplogical
conditions.(B) Bacteria cells are incubated with the ketdmectionalized

|l i posomes at pH 4.5 buffer at 37 eC for
bacteria surface can be engineered to prdsstone groupswhich can
subsequently react wiita 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
baderia surface through oxime ligation.
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As shown in(Figure 2.8), 2-dodecanone, DMPG, and DPPC were mixed together
at various ratios to prepare ketgmesenting 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 (R£)NBintaining ligands,

proteins or small molecules via oxime ligation.

A reasonable speculation may suggest that kdiprtemoleculesalonecould also
deliver the same purpose the formation of a micelle, however, the addition of the
dodecanone moleaes 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 aligation, a synthetically modified fluorescent probe HTC
ONH> was synthesized to click with the ketone group on the bacteria surface and thus label
the bacteria with a fluorescent probe. Through theobildogonal oxime conjugation
between hydroxylaminend 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 conjuage offers a very powerful ligation method that is well tolerated by
living cells. This reaction is also very efficient with no side reactions -q@roglucts under

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

Quantitative characterization of bacteria surface engineering viartiiogonal
chemistry and liposome fusion by flow cytometi)p) Schematic of the process of
bacteria surface enginegginThrough liposome fusion, bacteria cells were sufface
engineered to present ketone groups, which subsequently reacted with a
hydroxylamine tailored fluorescent reporter (FFODIH;) to generate FITC
conjugated bacteriéB) Flow cytometry analysis of thelationship 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.dbserved that controlling
ketone concentration in the liposome results in tuaingmbef ketone molecules
installed onto the cell surfacéC) Flow cytometry characterization shows that
control bacteria cells treated with blank liposomes containingetane and then
FITC-ONH, producedno fluorescent signal. Bacteria cells treated with ketone
tailored liposomes and then FIT@NH; resulted in fluorescent bacteria due to
oxime ligation
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To characterize the biorthogonal liposome fusion and conjugatioethod to
tailor cell surfaces we used hydroxylamine probes and flow cytomEigyré 2.9A).
Bacteria cells were treated with liposomes for 1 hraairig different amounts of ketone
groups and then exposed to FFONH: (a fluorescertiydroxylamine). Only cells
presenting ketone groups reacted via a-dstbogonal oxime ligation and became
fluorescent. These cells were then quantifi@dfluorescencentensity which directly
corresponds to the successful liposome fusion and theréferamount of ketone
presentation on bacteria surfaces with flow cytometry. The data shows that th®@ NHLC
efficiently clicked to the ketonpresenting acteria and reported positive fluorescent signal
after thoroughly washing and removing excess FOMH. In contrast, the control
bacteria (liposome exposure but without ketbpiel) reported no fluorescent signal under
the same conditions. We also conidwlca 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 (FFOGINH2) (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 parametethat affect bacteria cell surface engineering, we
investigated how the interplay of liposome composition, liposome fusion/incubation time
affectedthe amount of bi@rthogonal group displayed on the bacteria serfitoreover,
the ability to precisely etermine and therefore tune the number ofdsibogonal 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 (QUYNERIRTC-5 MESF

from Bangs Laboratories, Inc.) was used for measuring the amount of fluorescence from
the FITGONH. treated ketong@resenting bacterialhe 3D plot shows thahe number of
ketone groups on the bacteria surface is directly related to thertoaton of ketones
within the liposome and the duration of liposome fugibigure 2.10). Therefore, the
amount of bieorthogonal group on the celugace 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) afrtiiogonal groups installed

onto the cell surface was reqedr 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 ebiimgonal lipid and therefore
control ligand cojugation without the use of cumbersome molecular biology or metabolic
engineering strategies. Furthermore, due to the mild liposome fusion conditions and the
fast bicorthogonal 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{gionjugation are required. For examplatious cancer
biomarkers, viral infections, adjuvants and other immunophenotyping analyses are all

diagnosed via their relativabundance on the cell surfaéé

53



Number of Ketone Molecule

Figure 2.10The interplay of liposome composition, liposome fusion/incubation
time and the amount of ketone molecul&sansient transfection of engineered
bacteria

A threedimensional (3D) plot describing the interplay between
liposome composition, liposome fusion/incubation time #rel
number of ketone molecules on the bacteria cell surface. The
ketone groups on the cell surface were conjugated with a
fluorescent ppbe FITGONH; 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. B 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 (baythogonal groups) ketone groups on the cell
surface over tira we analyzed the amount of ketone via flow cytomefigure 2.11).
This transient transfection may be valuable in modifying bacteria for specific time
sensitive applicationsto determinghe quanties of available ketone molecules on the
bacteria cell sdace, a fluorescent molecule FIT@NH; was used to conjugate with the
ketone on the bacteria membrane. An aliquot withdrawn from the culture incubated in fresh
LB media showedsignificantreduction in the number of ketones reported after 4h growth
and $iowed negligible amounts after 12h of growth. Tlverescently labelledacteria
were characterized using flow cytometry and the quantity of fluorescent molecule was
calibrated based on a standard fluorescence quantification kit (QuahfIfiC-5 MESF
from Bangs Laboratories, Inc.). The quantification kit contains a group of fluorescent
beads labelled with varying amounts of FITC. A Quick®analysis template is provided
with the kit. After using flow cytometry to measure the FITC istgnof 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 egitins that require the bacteria

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

Transient transfection of biorthogonal groups on a bacteria

surface. Time course of ketone content and viability of

functionalized cells studied over 12h, with incubating in fresh LB

medi a at 37eC. Af ter 12h i ncubati on
comgetely dilute the ketone content and are no longer surface

tailored with bieorthogonal groups and are indistinguishable from

nontailored bacteria.

To further demonstrate the scope of thednithogonal bacteria surface method for
protein display, we sl the classic association of biotin and streptavidin. After
introductionof ketone groups to the bacteria surface, biGi¥H> was added to the cells
to ligate an oxime bond. Thestreptavidin was added and the liggimdtein association
characterized by flow cytometry, mass spectrometry and western bldttqnge 2.12).
First, biotinrONH. (Quanta Biodesign) was conjugated to theoke presenting bacteria
surface. The presence of biotin on the surface was then confirmed with tgebific
association of FIT&onjugated streptavidin and quantified by flow cytomdtigure

2.12A). A western blot analysis showed the bacteria cell wall contained streptavidin only
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when bacteria presented biotin groups via-dmthogonal oxime conjugatio(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 pfieipaeicd

2.12C). Samples were then run on SDS gel, blotted and stained witstaagiavidin
antibody HRP and detected using luminol. Furthermore, the bands in the gel lanes were
excised, trypsinized and analyzed using mass spectronfetgyre 2.12D) clearly, shows
tandem MS/MS analysis of the bacteria surface containing streptavidin. Several control
experiments were performed: 1. Bacteria that did not presémmdse 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 biGthiH, and then to streptavidin
showed no streptavidin binding. These experiments showed that only upon liposome fusion
of ketone groups followed by biot@NH, oxime conjugation, followed by streptavidin

addition resulted in protein tailoring of the bacesurface.
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Figure 2.12 Bacteria surface engineering with biorthogonal groups for further ligand
and protein conjugation

(A) Bacteria surfacengineered with ketone groups via liposome fusion can
be further modified by the conjugation of hydroxylamine tailored ligands
such as BiotirONH,. The biotin ligand present on bacteria surface can then
be recognized with Streptavidin klled with an FITC reporter
(StreptavidinFITC) and characterized by flow cytomet(8) 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 gjnal (C) Cells with the biotirstreptavidin complex were lysed
and the plasma membrane content isolated. The total plasma protein content
was analyzed on 0.1% SEH2% PAGE and the western blot was stained
with anti-streptavidin antibody and then detecteith luminol. Lane 1 is a
protein ladder intended for molecular weight measurement. Lasdh2
positive analyte of ketorengineered cells treated with bictONH, and

then streptavidin (ketorengineered cells + Bioti®NH, + Streptavidin).
Lane 2 is anegative control sample of keteeagineered cells without
biotin-ONH, and treated only with streptavidin (keteaegineered cells +
Streptavidin). Lane 3 is a negative control of cells treated with blank
liposome with no ketone (blank cells + BiotiNH, + Streptavidin). Lane

4 is a positive standard of pure streptavi@@). Mass spectrometry analysis

of digestedane 1 sample.

The interaction of gram negative bacteria with a range of materials and other cells
has important implications in a variety ofvdrse fields including bioenergy, biofuel,
biofilm formation, and the infection of plants and anint&’g®°Networks of biofims are
often associated with cardiovascular diseases and could form chronic artery plaques around
the valves. A study in 2014, utilized a fluorescent tageveal the role of bacterial
infection, contributed by at least 10 different types of bactetiaeiformationof a plaque
through biofilm secretio®®182In particular,P. aeruginosebecomes pathogenic upon eell
cell interactions in a biofiln®® To further explore the utility of this bacteria surface
engineering system, we showed the specific association between t&kradomonas
aeruginosabacteria and tailored materials via {midhogonal lgation and ligangbrotein

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® 85 |TO is a conductive and transparent material and ideal for surface
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chemistry studies. In the present study, we employed teayaldtailored ITO substrates

and seeded surfa@mngineered 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 aldehydiored ITO, while the hydroxylamirgresenting
bacteria showed high amounts of binding and significant adherence to the aidehyde

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

lllustration showing surfacengineered bacteria presenting
hydroxylamine adhered to aldehyt#lored 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 atdehydetailored indium tin oxide
(ITO). (B) Images showing significant adherence of surace
engineered bacteria, which present hydroxylamine and bound to
the aldehydéailored ITO via oxime bonding.

In this context, we determined thigandpresentingbacteria should adhere to
proteincoatedslides via a biespecific proteidigand interactionFigure 2.14). Ketone
presenting bacteria that were safuently reacted with biotimydroxylamine showed
significant levels of biotin conjugation via oxime ligation as described abbles. biotin

presenting bacteria were then added to streptavidin coated glass substrates (Arrayit) and
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adhered efficiently.Control experimentsleficientof ketone biotin or streptavidin were
showed nadhesion to the material surfadBy rewiring 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 complementagrthagonal

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

An illustrationdescribing ligand immobilization (Bioti®@NH,) on ketone
presenting bacteria and subsequent ligamadein (BiotinStreptavidin)
interaction at the interface of bacteria and mate@glMicroscopy showing
no adherence of control bacteria oatStreptavidincoatedglass substrate
the particles are merely artifacts tre surface (B) Microscopy showing
that Biotintailored bacteria adhered a&treptavidincoatedglass 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, h6@f DPPC 10mg/rh stock, 10uL
DMPG 10 mg/mh and 55puL of 10 mg/mL ketone/hydroxylamine were mixed in
chloroform. After thorough evaporation of the organic solwesihg air streamcontent
was resuspended irmn HEPESbuffer and soniated for 4h using tysonicator that is

placed inanice bath to avoid overheating.

2.3.2 Functionalized Fluorescent AssayKigure 2.9)

BacteriaE. coliBI21, were grown to OF%= 0.6, corresponding to approximately
4 x 10® CFU/mL. The cells were hagsted by centrifgation at #00 RCFfor 10 minutes
washed with 100nM CaCb and resuspended in 6Lnof 100 mM Cad for 2h at 4°C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4elis ®ere then
treated vith 6 uL EDTA 50 mM pH 8.4 and incubated at 3C for 1h. Liposome fusion
was attempted btheadditionof various concentrations of KetoisJV (10%, 20%, 30%,
etc..) to the competent cells at ®7 for 1h. Aliquot samples were withdrawn and washed
with PBS buffer pH 7.0. pIL of 1.6mMol FITGPEGhydroxylamine was added to the
suspension for minutesat 4°C. Unbound probe was washed thoroughly three times with
PBS buffer to reduce nespecific birding 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 16 DPPC 10
mg/mL stock and 10uL DMPG 10 mg/nh, mixed in chloroform. After thorough
evaporation of the organic solvent, content wasuspended iran HEPESbuffer and
sonicated for 4h using tiponicatotin anicebath This composition results in the formation

of aplain liposome deficient of brthogonal pairs.

Control (Quenched liposome)Liposomes were prepared with 160 DPPC 10
mg/mL stock and 1uL DMPG 10 mg/nh and 55uL of 10 mg/mL dodecanone mixed in
chloroform. The solution was then treated with excess sacrificial mgttgbxylamine to
guench the ketone on the liposome. After thorough evaporation of the organic solvent,
content was rsuspended ian HEPESbuffer and sonicated for 4h using-8pnicatorin
an ice bath This composition results in the formation of exime ligated liposome

deficient of any reactive biorthogonal pairs.

2.3.3 Transient Transfection Assay(Figure 2.11)

An aliquoted sample of functionalized bacteria wkétone and FITGPEG
hydroxylamine label was placed into fresh LB culture @veronitoredperiod of time. A
sample was withdrawn at a particular time interval to determiné®Cd3 well as

fluorescent irensity corresponding to the number of oxiFi&C residue on the surface.
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2.3.4 Protein-Ligand Interaction Analysis, Through Biorthogonal Ligation

(Figure 2.12)

BacteriaE. coliBlI21, were grown to OF% 0.6, corresponding to approximately
4 x 108 CFU/mL. The cells were harvested by centrifugatioa0ft0 RCF for 10 minutes
washed with 100 mM Caghnd resuspended in 6Lnof 100 mM Cadl for 2h at 4C.
Aliquot cells were suspended in 10 mL of 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with uL EDTA 50 mM pH 8.4 and incubated at 3Z for 1h. Liposome fusion
was attempted bthe additionof 70% concentrations of Ketor®@JV to the competent
cells at 37°C for 1h. Aliquot samples were withdrawn and washed with PBS buffer pH
7.0. Serieof different volume 20, 40, 6@0, 100, 12QL of Biotin-PEGhydroxylamine
50 mg/mL were added to the pamsion and incubated for Bhinutesat 4°C. Unbound
biotin was washed thoroughly three times with PBS buffer to reducspemific binding
to cells. Conjugated cells were then treated withubOof StreptavidirRFITC for 30
minutesat 37°C. The extenof fusion was assessed by measuring fluorescence signal using
a Beckman Coulter Flow Cytometer at 600 nm excitation for FITC based prabetrol
experiment was conducted parallel to other trials, withaddition of plain liposomes

deficient of bieorthogonal pairs.

Control (Blank liposome). Liposomes were prepared with 166. DPPC
10mg/nL stock and 10uL DMPG 10 mg/nh, mixed in chloroform. After thorough
evaporation of the organic solvent, content wasuspended iran HEPESbuffer and
sonicated for 4h using tiponicatoiin anicebath This composition results in the formation

of a plain liposome deficient of biorthogonal pairs.
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Control (Quenched liposome)Liposomes were prepared with 160 DPPC 10
mg/mL stock and 1uL DMPG 10 mg/nh and 55uL of 10 mg/mL dodecanone mixed in
chloroform. The solution was then treated with excess sacrificial mettybxylamine to
guench the ketone on the liposome. After thorough evaporation of the organic solvent,
content was rsuspended ian HEPESbuffer and sonicated for 4h using-8pnicatorin
an ice bath This composition results in the formation of an oxifigated liposome

deficient of any reactive biorthogonal pairs.

2.3.5 Aldehyde Surface Adhesion AnalysigFigure 2.13)

BacteriaE. coliBI21, weregrown to O3°%= 0.6, corresponding to approximately
4 x 10® CFU/mL. The cells were harvested by centrifugatioa0ft0 RCF for 10 minutes
washed with 100nM CaCb and resuspended in 6Lnof 100 mM Cad for 2h at 4°C.
Aliquot cells were suspended in 1@ rof 0.5 mM HEPES buffer pH 4.3. Cells were then
treated with uL EDTA 50 mM pH 8.4 and incubated at 3C for 1h. Liposome fusion
was attempted biyre additionof hydroxylamineSUV 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 of cell suspension for 4h. Plates were
removed and washed thoroughlythvPBS 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 weretreated with glass plates

presenting ketone functional groups and incubated fanB@ites 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 ketorfienctional 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 AnalysigFigure 2.14)

BacteriaE. coliBl21, were grown to OF% 0.6, corresponding to approximately
4 x 10® CFU/mL. The cells were harvested by centrifugaada000 RCF for 10 minutes
washed with 100nM CaCb and resuspended in 6Lnof 100 mM Cad 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 uL EDTA 50 mM pH 8.4 and incubated at 3C for 1h. Liposome fusion
was attempted biypeadditionof ketoneSUV 70% to the competent cells. Aliquot samples
were withdrawn and washed with PBS buffer pH 7.0 then treatedavitfold excess of
biotin-hydroxylamine for 15minutes Arrayit® StreptavidiAvidin glass (1x1 cm) was
submerged in 10 mof 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 ratoai BL21 cells
and incubated for 3finutes Plates were then removed and washed thoroughly with PBS

buffer and gram stainedifphase contrast microscopic analysis
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Control (Quenched plate).A solution of biotin hydroxylamine was treated with
excess acetone for 30 minutes.efhacetone was evaporated for &hd Arrayit®
Streptavidin/Avidin glass (1x1 cm) was submerged into theched 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 graragative bacteria surface engineering method
was developed and demonstrated torcoli and P. aeruginosa We introduced a new
method based on liposome fusion to engineer gragative bacteria cells with bio
orthogonal groups. These groups can subsequently be conjugated to a range of molecules
(biomolecules, small molecules, probes, proteins, nucleic acids, ligaadestructurg,
radi ol abel s, etce). Thi s met hod -negative be un
bacteria for various applications in sensing and therapeutics. We showedatieigysis
efficient for tailoringE. coli and theP. aeruginosabacteria 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 ¢o t&ill surfaces. This method
could be of crucial importance to a range of applications including bacteria labelling and
probing, interfacial kinetic study, bactenaaterial interaction, bactermammalian cell
interaction and vaccine development. Duthtliposome delivery method, many different
types of bieorthogonal chemical reactions may be installed onto the cell surface.
Furthermore, a wide range of molecules with lkpke features may be incorporated into

a liposome and subsequently delivead displayed on a bacteria surface including
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ligands, probesand proteins. This method also provided an open platform for easily
installing any functional groups, probes, ligands, proteins, aadostructure for
biological and tissue engineering studiesl application$®® %2 Although this approach
provides a unique opportunity to incorporate a functional group onto tfaeswf a cell,

it still remains to be an inadequate technique to allow for macromolecule conjugation.
Presentation of a biorthogonal grouptbesurfacevould 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 ketenon biological molecules is nasimpletask to accomplish
without suffering from synthetic consequences. Such limitations leave a tremendous gap
for improvement in designingsystem, whiclwould minimize the number of modification

steps performed onther component. The exploration and developments to address such

concerns will be elaborated detailsin the following chapter.
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3 CHAPTER THREE

Novel ChemeoSelective!Bieconjugation for Primary amines

3.1 Introduction

In the previas hapter2, we introduce@ 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 painat desnot react with cellular components, hence seage
a chemical handle for further bioconjugation. This technique offers a specialized approach
in deliveling functional groups and it always requires two compatible reaptivimerdor
a successfutonjugation The functional groups delivered are often chosen from a library
of biorthogonal pairs that are proven to be exceptiordigmaelectivefor their partner
reactant For this reason, conjugation of two biological bodies to one another usng th
approactrequires 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 biomoleculese ik cell
surface could be easily-engineered with a particular organic functional group using
liposome fusion, tethering it to a macromolecule (ie. antibody) still requires chemical
incorporation of the other pairtmpr ot ei nés structur e. For
delivery does not address the concerns and challenges of minimizing chemical seaction

performed orbiomolecules. As demonstrated in Chapter 1, it is important to recognize the
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tedious and cumbersoméiatlenges of modifying a macromolecule through organic
synthesis or biochemical-engineering. In order to resolve this conundrum, one should

seek an alternative that would only require modification on one of the reactants, leaving
thebiomoleculeunaffeded. Such dilemmas leave the gap operitfediscoveryof a new

method through which, abiomolecule could be selectively discriminated in a
heterogeneous environment. Ideally, a suitable system should be designed to target a
reliable, available and highiseactive counterpart on th@omolecule. The challenge is

anal ogous to designing a uMasertos&ldo o6hg@ganicc
easily reacand linkmacromolecules together. It would also be beneficial to hold a key to

t hi s 0 éversekhe effecoupan demand.

Conjugate Release
lock 1 Key

()
A

A\l

Biomolecule Probe/Reporter Biomolecule-Probe Biomolecule Probe
Conjugate
Figure 3.1 lllustrationofl i nki ng macromol ecul es with reporters via

Bi oconjugation researchers have al ways
and fAmaster keyso, however, the complexit
extremelydifficult 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 perioomeamino

aci ds, Afami neso deserve speci al attention
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targets. Amines are the single most available nucleophilic centers in biological
environments. They participate mucleophilicaddition reactionsinder a riatively broad

pH spectrum. They are highly abundant in protein structures that dominate the biological
world. They often do not engage, or hasmmall activity, in catalytic operations of
macromolecules. Unlike thiols, which are mostly trappedisalfide bridges they are not
essential for maintaining the sttural integrity of proteins.In spite of the long list of
existing amineconjugating systems, the area demands an improved, efficient and green

conjugation strategy that eliminates the flaws of/jones techniques.

Physiological Condition OH
Ry L Ry el
/<: S ;P\ Analyte > N
Rz \O R2 OH

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

Herein we introduce a novel amigenjugation strategy that offers a unique
opportunity tochemaelectively conjugate to angccessibleprimary amine found on
biomacromolecules. This approach is not limited to its use in bioconjugatemistry;it
could very well serve as a fresh method in organic syntheéictions The conjugate
headgroup w introduce in this work is an inspiration frahe glutaraldehyde crossker
that has beeeffectively used in biochemistrfor labelling and crosmking of proteins
Our active headgroup dialdehyd&tructure allows for two consecutive nucleophilic
additiors 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 systepnovides exceptionathemaelectivity for primary
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amines, fast kinetic profile, steady atom economy, green reactionoaémand

reversibility.

Although proteins are rich in primary amines, in the form of lysine side €hain
there are other functional groups that could either react or contribute reased
nucleophilicity of othelctivecenterdn the vicinity of any electrophildt is important to
design astrategy which could discriminate among those unwanted nucleophiles and only
click with a primary amine of a lysine. Failure to maintaahemaelectivity leads to
destruction and possibly denaturation of native structures and slgfegburpose. Our
dialdehyde system allows for successful ligation with only one primary aminewaihs
unreactive towardether nucleophiles like thiols and hyawyls. In unusual cases, it may
allow for hydroxyl conjugation, however, it woulek rapidly outcompeted with the more

stronglynucleophiic amine.

The reaction kinetgis highly comparable with cellular natural reactions, thus
secures an excellent peacamong other biochemicakaction processes. Its rapid
conjugation makes this approach a unique method for biochemical experimesish
reactantare susceptible to timgensitive degradationBioconjugation is obtained within
seconds anche reactio proceeds to completion within minutes at room temperature
neutral pH Increasing the temperature works otibyenhance reactivity. In contrast,
dialdehyde molecules remdnighly stable at freezing temperatsifer prolonged storage

time and subsequnt use.

This reaction deserves special attention fog@gsdatom economy. A successful

conjugation produces marganicby-productsand would not undergo any sitdeactions.
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In organic solvent conditiong would only produce two moles of water that ltblbe easily
excludal from reaction vessel; and under physiologicahditions,it preservesthose
hydroxy moietieson the parent moleculélhis quality of our system becomes a powerful
trait in practicing green chemistry both in the cordemf organic synthesis and
bioconjugation. This property differentiates dialdehyde conjugation from all other
conjugation systems that produce someplpduct residuesand require further
purification. It also delivers the main purpasedesigning a noveiethodin which the
need fordelicate chemical modification and laboriqugification proceduresn valuable

biomolecule samples ammpletelyeliminated.

R — I M R D ©
N - X+ N
R2 — R2 \O

Figure 3.3 General presentation of decoupling of a conjugate betwaanamine biomolecule and dialdehyde
headgroup

Perhaps the single most important feature of our system isnitfemand
reversibility. Once an amine is trapped in the dialdehyde annulated stritatordd easily
undergo a reverse process under lower pH ranges to release the reactants. This quality
becomes extremely valuable in applicaitimat depend othereleaseof apayload toxin
or simply withdrawal of labelling effect. We believe that aechnology ha the

opportunity to serve asmomisingalternative for the current antibodlyug conjugates.
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3.1.1 Carbonyl and Imine

Our dialdehyde system uses two carbonyl centers to trap the attacking;
hence,it is important to develop a robust understanding of carbonyl chemistry before
discussing the system detail An ddehyde consists of a carbon double bondedd-a
hybridized oxygen with a bond angle of approximately®1Zlhemical properties of
carbayl groups are often compared against alkenes. Much like an alkene, the bond is made
up ofasigmaand apibond,bd x ygends gr e at,enakesdiglightyimore ne gat

polar, which contributes to the larger molecular dipole moments (D) of aldehydes and

ketones.
o. .- @
0 :0:
<>
RJLR R)@\R
0 o 0
HJLH HJ\R RJLR
D=2.29 D=2.5 D=2.9

Figure 3.4 Dipole moment of carbonyl

The molecular dipole momen (coulombmete) of a carbonyl
functional group increase witthe addition of electrondonating
substituent from formaldehyde #&ketone

The resonance structure of carbonyl generates a carbocation that is significantly
stabilized by any inductive effect ofsp® center.The oxygen contains two ndvonding

electron pairs through which it forms hydrogsmnd?!®3
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In addition to the dipole moment of the carbonyl compound which locates a partial
positive charge on the carbon, their U car
would enable a carbonyl compound to astboth an electrophile andhacleophile. The
reaction of carbongltowards nucleophiles has been extensively studied; there are two
possible mechanisnfer nucleophilic addition reactionscidcatalysis mechanism and
base catalysis mechanis8trongemucleophiles tend to underfasecatalyzed additions
during which they attack the carbon of the carbonyl to generate a tetrahedral transition state
that pushe9i electron density towards the oxygen. The negatively charged oxygen is
perceived as a relatively strobgse which couldabstract a proton to further stabilize the
intermediate. In contrast, weaker nucleophiles requir@gtigation of the carbonyl group
in order to add to the carbocation of the carbonyl. While there are many nucleophiles that
could engage in a nucleophikcldition to the carbonyl group, hydroxgiminesand thiols
are the most important in the context of bioconjugation chemistry. Primary amines are
nucleophilicatthe neutralstate and could readily add to carbonyl grodpee aldition of
theamineto aldehyde and ketone woulduallyproceed with the loss of water to form an
imine bondalso known asa Schiff base. The addition reactiao an aldehyde/ketone
proceedshroughthe generatiorof an unstable carbinolamine, which is a term referring to
a species containingNR, 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 produtd
also abstract a proton on the nitrogesit is an analogue a carbonyl, and undergo further
nucleophilic addition with anymmediatly available nucleophile. Therefore, removal of

the water byproduct or any other nucleophile would furtherrease 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 deykent on the solution dmmicreenvironmenrs
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 g+, temperatureand concentration are also
crucial in the overall kinetics and feasibility of reacti@hile higher pH ranges tend tme
more suitabldor solubilisation and stabilization of a final Schiff base product, lowering
the pH would rapidlyfavour the reversion to starting material and complete dissipation of
C=N bond. In catrast, the same reaction hasigherchance of success in an organic
solvent and could withhold a stable imine product. Temperature, for most reactions,
enhances the progression of the chemical reactioriaaodrs the formationof products.

This principle could hold true in reversgactions for formation of startingaterial,as they

would also be considered a form of product on the other side of the reaction Hnew.
reactionof anaminewith carbonyl is no exception from this notion eitfeBeyond pH of

the environmentgoncentratiorof reactants is the most influential factor in the formation

of the productas it has an immediate impaat ¢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. However, deprotonation of a primary
amine atits acidic dissociation constanange is a reversible process. This leaves some
finite amount of deprotonated amine availablaisolutionthat facilities a nucleophilic

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

complete depletion of carbonyl in solutioh

Unlike a primary amine the additionof a secondary amine to carborighds to
form an enamine bon&namines are more versatile and reactive intermediates that could
act both as a nucleophile and bdse not asan electrophile Gilbert Stork in 1963
demonstratedhe ability of an enamine to act as a nucleophile to form a rob@sE
bond with a reasonably activated electrophifeSince then, reactions of enansreave
been extensively studied ahdsled to the developmenbf many established synthetic

me t h o d ssulfstiution af anhineg®¥ 204

The daldehyde reactive hegtbup consists of two $ghybridized carbonyl groups
with planar carbon centers that #iree carbons away from one another. The flatichs
substituted at positionXwith 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 specializedomponents on the molecuspecificto experiments. Later
during the next chapteinfluences of functionality analectronics on the yield of
conjugation will be discussed in great detdllsere ardwo parallel additions to carbonyl
centergesultingin theformationof asecondary aminetermediateWhile carbinolamine
is known to ke relatively unstable and shdirted, a 6membeedring could easily secure
a stable structure that would not further collapse to atheciesIn addition to that, the
attacking amines no longer considered primary, thereforghe formationof an imine
bond would not be conceivablater,and dehydratiomvill result in the formation of two
enamine bonds inside the ring. As mentionpekviously, the fate of the 1.4

dihydropyridine ring versus the hydrated aminal species in solutioeagily dependent
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on the micrenvironment of the reaction, such as sohamt pH The unique characteristic
of thedialdehyde system, in contrastamother carbonyteactive moiety,iés in its ability

to form a thermodynamically stable ring that locks the attacking aminé-imembered
ring. Unlike any other amine conjugation sysgemhich use carbonyl aschemical trap,

a dialdehydeheadgroupminimizes the chance of imine formatiohenceeliminatesthe
concernsover 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 ahe dialdehyde sydem requires a comprehensive
examination of its parent moleculglutaraldehyde. Thimvolves reactivity, stability and
conjugation mode of action through which glutaraldehyde has served in the previous
biochemical reactions. It is of great importance to recognizdlibdialdehyde system is
essentially an improved extension of its parent mdéeglutaraldehyde. An absolute
knowledge of glutaraldehyde chemistry becomesprerequisite for the logical
understanding of the remaining of this work. In this section, we will focus on

glutaraldehyde chemistry in a comprehensive elaboration.

Glutaraldéyde essentially consists of two terminal aldehyde groups. Aldehydes
are generally less stable than their ketoaenterpart isand are often susceptible to air
oxidation over time. Once hydrated, they tendatlmptvarious structures that result in
chain polymerization which often but not always, lead tihne generationof some

irreversible productshat no longeshare the same reactiviis 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 creation of bonds and functional groups that facilitate
the rotation or inaccessibility of reactizentersfor further chemical reactiorf8® 2% The

most important sideeactionof aldehyde is acid/base catalysidlufaldol reaction Aldol

reactionusuallyinitiates further polymerization to dgistinguishable long chains.

Glutaraldehyde has been the subject of research for almost 60 years owing to its
unique ability to immobize proteins, crosbnk macranolecule 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 tlagailability of the proper typef nucleophilicmoieies Most
carbohydrate8® and lipid€'® have proven to be inert towards malkss, unless an
artificial nucleophilic centeris incorporatedinto their baclkone. 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 areeéirmith a source of
primary or secondary amine, like phosphatidylserine, also have moderaseleciive
reactivity for electrophilic moietie€! Nucleic acid polymers are reactive towards
formaldehyde, whichis a small carbonytarrying molecule and could be easily used in
fixation of the entire DNA througreaction of the corresponding nucleotides amino sugars
with formladehdye'2 however, the reaction of other aldehydentaining molecules like

glutaraldehyde with DNA itself, remains to be investigatéd

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

much datawvas collected on protein crdisking using glutaraldehyde. The technique is
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often dependent othe formation of a robust covalent bond between a hydrophobic
molecule and anacromoleule through coupling with a glutaraldehyde bridgesimilar
principle could be thought of iorosslinkinguse of glutaraldehyde between enzyrfiés.
The role of a bifunctional i mmobilizati on
Zahn?'® Othercrosslinkingutilities of glutaraldehyde were developed for the purpose of
protein stabilization and further-bay crystallographic analysis by Quicho and Rich&fds

and microscopic analysis of fixed tissues conducted by Robertson and Schultz.#4'1970

In the later years, glutaraldehyde attracted tremendous attentiawsslinkingchemistry

and enzyme interaction for its exceptional ability to f@a®D 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 mentioapglications would require a particular set

of conditions exclusive to that experiment, which are often determined empirically through
trial and error. Such limitationsredominantly arisérom protein insolubility and natural
behaviof'®?1°protein concentratiqffthe optimal pH??! operating temperatur&?ionic

strength of mediuft® and reaction timé**

Generaluse of glutaraldehyde was first illustratedtive 1960sfor fixation of
tissues throughpack thenan unknown mechanism, which latetiscovered to be
crosdinking of internal proteind”® G| ut a r a lhightylefficicet deactivity towards
proteins in aqueous solution near neutral pH, made this reagent a very attractive and
essential ingredient ircrosslinking experiments. Glutaraldehyde reacts hwitany
functional groups either otine surfaceor sometime embedded within relatively deeper

layers of a macromolecule. Amintiol, phenoland imidazole are all nucleophilic centers
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that haveshown reactivity towardglutaraldehyde. While the complexity of glutaraldehyde
conformation has a cruciaeterminanton the reaction mechanism with each of the
nucleophiles, the purpose of conjugation is often always fulfillethéfpormationof some

kind of bridge between theglutaraldehyde and the macromolecule. Enzyme
immobilization studies, in particular, have presented a suitabielgiudy for such
complexities which we will examine later in the discussioB.t udi es on ami no
reactivity towards aldehydes have pama substantial information about the condition of
reaction, hence the suitability of glutaraldehydedimsslinkingof proteins inanaqueous
environment at different pH ranges. The preliminary investigation of reactivity of the
following amino acids wagonducted fromthe early 1960sto late 1970s; Lysin&®
Tyrosine, phenylalanine and tryptoplfdh cysteine serine, proline, histidine, glycine,
arginine and glycylglycir@® are the major amino acids that have been reported in the
mentioned literature for their side chain functional group nucleophilitiile different

types of molecules containing aaldehyde hadbeen used in the mentioned studies,
collective results obtained suggdisat there is differenteactivity betweenamino acids
towards the carbonyl functional group. The order of decreasing reactivity of the side chain
is as following Ua mi n -@amino, duanidyl, secondary amine anbydroxyl group.
Avrameas and Ternynck have demonstrated the poor reactivity gutredyltowards
glutaraldehyde and speculated that rapid consumption of the reagent by other more reactive
amino groups would retard any reactiwith guanidyl?*® Another study conducted by
Okudaet alin 1991 revealed that thiols only react with glutaraldehyde in biological settings

if a primary amino group is available in the vicinity of the reaction®$tte
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Sincet h eamitb ofthe R chain on lysin@resents the most reactivignd
applicationin bioconjugation, herein we wifbcus onsome of the preliminary studies that
have speculated and proposed possible mechanisrthddiormation of a conjugate
betweenOamino and glutaraldehyde in aqueous solution. This explanation wihbe
analogug o0 di al dehydeds reactivity with |ysine
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
rangesare 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 generallyput not always a direct implication of lysyl moiety
ligation to the electrophile handi& AlthoughpKa (acid dissociation constamf)(Jamino
is greater than 9.5ypon successful establishment of an equilibrium there will be some
finite amountof unprotonated aminethat remain available andaetive a acidic pH
ranges. Such small amount of unprotonated amine in solution is sufficient to react with
glutaraldehyde, whiclthen shifts the equilibrium towards complete consumption of the
reagent. Since lysine is mostly abundant on the surface é&rdcoue of protein structures,
anddoesnot participate in crucial enzymatic or other biological regulatory functiotiseof
protein it isavailable for chemical ligation€onsequently itgation does not necessarily

disturbprotein functioror structire?®

3.1.2.1 Structural Analysis

The structurabariationsof glutaraldehydéavea substantial impact on the stability

andreactivity. Glutaraldehydmolecule ould easilyadoptdifferentstructuredepending
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on theenvironment it resides in. The solution condititlas’ean importanteffect on the

final configuration of the molecule, consequently would also influence thecapph of

the crosslinking molecule. pH, temperature, solvent, concentratiersome of the
consideration in working with glutaraldehyde. There are widél-studied forms of
glutaraldehyde that each is to behdiféerently in interaction with other macramtecules

like protein. There isan abundanceof data on the structural conformation of the
glutaraldehyden the literature that has been collected over 40 years of reseatblk on
crosslinkingability 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 -aaetrgpentamer making

appoximately one aldehyde group per multind&?3!

CHO CHO o H
(0] O—(lf
OHC CHO ((;Hz ) 3

n=2 or 3 X CHO y

(VD) (VII)

Scheme3-1 Glutaraldehydeproductsin aqueous solution with cationic catalyst

Glutaralddéyde could spontaneously form a polymer in presence or absence of a
cationic catalyst in aqueow®lution Structure(VIIl ) was identified as a soluble
tetramer or pentamer comprising one free aldelymep per molecule formed
through the intranoleculafintermolecular propagation polymerization with ring
formation.

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

analysis was in a disagreement wttle formationof a dimer cyclic dimer, trimer or any
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bicyclic trimer in singleabundance, rather a mixture of all multimeric-surits as well as
the polymeric structure was observed Their observations were consistent withe
formationof U ,-umsaturated aldehydes which could subsequésstytotheformationof
other heavy chain polymeric units cyclize through aldol condensation. Their proposed

structure would make many carbonyls #afalie for further reactions$®?

CHOCHO
L ———>  OHC CHO

n=2or 3

(| (VI (VI

Scheme3-2G| ut ar al diesatyaded polymeb

A solution of commercial glutaraldehyde is largely polymeric and comprises
significant concentrati®o f -uUdsatbirated elemer(iél). Such species could form
rings (VII) by the loss of water molecules through aldol condensation. Although
structure(V1) is a represntative of an average structure containing the unsaturated
polymei zed gl ut a-4ursadtuwateth goshmundhe catbonyls would be
hydrated.

A year later, Hardyet alconjoined two techniques of UV spectrometry in tandem
with HNMR spectroscopy taufr t her conf i r munsdmtegpaldehgdesinc e o f
the organic extracts of the mixture. However, low abundance of such species revealed by
trivial integration of the corresponding peak at 235de@mandedurther structural analysis
on purified samples. Conversely purification procedureusing organic extraction was
only helpfulto recovers0 % of the originasamplegeven thenthe obtained glutaraldehyde
underwent rapidehydration that rendered the exfroscopic analysigeffective The

combined information extracted from this study was strong agreement with Aso and
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Aitods f i ndi n ghatisuggestédehe esamblishiyerdin®qailbriusamong
hydrated polymer$® Korn et alalso conducted similar studies using UV spectrometric
analysis and confirmed the observations of Haatdgl indicatinga very low abundance

o f -Unsatbirated 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 ustd@-NMR, also concluded that

hemiacetal products adoph equilibrium betweeris and trans geometrical isomeric

conformation?34
CHOCHO HO\EOJ/OH HObOwOH
n
@ av) )

Scheme3-3 Glutaraldehyde cyclic hemiacetal polymer

Glutaraldehyde simple monomél) coexisted in a mixre of hydrated forms
(structuredl, Il , andlV) in aqueous solution. All of these structucesur in an
established equilibrium ian aquaticsolution.

Monsan et al that integrated all previous findings together to draw a e@mpl
conclusion performed the most comprehensive study until. 3&bson used NMR, MS,
IR and TLC to verify that under neutral to slightly alkaline pH, molecular forms would
precipitate out of solutiof®®> Once a reasonable understanding of the structural
conformation of glutaraldehyde was obtained, most studies shiftedote applied
research such gmlymerization or isomerizatioreactions affecting thehelf life of the

crosslinker In 1980, Margel and &nbaum looked at the prodsdif aldol condensation
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atmedum to high pH range Their observatiobwerec onsi st ent wi t h Mons
in the formation of whattheyhad eare r cal lgddit fap @ll y e-hygrake o . Th
aldehyde polymer is very sengé to solventpH and oxygen content in the solvent and

would easily proceed to form other-pyoducts?3®

CHO CHO CHO CHO
OHc/\«f\%4\/Aw%L»/\CHo OHC/\V/\4A\/%P/LV/%CHO
OH
X y

n=2or 3
VD Ix)
CH,0OH CHO COOH CHO
OHC/\V/\g%kV/ﬁTJ\V/%CHO OHC CHO
OH
XOH y X y

(XII) (XIII)

Scheme3-4 Glutaraldehyde polymerizationeaction

Investigationof aldol condensation of glutaraldehyde in the pH range of 7.0 to 13.5
reveals a pohglutaraldényde that could remain soluble or insolubleniater. The
extent of functionalizationie. hydroxyl, carboxylic acid, carbonyik largely
dependent ompH, oxygen content and other kinetic parameteeling to the
structuregXIl ) and(XIIl ).

In the later studies conducted by Tashigtaal some novel forms of smaller
subunits of polymer werebservedat moderately alkaline pH. Functional group analysis
performed on the mentioned structures, using IR and UV spectroscopy, suggested the

presence ohydroxyl and formyl group in a tangled confmation. 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 formubil GOz, further examined

by 2D'H-NMR, indicatd an annulated structure bel&i

CHO 1CHO oHC
OHC CHO @
—_—> H
N

n=2 or 3

O~ "OH

(VD X) (XD

Scheme3-5 Glutaraldehyde product iralkaline solution

Treatment of glutaraldehyde wigmalkalinesolution will result inthe formation of
some dimersharacterizetyl R spectroscopy. Data-suggests f
unsaturatiorfiormyl and hydroxyl groups

Although glutaraldehyde structure has always gained its attraction due to its unique
ability to crosslinkproteins 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, Kawastaadargued that not all of the
parameters had been considered inddeptedstructure of the pgmer. They looked at
the effectof the solvent on the possible formation of the polymers, and its interaction with
the polymer. They suggested that water would be a relatively suitable nuldetbai
would present some reactivity towards the carbonyl moieties thus change its availability in
the form of free aldehydergups. Kawahara suggested tkatce studies conducted by
Monsart®® have all been performed in orgarpbasetheir outcome would suffer from
factors affectinghe feedback. While structural analysis of glutaraldehyde, &romemical
perspectivewould not be hindered if performed in an organic setting, the feedback of such

studies would not remain useful for biologicainditions Such disparagements ledthe
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further prosecution of other results accumulated in the course of 20 yearswitiela
reconsideration, the efforts of Richarésiowles>? and Hardy*° werealso reassessédr

the use of deuterated water in their NMR spectroscopic analysis. Monitoring the peak of
interest in both of their independért-NMR studies, which much of the conclusions were
drawn fr om, present ed i-oathonpmtorsitineadditionitont e gr a
integration discrepancies, the equilibrium of most polymers fluctuated between water and
deuterated watéF® Wh i pp| e a2 studeR aldo dndddooked a’C-NMR peak

intensities that could not realeaccurate quantitative measuremefotsany convincing

conclusion. Consequently Kawaharaet al *° employed UV spectroscopy and light
scattering technique to look at the same structures previously claimeddoibeantbut

used commercially available 70% (w/v) glutaraldehyde aqueous solution which would also
present a consistent sample with that of usediological experiments. This study
suggested that concentrati@olventand pH would all collectively determine the stable
structure of glutaraldehyde in solution. Lower concentrations and pHsah@:s5 to 8

would shift the equilibrium téheformation of somedeconvoluted monomeric hemiacetal

units. In 1997, same authors reagithat concentratianof up to 10% glutaraldehyde in

water could be suitable for mai nunsaturaedng a

products could be present grih negligible amount§*°
Hotoj/okoj/OH
n
V)

Scheme3-6 Glutaraldehydeproducts at lonconcentration
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Upon dilution, large quantities of polymeric species
that contain cyclic hemiacetal structupé) slowly
convert to monomers.

Comprehensive studies conducted in the past 50 years on the structural behavior of
glutaraldehyde in organic or aqueoususions, unanimously suggest of the formation of
multiplex sulunits of mono, di, tri, tetrameric polymetsat would preserdaninconsistent
numberof carbonyl functional group fahe crosslinkingapplication. The concentration,
pH, temperature and buffer system used in downstream applications remaassefsed
based on individuahpplications and analytesf interest.Hence,the effectivenessof
glutaraldehyde ircrosslinkingcould not be generalized and must be exploited only in the

contexs of a particular experiment.

3.1.2.2 Mechanism ofGlutaraldehyde Bio-conjugation

As previously décussed, glutaraldehyde could exist in different conformations in
agueoussolutions;therefore,there is not a single apparent mechanism of conjugation
proposed in studies. However, observing the structure gfrtituctsof 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 product&ards and Knowles in the 1968and
Monsenet af**in 1973 proposedome possible pathways through whilsh amino group
of the proteinreacs wi t hundaturbted aldehydes in an aldol condensation. In their
mechanism, amino group undergaeconjugate additiaio the ¢hylenic double bonan
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the U ,-umsaturated aldehyde oligomer in a Michiygle additionreaction In contrast,
Monsenet alsuggestedhataldehydic carbonyl groupsrethe target of the nucleophilic
addition This mechanism is obviously boundelacompass the formation of a Schiff base
that must be stabilized by conjugation. Tieported result®f both studies aran an
agreement that glutaraldehyde exists in some kind of polymeric conformation and is not
present in its monmeseanchpresented a donflictingBreechanism in 6 s
the 1970sand suggested of a monomeric starting material of glutaraldehyde in aqueous

solution?41242

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

n

Michael addition CHO CHO
VD = OHC CHO

Scheme3-7 Reactions of primary amine with glutaraldehyde in solution (Michael addition,
Schiff Base)

A mechanism proposed an addition reaction
unsaturated polymers (ammbly-glutaraldehyde) towardthe formation of a

Schiff base (imine) stabilized by conjugation. A different postulated pathway
involves the reacti on o funsatlrated gidetyde® i n ami no
formed by aldol condensation of tgwaldehydeThere is evidence of a conjugate

addition of amino groups to ethylenic double bonds through a Mitiael

addition. This mechanism was supported through demonstration of nucleophilic

addition on the ethylenic double bond wéttargeexcess of amine.

Bouc h e fmdings suggested that the active form of glutaraldehyde that reacts in

solution is strictly dependent on thel pf the solution and that the oligomeric forms of it
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could easilyrevertto their monomers upon treatment with heat or ultrasonic radsat
Unlike acidic conditions, alkalineHp would not allow for such reversions amarce
glutaraldehyde tgtay as oligomers. The rationale behind theetabservatiorwas solely
based orthe slow ratesof interchangedetweenglutaraldehyde oligomer @nmonomer

with temperature and time. Years later, Ruijgfékn 1990 confirmed the conclusion
drawn by Bucher, 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 remaicedtroversial subject
among active research groups. In 1976 Hatdsf** and Lubiget af*° argued thatmU ,- b
unsaturated aldehyde could not be the primary speciesftibist a reactiveenter Rather
in the presence of amino groups, some dimer structure arising drobh ,-unsaturated
precursor is more likely to be responsible for providing a more reactive moiety for
conjugation. This mechanism requite® equivalencef 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 evemternal 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 consistethe®Bbwes and

Carter report of 1968226

Y +
2 CHOCHO 2 RNH,

Y
2\
Z

()

Scheme3-8 Reactions of primary amine with glutaraldehyde in solution (Crosslinking)
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Upon reaction ofa protein aminogroup with glutaraldehydesome
dimers could form productghat contain gaernary pyridinium
compoundsyather than glutaraldehyde paotgrs reacting with amino
groups.

Tashimaet aP*" reported a study in 1991 thadnfirmed theMichael addition to the
ethylenic double bond in alkaline condition and that an excegseaiminogroup would

eliminate the need for a redox pathway.

NHR
OHC\@ RNH, OHC\C(\L
HO
or OH “CHO
(X) (X,
NHR
OHC RNH, OHC
I —
0~ “OH 0" “OH
RNH,

NHR

(0) NHR

(XIp)

Scheme3-9 Dimeric cyclic glutaraldehyde reaction with proteins under alkaline conditions
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In the mid-1990s Walt and Agayff® 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 conjugatioranofamino group with any aldehydaenter
of any kind is nofavourableasit will form a Schiff base. However, there are two possible
outcomes under acidmonditions, whichboth wouldcontaina polymeric unitof bridged
protein Polymeric units of connectecmiacetalaremoreplausibleto form as the result

of an amine nucledplic addition, which definitely will generate a polymeric structure.

CHOCHO 2 NHR RN, _NR NHR RN, NNy Ny
L — 1S - SRS

-2 H,0 -H,0
(1))

H H

HO_ _O_ OH NHR HO__O._NHR NHR HO__O N N_0_%
o J - oJ

-H,0 - H,0

av)

Howowml NHR RHNwowOH NHR RHN%O%NHR
e [— .
-H,0 -H,0
n n n

(42)

Scheme3-10 Glutaraldehyde reaction with proteins under Acidic conditions

Multiple reaction products were proposed dependirtipepH profile of reaction. A mixture
of monomers ranging from free aldehyde fofiph or cyclic hemiacetal(lV), cyclic
hemiacetal oligome(V) could exist under acidic or neutral conditions. A nuchelipattack
by lysine residues is expected to induce the formation of a Schiff base in solutioevétow
Schiff bases are known to reverse under acidic conditions and devooied, leading toa
reactionof monomeric cyclic hemiaces(lV) and multimeric form(V).
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In contrast, under alkaline conditions, two different Schiff base products are
predominant that are robust amadreactivan anacid hydrolysigeaction The stability of
the Schiff base products is due to a stronger stabilizéitrongh repeating internal double
bonds with the aldehyde groupsd formation of the Michael addition producthe
presencef anexcessamine in solution would eventually reactiwthe exposed aldehyde
groups and produce mogzehiff baseghat arelabile to acid hydrolysis and contribute to
overall unsuccessful conjugatiobhis concern could be addressed by redutiiegSchiff
base to a secondary amirtbat isa promisingalternativeto secure a robust conjugation

system.

CHO CHO
RNH,
OHC CH,0OH ———— >

n

(VD
OHC

NR
7 CHO

OHC CHO
NHR n

(VL)

Schemes-11 Glutaraldehyde reaction with proteins under alkaline conditions

Under basic conditionsh e r e a ¢ tunsataratedl bligobherib aldehyd@4)
with amine could produce two productsbust to acid hydrolysis under basic
conditions : a Schiff bag®/la) and a Michael adton product(VIb). If theexcess
aminoreactanis present, some mixed product(®fic) could also exist in solution
but susceptible to loss of resonance stabilization under aoddition.
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Finally, Kawaharaet af*® in 1997 demonsttad that presence of amino group
would catalyze polymerizatioreactionsandfavoursaldol condensation in solution. iEh
reaction would producelarge polymerunits cont ai ni ng many - al de h\y
unsaturated aldehyddlsat areavailable forformation ofboth Schiff base and Michael
addition reactioa This study suggested that glutaraldehyde aqueous solutions are more
likely to act as a staining brush that woatdsslinkproteins in massive mixture rather than

smaltlocalizedpatches in solution.

While thereis still a considerable disagreement in thgueous structuref a
commercially available glutaraldehyde solution, it is still an important reagent in protein
conjugationexperimentsRegardless of its mechanismhbabconjugation, it has proveio
be an extremely effective reagent for highly specialized experiments. Altttoerghisnot
a single mechanisnthat could be proposed to accuratefjescribe the formation of
conjugates with protein, its effectivenessild not be dismissed. Over theays, efforts to
solve conjugation mechanism has been shifted towards more advanced and applied utility

of such reagents.

3.1.2.3 General Synthesiof Aldehyde and Glutaraldehyde

There are multiple synthetic routes available in the literature to conveniently
synthesize a carbonyl group in tharh of an aldehyde or a ketoredcohol oxidation,
FriedelCrafts acylation, alkyne hydration and oxidative cleavdé’2*° However, the
extensive ulity of carbonyl groups in organic chemistry hdesmandedighly adaptable
synthetic methods that wouldllow for installation of such electrophilic centersin
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molecules. Suclsynthetic approacheare not limited toreactions insidean organic

¢ h e mireactiodflask but have advanced ontd i o | ot@gplbax tBidlagists can now
incorporate carbonyls ¢mlarger macromolecules using enzymatic interaction and other
catalytic protocolsn-vitro studies. While there are many wdgssynthesize aarbonyl

group, oxidation ofan alcoholis the ideal route irnthe laboratoryor industrial settings.
However, the disadvantage tifese methods$ies in the relatively toxic reagenthat
facilitate the reaction. Chromium salts gndidinium salts are the cheapest reagents used
that also producendesirabldy-products, whictare not environmentally friendly. Organic
oxidants such as iodated organic catalysts have been developed to overcome such
shortcomingshowever, they often require difilt 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 oxidati@ctrboxylicacid.

FriedelCraft acylation is also agpverful 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 reachoiety. Hydration of alkynes
another method through which aloanyl group could be installechcasubstrate. However,
alkynesare equally important in bioconjugation and pé&grucial role in some types of
click-chemistry, thereforare not often used assuitableprecursor for carbonyl synthesis.
Mercuric saltsare sed inat lower pH ranges or hydroborati@xidation to hydrate the

alkyne and prodce the corresponding carbony:247249

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

stability of the final product. Use of toxins and harsh conditions @isse serious
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restricions inthe manufacturing process. There are some general methods reported for the
synthesis of CHE{CH>),-CHO that are discriminate of tineFor instance, while oxidation

of ethylene glycol and acetaldehyde are the preferred methods for glyoxaicfon,
oxidative ring opening of cycloalkene or addition of a vinyl ether to acrolein are often used
to make glutaraldehyd@® Wei-Lin Dai et alhave 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 produeasomnable yields".

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

Scheme3-12 General synthesis of a glutaraldehyde molecule
In amother report acrolein could undergo Dieldder [4+2] cycloaddition with

methyl vinyl ether inthe gasphase to yield 3;4lihydro-2-methoxy2H-pyran. An acidic

work up ofthe reaction would yield glutaraldehytie

3.2 Results andDiscussion

Oy ?

R

Figure 3.5 General structural representation of dialdehyde substrate

The synthesis of alamineconjugatingmolecules in this work are designed to

producea 5membered aliphec structure. Synthesis of a substituted symmetfigal
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carbon aliphatic chaimvith dicaronyl terminal functional groups is not an easy task to
accomplish without sacrificing selectivity, stereochemistry, functionality, yieldand in

somecasessynthetic feasibility.

In addition tothose challengeshere are not many synthetic routes reported in the
literature tceliminate or minimizelifficulties. Furthermore, synthetic protocols are usually
developed to satisfy a need for a highly demandipglication;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 molecuseln addiion to that, proposed synthetic romeistaccount for a
reactive handle group at position &B all substrate models without limiting the
cyclization to a @nembeed ring. A functionalized 8baliphatic molecule with terminal
anelectrophiliccenteron a5-carbon backbone is far more specialized to be found among
the common commercially available optiofi$ie biological exploitation of this work is
focused on a highly specialized application, therefore a novel synthetic route had to be

designed in house ffulfil all the requirements for downstream functions.

A general look at the final structure of a dialdehyde substrate, it becomes evident
thatusinga 5-carbonbackbone precursor is the most convenient approa@n attempt
to seek functional groups that could be converted to aldehydes in high vyields, olefin
becomes the first choice as it offers great reactigitgbility and commercial diversity.
Furthermore, starting from an olefin, two aldehyde groups could be installdw cgame
molecule with a single reaction. Olefin could be easily converted to vicinal hydroxyls that
are excellent precursors tarbonyl groups on the same bhoke.Oxidative cleavage

would thenyield two carbonyl groups that could either stay on #maeschain or simply
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split into two independent molecules. While all other synthetic methods are limited to use
in a fumehood in presence of harsh solvents and reagents, oxidative cleavage could be
easily performed using mild conditions. For this readan,apowerful tool forin-vivo or

in-vitro installation ofthe carbonylgroup on biological molecules like protein, sugar and
artificial amino acid. Alternatively, €could add to an accessible alkene to fonmzonide
intermediate, whiclunder mild reducing environmerdleaves to generate two carbonyl
groups A varietyof reducing agents could be used for this purpageDMS and zinc are

the commonreagents. Oxidative cleavage is also feasible under oxidizing envirament
using BO2 or KMnO4 but both would further oxidizéne aldehyde product socarboxylic

acid.

The laborious procedure of ozonolysis of olefin in some laboratory settings
demandedhe development of more practical methods. Lemiglwhnson oxidation in
1956, inspired by Milas hydroxylation itme 1930s introduced a promising method in

which a combination of two steps could conveniently substitute the need 337>

Mechanim A
0.5 R, (3+2) Ry O\Os’o H,0 R,—_OH
:OS/' [ / O —_—
oo g, Ry ° R,” ~OH
VIII
Mechanim B
o /—\ Rl (2+2) Rl O\ ,’O Rl O\ .0 HZO Rl OH
s | X0 — o
R, R R R,” "OH

VIII

Figure 3.6 Reaction mechanism proposed for formation of vicinal 1,2 diol
through oxidation of an alkene
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During the firststep,the olefin would be converted to vicinal diolansynaddition
reactionusing OsQ;, which could be easily oxidatively cleaved into the corresponding
carbonyl groups. There are sormdisagreementin the order of addition to the Os0
however, experimentalbservationdiave demonstrated the possible mechanism oef 1,3

dipolarcycloadditionor a (2+2)-addition to the metalenter

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 Nal®@to reduce the iodine (VII) tfv), the cyclic iodate ester then undergoes a
reverse cycloaddition, which breaks theCGand forms two separate@ °~ bonds. TF
mechanism is analogous to the second step of ozonolysis with an additional proton transfer
step; it is also quite similar tperiodic acid andeads to atetraacetate cleavage. The
resulting inorganic byroducts are easily filtered and the desired organic carbonyl

compounds are takerpin an organic solverff>2°62>7

R OH yOH R [¢) 0 o)
1 o0 R~ O-1<5nat 1 .
R, “OH O O Na' R, H R, 0 o RY R/ H R, H

Figure 3.7 Reaction mechanism proposed for oxidative cleavage of | 1,2 diol using NalO

While Lemieux Johnson oxidation proved to be an important synthetic rotlein
preparatiorof aldehydes and ketone for biological studies, the4sDs€d in the preparation
of its precursor diol raised serious health concerns. Its relatively loswy affl200 pg/nd
along with its reactivity towards the abundansaturated 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 UpjohCompany that uses a mildeogidant NMO for

re-generation of OsQin a catalytic cycl&®®2>°

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 Ogs@nd NMO as reoxidant

Further improvement of this reaction by K. Barry Sharpless yielded a more
selective and reliable method that would produce enantiopreferred isonfer @tinal
diol in high yields using (DHQ)PHAL called ADmix-U and ¢AHAIQERIRd AD

mix-b chi r &@®2%%2 gands
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Ligand I l\ (
R, Ry
Ligand II v/
HO OH
Figure 3.9 Enantioselective oxidation of an alkene using ARix-U a n eémixAD c hi r al l'igands

Yanget af®3reported a method for conversion of less substituted olefins to aldehyde
without further oxidation to a carboxylic acid. They took advantage of asRa@Gllyst in
their work thatcouldconvert an olefin to aldehyde different solvent systemshe& paper
introduces the use of three different combinations of the catalyst, solvent and other salts
that arespecific for the olefin substrate used. A 3.5% mol RIIAXx one T NN&HCO
CH:CNT2B (1.5:1) is used to generate aromagicehydes RuCki NalOsin 1,2
dichh or o e t@ a(trle Twduld convert aliphatic olefins and RegiMalOsin
CH:C N1 2B (6:1) proves to be the most effective combination for terminal aliphatic

olefin.

2~ _MgBr + L —_— _— EtO OEt

EtO” "H = X
100%/ \Poor Yield

o o
o o 95%
EtO OEt ——»  EO OEt
07 S0

Scheme3-13 A general reaction scheme for synthesis of adC3
substituted dialdehyde substrate using metathesis
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Hutchisorf® in 2006 (Scheme 3-13) reported the synthesis of a &®yclic
malonamide that contains useful information about installation of a chemical handle on
C36 position of a 5 me mhlthough theirstopempfrsynthasis ¢ ar |
stays limited to designing ligands with a binding site feolbck trivalent lanthanide ions,
some of their synthetic steps are a valuable demonstratidhefgeneration of a generic
dialdehyde substrate. Afténe making ofan aliphatic diene, their attempts to convert the
olefin directly to dialdehydépllowed byanozonolysisprotocol, failed to be effective as
it posed some complexities inereducton of the ozonide intermediat€hereforea ring
closing metathesi'as perf ormed using Grubboés 6rut hen

substituted cyclopentemig, whichwas then successfully converted to a dialdehyde.

While synthesis of a dicarbonlyeadjroup itself is not a difficult task, development
of a sustainable athod that would allow fathe furthermultilateral synthesis of a suite of
the substratedbecomes a great challengeargeting 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 @mpetingreactive centers, solvent, solubility, pH, temperature and
concentratiortoncernsare onlya fewexamples 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 nomative molecles. 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 conjugatinglsis t r at e6s behavior and connec

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 saditial 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 produmbking at combined synthetic

routes eported in the literature as well asextensiveexamination 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 SubstrateType A

Earlier in the chapte we introducedhe criteria foran ideal and safe route to
synthesize a dicarbonyl compound with a place holder for a chemical handle at position
C36 A close look at the commercially available precursors containing an alkene within a
5-carbonopen chain or cyclic aliphatic backbone, cyclopentene is an obvious option,
however, lack of a convenient synthetic direction to selectively install a handledat C3

makes it an unsuitable molecule for further reactions.

Synthetically R
challenging

O —

Figure 3.10 General epresentation oynthesis for aC3 substitutionof cyclopentene

A commercially available3-cyclopentenecarboxylic acig an excellent choice,
which offers a carboxylic acid on30and could be used for installation @fariety of

functional groups. Carboxylic acids are not generally considegidy reactive moieties
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but they could be easily translated to other reaatimeters They aresuperbstarting
material for the formation of a robust amide bond, which is an abundant and important
linkage inthe nativebiological system. Conversion of a carboxylic acid to an amide bond
has been studied extensively for its importance in securing a rainmstation both using
organic reagent®” ?’* and enzymatic reactio$’ 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 suscepiibstaotsal
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 conditi

[
-

O, _OH 0. X
Coupling reaction O

X= Nucleophile

Figure 3.11 Cconversionof a carboxylic acid moiety tan amide bond with a nucleophilic
substitution on activated ester

We initially started with using -8yclopentenecarboxylic acid in two separate
model systems, to form amide linkage, with a propylamine and phenethylamine carriers
usingN-hydroxysuccinimide and DCC under alkaline conditions to afford molétarel
5 with reasonable yieldéScheme3-14). The oftenrelative low yields of such amide
syntheses usiniy-hydroxysuccinimidethroughthe generatiorof an activated estgelies
in therapid rearrangements GFacylisouredao a highly stabl&-acylurea. The limitations

and inadequacies of activated esters formed from first generation DCC/EDC coupling
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protocols have been elaboratedietailsin Chapter 1(Figure 1.7). Oxidation of the olefin

to vicinal diol 3 and6 proceeds through a concerted interaction of two oxygens from OsO
with the alkene interfacelhe resulting Emember osmate ester transition state is then
reduced in aqueous solution to generate thediastereoisomesyn(3R,4S)and(3S,4R)
products.lt is evident thathe dialdehydeproduct of the subsequent oxidative cleavage
step performed on the vicinal dioh this reaction does not have any particular
stereochemistry associated with it. Although for this reason, the 1,atiqgioundsould

be isolated in as a mixture dfastereocisomersomeare reportedand characterizeds

isolated products in this work.

0 o ) 0
Bicarbonate 0504 NalO
N-O — » RHN RHN OH 4
\0 RNH, H,0, MeOH H,0, MeOH
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RHN -0
)KQ/ R= \/\NH2 R NHZ
\
\ ©/\/
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N —0 N —0
H H
\ \
(0] (0]
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Schemes3-14 Model reacton for synthesis of substrateypeA

An activated ester wagjenerated using DCCN-hydroxysuccinimide and
bicarbonatein THF. The aldition of propylamine and phenethylamine to the
intermediate affords substradeand7. Substrate Typéis a model molecule that
contains a amide linkage directly attached ttee C3btertiary carbon.
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Following the isolation of1,2 diols, both isomers were oxidized to the
corresponding and7 dialdehyde substrates. Characterization of a dialdehyde molecule is
an extremely difficult task using conventional analytical techniques for the reasons
explained irdetailsin analogoustructuralinvestigationgnd elucidatiof glutaraldehyde
(Section 3.1.2.). Similar to glutaraldehyde, a dialdehyde substrate tend®rto a
hydrated hemiacetal hegiup that is consistent with the presence of some multiplet in the
4.5 to 5.6 ppm region dhe '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.

Aldehydic proton

= 0]
N
oS
Cyclic hydrates
)\ I .
- I | — _ha‘...m‘.uh-__,.-‘._A_l_.. N ] _J [ LN 1
e ——
ppm 10 9 8 71 6 5 4 3 2 1 ¢

Figure 3.12H-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 concean, aliquot of the dialdehyde sample was placed in
a sealed desiccator with® and dried over 48h, howevehe shortest time exposure to
air or saturated water level any deuterated solverd sufficient torapidly hydrate the
sample and rendethe effort ineffective. Based on the information regarding
glutaraldehyde reactivity reported in the literaftife?16:217,225.240,242,243,245.25¢nge
carbonyls that are hydrated @herwise engaged in an oligomeric chaiemain reactive
towards amino groups? Suchbehaviori s demonstrated in glutar
crosslink and immobilize macromoleculesile assuming unresolved structures. This
information gives confidence that there is a promising chéoragialdehyde substrate
also behavesimilarly and readily react with an attacking amino group. Although
characterization of a dialdehyde itself isstaenuous task, formamm of conjugate and

derivativeswill 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 aldition of a primary amine (propylamine) to substrdfeand 7, should
presumably yield an annulated conjugate.
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To investigate the reactivity of molecakkand?, a sactiicial primarypropylamine
was introduced iran organic solvent and reacted for 2Atrigure 3.13). The resulting
conjugates were then analyzed ¥NMR in CDCk to obtain preliminary structural

information.

The obtained NMR spectra of molecutasand7a containa 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 spectruma suggestshe formation of multiplepecies in reaction with propylamine
(Figure 3.14). A very little correlation exists to link the signals with aexpected
structuresn the spectrum. Furthermorhere is no evidence supporting the formation of
any eramine or even imine bonds in this reactigh close look at the structure 4&nd7
substrates, there ia s i n g-pragon to carbonyl that could possibly allow for a
rearrangement into different structures that do not share the same electronics or chemical
properties withe1,4d i hy dr o p y r i-ldydrideeshifr coutddead toAthe formation
of many structures like 1,@ihydropyridine, 2,aihydropyridine and pyridimm ion that

may not produce distinctive signalsii®-NMR spectrum if carrying a charge.

0]

8 RHNJKG
_o Propylamine /// x-No

Figure 3.14 Possible productpropylamineconjugationto substrate Type A
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H-NMR spectrunsuggestsheformationof aspecies that is not consistent with the
structure of a 1,4 dihydropyridin&ince the peaks are relatively undefined and
broad, one could speculate the formation of some forepaflymeror a charged
moiety.

All undesired reactions discussed aboveanly the outcome dheadditionof one
amino group to thelialdehyde;however,the addition of multiple amines to the same
substrate should not be forgotten. Such side reactions aladdfor two amine additions
to carbonylsand engage them ia covalentimine bond. TLC attemptsusing different
solvent systems also producstteaking pattesithat added to the uncertainty of a clean

reaction between sacrificial amine aidldehyde substrate Type A.

Observations obtainddom conjugation, motigted us to examinte substrate in
adetailto 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 nucleophdidgdition of amino group, the aldehydic
peaks at 9.5 ppnvereno longer present. While the characterization of a product by means
of isolation is not practical, such observations suggest a chemical reaction bé&vekn
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 unangbiguou
characterization could reveal invaluable information about the mechanishoelaandorof

dialdehydesystemin bioconjugation contest
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3.2.2 Substrate Type B

Il n an attempt to address the possibilit
proton, a methyli(CHs) was i nst alinlrepldcement offprotpno si t i on
(0] (0]

Alkylation

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

The onsiderableacidity ofthe Uketoproton would allow fotheformation
of a GC bond through alkylation of the dianion enolate.

A carboxylic acid dianion was generated usirautyl lithium in THF at-78, to
which excess methyl iodide was add8dheme3-15). In spite of common over alkylation
react i o rketo paditions, the prduluct of the first alkylation will be a quaternary
carbon that would not suffer from duside reaitons. A simple acidlase separation would
afford productl2 in an exceptionally high yield. Although LDA is a more common base
used for the generation of enolate within therking pka range (121), deprotonation
usingt-butyl lithium was much more efféee in thegeneratiorof thedianion carboxylate
Molecule13is obtainedsimilarly to previous oxidation reactions using Qs@th NMO
in a catalytic cycle to afford twadiastereomeproducts in a relatively lower yield compared
to 3and6. The 1,2diol product should be preferably protected to prevent any competition
with amines during the formation of amide bridéotection ofl3 will generate two
diastereomex14 , henceaninterestingset ofcomplex signalsrise from stereochemistry

of the protecting group and splitting pattern with neighboring nutlalike previous
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routes, atriazole-activating group was used for enhanced efficiency and yield.
Incorporation of a tetrametta/immonium salt in the body of the cdimg activator is a
significant improvement in increasing the yield of securing an abodd. Thenew class
of reagentsis extraordinary replacementfor N-hydroxysuccinimide/DCC or EDC

combination, as they do not allow rearrangemeniké-aaylurea.

(0]
o t-butyl lithim o cat OsO4, NMO (aq) Dimethoxy propane
HO ——— HO HO OH -
Anhydrous H,0, MeOH p-TsOH (cat),

THF, Argon, OH Dry DCM
-78¢

(0]

NN O o
1) TEA, DCM/ACN I dry DCM
HO N, — = RHN
(0] o o (0]
2) HBTU
o

RNH, )(
o)r o
o 0

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

OH \

(0)

Scheme3-15 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 isated and storetbr 6 months with minimum degradation. The
addition of a primary amine to it will rapidly form the amide bond and leave béhind

hydroxytriazole as well as the correspondietgamethylammoniursalt. 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 toadaf the amide toN-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 bbng-termstorage of a stable precursor, which could be converted to

freshdialdehyde in a convenient guistep without any degradations.

Inspecting the NMR spectru(figure 3.16) of 18, it is apparent that thelerance
of the dialdehyde hegdoup towardsheformationof hydrated states drastically improves,

such thatthere are much more resolved signals spread out in the aliphatic region.

(0)
o H
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o
18
/Aldehydic signals
— =t < = =N == Qh e
KW o ok en — Ol D = O 00D
2\ o ey = — — =200 00 8
N o~ N NN —_—o oo
L) | J [

| \ o

| J ) J - J,"“UALM_,N,___‘ A_,!AUV‘“L,',_‘ J‘u‘,‘l M‘ ” ‘|L f’M" 'u‘\ in
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Figure 3.16 *H-NMR spectrum of molecule 18

113



The two distinctive signals 4132 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 theeget w o-kett) diastereotopigprotons that could
contribute to different environments around other nuclei, the presence of two independent
set of CH proton signals could only be justified by a polymeric structure of hemiacetals.
There are also two peaks at 9.65dnd 9.681ppm charaddristic of aldehyde signals.
Although the spectrum presents some cleaner and more resolved signals corresponding to
dialdehyde products, substal evidence of hydrated hegrdup and oligomers are still

persistent at 5.0 to 5.5 ppm region.

In order to adress this concern, similar to previous attempts, an aliquot of the
dialdehyde sample was placed in a sealed desiccator wik @&d 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
appearedo be a tempting approach for purificatitma 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 afibhytiropyridine vith
the dialdehydd8 substrate. As stated before, it is expected fasatherso exhibit some
reactivity towards an attacking nucleophile tbie proper valance. The addition was
conducted in DCM and solution was stirred for 2h, tthesolventwas stipped off and
the samplewas analyzed b¥H-NMR spectroscopy in CD@lThe results are much more
encouraging than previous attempt3ype Asubstrates, as there are maesolvedpeaks

that could helpolvea possible structure. It is evidethiatthe chemical shift of enamine
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bonds are unusualexperiencing a symmetrical environmehgy areusually 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 contributedHgylbne pair of nitrogn released onto the

b p o shatexplains the upfield signal.

o— proton

/

N, L@
B —
G 9
\B—proton

Figure 3.17 Resonance structure of enamine contributing to dpivnfield NMRchemical shift

Looking at the spectrumf 19, the conjugated propylamine to substriethere is
a doublet of doublet between the range of 53024 ppmjE 6.8 Hz); and an unresolved
set of peaks at 5.08.047 ppm jE 6.4 Hz)both chemical shiftare indicative of a set of
nuclei that are not in the vicinity of an electron donor heteroéftagure 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
hemiamnal chain is easily justified by the formation of a kinetic product intermediate that
is rapidly trapped as a stable product, hence would no longer unithergmtropically

favoured process of losingater 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 gbproximately7.5 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 protl,4dihydropyridine, the imine product
is morefavoured inadeuteratedrganic solvent. To investigate whether time wdalcur
complete shift of equilibrium towardeermodynamiémine product, a fresh aliquot @8
was treated with stoichiometrimmount of propylamine and incubated&ongerperiod;

however, the resulting spectrum preseraeitlenticalset of signals.

To better understand the systeam analoguesubstratevas 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 prgogamine. Methylamine was chosen to mimic a slightly less hindered
and more available amine, whiolay eliminate any ambiguity regarding the influence of
larger attacking amines on the syst@igure 3.19). A thorough 1BDNMR and 2DNMR
Correlation Spectroscopy (COSY), Heteronuclear Skgleantum Correlation

Spectroscopy (HSQC) and Heteronuclear Multipend Correlation Spectroscopy
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(HMBC) analysiswere conducted to resolve a possible struct{ifgure 3.20, Figure

3.21, Figure 3.22, Figure 3.23).

Interestingly methylamine reacting with substi22eroduced 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

Substrate22 was treated with methylamine in THF to istigate 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 formatiamn of
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 methylarine 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 substra2@ with methylamineproducean approximately
egual amount of imine and enamine product. AlthdLigiproton NMR is seHexplanatory,
2D-NMR spectroscopy provides essential information about the nature of the protons and
the carbon they are attached to. There spin system and thiegplittern available ithe
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.
Furtherthe2D-NMR spectrum of HSQC in conjationwith DEPT analysigFigure 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 witlopylamine
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Similarly, substrate22 was conjugated to propylamine and theul@&sg products

were analyzed using 2BMR spectroscopyFigure 3.22, Figure 3.23). Although very

analogous results are observed, imine product is far rabumdant 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 relatedheformationof sonme polymeric cyclic hemiaminal

products.
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Figure 3.23 2D-HSQC spectrunof substrate 22 conjugate with profamine

ppm

In order to distinguish between an imine and enamine,l@ovtio further confirm

the abovespeculationswe attempted to take advantage of their differencéehavior in

the reductionreaction. Reduction of an imine bond to the corresponditg hdnd is a

common practice in organic chemistry. While imines are readily reduced in agueous

122



solutions, enamines require certain pH window for the same reaction. Cyclic enamines
suffer even more from such spedalver pH conditions For this reason, any attempt to
reduce a cyclic enamine under neutral conditions would remain ineffectis@ntirastan

imine bondis expected to readily reduce. The conjugate product of subgRakéth
methylamine and propylamine were both exposed to cyanoborohydride in watet pH 7.
and stirred for 1h at room temperat(ffegure 3.24). The NMR spectaobtained from both
reaction vessslcorroborates with the speculations made in complete disappearance of the

imine signals and persistence of signals for the enapaiaksFigure 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 gmdpylamine ligated
products were reduced using sodium cyanoborohydride amdartralcondition in
MeOH. A simple analysis of thi#l-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 oveay of substrate22 conjugations with methylamine
vs reduced products

Upon treatment of the conjugate mixture of substrafe with
methylamine, it is evident that imine peak is collapsed and the enamine
peaks remain intact. This result is highly consisteitlh the expected
outcome of reduction reaction of a simple imine and a cyclic enamine
moiety. Imine products are easily reduced under neutral mild reducing
environmenthowever,cyclic enamines require considerably lower pH
conditions to convert to T bonds.
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Figure 3.26 'H-NMR spectrum overlay of substra? conjugations with propylamine vs
reduced products

Upon treatment of the conjugate mixture of subsgateith propylamine,

it is evident that an annulated product concentration in the form of
dienamine is trivial in the impure mixture thfe analyte The substantial
imine peak is highly suggestive of formation of N=C bond in the conjugate
molecule. Upon trament 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 diengmaakict
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 rapitdic additions. Although imines
are generally more stable than enamines, in the case of an annulated 1,4 dihydropyridine,

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

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

3.2.3 SubstrateType C

In spite of thereasonablemprovements in results and illustration of a successful
conjugation m the previous two model systems, we remained intrigued to address the
remaining uncertainties in the characterization ofptweluct It is believed that reducing
chemical functionality in the vicinity of a highly reactigentercould potentially minimie
the effect of other factors in the fate of conjugate. While amide bonds are pamen
inert androbustin connecting twdoreign structureswe speculated thahey still might
influence the stereochemistry and electroniahemolecule. 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. Theyten participate in chemical reactions only at extreme

temperature and pH ranges; their stability is a¢ssonablat physiological conditions.

Synthesizingsubstrate models that contaimly a snall carrier moiety would
merely satisfitherequirements$or studyingphysical organic criterions, disregarding other
possible modes of characterizations in biological settings. Such limiedir@ctional
approaches would be a waste of time and resouUroethe explained reasojihis timea
lipid-like substate was synthesized to allow for a genuine characterization of amine
ligation, AND demonstration of its ability to deliver amine containing ligands in

biologicalapplication using liposome fusion.
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Synthesis and isolation of molec8 proved to benuch more challenging than
expected due to its low molecular weight and considerably low boiling point
(approximately < 88C) (Schemes-16). The close boiling point dheproductandsolvent
THF in the reductiostepled to a significant loss of the alcohokhedistillation of solvent.

The subsequent alkylation of alcoha@kequired inert and anhydrous conditions, which
demanded a thorough purification from any residual solvents from previous reduction step.
Substitution ofTHF with anhydrous ether ithereduction stepfollowed bythe minimum
amount of aqueous work ugllowed for significant improvementof product yield.
Substrate82 was tested with propylamine to demonstrate its ability to form the expected
conjugate structure, however, it failed to prodacg species characterizablea NMR
spectroscopyTherefore, 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

Scheme3-16 General synthesis of a substrate model Typé

Later in thebiological applicationsye revisited molecul8l, for liposomedelivery
purposesand surprisinglylearnedthat it is competently efficientto deliver amine

containingligandsvia liposome fusionWe learnt that such discrepancies between results
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obtainedfrom abortivepreliminary organic reactions iorganicvessel versubiological
applications couldbe missinterpreted, hence diverge wsvay from many potential

valuable developments.

Althoughat the timepreliminary results of ether linkage failedamduce satisfying
outcome, our last hypothesis towards a promising conjugationeftas be examined in
(Scheme3-17), in which, a lipid like subsaite was synthesized to containedher linkage

as well asamethyl ({CHz) substitutiomat position Ca

Unlike molecule28, the analogous alcoh8B had enough molecular weight and
higher boiling point to be easily isolated and fully characterigaerall, subsequent
alkylation and dihydroxylation products were obtained in reasongbld; however,
alkoxide of 33 is a relatively bty anion and contributes to some product loss via
deprotonation obromododecane anfbrmation of minor E2 products The oxidative
cleavage of 1,2 diol to the corresponding dialdel3@igielded 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 oligoraatsothepossiblenydrated
structuressuccessful conversion of 1,2 diol to dialdehyde is a definitestgmgportedoy

aldehydic signals at 9.83684 ppm(Figure 3.27).
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Scheme3-17 General synthesis of fpid substrate model Typ€-2
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Figure 3.27 *H-NMR spectrum of molecule 36

Following the previous logs; expecting some degree of conjugation to any
variation of dialdehydemolecules we treatedsubstrate36 with propylamine(Scheme
3-18) and examined it withtH-NMR spectroscopySurprisingly, br 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 workwipatsoeve(Figure 3.28).
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Figure 3.28 'H-NMR spectrum of molecule 37

Treatment of molecul87 with propylamine produced a single product
that requires no further purification. Evaporation of excess amine would

result inaquantitative pure and clean product.

This experiment illustrated the certainty of previous speculattbaseven though

dialdehyde head groups could be engageublgmeric or hydratedtructuresa primary
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amino group could still engage them in a reaction to forrdihydropyrdine conjugate
Therefore, the structural and chemical configuration that a dialdehyde molecule assumes

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

A similar molecule was synthesized to improve the-polar interactions of #é
lipid tails and the liposome hydrophobic resid@eheme3-19). 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.
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Schemes-19 General synthesis of a bislipid substrate model Typ2 C

The NMR spectra obtained frod® and 43 both remain consistent with previous

observations from successful ligatiqisgure 3.29, Figure 3.30).
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Scheme3-20 Conjugation of propylamine to dialdehdye substrate 42
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Figure 3.29'H-NMR spectrum of molecule 42
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Figure 3.30H-NMR spectrum of molecule 43
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