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Abstract

Bioconjugation is a powerful technique allowing for the modificatiobiomolecules such
asproteins.Exposed mino acid residues on the surface of proteins act as chemical handles for the
attachment of biomolecules or synthetic compoundiiding polymess, therapeutic agents, and
fluorophores. Protein conjugates are commonly empldyedrug delivery applications, as
molecular probesandin the assembly of biosensaadbiomaterials As these designs become
increasingly complex,new bioconjugation chemiries are needed. In this thesisovel
phosphoroudased bioconjugatiotechniquesvereinvestigated The phosph&lichael addition
and Wittig reactions were the basis of the studied approatheseaction of triphenylphosphine
(TPP) and ris(2-carboxyé¢hyl)phosphine (TCEPYvith maleimideresuls in the formation of a
phosphonium adducthese adductaerefurther usedn the Wittig reactioninvolving aldehydes
containing unigue chemical moieties. A polyaberund TPP resin was also successfully employed
in the solid phase organic synthesis of Witigfin bioconjugation reagents using maleimide and
an assortment of aldehydes for protein rfiodiion. Several functionalized polymsupported

resins were used in a chromatograjftee purification protocol for these reagents.

Five different activatedester Wittig olefin reagents were successfully synthesized and
purified with the solid phase appach. These reagents target residues containing primary amines.
Each reagent was successfully attached to the surface of bovine carbonic anhydrase, the model
protein. Electrospray ionization mass spectrometry (ESI MS) was used to detect these conjugates.
An aminefunctionalized Wittig olefin reagent was synthesized with the solid phase approach for
the siteselective transglutaminase mediated modification of apomyoglabithe apomyoglobin
Wittig olefin conjugate was not detected by B&$, fuure studies will focus on thalesignof an

appropriatéNittig olefin substrate fotransglutaminase



It is contemplated that #rstrateges demonstrated heremay allow for the synthesis of
new molecular probes and therapeutic drug molecules for biomolecularatijopis. Additionally,
the immobilization oknzymesnto solid surfaces and polymsupported resins using our method

may also be employed in the fabrication of naaghlyticbiomaterials.
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Chapter 1.0. Introduction to Protein Bioconjugation Strategies

Bioconjugation is a powerful chemical tool for biomolecule derivatization. This technique
refers to the linkage between twaolecules, at least one of which is a biomoleculgids,
carbohydrates, nucleic acids, and proteins can be modified with a variety of synthetic compounds
including polymers, fluorophores, and drug compounds. From the four classes of biomolecules
listed, proteins have the greatest versatility in terms of size, structure, and fufiétion.
Bioconjugation of synthetic components to proteins results in the creation of bioconjugates with
novel functionalities and properties, depending on the desired appiicBtiotein bioconjugation
serves as a platform for the fabrication of antibddyg conjugates (ADCSs), polymerotein
therapeutic agents, molecular probes for diagnostics, enzymatic assays, immobilization of

proteins, biosensors, and biomateriifs.

Surface amino acid residues, along with theahNd Gtermini of proteins, act as chemical
handles that are selectively targeted for derivatization (Figure@omonly employed amino
acid residues are nucleophilic and include lysine, cysteine, tyrosithehiatiding® Unique
chemical strategies exist for each amino acid side chain. A number of extensive resources and
guides detailing the bioconjugation chemistries of each modifiable amino acid can be found in the

literaturel®13!



Figure 1.1 Amino acid residues available on the surface of a model proteinoiifioation. (Image
credit: Fatima Merza).

Proteins can be genetically engineered to express amino acids at certain positions within
the sequence, which could aid in the usepfcific and targeted bioconjugation technidgiies!
Non-canonical amino acids can also be engineered at a specific position along a protein backbone.
The sitespecific modification of proteins is one of the major challenges associated with protein
bioconjugation chemistry. Depending on the amino acidctegle heterogeneous mixtures of
bioconjugates can arise. These mixtures are typically inseparable. For example, lysine is one of
the most naturally abundant amino acids whereas cysteine is one of the less commonly occurring
residues!®'# Designing a prtein nanoparticle with conjugation occurring at a specific location
on the protein could require cysteine modification or -nanonical amino acids in the
bioconjugation strategy. However, if a greater extent of modification is desired, using strategies

that employ lysine residues is a good chdite.



The second major challenge with bioconjugation strategies involves the use of mild
reaction conditions. The practical utility of a specific nucleophilic amino acid side chain is affected
by the reaction medjand its reactivity towards a given electropHifé Proteins can be sensitive
to changes in temperature, pH, and organic solvents. Typically, agueous buffers are used and the
reactions are conduct eld Althdughlcteemwicalf rebug matemgcanmr e s (
tolerate harsher reaction conditions, care must be taken so that the bioconjugation strategy does
not result in the loss of protein functionality or thidimensional structure. In practice, most
bioconjugation reactions are conductdiologically relevant conditions (around neutral pH) in
order to preserve the structur admneoitysngisi ty o
~1011013.51 However, this pKa can vary depending on the surrounding chemical environment,
allowing for the modification of lysines at physiological p&*"1In comparison, the guanidinyl
group of arginine has a pKa of >12%%5 This amino acid would be a poor choice for
bioconjugation at relatively neutral pHs, as the majority of these residilésevarotonated and
unable to participate in most reactidtts.Therefore, when designing a novel bioconjugation
strategy, the reaction conditions must be accounted for in order to obtain novel conjugates that still
retain their function. The choice did¢ chemical handle must be carefully selected depending on

its intrinsic nucleophilicity and the degree of specificity desired.

While several bioconjugation guides exist in the literature, the research described in this
thesis only focuses on a small seibsf these reactions: the nepecific modification of lysine,
and the chemoenzymatic modification of glutamine residues. In this chapter, bioconjugation
chemistries that are relevant to the techniques utilized throughout this thesis will be presented. Th
chemistry of the two most frequently modified amino acids, lysine and cysteine will be discussed.

A brief discussion on the most common synthetic polymer used for bioconjugation, particularily



for drug delivery applications, is included. Chemoenzymaticdnjugation approaches will also
be discussed, along with the most pertinent bioconjugation applications: the design of molecular

probes, ADCs, protein therapeutics and the immobilization of proteins onto solid surfaces.

1.1. PEGylation of Proteins

An important synthetic polymer that is frequently used in the fabrication of protein
conjugates, particularly for biomedical applications, is polyethylene glycol (PEG). PEGylation
reagents are powerful and versatile tools for engineering protein nanopamd/&somaterials.

The general structure of PEG is shown in Figure 1.2.

AN

Figure 1.2 Poly(ethylene glycol)

Hydrocarbon linkers are not typically used for protein modification as the chain will
undergo a hydrophobic collapse in an aqueous solutie@.i®a flexible and hydrophilic polymer,
and these properties are quite useful for protein bioconjugafivt?! It has been demonstrated
that polymesprotein conjugates containing PEG exhibit greater solubility in certain aqueous
solvents that the proteins may not normally be solubfé#.Similarly, attaching a PEG chain to
a nonpolar synthetic compound ireases the aqueous solubilitytié compound. This facilitates
the conjugation of proteins with watgrsoluble moieties. The length of the PEG chain can affect
the resulting hydrophilicity of a conjugate. However, longer PEG chains may block a second
reagent from attaching to the surface of the protein, if the two potential sites of modification are

in close vicinity!??l



Moreover, PEG polymeprotein conjugates have been used as therapeutic agents since the
early 1990s, although studies concerning thei¢abon of these conjugates have been known
since the 19708%1°1 PEG polymers have been approved for their use in protein therapeutics due
to their nontoxicity, therabi | ity to mask the protein from
increagng its circulation time within the bod§##18192241 |n recent years, alternatives to protein
PEGylation for therapeutic purposes have been explored. In some patieAE Grantibodies
are produced, leading to an immune resp&isBepending on the size of tIEG chain attached
to the protein, PEG can accumulate in the I[k®&Regardless of these challenges, PEG is the only

synthetic polymer approved by the United States Food and Drug Administration for clini€&l use.

One example of the fabrication ofettapeutic nanoparticles is the synthesis of a polymer
protein conjugate that could potentially be used to detect and target melanoma mét4stases.
Ferritin protein capsules were genetically engineered to express melasicytiating hormone
on their sirface, and then decorated with PEG polymer cH&hdhe nanoparticles were
subsequently injected into mice having melanoma. The melanstiytelating hormone
interacted specifically with receptors found on melanoma metastases. The PEG chains iaére cruc

in increasing the retention time and masking the protein from the immune $3/$tem.

The synthesis of reactive PEGylation reagents is complicated by the fact that ethylene
oxide does not have readily reactive functional groups. Nevertheless, $tv€htion reagents
with different lengths, architectures, and reactive groups are commercially available. A procedure
for the synthesis of a variety of PEGylation reagents with common chemical functional groups,
such as activatedsters for the modificain of primary amines, alkynes for click chemistry
reactions, acrylates, and carboxylic acids has been described by et Gylation reagents

can be discrete or polydisperse. Discrete PEGylation reagents (termed dPEG) are synthesized



according to @omplicated synthetic organic protocol, yielding PEG chains with a known number
of ethylene oxide repeating unité. Polydisperse PEGylation reagents are synthesized using

classic polymerization methods such as the anionic polymerization of ethyleieé8xi

The methods described in this thesis primarily involve the use of commercially available
discrete PEGylation reagents for protein bioconjugation. The chemical structure of each reagent
will be given in the three experimental chapters (Chaptd)s2n array of reagents with different

lengths and functional groups were utilized, depending on the bioconjugation method studied.

1.2. Protein Bioconjugation with the Michael Addition Reaction

The Michael addition reaction of thiols and alkenes isaftde most common methods
for cysteine bioconjugation. Sispecific modification of proteins can be achieved with this
chemistry as cysteine is one of the least abundant naturally occurring amind'HEiuscysteine
thiol has a pKof ~ 8.5, makingtione of the most nucleophilic side chain residues of the twenty
canonical amino acid®®Thi s technique can be classed as
the resulting products are typically reg@and stereospecific, high yields can be obtairibd,
production of side products is limited or absent, and the reaction conditions are mild (physiological
pH and temperaturé}> Thiol-ene click chemistry is particularly important in the development
of antibodydrug conjugates (ADS}, but also in théormation of complex nanomateriafg3>3!
In particular, the reaction of maleimides (MAL) with thiols is a wkelbwn bioconjugation
strategy (Scheme 1.1). Maleimides have been reported to be more reactive than other Michael
acceptors, such asrylates or vinyl sulfond$’ However, the hydrolysis of maleimides is a major
disadvantage for this type of chemistry. The subsequent atksmiaining compound is unable to
further react with thiols (Scheme 1.1). If the tlMAL complex has alreadyden formed, the

hydrolytic conversion in an aqueous solution can still occur, affecting the stability of ADCs

6



vivo.® For biologically relevant reaction conditions, this type of hydrolysis is mediated by the pH
of the reaction medium. Ring opening hglysis increases with increasing PHFurthermore,
thiol-MAL complexes are susceptible to thiol exchange reactions, further decreasing the stability
of ADCsB"l The retreMichael reaction has also been reported for these complexes, resulting in
deconjgation®” Due to these unfavourable side reactions, the search for stable alternatives is
underway. Costa et al. used computational methods to study thdtbi@el addition reaction

with maleimide and over forty electrophilic alternati@sHowever they reported that a number

of the electrophilic substitutes were still prone to unfavourable side reactions, along with slower

reaction kinetics compared to maleimide.

Os o Hzoj Os cooH Q4§;COOH

or
(O-sH B N S
\ N _ _ NH
o / “R R|ngope_n|ng I>IH o) Il?
Retro- o hydrolysis O R
Michael
| N-R Thiol-MAL Stabilied bioconugat
complex abilized bioconjugate
0]
Maleimide o
H,0- H (O)-sH
_N s
_ _ R OH ——¢——» No bioconjugate
Ring opening 0 formed
hydrolysis
Maleic amide

Scheme 1.1General reaction scheme for the thiahleimide Michael addition and hydrolysis pathways.
represents any chemical moiety that can be used to modify a protein (green circle).



The phosphdVlichael addition reaction has gained recent interest @ew bioconjugation
technique®® This chemistry has already been wagiscribed in organic synthesis reactitfis.
The reaction proceeds as the nucleophilic phosphine (Michael donor) reacts with the electrophile
(Michael acceptor) (Scheme 1.2). Astlwihe thiolMichael addition reaction, maleimides are
common Michael acceptors for this chemistry. When the electrophile is the same, phospha
Michael addition reactions are kinetically favoured compared to the analogoud/itiaiel
reaction%4%42INucleophilic phosphines are not naturally found in the side chains of the twenty
canonical amino acid residues. Therefore, an electrophilic entity or the phosphine itself must be

installed on the protein prior to bioconjugation.

O R
.. . O N
| N-R + PR} R, @j/\):o
Phosphine R’R .
O (Michael donor) R H
Maleimide .
(Michael acceptor) Phosphonium adduct

Scheme 1.2General reaction scheme for the phosptiehael addition. R represents any chemical moie
that can be used to modify or attach to the surface of a profaigpRsents the chemical moieties on a
triphosphine (alkyl or aryl groups).

Kantner and Watts discovered that trisgboxyethyl)phosphine (TCEP) and maleimides
react to form phosphonium addubf$ The reaction scheme of the TGEAL adduct formation
and the role of TCEP in bioconjugation reactions is given in Chapter 2 of this thesis. The
investigation reported by Kantner and Watts in 2016 was influential in the use of the phospha
Michael addition 6r protein modification. Researchers began to exploit the phddiael

chemistry with TCEP to probe electrophilic moieties on proteins. TCEP is ascdide trialkyl



phosphine containing three carboxylic acid functional groups which serve as aofpoint
derivatization in the synthesis of TCEP analogues. Other phosphines, such as triphenylphosphine

(TPP) are not watesoluble and do not have facile procedures for analogue synthesis.

Vinyl ketones and amides are electrophilic moieties that are not naturally present in the
side chain residues of the twenty amino acids. However, certaktraoskational modifications
of lysine found on histone proteins, such as crotonylation, restitteiiormation of chemical
groups containing these types of functionalitiésThese electrophilic moieties serve as epigenetic
markers in the regulation of gene expres$ifiiRecently, the phospkdichael addition chemistry
has been utilized to probbese postranslational modifications3®4142451 A typical procedure
involves the synthesis of TCEP with a fluorophore, such as dansylcadaverine, or biotin (Scheme

1.3).
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Scheme 1.3General reaction scheme for the synthesis of TCEP analogues. Procedure adapted f
Bos and Muir, 2018°



The carboxylic acid groups are activated with a carbodiimide coupling reagent. The
activated carboxylic acid reacts with a nucleophilic compound in order to obtain the TCEP
analogues. Dansylcadaverine contains a primary amine functional group in itsaltstrature.

A heterobifunctional PEG reagent with a biotin moiety and a primary amine can be commercially
purchased. Biotin and avidin interastrongly to form noncovalent complexes. Avidin, from
chicken egg white, is a tetrameric biebmding protem with four binding sites. Given that the
dissociation constant ¢k equals 16° M for the biotinavidin system, it is one of the strongest
known nonrcovalent interaction$®47 Therefore, it is a good choice to use in the design of a
molecular probe N this way, proteins that are modified with a TG&Btin analogue can be easily

detected and captured when biotin interacts with avidin.

One example of the phospMichael click modification reaction was reported by Lee et
alY An unnatural amino acid containing an acrylamide moiety was installed on the surface of the
protein and subsequently reacted with a dansylcadaviate#ed TCEP (Scheme 1.4). The

fluorescence signal given by dansylcadaverine is readily detected.

O._OH

o]
0 ;/ ' L e 8
HZNJ\/ * OY\/P\/\H/N‘DansyI e HZNWP OH
OH o o) \_>7NH
O \
Dansyl

Scheme 1.4General reaction scheme for the reaction of acrylamide with a ‘Hag&ylcadaverine probe.
Adapted fromLee et af*!

Lysine crotonylation, an important pasanslational modification of histone proteins, was
studied by Bos and Muir using the phosplii@hael reaction with a TCEBiotin analogue
(Scheme 1.5%° Bos and Muir attempted to explain the formation of the catidlichael addition

product, which was also observed by Lee et al. They proposed that the negative charge on the
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carboxyl acid group, which would be present at the pH used in the reaction conditions (pH = 8),

would stabilize the cationic species.

Schene 1.5 General reaction scheme for the reaction of a lysine crotonyl group on a histone prot
with a TCERDiotin probe. Reprinted with permission from Bos and Muir, copyright 2018 © American
Chemical Societ{*”

The phosphaMichael addition shows promising utility in bioconjugation reactions. The
work presented in this thesis aims to develop a novel phospHoasad bioconjugation approach
utilizing the phosph&lichael addition for the generation of phosphoniudducts. These adducts
will be further reacted with aldehydes in a Wittig reaction for the formation of prbésied
conjugates. The Wittig reaction mechanism has been described in Chapter 2, and further work

involving solidsupported phosphines has beesdatibed in Chapter 3.
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1.3. Lysine Modification with Activated Ester Reagents

The acylation of lysine residues using activagsters is a classic bioconjugation tool for
the nonspecific derivatization of proteind. PEGylation reagents containing reactive ester end
groups, such al-hydroxysuccinimide (NHS) or 2,3,5{étrafluorophenol (TFP) are commonly
used to modify the surface of proteins via an amide bond linkage with lysine. While it is a quick
and reliable métod tomodify atarget protein at physiological pH, its general specificity and
lack of control over the number of modifications obtained is disadvantageous for some
applicationd?3! Depending on the size of the molecule that is being attacheid, lsitirance
may result in decreased modification yields due to the random orientation and position of lysine
residues on a protelff] Shown below is an outline of the general reaction of a primary amine with

an NHS or TFP ester reagent (Scheme 1.6).

o}
i gt ?
_N R -
A) Ri—NH, + Rz)J\O}? — R H T+ HO
o) (e}
F F
oF o F
.R
B) Ri—NH, + RZ)]\O F —— Rg)J\H '+ HO F
F
F

Scheme 1.6General reaction of amines with NHS or TFP esters for bioconjugatbnitjuesA)
Reaction of an amine with an NHS est&yReaction of an amine with a TFP esterd@notes a
biomolecule, such as the side chain of lysined@hotes anghemicalmaiety that is to be displayed from
the biomoleculesuch aPEG-biotin.
A large excess of the NHS ester is typically required because thesdngdtetgze readily
in aqueous solutions. The htiifie of the NHS ester decreases rapidly as the pH increases, which

limits their use in experiments requiring basic conditiBh&’ Lockett et al. studied the hydrolysis

rates of NHS and TFP esters afeliént pH condition&€®! Both esters showed a decrease in-half
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life as the pH increased from pH 7.0 to 18°0However, at these pH conditions, the TFP ester

had a longer halife compared to the NHS estéf.

Although TFP esters are lesasceptible to hydrolysis, the NHS ester is still the more
popular choice for experiments involving the formation of bioconjugates through primary amine
groups. This is likely because techniques using NHS esters have beestalished, and a wider
variety of reagents containing the NHS ester are commercially available, circumventing the need

to synthesize the reagentstine laboratory

Researchers studying bioconjugation methodologies have been challenged by the
ubiquitous nature of lysine residuespgrotein sequences. The indiscriminatory modification of
proteins with activatedster reagents can lead to loss of function. Matos et al. attempted to exploit
subtle differences in pKa values between neighbouring lysine residues for the targeted
modificaion of a specific lysine residue within a prot€f Computational methods were used to
identify suitable electrophiles that would selectively target lysine resi6itiéghey were able to
demonstrate the regioselective modification of lysine residutstiae sulfonyl acrylate reagents
that were computationally identified. However, a review by Shadish and DeForest cautions that
this method would not be applicable for a large number of prdtéims.the report presented by
Matos et al., lysines assot@d with the lowest pKa values were modified. Depending on the

protein being studied, these lysine residues may be inaccessible or essential for proteirfftinction.

The research in the Honek laboratory focused on the use of heterobifunctional PEGylation
reagents with an NHS or TF&ttivatedester functional group for modifying lysine residues of
proteins. The second functional group on these reagents was maleimide. This NHR&EGFP

MAL reagent was a starting point for our studies involving the phebkpbhael addition and
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subsequent Wittig reactions. The chemical structures of the reagents and experimental details are

described in Chapter 2 and 3 of this thesis.

1.4. Bioconjugation Chemistry of Aldehydes

This thesis focuses on the development of a novel method for the modificatiariesng
with aldehydes using maleimide and phosphotmased chemistry. The alkylation of lysine
residues with aldehydes in the presence of sodium borohydride is an existing classic
bioconjugation techniqué? Wh e n -anfine of lysine is deprotonatetiacts as a nucleophile
attacking the electrophilic carbon of the aldehyde compound, resulting in the loss of one equivalent
of water. A Schiff base is formed, and sodium borohydride is used in the subsequent reduction

step (Scheme 1.7).

o} H.~.R H._.R
L -H0 c G" NaBHCN N . o
- — ys— —
Lys-NH, + R7"H T +H,0 Lys’N ) Lys’rll‘H 2
] Modified lysine product
Schiff Base

Scheme 1.7Mechanism for the reductive alkylation of a lysine residue with an aldehyde and sodiun
borohydride. R represents any chemical moiety used to modify the protein.

Bootorabi ¢ al. found that the modification of bovine carbonic anhydrase with
acetaldehyde using sodium borohydride resulted in a marked decrease of enzymatic®3ctivity.
They also determined that the isoelectric point (pl) of the protein was decreased, even when
relatively low concentrations of acetaldehyde were used in the reaction. The pl of the unmodified
enzyme was approximately 7.9, whereas the pl
acetaldehyde was found to be approximately®8.8s illustraed by this example, bioconjugation
methods readily affect the properties of a protein. Care must be taken to ensure that the

bioconjugation method does not alter the function of the protein, if its retention is essential.
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Changing the pH of theeaction medium can be used to strategically control the selectivity
of the bioconjugation reaction while maintaining the activity of the protein. The pKa of-the N
t er mi-ammé is 47.8.1% The selective modification of the-N e r mi-ammé carlJbe
achieved due to the differ enc e-amineoflydha(pkaal ues
10) 54561 Chen et al. used reductive alkylation to modify human insulin with a variety of
benzaldehyde derivatives at pH = 64 At slightly acidicpHcod i t i ons, t he- maj or
amine of lysine is protonated and will not behave as a nucleophile. Chen et al. reported excellent
selectivity for this reaction with 99% of the-tNe r mi-ammé derlatize®*! Compared to
acylation of the Nlerminus, thg reported that reductive alkylation with an aldehyde moiety and
a reducing agent resulted in €did increase in the bioactivity of the protéifl. These findings
are significant in a pharmacokinetic context as it is essential to maintain the fuictierapeutic

proteins and peptides.

Without the inclusion of sodium borohydride in the reduction step, one of the major
disadvantages of this reaction is that the C=N bond of the resulting Schiff base is susceptible to
hydrolysis. Bioconjugation reactis with poor hydrolytic stability are not useful or practical as
nearly all manipulations with proteins will occur in aqueous media. Thelifealbf these
conjugates vary dramatically with changes infpHGenerally, the reduction step is necessary to
prevent deconjugation. However, the use of aldehydes as chemical handles on proteins is another
method that can result in stable bioconjugates. Hydraaiae hydrazineontaining compounds
are commonly used as nucleophilic entities (Figure 1.3). The maactechanism between an

aldehyde and a hydrazine is given in Chapter 3.
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Figure 1.3.Chemical structures of common nucleophilic compounds reacting with aldehydes. R rep
any chemical group dag that can be used to modify a protein.

Aldehydes that are installed on theté&tminus of proteins and peptides act as-non
canonical amino acids for sigpecific bioconjugatiof??>>58 For example, Nerminal serine or
threonine residues can bapidly transformed into aldehyde functionalities in the presence of
sodium periodate (Scheme 1%8)>° The major drawback of this method is that sutfantaining
amino acid residues, such as cysteine and methionine, can also be oxidized. To mitigate th

unwanted sideeaction, excess methionine can be added to the reaction mixture.

+ C“) +
Na 0-l=0 H,0
0 NH, |-|o¢|’j o) o]
HO o] HO™ —— HN — H ;
W)\f Peptide g e Peptide
R Peptide (0]
R =Hor CHs

Scheme 1.8Mechanism for the conversion of serine or threonine residues into aldehydes with sodit
periodate.

A nucleophilic entity can beeacted with the aldehye#erivatized peptide shown in
Scheme 1.8. Geoghegan and Stroh oxidized tkerminal serine residue of recombinant
interleukinl U t o obtain an alfdsng kiaireandfhoeophiore @mtaining n d | e .

a hydrazide fuational group, they were able to perform the bioconjugation reaction.
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In another example, Hartmann et al. reported the oxidation of-tenniNnal serine with
sodium periodate for the formation of an aldehtatpyed proteiff! The aldehyde functional
group was subsequently reacted in an aqueous Wittig reaction with al®RLadduct. Further
exploration into aqueous Wittig reactions will be described in Chapter 2. Nevertheless, this
example demonstrates the utility of aldehyde bioconjugate chemistrynjanction with the

phosphaMichael addition reaction.

1.5. Chemoenzymatic Bioconjugation

The catalytic power of enzymes can be harnessed for bioconjugation techniques. In nature,
the posttranslational modifications of proteins are often mediated by s$pemiizymes. The
selectivity of these enzymes is exploited in the-sjtecific modification of proteins. This
technique has been reported in the fabrication of ADCs, polpnoéein drug therapeutics,
immobilized proteins, proteibased nanoparticles, abibmateriald®?5% For example, ligation
reactions are commonly facilitated by sortases, transglutaminases, peroxidases, and
tyrosinase$:%3%% In this thesis, the transglutaminasediated ligation of PE®ased Wittig
products to proteins was alsopdored. Details involving the structure and mechanistic action of

transglutaminase are given in Chapter 4.

An advantage of chemoenzymatic bioconjugation methods is that typical reactions occur
at physiological conditions. Temperatures commonly range #e# °C, and the pH of the
reaction medium is biologically relevadif35¢!However, chemoenzymatic bioconjugation can be
complicated if the enzyme requires a cofactor for its activity. For example, mammalian
transglutaminases require calcium for enzyoadttivity. Without the correct concentration of the
cofactor, the reaction kinetics can be slowed down. The presence of cofactors can complicate the

purification of the final desired product or affect the function of the protein substrate.
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Antibodies are often conjugated with cytotoxic compounds for targeted drug delivery. This
minimizes the potential side effects, which are particularly worrisome in cancer treatments, and
increases the effectives® of the drud”) Chemoenzymatic ligation is a good strategy for the
design of these types of bioconjugates owing to its inherergsgficity. Dennler et al. designed
an ADC with a toxic payload using a combination of transglutamimaséiated ligation and
azide/alkyne click chemistry (Scheme 1) Transglutaminase acts on the glutamine residues of
an antibody to attach an amine and afidectionalized heterobifunctional linker. A toxic drug
compound, trastuzumab, was synthesizéll @ dibenzocyclooctyne group. The strptomoted
azidealkyne click chemistry reaction attached the drug to the antibody, allowing for targeted

delivery of the toxic compound.

HoN——N; Dibenzocyclooctyne
. - with drug
\ / Amine/azide linker \ / \ /
Transglutaminase L
O + g W f N
NH, N3 N

Antibody with exposed Antibody with ADC
glutamine residue exposed azide

functionality

Scheme 1.9Design of an ADC with enzyme mediated and click chemistry bioconjugsttiategies.
Adapted from Dennler et &

The design of novel proteimased networks can also be undertakeh aliemoenzymatic
bioconjugation. One example is the design of a streptabiated scaffold described by
Matsumoto et al, as shown in Figure 1%4.Streptavidin is a biotibinding protein similar to

avidin. Unlike avidin, streptavidin does not contasrbohydrate residues on its surface, which
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contribute to nosspecific binding of proteins and other exogenous molecules. Streptavidin is

derived from the bacteriurtreptomyces avidinii
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Figure 1.4 A streptavidin proteincaffold. A) The addition of a biotinylated fluorophore (yellow) to
streptavidin(blue)with tyrosinecontaining peptide residues (grey). B depicts the biotin mdtyhe
enzymemediated polymerization of the streptavidin scaff@dl.The resulting streptavidin scaffold
functionalized with fluorophores. Adapted from Matsumoto &l

Biotinylated fluorescent proteins were Roovalently attached to the biotinding
pockets on streptavidif?! The scaffold was formed by the horseradish peroxidasalyzed
crosslinking oftyrosinecontaining peptide residu&8l Horseradish peroxidase oxidizes two
tyrosine residues when one molecule of hydrogen peroxide is reduced to form a tyrosyfadical.
The free radical found on the aromatic ring quickly reacts with a secongltyaoécal to form
stable dimers. This chemoenzymatic bioconjugation method formed the covalent crosslinks of the
protein network. In another example reported from the same researchers, sortase A was the enzyme
used for chemoenzymatic crosslinkidg.Polystyrene beads functionalized with biotin residues
were norcovalently attached to streptavidin proteins containing a sortase recognition sequence.

In this recognition sequence, threonine and glycine are found next to each other. Sortase A cleaves
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the peptde bond between these two amino acid residues, and can subsequently link the threonine
carboxylic acid group with the #&rminal glycine amin€ A fluorophore containing a glycine
oligomer tag was conjugated to streptavidin in this fashion. A secotidyated fluorophore was

added to the empty biotioinding sites of streptavidin. The result was a fluoropfionetionalized
polystyrene particle. Both of the examples presented here by Matsumoto et al. can be expanded if
two unique enzymes, insteadfloforophores, were added to the streptavioiised materials. This

would provide the networks or particles with a specific biological function. The fabrication of
multi-enzyme complexes requires different bioconjugation strategies for their specificregtdac

or immobilization onto the protein/polymer networks.

1.6. Immobilization of Proteins

Proteins may be immobilized on the surface of different solid particles or on pelymer
supported resins, particularly in the design of biosensors for diagnosticadiopisl’> !
Bioconjugation plays a key role in the fabrication of biosensors. The sukstiatiéic element,
such as an antibody or enzyme, needs to be immobilized on a solid surface. This can be achieved
through either covalent or navalent attaements. A classic example of a biosensor is the
immobilization of glucose oxidase onto sefidpports, such as gold or silver nanoparticles,
magnetic nanoparticles, or polymeric filffs7% Glucose oxidase is an enzyme that catalyzes the
conver s-Dglacose o Bghuconal-lactone and hydrogen peroxide. Biosensors with
glucose oxidase are important for testing the glucose levels in food and blood sugar monitoring in
diabetic patient§® Glutaraldehyde, a homobifunctional alkane with two aldehydepg, is often
used to crosslink proteins or immobilize enzymes, such as glucose oxidase, ordagadids’®!

Both the solid supports and the proteins have primary amine functional groups that react with

glutaraldehyde for immobilizatiof®!

20



The mmobilization of enzymes is especially practical in chemical and manufacturing
processe¥? "t is expected that enzymes would exhibit improved stability when attached to a
solid-support’® Immobilization allows for the enzymes to beused, and fofacile separation
from the resulting product€! As the density of immobilized proteins or enzymes increases, arrays
or networks may be formed. When this occurs, the proximity of enzymes within an immobilized
array possess enhanced enzymatic activiiy @ substrate channelif§. The sophistication of
these arrays can be further improved by the addition of synthetic molecules, or small peptides,
enzymes, and fluorescent proteins. This is useful in the design of biosensors and enzymatic assays.
Fluorescent entities, or enzymes capable of catalyzing small chromogenic compounds can be
attached to the network in order to obtain a detectable signal. Small proteins or enzymes that are
immobilized to a polymeprotein scaffold will functionalize a scaffolthdt may otherwise be

biologically inactive.

In order to covalently attach proteins onto solid surfaces or polgopmoorted resins, the
supports can be modified to display compounds that react with specific functional groups of amino
acid residue€273 For noncovalent linkages, the use of bietimidin complexes have been
studied’>"3 For example, molecules that contain biotin moieties can beoaaently attached
onto avidincoated solid supports in order to further functionalize the matérfdl.Lu et al.
reported the immobilization of streptavidin proteins onto biotinylated polymer fibres as a starting
point for the fabrication of more complex, bioactive mateff8lsSince streptavidin has four
biotin-binding sites, additional proteins, étdies, and enzymes conjugated with biotin can be
attached to create a novel functionalized material. In this manner, streptavidin acts as the

crosslinker. For example, if a biotinylated antibody was linked to this material, then specific
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antigen capturean occuf®” The entire complex can easily be separated and purified from the

remainder of the mixture.

Immobilization strategies often combine bioconjugation techniques. Zimmerman et al.
used a linear heterobifunctional PEG polymer containing an NH\N&texdester functional group
on one end, and maleimide on the other end to immobilize peptides onto solid surfaces (Scheme
1.10)BY Amine-functionalized glass slides were first incubated with NMSG-MAL. Using
thiol-Michael additionchemistry, sitespecific attachment of the peptides through a cysteine

residue onto the maleimidfanctionalized solid surface was achieved.
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Scheme 1.10Thiol-Michael addition mediated immobilization of proteins or peptides (green circle) o
maleimidefunctionalized solid surfaces. Adapted from Zimmermann &t al.

1.7. Research Obijectives

The bioconjugation toolkit is constantly expanding. As protein engineering becomes more
complex, new bioconjugation techniques are required. Thealbwebjective of the research
presented in this thesis is to expand the diversity of approaches for the phbisipaal addition.
Starting with maleimide as the electrophile, three different approaches will be studied (Figure 1.5).
Chapter 2 will discusthe aqueous Wittig reaction of maleimidased phosphonium adducts with

a watersoluble benzaldehyde on the surface of proteins. Chapter 3 will discuss thpheslél

22



organic synthesis of activatezbterfunctionalized Wittig products for protein biocogption.
Finally, Chapter 4 will discuss the chemoenzymatic bioconjugation of gomegonalized Wittig
products with microbial transglutaminase. While the bioconjugation methodology in Chapters 2
and 3 involve the noespecific modification of lysine resues with activai ester functional
groups, Chapter 4 describes the potential application of our methodology for tspesitiec
derivatization of proteins. It is anticipated that the phosphebased chemistry presented herein
can be used for the imraitization of enzymes on solid supports, or for the modification of proteins

with synthetic molecules (polymers, drug molecules, fluorophores).

1. Generation of Phosphonium Adducts
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o J — ‘,/l\ Ry Yooy, A ~
HN™ e + o oo Ul N Y
N A A S I NN
AN N o °
(f; TN ,O‘,ﬁt/ nofr T
2. Aqueous Wittig 3. Solid Phase Organic 4. Chemoenzymatic
Reaction Between Synthesis of Activated Ester- Bioconjugation of Amine -
Phosphonium Adduct Functionalized Wittig Functionalized Wittig
and Aldehydes Products for Bioconjugation Products

Figure 1.5 An overview of the experimental approaches investigated in this thesis for the developmer
phosphorou$hased bioconjugation method. fRpresents a chemical functional group, such as NHS/TFP
PEG, for attachment to lysine residues.iBpresents thdkyl or aryl groups of the phosphine used.
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Chapter 2.0. The Development of a Novel Phosphorot&ased Bioconjugation
Method

2.1. Introduction

Bioconjugation methods involving maleimide (MAL) are typically used to modify the
cysteine residues of proteilis3® Cysteine residues can be present as disulfide bridges (cystine)
in a protein. It is necessary to first reduce the cystine to the cysteine form so that it may react with
maleimide. For this reduction step, the addition of a thiol, such asretaptoethaol, or tris(2

carboxyethyl)phosphine (TCEP) are commonly used reagents (Figufé-231).
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Figure 2.1 The structures of disulfide reducing agew{s TCEP.B) Betamercaptoethanol.
However, unlike reactions with sulf@ontaining reducing agents, reactions involving
TCEP are dourless and irreversibf! Scheme 2.1 shows the reaction schemes for the reduction

of cystines with both the TCEP ahdtamercaptoethanol reducing agents.
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A major disadvantage in the use of maleimide and TCEP reagents for cysteine modification
is that if TCEP is not completely removed prior to the addition of maleimide, the formation of
MAL -TCEP adducts can lower bioconjugation yidfd$?! Kantner and Wis found that the
reaction of maleimide functional groups with TCEP formed a MIALEP ylene, resulting in a
deadend reactiorf'>#3No further reaction with cysteine would be possibieOur research group
hypothesized that this ylene could in facdeeeloped into a novel set of bioconjugation reactions
employing lysine residues if the lysine side chain could be functionalized so that it displays a
maleimide.Furthermore, our research group hypothesized that the ylene might be utilized in a
possible Wittig reaction on a protein surface. This involves the reaction of an aldehyde or ketone
with a phosphorous ylene for the formation of alkenes. The side proghasphine oxide. The

reaction involves the formation of a cyclic oxaphosphenate intermediate (Scheme 2.2).

o] fe) R

R'N (/i/:PMOH)a . N \/"HA . . //‘é o :)NQ
o P
o]
iﬁw OH/ 7[\\&/ %wa/

[t

o)

R‘N R'N

o R
P H 63«

R, o R, TCEP oxide

O/Pj or oy Wittig oIefln

Ylide Ylene

Scheme2.2. Ylene formation and Wittig reaction mechanism. R represents a functional group that may t
to attach the maleimide to the surface of a proteimepresents any tag that may be used to modify a prote

This proposed novel bioconjugation method might be used to target proteins in order to
display synthetic molecules on thsurfaces. A survey of maleimig#osphorus ylenes in the
organic literature appeared to support our hypothesis, at least for small organic méfe&lles.

Previous synthetic organic studies involved the reaction of a malephmsphorous Wittig
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reagenwith aldehydes to produce a range of drug mole&iféor, in a few reports, the Wittig
reaction of aldehydes on a polynsapported resin containing the yle®e® Although small
molecule Wittig reactions are often conducted in organic solved@s)@es of phosphorotsased
aqueous Wittig reactions can be found in the literdf4f&2°? In the context of protein
bioconjugation, there is precedence for aqueous Wittig reacttofid®? For this bioconjugation
technique, the Merminus of a pptide or protein is transformed into an aldehyde by the addition
of sodium periodate. A phosphorebased Wittig reagent with a specific tag, such as a
fluorophore, or an alkene functional group, is added to the alddbydgonalized peptide or
protein (Figure 2.2).

L P PP o
P O vide ©

S »
,é)\fo H,O/t-BUOH >, 4

=X X 2 hr, 37 °C ’
55333 Ty

Figure 22. Bioconjugation of myoglobin containing antNrmlnaI aldehyde with stabilized ylide
Adapted from Han et g%

Bergdahl ds group report ed tripherylphasphine TBR Wi t t
a n dbrobhoester stabilized ylid® Al t hough Bergdahl és group did
TCEP, TPP can also be used in aqueous Wittig reactions, if it is conjugated with -sokuathé
mol ecul e. Si mil ar ietl he useloh a PERpmrted TR® ugagent omtleer t
aqueous synthesis of Wittig olefii€ | nst ead of mal ei mi de, Janda¢
bromide for the synthesis of the stabilized vy
J an d a pswerg reporied to be stable in watéh%In this chapter, a study of the stability
of MAL-TCEP and MALTPP adducts was undertaken. In order for the Wittig reaction to proceed

on the protein surface, the Wittig reagents must be stable in an agoadion.
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One of the model proteins used in our study of the phosphbasexi bioconjugation
method was a ferritifrom the thermophilic archaedPyrococcus furiosugPfFtn). PfFtn is an
example of a capsule protein and part of the ferritin protein superfafatyitins, like most
capsule proteins, are chemically and thermally robust, allowing for the use of harsher experimental
conditions. The thermostability of PfiFallows it to be heated in a reaction mixture for several

hours at 5660 °C[1941051pPfFtn is able to withstand temperatures as high as 188%C.

The second model protein used in our experiments outlined in this chapter is bovine
carbonic anhydrase (BA). Carbonic anhydrases, such as BCA, are enzymes that catalyze the
conversion of carbon dioxide into bicarbonate ions and play a key role in regulating body
pH.[97.1081 BCA is a monomeric protein with a molecular weight of 30 KA. As a
metalloenzyre, the active site and catalytic activity of BCA involves a zinc ion which is
coordinated with three histidine residues and watét% While BCA is not nearly as
thermostable as PfFtn, its optimum temperature is 60°°¢% Between 60and 65 °C, BCA
shows a rapid decrease in catalytic activity, and above 65 °C, no activity could be di€€&rned.
Variants of carbonic anhydrase that tolerate higher temperatures have been discovered, but they
are not commercially available. One example includesbterial carbonic anhydrase from
Sulfurinydrogenibium yellowstonen$®! The enzymes found from this source are stable up to
100 °C*%l Unlike PfFtn, the activity of BCA can be tested to measure if the bioconjugation
method has had any effect on itgigity. It has been observed by Pocker et al. that estgps of
nitrophenyl, such ag-nitrophenyl acetate and propionate, as well as pyruvate esters, can function

as substrates for BCA*!The activity of BCA can be tested by using one of thesesdste! !

As the thiotmaleimide addition is a common reaction, it was important to choose proteins

that do not contain cysteines so that these amino acid residues do not interfere with our
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experiments. The amino acid sequences of PfFtn and BCA domiain cysteine residues (Figure
2.3B&D). These two proteins have several lysine residues available on their surface, allowing for
the attachment of a heterobifunctional REIBL chain using an activated ester, such as NHS or
TFP (Figure 2.3A&C). BCA coins 18 lysine residues, whereas PfFtn has 15 lysine residues per
subunit, although not all residues are available for modification. To our knowledge, the exact
number of lysine residues and their positions on the surface of a PfFtn subunit have not been

specifically characterized yet.

B)
10 20 30 40 50 60
MLSERMLKAL NDQLNRELYS AYLYFAMAAY FEDLGLEGFA NWMKAQAEEE LGHALRFYNY

70 80 90 100 110 120
IYDRNGRVEL DEIPKPPKEW ESPLKAFEAA YEHEKFISKS IVELAALAFE EKDYSTRAFL

130 140 150 160 170
EWFTNEQVEE EASVKKILDK LKFAKDSPQT LEMLDKELSA RAPKLPGLLM QGGE
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SHHWGYGKHN GPEHWHEKDFP IANGERQSPV DIDTKAVVQD PALKPLALVY GEATSRRMVN

70 80 90 100 110 120
NGHSFNVEYD DSQDEKAVLKD GPLTGTYRLV QFHFHWGSSD DQGSEHTVDR KKYAAELHLV

130 140 150 160 170 180
HWNTKYGDFG TAAQQPDGLA VVGVFLKVGD ANPALQKVLD ALDSIKTKGK STDFPNFDDG

190 200 210 220 230 240
SLLPNVLDYW TYPGSLTTPP LLESVTWIVL KEPISVSSQQ MLKFRTLNFN AEGEPELLML

250
ANWRPAQPLK NRQVRGFPK

Figure 2.3. Structural representations of PfFtn and B@AReactive lysines on the surface of PfEimgle
subunit) PDB: 2JDJ. B) Amino acid sequence of PfFRIDB: 2JD7. Lysine residues (K) in re€) Reactive

lysines on the surface of BCA PDB: 1V9B. D) Amino acid sequence of BCA IPDB: 1V9E). Lysine
residues (K) in red.

Initially, TCEP was chosen as the wasetublephosphine reagent for the formation of a
MAL -TCEP ylene on the surface of a protein with an installed maleimide on its lysine residue. A
second approach to the bioconjugation method involves the organic synthesis of an ylene with the
waterinsoluble TPP aih a heterobifunctional PEG chain containing a maleimide on one end and

an activatecesterfunctional group (TFP or NHS) for lysine modification. Examples of synthetic
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organic studies involving MAITPP Wittig reagents are often conducted in an organic rsplve
such as acetone, and with refluxif®! In this approach, the Wittig reagent can be directly
installed onto the surface of the protein (Scheme 213 Honek laboratory initially studied the

first approach involving TCEP. Experiments involving the second approach were undertaken and

further described in this chapter.

Phosphate buffer
pH 7.4

Mb) )K/\/\)LOH%

o
ICOZH >
Q7 "OH

BCA modified with NHS-PEGA-MAL HO,C COH
TCEP BCA with TCEP ylene installed on
the surface

Acetone

© Reflux, 1h g,
Q Jkg/\oy\/ TI/\’? @ @ e X, e @ A(/\oj»\,rﬁ(\, }\{> Attach onto BCA via

surface lysine residue

el
TFP-PEG4s-MAL TPP R/
TPP-based Wittig reagent with
activated ester functional group

Scheme2.3. Two approaches for modifying a protein with a Wittig reag8hfTCEP addition with maleimide
on BCA protein (blue) in an aqueous solutiBi An activated estePEGTPP ylene synthesized in organic
conditions.

If either approach described was further used to modify the surface of proteins with various
compounds containing an aldehyde group, new types of piodsied nanoparticles or networks
may be formed. A assortmenbf aldehydes existand may be reacted Wit protein containing
the phosphoroubased reagent. In this way, libraries of modified proteins could be constructed for

applications in biomaterials science or for the synthesis of therapeutic protein nanopatrticles.

2.2. Objectives

This chapter outlirethe development and optimization of a novel rratkp phosphorous
based bioconjugation method for protein modification. This approach involves both small
molecule and protein studiell-Ethylmaleimide (NEM), NHSPEG-MAL, TFP-PEG-MAL,

29



TCEP, andwatersoluble aldehyde reagents such as metiREk®&-benzaldehyde (MPEBA)

and AIdPhPEG@COOH will be used for these studies (Figure 2.4). An array of vgaleble TPP

based phosphines, along with TPP itself, were also studied for their potential applicahe

novel bioconjugation method, replacing TCEP as the phosphineré2g4).
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Figure 2.4 Reagents used in development of the novel bioconjugation mé&thdhleimide reagents.
B) Watersoluble phosphine€) Waterinsoluble phosphine®) Watersoluble aldehydes.

The protein studies require the modification of PfFtn and BCA with the-RB&-MAL
reagent through their lysine residues, to which the reducing agent TCEP will be added. The Wittig
reaction of an aldehyde and phosphorous yleneswllsequently modify the surface of PfFtn and
BCA (Scheme 2.4). As the modifications are of a low molecular weight, the electrospray ionization
mass spectrometry (ESI MS) technique will be used in order to characterize the conjugates. As
PfFtn is not commeially available, BCA was chosen as the model protein for optimization

studies. BCA is easily obtained from commercial sources and is readily detected by ESI MS.
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Scheme2.4. Proposed phosphorotissed bioconjugation method on BCA.

If it is shown that BCA can be modified with the two model aldehyde reagents, an expanded
set of aldehydes will be employed for the attachment of new functional groups. The goal of this
approach is to develop a mild bioconjugation method that can be usadjét a wide array of
proteins in order to display synthetic molecules on their surfaces. Several reaction conditions were
studied, including varying the temperature of the reactiondaterminingif the presence of a
strong base is required for theuagus Wittig reaction. If heating and addition of base is not
required, then it may be possible to extend this bioconjugation strategy -tbaerorally stable

proteins.

2.3. Materials and Methods

Proteins Ferritin from Pyrococcus furiosugPfFtn) is notcommercially available. PfFtn was
obtained from a previous student (Dr. Hawa Gyamfi) in the Honek laboratory, who prepared and

purified the protein according to the method outlined in her tHédigovine carbonic anhydrase
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II (BCA) was purchased comnmally from Sigma Aldrich, Canada. Centrifugal filters (0.5 mL)
with a molecular weight cutff (MWCQO) of 10 kDa were purchased from Amicon® Ultra

(Millipore Sigma, Burlington, MA, United States).

PEG reagentsmPEGBA (95%; MW = 268.3 Da) and AldPhPEGOOH (99%; MW = 485.5
Da) were purchased from Broadpharm, San Diego, CA, W&#S-dPEG-MAL (>90%; MW =
513.5 Da) and THAPEG-MAL (>90%; MW = 564.5 Da) were purchased from Quanta

BioDesign Ltd(Plain City, OH,USA).

Maleimide and phosphinehll-ethylmaleimide (NEM; MW = 125.1 Da) was purchased from J.T.
Baker Chemical Co. NJ, USATris(2-carboxyethyl)phosphine hydrochloride (TGEFC| ; 09 8 %;
MW = 250.2 Da), triphenylphosphine (TPP; 99%; MW = 262.3 Da),pkss(fonatophenyl)
phenylphosphine dihydte dipotassium salt (BSTPP; 97%; MW = 534.6 Da), polyethylene glycol
triphenylphosphine (PEGTPP; MW = 3500 Da), anddiphenylphosphino) propionic acid
(DPPA; 97%; MW = 258.3 Da) were purchased from Sigma Aldrich, Canada. -Tris(3
sulfophenyl)phosphine isodium salt (TSTPP; 85%; MW = 568.4 Da) was purchased from

Toronto Research Chemicals, ON, Canada.

ResinsPolystyrenesupporteg-toluenesulfonyl hydrazide PBs-NHNH: (loading capacity: 3.06

mmol/g) was purchased from Biotage (Uppsala, Sweden).

Solvens, buffers and bases Di met hy |l sul f ox i N bdimetByNoBr@mide 09 9. 9
(DMF) Sure/SedM Sigma Aldrich,anhydrous tetrahydrofuran (TH
( MeOH) (099.9%), acetone (099.9%), and sodium
Aldrich, Canada. Ethyl acetate and anhydrous ethanol (EtOH) were purchased directly from

ChemStores (University of Waterloo, Canada)24ydroxyethyl}1-piperazineethanesulfonic
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acid (HEPES), boric acid, and potassium phosphate (KP) were purchased frdroBd&hada
Inc. (Burlington, ON, Canada). For experiments involving phosphines, solvents were degassed by

flushing with argon gas.

Instrumentation The masses of all protein samples were analyzed with electrospray ionization

mass spectrometry (ESI MS) ngia high resolution Thermo Scientifft Q-Exactive (Thermo

QE) Hybrid Quadrupok®©®r bi t rap mass spectrometer, 10 €L/
with 1:1 MeOH:H0O+0.1% formic acid (FA), as the solvent. The masses of all small molecule
compounds desitred in this chapter were analyzed with ESI MS using either the high resolution
Thermo QE instrument (positive mgd®rl%FAO €L/ mi
the low resolution Thermo Scientifi Linear lon Trap (Thermo LTQ) mass spectrometer

(posi tive mode, 20 €L/ mpOw0.1%FAe cti on r at e, 1:1 |

Phosphine adducts were characterized by Phosphorous Nuclear Magnetic ReSoRaxbtR]
using a 500 MHz high resolution UltraShiEYdBruker Spectrometer’P frequency of 202.46
MHz). The rderence standard used was phosphoric aci#@). The pulse program used was

zgpg30 with a pulse delay of 3 seconflee chemical shifts were reported in parts per million

(ppm).

2.3.1. Wittig Modification of PfFtn with mPEG 4BA

Synthesis oPfFtn-MAL conjugatesPf Ft n (0. 076 mg, 0.0036 emol ,
50 mM, pH 7.4 HEPES stock (obtained from Dr. Hawa Gyamfi) and-NPISG-MAL (0.37 mg,
0.7113 emol , 200. 0 eq) from a 0.016 mgC.mL i n
Next, the sample was prepared for analysis with ESI MS. The sample containing the HEPES buffer
and DMSO solvent was exchanged with dd@Husing Amicon® Ultra centrifugal filters with an

MWCO of 10 kDa and five cycles of centrifugation at 10 0@(£0 minutes per cycle).
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Characterization of PfF#MAL conjugates The PfFtAMAL conjugates were subsequently

diluted with the solvent containing 1:1 MeOH:dg0.1% FAThe® | vent (90 eL) wke
to 10 eL of -MALeoludon.lTheseecahjudatleere characterized using ESI MS

(Thermo QE). The final concentration of the PHMAL conjugate solution that was injected was

0.03 M. The resulting spectrum was deconvol u
(version 3.0) software. All subsegpt ESI mass spectra concerning PfFtn conjugates were
analyzed using this software. All of the following samples containing PfFtn conjugates were

prepared for and characterized with ESI MS us

Synthesis of PfF#MAL-TCEP conjugatesA solution of 0.045 mg/mL TCEP in degassed ¢dH
(10 e€L) was added t o-MAL4cOnjugate sotution ia deQassdd deullly P f Ft
distilled water (ddHO). The reaction mixture was incubated overnight at 4 °C. The conjugates

were taracterized with ESI MS using the procedure described above.

Synthesis of PfFtmPEGBA Wittig conjugatesmnPEGBA was weighed out so that a 1:1 molar
rati o of t klene Solutdn te WPEBA Was reacted. One equivalent of 2 M sodium
hydroxide(NaOH) was added. This reaction mixture was heated for 4 hours at 50 °C. A solution
of the PfFtAMAL -mPEGBA conjugates were characterized with ESI MS using the procedure

outlined above.

2.3.2. Wittig Modification of BCA with mPEG 4BA

Synthesis of BGMAL conjugates BCA (2.0 mg, 6.897x1®mmol, 1.0 eq) from a 20.0 mg/mL

in 0.15 M pH 7.4 KP buffer stock and NHIPEG-MAL (0.0708 mg, 1.379x1®mmol, 2.0 eq)

from an 8.5 mg/mL stock in DMSO were incubated in 0.15 M pH 7.4 KP buffer overnight at 4 °C
ina200e L t ot al reaction vol ume. Next, the sampl e

sample containing the KP buffer and DMSO solvent was exchanged witdddithg centrifugal
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filters with an MWCO of 10 kDa and five cycles of centrifugation at 10 0§@20 minutes per
cycle). The BCAMAL conjugates were subsequently diluted with the 1:1 MeOH:x@#9.1%
FA solvent until the concentration of the sample was in the rangeloD 1l &arid then
characterized with ESI MS (Thermo QE). The resulting spectrum was deconvoluted with the
Thermo Scientific BioPharma Finder software (version 3.0). All subsequent ESI mass spectra
concerning BCA conjugates were analyzed using this software. Aheofollowing samples

containing BCA conjugates were prepared for and characterized with ESI MS using this procedure.

Synthesis of BGMAL-TCEP conjugatesBCA-MAL in ddH2O (1.48 mg, 5.103x1®mmol, 1.0

eqg of BCA protein in the reaction) and TCEP (0.734¢, 0.002551 mmol, 50.0 eq) from 6.4

mg/mL in degassed ddB wer e r eacted toget hgr(total reactbd 4. 3 ¢
volume). Unreacted TCEP was removed from the reaction mixture using centrifugal filters with

an MWCO of 10 kDa as previously deked. The BCAMAL-TCEP conjugates were

subsequently characterized with ESI MS as previously described.

Synthesis of BGAMPEGBA Wittig conjugates The solution containing the BCKMAL -TCEP

ylene was reacted with mPEE&A using four different reaction condins:

Reactionlaa BCA-MAL-TCEP (100 €L, 0.0067 emol , 1.0 eqg
mMPEGBA (0.1347 mg, 0.5028mol, 75.0 eq) frona 0.67 mg/mLstockin DMSO, and 1 mM
NaOH (0.0067 emol, 1.0 eqg) we ol reatom\voltineedat t o g et

50-60 °C for 4 hours.

Reactionlb: BCA-MAL-TCEP (100 €L, 0.0067 emol, 1.0 eq o
MPEGBA (0.1347 mg, 0.5028mol, 75.0 eq) frona 0.67 mg/mLstockin DMSO were reacted

i n 207.,0 (tataLreadtidnHolone) at 5660 °C for 4 hours.
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Reaction2as BCA-MAL-TCEP (100 €L, 0.0067 emol , 1.0 eq
MPEGBA (0.1347 mg, 0.5028mol, 75.0 eq) froma 0.67 mg/mLstockin DMSO, and 1 mM
NaOH (0.0067 gemol, 1. 0 ddlbQ (totalereacion vaume) ateabm i n 3

temperature for 24 hours.

Reactior?b: BCA-MAL-TCEP (100 €L, 0.0067 emol, 1.0 eqg o
MmPEGBA (0.1347 mg, 0.50285mol, 75.0 eq) from 0.67 mg/mL in DMSO were reacted in 207.7

e L dQd(ttal reaction volume) at room temperature for 24 hours.

BCA-mPEGBA Wittig conjugates obtained in reactiobha, 1band2a, 2bwere prepared

for analysis and subsequently characterized by ESI MS as previously described.

2.3.3. Wittig Modification of BCA with AIdPhPEGsCOOH
Synthesis of BGMAL conjugatesThe BCAMAL conjugates were prepared according to the

procedure outlined in Section 2.3.2, using double the amounts listed.

Synthesis of BGMAL-TCEP conjugatesTo the solution containing BGMAL conjugaes,

TCEP (2.8 mg, 0.009767 mmol 0 wa9addd. &hg yeaction 100
proceeded at room temperature for 2 hours. The amount of TCEP to be added was calculated
assuming 100% of the initial amount of BQ¥ss retained in the reaction nbixe to ensure that

this reagent was in excess. After reaction completion, unreacted TCEP was separated from the

reaction mixture using MWCO 10 kDa centrifugal filters as previously described.

Synthesis of BGAIDPhPEGCOOH Wittig conjugatesThe addition of AIdPhPEG@COOH is
described according to the following three reactions. All amounts were calculated assuming 100%
of the initial amount of BCA was retained in the reaction mixture to ensure that AldRGREE

was in excess:
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Reaction3a: AIdPhPESCOOH (6.7 mg, 0.0138 mmol, 100.0 eq) was added to the solution
containing BCAMAL -TCEP conjugates. The reaction was incubated at room temperature for 24

hours in 300 €L ddH

Reaction3b: AIdPhPEGCOOH (6.7 mg, 0.0138 mmol, 100.0 eq) was added to aheien
containing BCAMAL -TCEP conjugates. The reaction was incubated overnight at 40 °C in pH 8.3

0.15 M tricine buffer in a tot al vol ume of 70

Reaction3c. AIdPhPEGCOOH (6.7 mg, 0.0138 mmol, 100.0 eq) was added to the solution
containing the BCAMAL -TCEP conjugates. The reaction was incubated overnight at room

temperature in pH 9.0 0.15 M borate buffer with a total volume of 1.0 mL.

The final BCAAIdPhPEGCOOH conjugates from reactios-c were prepared for and

analyzed by ESI MS as previouslgstribed.

2.3.4. Optimization of the Wittig Reaction using NEM and mPEGBA as Model Compounds

o i

o o
N H 4a-d N i
Do + P OH/3 + o e N . o=p OH
o/\)’ ~ 3
NEM TCEP 4 (¢] \ /Q(O\
(o} Y

MPEG.:BA oxidized TCEP
NEM-mPEG.4BA Wittig product
Scheme2.5. Wittig reaction with NEM, TCEP, and mPEBA as model compounds
Reactiorda: NEM (0.8730 mg, 0.0070 mmol, 1.0 eq) from 13.4 mg/mL in degassefDJdiCEP
(2.0 mg, 0.0070 mmol, 1.0 eq) from 21 mg/mL in degassed@dHPEGBA (9.4 mg, 0.0349
mmol, 5.0 eq) from 19.7 mg/mL in degassed gdHand 1 M NaOH (0.0349 mmol, 5.0 eq) were
reacted together overnight at room temperature. The amounts of reagents and reaction conditions

for reaction4b were identical to those desceilh for reactiorda, except that 1 M NaOH was
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excluded. The reaction mixtures were not purified prior to characterization with ESI MS. High

resolution ESI MS (Thermo QE) was used to characterize the reaction mixture.

Reactiomc: NEM (0.8730 mg, 0.0070 mmdl.0 eq) from 13.4 mg/mL in degassed d@HTCEP

(2.0 mg, 0.0070 mmol, 1.0 eq) from 21 mg/mL in degassed@diere reacted in a 0.15 M pH

7.4 KP buffer for 1 hour at room temperature
eL of 19. 7GsBAn/degassechdt®®® was added to 224TGER cont s
conjugates. This solution (350 e€L) was remove
remaining 350 gL wa 60 °%C éeactior)dExtraction with ethyd acetes at 5
was used to separate the product from the buffer in order to prepare the compound for
characterization with ESI MS. Reactiofrsand4d were rinsed with ethyl acetate (3 x 1 mL), and

the ethyl acetate fractions were pooled in a round bottom flask. thijleagetate was removed

with rotary evaporation under vacuum. The resulting compounds were characterized with high

resolution ESI MS (Thermo QE).

2.3.5. Computational Determination of pKas for Phosphonium Adducts

MAL-MSTPP (ortho) MAL-MSTPP (meta) MAL-MSTPP (para) MAL-BSTPP

Figure 2.5 Chemical structures of phosphonium adducts for pKa calculations.
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The structures shown in Figure 2.5 were drawn in Maestro (Schrodinger LLC) and
minimized using the default OPLS4 forcefield. The pKa values were calculated using the Jaguar
pKa Module (Schrodinger LLC) using default settings. The sulfonate groups wevagisat for
these calculations. The MSTPP label refers to3t@phenylphosphino) monobenzenesulfonic

acid compound.

2.3.6. WaterSoluble TPRBased Ylene Formation with NEM

2 | }
5a; 5h: IS 5c: i@

.
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5a-c g S 3 o o
NEM PR3 o o ‘ i \\D @\p/@ \/TP
\\5 S//
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ylene

BSTPP ) PEGTPP
TSTPP
(3500 Da)

Scheme2.6. Ylene formation with NEM and watesoluble TPPbased phosphines.
Reaction5a: NEM (1.0 mg, 0.0080 mmol, 1.0 eq) from 13.4 mg/mL in degassedQidiid
BSTPP (7.4 mg, 0.014 mmol , 1.7 eqgq) werd react

degassed ddi®.

Reaction5b: NEM (1.0 mg, 0.0080 mmol, 1.0 eq) from 13.4 mg/mL in degassedQidiid
TSTPP (8. 02 mg, 0.012 mmol , 1.5 eq) weofe reac

degassed ddi®.

Reaction5¢c. NEM (0.25 mg, 0.0020 mmol, 1.0 eq) from 13.4 mg/mL in degadsétO and
PEGTPP (3500 g/mol) (10.5 mg, 0.0030 mmol, 1.5 eq) wergackagernight at room temperature

i n 9 @f@legasted ddiD.

Characterization of reactionsa-c with ESI MSHigh resolution ESI MS (Thermo QE) was used

to characterize the reaction mixture for reactida® without any purification. Reactiobc could
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notbe successfully characterized by high resolution ESI MS due to the molecular weight dispersity

of the PEGTPP compound.

Characterization of reactionSa-c with 3P NMR Small amouns of BSTPP, TSTPP, PEGTPP,
NEM-BSTPP Ba), NEM-TSTPP bb), and NEMPEGTPP %c) were dissolved in degassed

ddH0 and then characterized usitt§ NMR (202 MHz).

2.3.7. Waterlnsoluble TPP Ylene Formation with NEM

.
H 2 "
Ri: CHCHs  or \ ™y Mtrod 2o .
o] F

TFP-PEGs-MAL

maleimide PRy 6a. 6b: P{*C:>) 6c: P{<C:>L
’ . 3 ‘<—/

ylene HO
TPP ©  DPPA

Scheme2.7. Ylene formation with NEM and waténsoluble TPPbased phosphines.
Reaction®a-c were all conducted in degassed HRg§@de acetone, with refluxing for 1
hour. The experimental conditions fiie MAL -TPP ylene synthesis were obtained from Jung et

al., Kaur et al., Luo et al., and Brackman €&l

Reaction6a: NEM (15.3 mg, 0.122&hmol, 1.0 eq) and TPP (29.3 mg, 0.1117 mmol, 0.9 eq) were
weighed out under argon in a 5 mL round bottom flask and dissolved in 2 mL degassed HPLC
grade acetone and refluxed at 50 °C for 1 hour. After 1 hour, acetone was removed with rotary

evaporation ta@oncentrate the solution.

Reactioneb: TFP-dPEG-MAL (24.2 mg, 0.0923 mmol, 1.0 eq) and TPP (52.6 mg, 0.0932 mmol,
1.0 eq) were weighed out under argon in a 5 mL round bottom flask and dissolved in 2 mL degassed
HPLC-grade acetone and refluxed at 50 °€C Xdhour. After 1 hour, acetone was removed with

rotary evaporation to concentrate the solution.
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Reaction6c. TFP-dPEG-MAL (18.6 mg, 0.0330 mmol, 1.0 eq) and DPPA (9.4 mg, 0.0364 mmol,
1.1 eq) were weighed out under argon in a 25 mL round bottom flakkliasolved in 1 mL
degassed HPLQrade acetone and refluxed at 50 °C for 1 hour. After 1 hour, acetone was removed

with rotary evaporation to concentrate the solution.

Characterization of reaction$a-6¢c with ESI MS Reaction6a was characterized with g
resolution ESI MS (Thermo QE). Reactidsts, 6cwere characterized by low resolution ESI MS

(Thermo LTQ).

2.3.8. Determining the Stability of TCEP and TPP Ylenes in Water

Stability of NEMTCEP in agueous solutiom CERHCI was dissolved in degassed dfHand
immediately analyzed witA'P NMR (202 MHz). NEMTCEP was prepared as follows: NEM
(22.2 mg, 0.1774 mmol, 1.0 eq) and TCEP (50.8 mg, 0.1774 mmol, 1.0 eq) were dissolved in 2
mL degassed ddi® and the reaction mixture was kept at raemperature. After 2, 4, 6, 24 hours

and one week (five time points total) of the NEMLEP reaction, a small sample at each of these
time points was analyzed B NMR in degassed ddB as the solvent and low resolution ESI

MS (LTQ).

Stability of TPPbased ylenes in aqueous solutiddnreacted TPP, along with NEVPP and TFP
dPEG-MAL -TPP (as prepared in Section 2.3.7, reactGamnd6b, respectively) were dissolved

in degassed anhydrous DMF for analysis VithNMR (202 MHz). TFRIPEG-MAL -TPP was
dissolved in 5% anhydrous DMF in dd@ and the mixture was left on the bench for 2 hours at
room temperature. A sample of this mixture was analyzed #MNMR after 2 hours and the
remainder of the sample was left on the bench for 24 hours. After 24 toeirsample was

analyzed again with'P NMR.
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2.4. Results and Discussion

2.4.1. Wittig Modification of PfFtn with mPEG sBA

This project has focused on developing a new bioconjugation method for the lysine
residues of proteins using maleimide, TCEP, andldehgde. Previous efforts by a graduate
student (Fatima Merza) in the Honek laboratory to analyze the commercially available horse spleen
ferritin protein using ESI MS were unsucces$fti.However, PfFtn is able to be analyzed using
this technique. Fitsa control spectrum of the PfFtn protein subunit was obtained (Figure 2.6). In
order to obtain the mass of the unmodified subunit, the resulting spectrum was deconvoluted with
the Thermo Scientific BioPharma Finder software (version 3.0). All other spas$ra for protein

modification presented in this section were analyzed with this software.

100 21374.81 —21172‘20\ o
90 'x:.i,\;ﬁ;f‘ Gl
80 i '
£ 70 Single unmodified
S 4 PfFtn subunit
N 0= 21403.38
o - raLl
2 50
s |
& 40—
30+ 30920.59
20 1572040 21313.13 21629.54 31558.03
10 — | 21470.99 /
] 10677.28 | 21301.18 JE:.’J___ZZZBBN 32023.74 36206.47
0 o At SR BRE Sny SR SRgE Shde SRdn SN | T T T T T T Y T Y T
10000 15000 20000 25000 30000 35000 4000
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Figure 2.6. ESIMS of an unmodified subunit d*fFtn(scanned image). Subunit in turquoise.

The mohsmass of a PfFtn subunit is 21372 Da. The mass of the unmodified PfFtn subunit
will be used to determine if modifications occurred in the following steps. The first step was to
modify PfFtn so that it display@smaleimidegroup The molar mass of the re8af modification
with the NHSPEG-MAL reagentequals399.5 Da.
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Figure 2.7. ESIMS of a PfFtn subunit modified with NHBEG-MAL.

Figure 2.7 shows the modification of a PflRubunit with the maleimide analogue. The
masses of a single subunit modified with one and two maleimides are 21772 Da and 22171 Da,
respectively. There also exists a mass peak at 21376 Da, which also corresponds to an unmodified
PfFtn subunit. Next, the Pfn-MAL adduct was reacted with TCEP to form the ylene. The results

of this reaction are shown in the following mass spectrum (Figure 2.8).
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Figure 2.8. ESIMS of a PfFtn subunit modified with NHBEG-MAL -TCEP.

The mokcular weightof this modificationequals649.7 Da. The mass at 22021 Da
corresponds to one modification of a subunit of PfFtn. Another mass, found at 22671 Da,
corresponds to two modifications of the PfFtn subunit. Some of the-Riktnadduct did not

react with TCEP, and this peak is shown igufe 2.8 with a macular weighof 21771 Da.

Lastly, the PfFtiMAL -TCEP ylene was reacted with mPfBa. The final molar mass of
a single modification with the aldehydqual$67.3 Da. The results of this modification are shown

in Figure 2.9.
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Figure 2.9. ES MS of a PfFtn subunit wdified with NHSPEG-MAL and mPEGBA.

The two main mass peaks in Figure 2.9lacated aR1371 Da and 22036 Da. The first of
these two mass peaks corresponds to an unmodified subunit of R#&s . peaks corresponding
to unmodified subunitare expected to be foumu all of the mass spectra presented because the
full extent of modification vas never attempted with the NHIPEG-MAL reagent. The second
mass peak at 22036 Da corresponds to the mass of a subunit with one modification with the
aldehyde. Using the ESI MS technique, it was shown that this novel bioconjugation method is a
promisingnew strategy that could be used to modify PfFtn. However, PfFtn is not a commercially
available protein. Therefore, BCAvas usedas a model protein for studying the novel
bioconjugation strategy as it is commercially available and it is also able toamiihktgher

temperatures, although not to the extent that PfFtn can tolerate.

2.4.2. Wittig Modification of BCA with mPEG 4BA
The protein BCA was used for subsequent studies of the novel bioconjugation method. As
with PfFtn, BCA was first modified with NHEPEG-MAL and then TCEP to form the ylene

conjugate on its surface (Figure 2.10A & B, respectively).
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Figure 2.10. ES mass spectra of BCA adified withA) NHS-PEG-MAL and B) PEG-MAL -TCEP.

BCA in blue.

In Figure 2.10B, BCA with one PEGVIAL -TCEP conjugate can be observed. Since this

ylenecould be characterized by ESI MS, the next step was to conduct the Wittig reaction with

MPEGBA as the watesoluble aldehyde on the surface of the BCA protein. Four different

conditions were attempted for this modification step. Readtiafiers to the Wittigeaction with
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BCA- PEG-MAL -TCEP conjugates and mPEEA at 501 60 °C for 4 hourswith reactionsla
and 1b referring to the reaction with and without a base, respectivhaction2 refers to the
Wittig reaction with BCAPEG-MAL -TCEP conjugates and mPEH&A at room temperature for
24 hourswith reaction®2a and2b referring to the reaction with and without a base, respectively
A 75-fold molar excess of MPEBA to the amount of BCAvas used for all four reactionsaOH

(2 mM) was used for the base reacis. The spectra foeactionsla-b, 2a-b, and the chemical

structure of the modiéid BCAare shown in Figure 2.11K, respectively.
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Figure 2.11. ESI MS of BCA modified with mPE(BA. A) Reactionla B) Reactionlb. C) Reaction?a
D) Reaction2b. E) Structure of BCA modified with AIdPhPEGOOH.
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The expected molar mass of a single modification of BCA mith E48 Ais 667.3 Da. In
each spectrum shown Figure 2.XDAthe peak that appears to correspond to the modification
with this aldehyde is seeat 2968 Da (1.5 Da) These results would indicatkat the Wittig
reaction may proceed in an aqueous solution either at room temperature for 24 hours;68r at 50
°C for 4 hours, with or without base since all four spectra are identical. Altheolbgse may be
added in many organic Wittig reactions, itsmMaot known if the addition afneequivalentof 1
mM NaOH would have any affect on the aqueous Wittig reaction. The amount of NaOH Ahdded (
mM) is quite low,since0 . 06 7 € mo | o f inBhE Peactiva mixtyreB@Ahasmiany
ionizable amino acid de chain groups on its surface, and it would be likely that the small amount
of base would react with some of these side chain groups instead of contributing to the Wittig
reaction. Based on these experiments, woul d appear t hatocteheed Wintdteil

mild (i.e. no heat or base) aqueous condition

't i s important t o FRigute@.1ltcénaot corclhseelgnfpneifct r a s |
the Wittig reaction proceeds in agueous conditions on the surface of BCA. The expeared mol
massof a single modification of BCA witP E &M A L-T C EdRuals649.7 Da. A sodium adduct
of this conjugate would have an expected molasschange of 649.7 + 23 = 672.7 Da. This is
approximately 5 Da different from the expected change withmtReE.B A r e@@g@nt 3 Da) .
Given that the resolution of ESI MS f or prot e
di fferentiate between such | ow mol ecul ar wei g
p e a k Figure 2.11 correspond to BCAREGSGVMALTCEP *%*ad\dauct s. Sampl e
commonly ionized with protons, sodium, and po
section (2.4. 3) describes t hwatsealdu b li € a tail are h

AldPhPEGCOOH. This reagent is larger tnenPEGBA (MW = 485.5 Da versus MW = 268.3
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Da, respectively). Experiments with AldPhPE®OH will help determine the reproducibility of
the aqueous Wittig reaction. The modification of BCA with this reagent will not overlap with the

observed mass of theCBA+P ESVALT CEP *a dMa ct .

2.4.3. Wittig Modification of BCA with AlIdPhPEG ¢COOH

BCA was modified first with NHSPEG-MAL, and then TCEP was added, as described
in Section 2.3.3. The mass spectra obtained for each modification step are identical to the spectra
shown in Figure 2.10 in Section 2.4.2. As it was confirmed by ESI MS that the Wittig reagent was
displayed on té surface of BCA, thAldPhPEGCOOH reagent was reacted with the BCBEP
conjugates in ddkD, at room temperature for 24 hours, without base (rea88pr his reaction
was meant to replicate the reaction conditions of the BE&-MAL -TCEP conjugates wh
MPEGBA. ESI MSanalysidead to the conclusion theéte Wittig modification did not occur with
this reagent under these conditions (data not shown). The next re8t)iovaé conductedt pH
8.3, 40 °C, overnight to test if milder temperatures (compdo 5060 °C tested with mPEBA)

would result in a successful Wittig reaction on BCA (Figure 2.12A).
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Figure 2.12. ESI spectra oBCA modificationwith AIdPhPEGCOOH.A) Wittig reaction at 40C overnight at
pH 8.3.B) Structure of the BCAAIdPhPEGCOOH Wittig product conjugate.
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The expected molar mass change for the modification of BCAARhPEGCOOH is
868 Da. The mass differenbetween 29025 Da and 30308 Da in Figure 2.12A is in agreement
with this expected modification. Since the reaction condition8lod0 °C, overnight) may be
harsh for many proteins, resulting in the loss of their structure or function, this bioconjugation
method is not necessarily applicable for many proteins. This is particularly concerning for the
synthesis of protein therapeutic agents, as the bioconjugation method may impact the protein
structure and render it ineffectual for drug delivery applicatiting/as therefore necessary to
optimize the Wittig reaction so that a variety of proteins may be modified with aldehydes using
this chemistry. The next reaction with BG#ene conjugates and AldPhPEGBDOH was
therefore conducted at pH 9.0, overnight,cairn temperature (reacti@t). The modification of
BCA with theAl d Phe®PE@GH r eagent was not observed with
order to further study opti mal conditions f
experi ments mHEBEBA NEM eanudndert aken. NEM i s a |
NH&®I PE®AL, making the use of small mol ecul e re

The next sections describe these experiments

2.4.4. Optimization of the Wittig Reaction using NEM and mPEGBA as Model Compounds

Small molecule model reactions with the inclusion or absence of base were attempted in
order to test ifa base is required for the reaction to proceed. Reactiaasd 4b were onepot
reactions where NEM, TEP, and mPEGA were reacted together at room temperature in
degassed water. Reactida had five equivalents of NaOH relativettte equivalents of NEM in
the reaction, whereagactiondb did not include the base. The resulting mass spectra are shown
in Figure 2.13AB. Both reactiongic and4d were tested in a potassium phosphate buffer solution

(pH 7.4) to mimic a protein reaction. Reacsalt and4d were conducted at room temperature
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overnight and at 560 °C for four hoursrespectively These reactions wereonductedto
determine if heating is required for the reaction to progeeal buffer solution at pH 7.4. The
resulting mass spectra are showrFigure 2.13€D. Prior toESI MS analysis the buffer was
removed with washes of ethytetate, where the organic fractions were pooled together and
evaporated. It was anticipated that the product would be extracted in the organic phase. The
agueous phase was saved for each of these two reactions and pooled together in case further

analysis was required.
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Figure 2.13.ESI MS of NEM, TCEP, and mPEBA small molecule reaction#) Reaction in ddkD at room
temperature with 5 equivalents of NaO#). B) Reaction in ddkD at room without baset). C) Reaction in
KP buffer, pH 7.4, room temperatudc). Insert: mass spectrum obtained from m/z =13850 Da.D)
Reaction in KP buffer, pH 7.4, 880 °C. (4d). Insert: mass spectrum obtained from m/z =13880 Da.
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In all four spectra shown in Figure 2.13, the predominant peak is unreactedsBWEG
(269 Da) along with the sodium and potassium adducts of this molecule (291 Da and 307 Da,
respectively). In Figure 2.13B, the NEMCEP ylene adduct is observed at 376 Da. One of the
disadvantages of utilizing ESI MS is that ion suppression of analytes can occur in complex
mixtures containing more than one unique analyte. Comparison of peak intensities cannot be used
to determine if a reaction was successful, or if one analyte is piaseigreater proportion than
another. One possibility is that the unreacted miE2Gcompound is suppressing the Wittig
product when analyzed with ESI MS. With this taken into consideration, each reéetionas
analyzed with ESI MS when the scan rangeswhanged to m/z = 38®0 Da in order to exclude
the unreacted mPEBA adducts. The two reactiods and4d producedthe NEM- mPEGBA
compound as the peak at 378 Da corresponding to this Wittig product was observed (MS inserts
seen on Figure 2.13D). This suggests that if the mPE&A compound was removed entirely
from the reaction mixtures prior to analysis with ESI MS, the desired product would likely be
observed. Another possibility concerning reactidnsand4d is that the majority of the desired
product was retained in the aqueous phase during the ethyl acetate rinses. In an attempt to mitigate
these two problems, a polystyresigpported aldehyde scavenging respataluenesulfonyl
hydrazide bound on polystyrene beads) was applied to the sampkspooidting to reactiortc

and4d. The saved aqueous fractions for these two samples were also analyzed.

A threefold excess of the resin was added assuming that 100% of the BRE&agent
was unreacted to ensure aldehyde removal. After 1.5 hours abretite with the resin, the resin
was washed with dichloromethane and the fractions were collected and evapg&itédS
analysis was conducted, and the removal was not completely successful as the unreacted aldehyde

was still observed by mass spectrométiata not shown). The aqueous fractions from reactions
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4cand4d were evaporated separately to obtain the solid containing the buffer and possible Wittig
product. This solid was rinsed three times with ethyl acetate, and the organic phase was extracted,
pooled together, and the solvent was removed with rotary evaporation. It was anticipated that, if
no water was present, the product would be soluble in ethyl acetate, while the buffer salts would
remain as an insoluble solid and would not enter the argduaise. The two samples were analyzed

with ESI MS, but the peak corresponding to the product was not observed, and the 376 Da peak

corresponding to the NENICEP ylene was the predominant peak (data not shown).

The challenge with small molecule systems tfee Wittig reaction optimization versus
using BCA is that it is difficult to separate the buffer and unreacted materials from the final product
other tharby employing a method such as chromatography. As BCA is much larger than the buffer
salts and unreded small molecule components, they can easily be sepénagreexclusion
filtration. Temperature changes (room temperature versus heatingst*&l), and the addition
or exclusion of a base were studiddr the reaction ofBCA with mPEGBA and
Al 8 PEGOOH. The reactions were unsuccessful wund
no base) f@OOKI|I aPhtPliEES al dehyde. ThBA parneds eNfEcM ¢
TCEP in the small molecul ecoeaaetrisons swggdet i

The next step was to determine if TCEP is an appropriate phosphine to use in the Wittig reactions.

2.4.5. Computational Determination of pKas for Phosphonium Adducts
The second step shown in the Wittig mechanism in Scheme 2.2, Section 2.1, shows that

the following compound needs to be deprotonated in order for the Wittig reaction to proceed:

K O

Figure 2.14. Wittig reactionintermediate structure.
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Depending on which ligands are present orpiesphine (R R, and R), the pKa of the
circled proton will vary. A number of different phosphines were chosen to be studied for their
effects on this pKa value (Table 2.1 below). The compounds were drawn in Maestro (Schrodinger
LLC), and after minimizaon with the OPLS4 forcefield to obtain the lowest energy compounds,

the theoretical pKas were calculated using the Jaguar pKa module (Schrodinger LLC).

Table 2.1.Theoretical pKa values for various phosphines and their chemical structures.

Theoretical pKa

Phosphire Name Phosphine Structure (+1 pKa unit) Notes
o 0 Commercially
TCEP R 9.05 available, water
b ' soluble
O~ "OH
. © Commercially
‘ .
MSTPP (ortho) == 512 available, water
@/ \© soluble
e Not commercially
available, water
MSTPP (meta) Q) 6.53 coluble
0 o°

5 Commercially
MSTPP (para) QT 7 69 available, water

@ ' soluble

Commercially
available, water

BSTPP @ 6.42 soluble

Y \\O //\e
\/ Commercially
° \@ available, water
TSTPP | \\\/o@ 558 soluble
S
@ Commercially
TPP 5.12 available, water

@ P\© insoluble
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Although the theoretical method does not provide the exact pKa of the compound, it is
expected to provide information on the trend in the pKa change with molecular striittere.
calculations indicatethat the structure with NEM and TCEP would yield the highest pKa value.
Taking into account the inherent error of the computational calculations (£ 1 pKa unit), the use of
TCEP as the phosphine still results in the highest pKa value. It is possiblethiwattthe addition
of an excess of strong base and/or high temperatures, the Wittig reaction would not proceed with
TCEP as the phosphine in an aqueous solution with maleimide. This is consistent with the previous
studies outlined in this chapter. The mlegoal is to develop a bioconjugation method that is
amenable to a variety of proteins. High temperatures and strong bases may denature proteins. If
TCEP is not an appropriate phosphine for this bioconjugation strategy, then other phamghines

availabe.

The remainder of the structures have lower theoretical pKa values. These are all aryl
phosphines. It should be notiditfor the watersoluble sulfonated phosphines, the sulfate groups
had to be protonated for the computational calculation to proteesh aqueous solution, these
sulfate groups would be deprotonated. Therefore, the experimental pKa would likely be different

than the computational pKa values obtained, and there is an inherent error in the calculation.

TPP and MSTPP (ortho) have thevist calculated pKa values (pKa = 5.12). However,
TPP is completely watansoluble, and not a suitable phosphine for an aqueous Wittig reaction,
unless attached to a watarluble component, such as PEG. The two phosphines BSTPP and
TSTPP are watesolubke aryl phosphines with pKas lower than TCEP. They were the two
phosphines from Table 2.1 that were purchased commercially. The next section describes the

reactions of NEM and these watmluble phosphines.
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2.4.6. WaterSoluble TPP YleneFormation with NEM

Before the Wittig reaction can proceed with an aldehyde, it is imperative to determine that
a Wittig reagent is being formed. NEM was reacted with three different-aa@ligsle phosphines:
BSTPP, TSTPP, and PEGTPP (reactidas, respectively). The higresolution ESI mass spectra
are shown in Figure 2.15.
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Figure 2.15. ESI MS ofNEM and wateisoluble phosphine adducts) Reaction of
NEM with BSTPP B) Reaction of NEM with TSTPP.
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It should be noted that NEFRREGTPP %¢) could notbe successfully characterized by high
resolution ESI MS due to the molecular weight dispersity of the PEGTPP compound. For both the
NEM-BSTPP 6a) and NEMTSTPP bb) reactions, the adducts of both compounds were observed
at 623 Da and 674 Da, respectively. Specifically, the mass at 674 Da corresponds to the NEM
TSTPP adduct with a formate counterion, which is contributed by the formic aitid solvent
used for ESI MS. The mass at 128 Da is common to both spectra. It correspoNds to
ethylsuccinimide, the reduced form of NEM. The presence of this compound could potentially

indicate the instability of the NENMBSTPP and NEMI'STPP adducts in an aqueous solution.

Given that high resolution ESI MS poses challenges, such as ion suppression
difficulties with determining the presence of an NEMEGTPP adduct, another technique used to
characterize these compounds W4 NMR. This analytical technique was used to determine if
the phosphoroubased compounds are unreacted, oxidized, ondém a carbon, depending on
the chemical shift of the phosphorous. The samples were dissolved in degasséd atdH
immediately analyzed withtP NMR. The*!P NMR spectra are given in Appendix A. A summary

of the chemical shifts is given in Table 2.2.
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Table 2.2.3'P NMR chemical shifts fothe unreacted PP analogues and the NENMPP phosphonium

adducts
Label Chemical Structure Chemical s hi
BSTPP @ 7.11
\/O/\Qf
N s
D -6.49
; 6.13
NEM-BSTPP Q% 28.21
M Q 36.10
/\/ 36.34
Wi
/Q
R -5.8082
TSTPP SR -34.4316
oL
~N -3.49
NEM-TSTPP TZC@ s
Q/@
I
@
e 35.78
PEGTPP oL o 35.962
é 36.140
@ 37.93
NEM-PEGTPP ] OO 38.08
oo
¥¢U©F 38.85

The 3P NMR chemical shifts for the NEMREGTPP adduct and unreacted PEGTPP
suggests that the NEIMEGTPP adduct was not formed as the chemical shifts for this compound
are identical to the shiftsforthenr eact ed phosphi A38.85pmmftcannotd ( U
be conclusively said if this chemical shift corresponds to oxidized PEGTPP or not. For NEM
BSTPP, the unreact ed -7B5gpM)Rs stil presant in thd yleselsample, (U

indicaing that the phosphine has not fully reacted to form the adduct. There are twpeztker
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present inthe NEMBSTPP samplati = 28 . 21 p p-36.34pprd. It 8 likely tHatghe 1 O
oxidized BSTPP corresponds to the highest chemical shift. Similarityy e act ed -3BS TP P
ppm) was observed for the NEMSTPP sample. The second c¢hemi
ppm) is similar to the oxidized BSTPP chemical shift, and similar to the unreacted PEGTPP
chemical shift, although it cannot be conclulnatated if this corresponds to oxidized TSTPP or

the NEM-TSTPP adduct.

By ESI MS, both NEMBSTPP and NEMI'STPP form adducts, while the NEREGTPP
mass could not be determined. 89 NMR, the NEMBSTPP adduct is seen, whereas the NEM
PEGTPP adduct isoh formed, andhe formation oNEM-TSTPPis inconclusive Based on these
experiments, the best watssluble aryl phosphine to use for future Wittig reactions would be

BSTPP.

2.4.7. WaterInsoluble TPP Ylene Formation with NEM

The twowaterinsoluble phosphines, TPP and DPPA were also studied for their potential
use in the Wittig reaction for protein bioconjugation. Although these two phosphines are insoluble
in an aqueous solution, it is possible to first form the ylene with orgamditams using a
heterobifunctional PEG reagent containing an activated ester on one end and a maleimide on the
opposite end. The phosphine will be more watduble due to the PEG group and the ylene can
be attached directly onto the protein lysine nesglthrough the activated ester. Three reactions
were done ga-c) with one equivalent of the maleimidentaining compoundand roughly
equivalent molar amounts (0191 eq) of the phosphine were mixed together in acetone at 50 °C
for 1 hour. Acetone was chosen as the solvent as all the compounds were soluble in it. Acetone
will not hydrolyze the activated ester group and éasily removed with rotary evaporation. The

resulting mass spectra are shown in Figure 2.16.
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The molecular weights of the products from reactiéas are 388 Da, 827 Da, and 823
Da, respectively. In Figure 2.16C, a mass of 567 Da was also observed, corresponding to the
reduced maleimide (succinimide) structure of the unreactedPERR-MAL reagent. A mass
corresponding tdN-ethylsuccinimide was also observed by ESI MS for the NESTPP and
NEM-TSTPP compounds described in Section 2.4.6. The presence of the succinimide compounds
suggests that hydrolysis is occurring. The reduction oeimadle to succinimide is irreversible
and phosphines cannot further react with these compounds. The resulting oxidation of the

phosphines is also irreversible.

Conjugation of both the TFPEG-MAL -TPP and TFHPEG-MAL -DPPA adducts with
BCA using a similaprocedure as outlined in Section 2.3.2 was attempted. The resulting mass
spectra obtained with ESI MS are identical to the mass spectrum shown in Figure 2.10A. The TPP
or DPPAbased ylenes were not conjugated to the surface of BCA successfully. Onlysgesma
of unmodified BCA and BCA modified with TFPEG-MAL were seen (data not shown). The
reduction of maleimide to succinimide results in a mass difference of 2 Da. Unfortunately, low
resolution ESI MS used for protein characterization does not havehahaugh resolution to

distinguishbetweerthese two species.

The stability of ylene adducts in an aqueous solution is an important question to answer
before proceeding with the Wittig reaction. If the ylenes are not stable in an agueous solution, then

the Wittig reaction with an aldehyde cannot proceed as we have hypothesized.

2.4.8. Determining the Stability of TCEP and TPP Ylenes in Water
The stability of the NEMICEP and NEMTPP compounds in water was studied with
NMR. A sample of NEMTCEP was pgpared in degassed dgbland the reaction was conducted

at room temperature. The ESI MS ali# NMR spectra were acquired at 2, 4, 6, 24 hours, and
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one week after the reaction was started*A NMR spectrum of unreacted TCEP in degassed
ddH.O was also olaiined (Appendix A). The low resolution mass spectrum of the NENMP
compound after one week in water is shown in Figure 2.17 below. The peak corresponding to the
NEM-TCEP adduct (376 Da) is present after one week. The spectra obtained at 2, 4, 6, and 24
hours are identical to the spectrum shown in Figure 2.17 and are given in Appendix A.
Furthermore, th&'P NMR spectra obtained show that this adduct is still stable in water and present
at each of these time points. TH® NMR spectra are given in Apperd. The chemical shifts

obtained from thé'P NMR spectra are recorded in Table 2.3.
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Figure 2.17. ESI MS of the NEMTCEP ylene after one week in dg]
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Table 2.3%P NMR chemical shifts for unreacted TCEP, &EM-TCEP after 2, 4, 6, 24 (hours) and
week in ddHO.

Label Time after reaction start (hr) Chemical sh
TCEP 0 16.47
17.86
2 36.00
40.61
16.61
39.12
39.33
39.53
16.60
39.11
6 39.33
39.53
56.83
16.60
39.12
24 39.33
39.53
56.83
39.10
39.31
1 week 39.51
56.81
57.07

NEM-TCEP

The chemical shift of uranddweespresedtatbldlieBmewa s U
points except for one week after the reaction started. At this point, all of the unreacted TCEP has
fully oxidized (U0 = 56.81 ppm). -T@GEPcheduct!l (
39.1039.51 ppm)werepresentat all the time points, indicating that this compound is stable even
after one week in water. The signal corresponding to the NEBEP adduct is consistent with the

3P NMR data reported by Kantner et“dl.

The stability of TFPPEG-MAL -TPP in ddHO was detemined by*!P NMR at 2 and 24

hours. InitiaP*P NMR measurements of unreacted TPP, NBRP, and TFFPEG-MAL -TPP in
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degassed, anhydrous DMF werenducted The measurements obtained in DMF were used to

compare the chemical shifts obtained once the compounds were dissolved in water (with 5% DMF

to ensure solubility) as it is not expected that DMF would hydrolyze the ylene!fFH¢MR

spectra corresponding tach of these samples are given in Appendix A, and the chemical shifts

are summarized in Table 2.4.

Table 24. 3P NMR chemical shifts for unreacted®® NEM-TPP, and TFPPEG-MAL -TPP in DMF

and ddHO.

Label

Solvent

Time point (hr)

Chemical s
(ppm)

hif

TPP

DMF

0

-5.59

NEM-TPP

DMF

-5.58
9.98
11.58
11.78
25.49

TFP-PEG-MAL -TPP

DMF

-5.57
11.68
13.00

TFP-PEG-MAL -TPP

ddH0O

-6.16
35.35

ddH0O

24

-6.16
35.35

The

each of the samples studied. The NEMP P
which is identical to the signal for the THEG-MAL-T P P

ppm). However, even after 2 hours of FFEG-MAL -TPP n ddHO, the signals corresponding

to this

signal

adduct

correspondishPppm and thisignabveas seench TP P

compl etely

adduct has

a c HeMipmpna l

sampl e i

di sappear,

n -1DAd F

and

s hi

(U

onl vy

signals were observed. The signal for oxidized TPP is in agreement with the signal reported by Pal

et all**¥ Therefore asdemonstratetly the 3'P NMR experimentsthis compound is not stable in
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water. TPP and the aryl phosphines cannot be used to modify proteins in the novel bioconjugation

method.

The stability ofthe maleimide and phosphorctissed ylenes for an alkyl phosphine in an
aqueous solution has been previously reported by Kantnkf&fTaey studied the stability of the
NEM-TCEP adduct and the reaction of NENS(hydroxypropyl) phosphine (THPP) in water. Our
data on the NEMICEP adduct is in agreement with Kantner et al. They did not observe hydrolysis
for this compound, but thedid observehe reduction of NEM td-ethylsuccinimide for th&lEM-

THPPreaction?!

The DPPA phosphine studied in Section 2.4.7 was chosen as it contains two aryl ligands
and one ligand that is identical to the TCER&uUre. We hypothesized that a MALPPA adduct
would be more resistant to hydrolysis than the other-b@¥d phosphines because the NEM
TCEP compound is stable in an aqueous solution, while maintaining the low pKa that the other
aryl phosphines providéSection 2.4.5). However, this compound appears to be susceptible to
hydrolysis as welby ESI MS(Figure 2.16C). To our knowledge, studies on the stability of NEM
and various aryl phosphines in water have not been published. Pal et al. describe troenoRsipr
conversion of maleimides to succinimide in methanol with refludfThe proposed mechanism

for the hydrolysisof theNEM-TPP adduct in methanol is shown in Scheme 2.8.

R O) N \,LW N 2 oxidized TPP 0
N 0 5 —_— H* ) /\%
SO HOL :
3 Me\o :) 3 MeOQ™ 3 N-ethylsuccinimide
|
H

Scheme 2.8Proposed mechanism for the hydrolysis of an NERP compound in a protic solvent (methano
Adapted from Pal et &%

NEM
TPP
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Furthermore, Pal et al. postulated that any protic solvent, such hamaktcontributes to
hydrolysis via the proposed mechani&tfi.Pal et al. reported that the MALPP compounds are
stable in aprotic solvents, which is in agreement with our observations when dissolving the

compounds in DMF.

2.5. Conclusions

The objeatve of our studies was to develop and optimize a simple phosphbases
bioconjugation method involving a Wittig reaction for the modification of proteins with aldehydes.
NHS-PEG-MAL was used to modify the lysine residues of PfFtn and BCA sdltleat proteins
display a maleimide on their surface. Most protein studies were conducted with BCA as it is
commercially available, unlike PfFtn, and is readily characterized by ESI MS, which was the
technique used to characterize the protein conjugatesseTproteins were chosen due to their
stability at elevated temperatures (up to 120 °C for PfFtn and 60 °C for BCA). TCEP was the
phosphine used and mPEEA was the watesoluble model aldehyde for the Wittig reaction.
Initially, it appeared that the Witfireaction on the surface of these two proteins was successful,
when the reaction mixture was heated abB(FC for four hours at pH 7.4. Further studies with
BCA, NHSPEG-MAL, TCEP, and mPE@A were undertaken to determine if heating and the
addition ofa base was necessary for our proposed Wittig bioconjugation method. Attempts to
replicate these reactions and to obtain a B@itig product conjugate in this fashion with
AldPhPEGCOOH as the aldehyde were unsuccessful, except for the reaction atfFiC & 3.

As many proteins may be thermosensitive, and sensitive to additions of strong bases, small
molecule studies involving NEM, TCEP, and mRB@& were undertaken to determine the most
optimal reaction conditions. The reactions at room temperatungitralit the addition of a strong

base were unsuccessful for this small molecule system. However the DEGE® Wittig reaction
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under basic conditionmight find usefor nonprotein molecules ithe future and could possibly

be employedn materials resealn.

The pKa of various phosphonium adducts were calculated computationally. The pKa of
NEM-TCEP was 9.95, which was significantly greater than the pKa for different-INERbased
structures (pKa = 5.12.69). It was decided to proceed with weageluble ayl phosphines
(BSTPP, TSTPP, and PEGTPP), along with watsoluble aryl phosphines (TPP and DPPA) and
NEM or TFRPEG-MAL. These compoundgexcept for NEMPEGTPP)were successfully
characterized with high resolution ESI MS. Masses correspondigtia/Isuccinimide were also
observed?!P NMR was used to characterize the phospbased compounds. When THPEG-

MAL -TPP was dissolved in 5% DMF in dgbl for 2to 24 hours, the signal corresponding to this

adduct disappeared. Instead, signals correspomalimgreacted and oxidized TPP were observed.

Although NEMTCEP s stable in water (as characterized by ESI MS%®NMR for up
to one week), NEM and aryl phosphines are not stable in an aqueous solution. Therefore, based on
our experiments, the aryl pfghines studied are not appropriate for our proposed phosphorous
based bioconjugation method. The ylene would hydrolyze rapidly on the surface of the protein and
the Wittig reaction with an aldehyde would not proceed. Since the-NEEP ylene structure has
a high pKa (calculated computationally), our experiments suggest that the Wittig reaction will not
proceed unless heated at@® °C. This is not amenable for thermosensitive proteins, especially if
they are to be used in the design of protein therageWRietaining the structure and function of
the protein is important for this type of application. Chapter 3.0 will discuss a new approach to the
phosphoroudased bioconjugation method involving the rdsased synthesis and purification of

Wittig olefin products.
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Chapter 3.0.Solid Phase Organic Synthesis and Purification of Wittig Olefins
for Protein Bioconjugation

3.1. Introduction

Solid phase organic synthesis (SPOS) is used for thethighghput generation of small
molecule products. SPOS particularly useful in the pharmaceutical industry, where large
numbers of chemical libraries need to be prodifi¢&d® This technique involves the use of solid
supports, or resins, which are functionalized with reactive chemical groups for faglitatin
synthetic organic reactions. Polystyrespported (PS) resins are the most commonly used solid
supports for SPOS as polystyrene is chemically inert and easily functior&itZéti Other types
of solid supports, such as cellulose, or hydrophilic Rfa€ed resins have been repoRté&in

this chapter, a methodology describing the SPOS of Wittig olefins will employ PS resins.

Polystyrenesupported triphenylphosphine (H®PP) is an example of a rediound
reagent used in the SP@® various reactiongnd chemical transformatiof¥8:?!! Previously
reported applications of the PP reagent include its use in Wittig reactions, Mitsunobu
reactions, Staudinger reactions, and halogenation reati¢hs?*'5! A number of procedures
for the preparabn of the PSTPP resin have been report&tf2126IThe polystyrene supports are
typically prepared by the free radical copolymerization of styrene and divinylbenzene as the
crosslinker!?41261 The molar ratio of the monomer and crosslinker will @ffthe degree of
crosslinking, which will influence the porosity of the resin and the availability of the chemical
functional groups as a function of the type of organic solvent employed. The lithiation-of a 4
bromopolystyrene solid support, followed b treaction of chlorodiphenylphosphine yields the
PSTPP resin®® 1?1126 grtunately, the PSPP resin is commercially available, and typically does

not need to be prepared in the laboratory.
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A procedure for the onpot synthesis of Wittig olefins using a commerciallailable PS
TPP resin, TFFPEG-MAL, and various aldehydes will be described in this chapter. Using the
PSTPP resin bypasses the need for the removal of oxidized TPP, which is often difficult to
separate from reaction mixtur€$12%1The maleimide stdng material (TFFPEG-MAL) will be
captured by the REPP resin, forming the soklidound Wittig reagent. It is hypothesized that a
Wittig olefin product will form and will be released from the resin when an aldehyde reacts with

the solidbound phosphorauylene (Scheme 3.1).

/ N 2 O, -
*-'\ Y P + ﬂ “’*’ ﬁ ‘ H \fﬂ\) + _ { (.‘ ‘ P /@ b;_/
. A oo N AN L N . y
[L,,;;- \” F I 0" T 0.4 (|Jr 6 H R r | J'I\{/ Dj"\/ \[(\/
S L.
PS-TPP TFP-PEG4MAL Aldehyde Oxidized PS-TPP TFP-functionalized Wittig

olefin product collected in
filtrate

Scheme 3.10nepot synthesis of a TFRInctionalized Wittig olefin product using the H®P resin.

Furthermore, it is anticipated that the desired product will be easily separated from the resin
by filtration, avoiding tedious and timeonsuming chromatographic methods. The filtrate
containing the desired product will be cotlsd and the solvent evaporated to obtain the solid crude
product. The product will have an activéitesterfunctional group (TFP), which is expected to

modify the surface lysine residues of proteins such as BCA (Scheme 3.2).

Scheme 3.2Expected BCA bioconjugation reaction with surface lysine residues and-au&nalized
Wittig olefin product. BCA in blue. R represents any chemical moiety or tag that is used to modify the pi
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Previous studies by Bayat et al. report theaisePSTPP resin for the synthesis of Wittig
olefins using maleimides and a variety of aldehydes in good y¥él&ieber et al. reported the
procedure for the fabrication of a PE@sed TPP resin in order to facilitate Wittig reactions in
aqueous medi*?® Otherwise, polystyrensupported resins, such as-PBP, require a nepolar
solvent like toluene or dichloromethane to swell the resin, ensuring that the chemical functional
groups are available for reactiBff! Tetrahydrofuran (THF) can also beed as the solvelt”

Our procedure for the synthesis of a HieRctionalized Wittig olefin will utilize ethanol (EtOH)

and THF in equal parts as the solvent. Yan et al. have previously reported that an aqupotis one
Wittig reaction involving TPP (ee reagent) and maleimides can be conducted in etf&hol.
Although the MAL-TPP ylenes studied in Chapter 2 were determined to be unstable in water, Yan

et al. suggest that a protic solvent, such as ethanol, is necessary for the proton shift inthe MAL
TPP ylene formation mechanism to occur without heating or a strondt¥46rir methodology

avoids the use of a strong base because it may catalyze the reaction of ethanol with the TFP ester,
forming the ethyl ester of the bioconjugation reagent. #were to occur, the Wittig olefin could

not be attached to the surface of BCA via its lysine residues.

Furthermore, this chapter discusses the development of a chromatefyespmethod to
purify the TFRfunctionalized Wittig olefin products using PSires. There is precedence for the
use of solidbound reagents in the purification protocols of peptide and small molecule
productd!t612412¥2ITh e se r eagent s ar eandRfetl eema suesde dt eicnh nti hgeu
the desired product is capturedh the resin'® The resin is rinsed to remove unwanted
compounds. Next, the product is subsequently released from the resin and collected in the filtrate.
The same reagents may also be used as scavenger resins. A scavenger resin consists of a polymer

bound functional group that is capable of selectively reacting witprbgucts, impurities, or
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unreacted materials. An undesired compound is sequestered by the scavenger resin. The desired

product is obtained in the filtrate when the reaction mixture cangaihe resin is filtered (Scheme

3.3).
A)
Filter to remove | y
A
(B 4 o CHE 4 o i giC
A ficatec A compounds , fiRel eas

A | - ‘ —— OEE
(HE 4o, 13 s,

= o —E Filter resin and
{ A A \ A 4 | ‘ obtain desired

—E —E compound

. - Solution only contains
Solution containing unwanted compounds resin with fcaught o
and functionalized resin that <can ﬁC%Iési?eB@bmﬁonh’h&
desired compound

B)
({3 4 5 R m B
= A Scavenge = Filter =
(Hs 4g — (HY " ] D
m K O
=" o3 e )

Desired compound is

Solution containing desired compound and collected in the filtrate

functionalized resin that can scavenge
unwanted compound

Scheme 3.3Functionalized resins in purification protocoly.i CatantRe | e a s e 0 B} Seavdngei
resin technigue. The functionalized PS resin (grey circle and grey linker), desired compound (blue squ
undesired compounds (red triangle, yellow cirele depicted.

Several examples involving the use of scavenger resins exist. &guisaeported the use
of a PSTPP reagent for the removal of small molecule products containing an azide functional
group!*®¥ Musonda et al. utilized a polystyresapportedp-toluenesulfonic acid (R$sOH)
reagent to remove amine containing compoussls part of their purification protocol for the
design of an antimalarial drdtf® Porcheddu et al. described the use of a polystysapported
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isocyanate resin (RBocyanate) for the simple removal of secondary amines in the assembly of a
chemical ibrary of formamidines, an important class of inhibitors used in the pharmaceutical

industry!34

Another example of a scavenger resin is a polymoeind hydrazine resin that can be used
to remove aromatic aldehydé®:1361 An example of this resin # is commercially available is
the polystyrenesupportedp-toluenesulfonyl hydrazide (FBs-NHNH2). The major unreacted
component of the phosphorebased Wittig reaction described in this chapter is the aldehyde
reagent. In this section, the use of aBNHNH: resin in the purification of TFHRunctionalized
Wittig olefin products will be described. The reaction mechanism of a hydrazine functional group

with an aldehyde is shown in Scheme 3.4.

b
H H
H R O_/—I{liNHR ) _NHR
>N HO._ _N-NHR N .
RHN-NH; — T Ry H - R2><ﬁ/ B )|\ H,0
hydrazine R” H

hydrazone

Schemes.4. General reaction scheme of a hydrazine scavenging an aldehyde. R represents the r

Table 3.1 lists each polystyresapported resin used this chapter. The resins that are

denoted with AMPO refer to resins that ar e

resins typically have a high degree of crosslinking, and are highly porous, compared to the resins

t hat ar e de n achledke alewet degrae Bf Srasslinkindn The MP resins can maintain

their porosity in the presence of a wider range of organic solvents than the PS resins. However not

all scavenger or reagent resins are available infild andfiMPO forms.
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Table 3.1 Chemical structures and functions of polymapported resins utilized in Chapter 3.

Full Resin Name

Commercial Name

Structure

Functionality

Polystyrene
triphenylphosphine

PSTPP

Wittig reaction
Removal of unreacted
maleimidecontaining
compounds

Polystyrenep- PSTsNHNH:2 o Electrophile scavenger:
toluenesulfonyl 'O%*NHNHQ removal of unreacted
hydrazide © aldehydes
Polystyrene PSDIEA Tertiary amine base usec
diisopropylethylamine . C r}— in procedure for synthesi
% of dansylcadaverine
based aldehydes
Macroporousgp- MP-TsOH 0 Nucleophile scavenger:
toluenesulfonic acid OE*OH removal of unreacted
o

amines

3.1.1. MicrowaveAssisted Organic Synthesis

The synthesis of the THRInctionalized Wittig olefins using a microwave synthesis reactor

with the PSTPP resin and free TPP was explored in this chapter. The first reported use of

microwaveassisted organic reactions was in 1986 by Gedye [&tlaRecantly, microwave

synthesis reactors have been popular for green chemistry method&tétfyMicrowaveassisted

organic synthesis is more energy efficient compared to conventional conduction or convection

heating methods, allowing for the accelerationcbémical reactions. A microwave synthesis

reactor is available in the Honek laboratory (Figure 3.1).

75



Robotic arm
for moving
reaction vials

Control screen Vial holders

hine!

Please sign the loghook using this mac|

Microwave
reaction
vessel

- ®
Biotage

Figure 3.1.The Biotagdnitiator+ Inc. microwave synthesis reactor in the Honek laboraggry.
Microwave synthesis reactor with labelled compondBfeaction container: glass microwave vial {0.5
2.0 mL). Image credit: Amanda Rose Ratto.

The basic principle of microwa reactors involves the dielectric heating of polar
molecules which are able to absorb microwave enétgylhe absorption of microwave energy
by polar molecules induces molecular rotations, influencing the subsequent motions of
neighbouring moleculé$*!! The rotation of one polar molecule resultgherapid dispersion of
energy to the neighbouring molecules, therefore generating heattimsideaction vesséf! In
comparison, conventional heating methods in the laboratory, such as using a Bunsen burner, hot
plate, and water or oil baths, will also heat the reaction vessel. The use of a microwave reactor is
advantageous because of a faster increase in tempdmattine reaction mixture compared with
conventional heating methods. The boiling point of the solvent used for the reaction can be
elevated by increasing the pressure in the microwave vessel. Higher temperatures allow for an
increase in the rate of cheralaeactions. Unsurprisingly, the time for reaction cooling is also

quicker for microwaveassisted organic syntheses (Figure 3.2).
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Temperature

Microwave dielectric heating

e

Conventional heating

/

Time

Figure 3.2. Representation of the differences in the temperdtome profiles for microwave dielectric
and conventionaheating (green and blue lines, respectively). Adapted from Tierney'&¥ al.

Westman reported a protocol for the g microwaveassisted organic synthesis of
Wittig olefins using a P PP resirtt?®l Westman used a variety of aldehydes to synthesize Wittig
olefins in DMF at 180 °C for five minutes with a microwave synthesis re&ébThe polar
solvents used in our Wittig reaction studies were DMF, meti{deDH), and acetonitrile (ACN).
Our reactions were conducted at temperatures ranging from 70 °C to 180 °C, with reaction times
ranging from 20 minutes to three hours. Under atmospheric pressure, these solvents have a boiling
point of 153 °C, 64.6 °C, and.& °C respectivel}}#? The microwave synthesis reactor will allow

for reaction temperatures to exceed the given boiling points of these solvents.

Although a portion of this chapter is dedicated to testing the synthesis of Wittig olefins
using the micravave synthesis reactor at higher temperatures, the remainder of the chapter will
discuss this chemistry using SPOS and purification of Wittig olefins without the use of this

instrument.
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3.2. Objectives

This chapter outlines the procedure for the SPOS amdigation of novel TFP

functionalized Wittig olefins as bioconjugation reagents. We anticipate that these compounds can

be synthesized in a o®t reaction using the PBPP resin, TFPPEG-MAL, and several

aldehydes. The purification of these compouwndisalso be undertaken using the scavenger resin

PSTs-NHNHo.. If successful, this methodology would present a new and facile method to prepare

bioconjugation reagents that can be employed to modify proteins with an aldehyde containing

chemical tag (Schentb).

PSTPP TFP-PEG.-MAL Aldehyde

1. One-pot SPOS of Wittig olefins

F ] 5
@i{p A ?*j

N N

BCA T Ot\/f\/o

TFP- functionalized Wittig olefin

4. Modification of BCA with TFP -
functionalized Wittig olefin

C”) (0]
"@’?‘NHNHz Ay
o
PS-Ts-NHNH: Aldehyde

2. Removal of unreacted
aldehyde with PS -Ts-NHNH,

. O)LV\O);\/NWN
F o o
PSTPP TFP-PEG:-MAL

3. Removal of unreacted MAL
compound (if present) with PSTPP

Scheme 3.5Summary of the SPOS of tAéP-functionalizedwittig olefin. R represents any chemical moiety ¢

tag that can be used to modify a protein.



A number of different reaction conditions fitre SPOSof Wittig productswere studied.
Initially, a microwave synthesis reactor was utilized to determine if higher temperatures are
required for our maleimide and phosphortiased Wittig reaction. Microwasassisted synthesis
reactions were undertaken with both-PBP and withrfiee TPP using DMF, MeOH, and ACN as
solvents. As microwave synthesis reactors are not present in many research laboratories, our focus
was shifted to developing a procedure that does not involve this equipment. This would permit an
expanded number of reseh laboratories to employ our strategies even if they lacked microwave

synthesis instruments.

The chemical structures of the aldehydes used in the synthesis of tHantiBnalized
Wittig olefins are shown in Figure 3.3. The dansylcadavednd biotirbased benzaldehydes are

not commercially available and had to be synthesized in the laboratory.

(o}

(o]
H H o}
N\/‘(O/\%JJ\N/\/\/\NH H
2 H O/\)'O\
3

o 0=5:=0
MPEG4BA
/N\
o
Dansylcadaverine-PEG2-Ph-Aldehyde HJLé/\oj”a
MPEGs-Aldehyde
o}
o @]
H H o] o HN‘ﬁ7
J\@\y(N\/\fo/\%N’E\/O%/\Nk/\/“@NH HJ\@
(e] H 3 H S 0/
Biotin-PEGs-Ph-Aldehyde p-Anisaldehyde

Figure 3.3. A palette of aldehydes used in tBBOS of TFHunctionalized Wittig olefins.

The resulting Wittig olefin synthesized from each of the five aldehydes shown above will

be characterized with high resolution ESI MS dHdNMR analytical techniques. Fluorophores,
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such as dansylcadaverine, and biotin moieties are commonly used to pradéws in protein
bioconjugation reactions. This is why these two aldehyde compounds were synthesized for our
bioconjugation studies. The modification of BCA with the five TiaRctionalized Wittig olefins
will demonstrate that the solid phase Wittigatean and purification of a variety of THbased

compounds may be used to derivatize proteins in the proposed manner.

3.3. Materials and Methods

Proteins Bovine carbonic anhydrase Il (BCA) was purchased commercially from Sigma Aldrich,
Canada. Centrifug filters (0.5 mL) with a molecular weight eatf (MWCO) of 10 kDa were

purchased from Amicon® Ultra (Millipore Sigma, Burlington, MA, USA).

PEG reagents and aldehydesPEGBA (95%; MW = 268.3 Da), mPE4Bld (95%; MW = 396.5
Da), and AIdPhPEENHS (95%; MV = 406.4 Da) were purchased from Broadphésan Diego,
CA, USA). TFP-PEG-MAL (MW = 564.5 Da), and biotifPEG-NHz"TFA (MW = 560.63 Da)
were purchased from Quanta BioDesign (®tain City, OH,USA). p-Anisaldehyde (98%; MW

= 136.15 Da) wapurchased from Sigma Aldrich, Canada.

Maleimide and dansylcadaverindl-Ethylmaleimide (NEM; MW = 125.1 Da) was purchased
from J.T. Baker Chemical Co. NJ, USA. Dansylcadave(in® 9 7 %;: MW = 335.5

purchased from Sigma Aldrich, Canada.

Resins PSTPP (loading capacity: 3.0 mmol/g) and polyrasundp-toluenesulfonic acid (MP
TsOH; loading capacity: 2:8.0 mmol/g) were purchased from Sigma Aldrich, CanadeD =2\
(loading capacity: 4.06 mmol/g), and #SNHNH: (loading capacity: 3.06 mmol/g) were

purchased from Biotage (Uppsala, Sweden).
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Solvents, buffers and bas@otassium phosphate (KP) was purchased from BioShop Canada, Inc.
(Burlington, ON, Canada). Anhydroig N-dimethylformamide(DMF) Sure/Sed ( 099 ., 0 %)
anhydrous tetrahy.dd o%uy amnigydHFOus O@i chl or omet
HPLCgr ade met hanol ( MegOH)de( GXx%.t DW)i,t rHRLC ( 099. 9
(TEA) (099.5%) were pur ch aAnhyrous ettanol (BtOH) emad Al dr
ethyl acetate were purchaseidedtly from ChemStores (University of Waterloo, ON, Canada).

Solvents were degassedfhyshingwith argon gas when used for phosphooataining reactions.

ChromatographyThin layer chromatography (TLC) Silica gel 66420x20 cm aluminum sheets

were purchased fronMillipore Sigma (Burlington, MA, USA). Flash chromatography: Biotage
Flash+ chromatography system connected to the REACH Devices Chromatography Detector
Model: RD2 286250 (Boulder, CO, USA). The Biotage Isolera One Flash Purification (dgota
Uppsala, Sweden) instrument was used for revehsase high performance liquid chromatography
(RP-HPLC). SiliaSepM Silica Gel Cartridge (4 grams, size 2800 mesh 4 3 & m) and
SiliaSegM Pr emi um Fl ash Cartridge (C18, 25 e&m, 4

(Quebec City, QC, Canada).

Instrumentation The masses of all protein samples were analyzed with ESI MS using a high
resolution Thermo Scientifi® Q-Exactive (Thermo QE) HybridQuadrupoleOrbitrap mass
spectrometer, 10 €L/ min inject i:000.1% FAtagthe posi t
solvent. The masses of all small molecule compounds described in this chapter were analyzed with

ESI MS using either the high resolution Ther@& instrument (positive mode, 1€1./min

injection rate, 1:1 MeOH:#0+0.1% FA) or the low resolution Thermo ScienfiflcLinear lon

Trap (Ther mo LTQ) mas s spectrometer (posi ti

MeOH:H,0+0.1% FA).
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Small molecule compouwls were characterized byd NMR using a 300 MHz high
resolution UltraShiel®" Bruker Spectrometer. The pulse program used was zgpg30 with a pulse
delay of 3 seconds. The solvent used was deuterated chloroforms(@@ha Aldrich Canada),
whose reference h e mi ¢ a l s hi f fThe chemiadal shifts Were2eportpdpmparts per

million (ppm).

3.3.1. MicrowaveAssisted Organic Wittig Reactions with TPP and P PP

The Biotage Initiator+ Fourth Generation Microwave System (Uppsala, Sweden) was used
to teg varying temperatures for the Wittig reaction with NEM, mRE&, and TPP or PSPP.
Reaction temperatures that exceed the atmospheric boiling points of the solvents used (DMF,
MeOH, or ACN) without solvent evaporation can be achieved with a microwaviere@bese

experiments were undertaken with HEM 494 student, Amanda Rose Ratto.

Two-step microwave reactions with TPP as the phosphieM (67.7 mg, 0.5355 mmol, 1.0 eq)

and TPP (125.8 gy 0.4823 mmol, 0.9 eq) were dissolved in 3 mL degassed acetone and refluxed
for 1 hour at 50 °C. After one hour, the reaction solution was cloudy and white. The solvent was
removed using rotary evaporation under vacuum. A pink oil (201 mg) containing=iMeTR P

ylene was obtained and further split into thvess to run three additional reactioméote that the
following amounts given were calculated assuming that 100% of the crude mass is tREPREM

ylene:

Reactionla NEM-TPP crude product (53.7 mg,1@d21 mmol, 1.0 eq) and mPE&A (22.7 mg,
0.0846 mmol, 0.6 eq) were dissolved in 1 mL anhydrous DMF in-a2 b glass microwave vial
and reacted in the microwave synthesis reactor for 20 minutes at 160 °C. The solvent was removed

with rotary evaporatiomnder vacuum. The resulting product was a sticky red oil.
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Reactionlb: NEM-TPP crude product (54.5 mg, 0.1442 mmol, 1.0 eq) and miPA@4.4 mg,
0.0910 mmol, 0.6 eq) were dissolved in 1 mL MeOH in a2rBL glass microwave vial and
reacted in the microwa synthesis reactor for 1 hour at 70 °C. The solvent was removed with

rotary evaporation under vacuum. The resulting product was a sticky red oil.

Reactionlc. NEM-TPP crude product (51r2g, 0.1354 mmol, 1.0 eq) and mPBa (17.3 mg,
0.0646 mmol, 0.5 egyere dissolved in 1 mL anhydrous ACN in a-@.5L glass microwave vial
and reacted in the microwave synthesis reactor for 1 hour at 70 °C. The solvent was removed with

rotary evaporation under vacuum. The resulting product was a sticky red oil.

Reactionsla-c were analyzed by TLC (silica plates, mobile phase: 10:0.4 DCM:MeOH,

visualization: ultraviolet (UV) lamp with wavelength = 254 nm) and characterized by low
resolution ESI MS (Thermo LTQ). Each subsequent reaction in this section (3.3.1) was tigsted wi
these TLC conditions to qualitatively determine the extent of reaction using the conditions

described here.

Two-step microwave reaction with PBPP as the phosphin®lEM (20.0 mg, 0.1598 mmol, 1.0

eq) and PSPP (72.0 mg, 0.2160 mmol, 1.4 eq of TPP)ewaacted together in 1.2 mL degassed
anhydrous DMF in a 0-2 mL glass microwave vial. The reaction proceeded for 2Qtedat

120 °C using the microwave synthesis reactor. The next step was the addition of theBWMPEG
reagent. Note that the amounts giweere calculated assuming that 100% of the crude mass is the

NEM-TPP compound:

Reactionld: mPEGBA (31.4 mg, 0.1170 mmol, 0.7 eq) was first dissolved in 80@degassed,
anhydrous DMF and added directly to the-B.BL glass microwave vial containing2lmL of

the NEM and PSPP mixture. The reaction proceeded for 30 utesat 180 °C using the
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microwave synthesis reactor. The resulting solution had a daifkrogeh colour. Next, the resin

was filtered using a pipette filter. The pipette filter was made by inserting a small piece of a
Kimwipe (Kimberly-Clark Professiond) in a glass Pasteur gfie. The reaction mixture
containing PSTPP was rinsed and filtered with DMF until the rinses were clear (approximately 3
x 9 mL). Each subsequent reaction containingfP® was filtered using the pipette filter described
above. The DMF filtrate was poalen a round bottom flask and the solvent was removed with
rotary evaporation under vacuum. The resulting product was a dabbkaead sticky oil. Reaction

1d was evaluated by TLC using the conditions described above and characterized by low

resolution ESMS (Thermo LTQ).

Onepot microwaveassisted reactions with PEPP. The following reactions with DMF as the

solvent and PSPP as the phosphine were undertaken at two different temperatures:

Reactionle NEM (21.7 mg, 0.1737 mmol, 1.0 eq), #8P (82.2 mgP.2466 mmol, 1.4 eq of
TPP) and mPEGBA (41.1 mg, 0.1532 mmol, 0.9 eq) were reacted together in 0.8 mL degassed
anhydrous DMF in a 0:2 mL glass microwave vial. The reaction proceeded for 2 hours at 180

°C using the microwave synthesis reactor.

Reactionlf: NEM (21.0 mg, 0.1679 mmol, 1.0 eq), #8P (101.0 mg, 0.3030 mmol, 1.8 eq of
TPP) and mPEGBA (40.6 mg, 0.1513 mmol, 0.9 eq) were reacted together in 0.8 mL degassed
anhydrous DMF in a 0:2 mL glass microwave vial. The reaction proceeded for 3 a8 °C

using the microwave synthesis reactor.

PSTPP was removed from reactiobsf using a pipette filter and DMF rinses (3 x 9 mL)
as described previously. The DMF filtrate was collected in a round bottom flask. The solvent was

removed with rotary eaporation under vacuum. The resulting product was a datthrozeh sticky

84



oil. Reactionslef were subsequently evaluated by TLC using the conditions described previously

and characterized by low resolution ESI MS (Thermo LTQ).

3.3.2. Synthesis of th&lEM and mPEG4BA Wittig Olefin using PS-TPP

Synthesis of NENMNPEGBA: NEM (22.6 mg, 0.1807 mmol, 1.0 eq), mP/BA& (50.2 mg, 0.1871

mmol, 1.1 eq), and R$PP (87.2 mg, 0.2610 mmol, 1.5 eq of TPP) were reacted together in
degassed, anhydrous ITAIHF : Et OH (800 ¢L tot al reaction vo
hours at room temperature. After 48 hours, the reaction solution had-geflale appearance.

Next the PSTPP resin was rinsed and filtered using a pipette filter as described earher wit
anhydrous EtOH (3 x 6 mL). The collected filtrate was transparent angegdbde in appearance.

EtOH was removed with rotary evaporation under vacuum. The mass of the crude product obtained

was 78.1 mg. The crude product was analyzed by low resoluBbME (Thermo LTQ).

Purification of crude NEMWPEGBA: The crude product (78.1 mg) was added to thel8S
NHNH2 resin (108.6 mg, 0.2987mml, 1.6 eq of hydrazide). These amounts were calculated using
100% of the initial molar amount of MPE&A in the readbn, ensuring that the resin is in excess

to unreacted mPEMBA. The crude product and the HS-NHNH> resin were solubilized in 800

¢ Lof anhydrous DCM and reacted at room temperature with gentle stirring. After one hour, the
reaction progression was check with TLC using silica plates (mobile phase: 10:0.2
DCM:MeOH, visualization: UV lamp with wavelength = 254 nm). It was qualitatively determined
by TLC that mPEGBA was removed after 2 hours. Next, thee PF&ENHNH: resin was filtered

using a pipette filtewith anhydrous DCM (3 x 6 mL). The clear DCM filtrate was collected and
the solvent was removed with rotary evaporation under vacuum. The resultingr¥E@&BA

product (62 mg) was obtained. The product was a thick yellow oil.
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Characterization of NEMNPEGBA 'H NMR (300 MHz,inCDG) : &4 7.51 (d, 2H),
7.00 (d, 2H), 4.13 (q, 2H), 3.85 (t, 2H), 3iB47 (m, 10H), 3.40 (s, 3H), 1.81 (s, 2H), 1.22 (t,
3H). High resolution ESMS: calculated for @H2s0sN [M+H]*: 378.1911 Da, found 378.1914

Da. Yield: 83%.

3.3.3. Synthesis of Dansylcadaverine and Biotibabelled Benzaldehydes
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Scheme 3.6Synthesis of dansylcadaverine and biddibelled benzaldehyde8) Dansylcadaverindabelled
benzaldehyde2@). B) Biotin-labelled benzaldehydel).

The following reactions and their purifications wenedertaken with Julian Marlyn and

Ethan Solomon, two BEM 494 undergraduate students in the Honek research group.

Reaction2a: AIdPhPEGNHS (93.0 mg, 0.229 mmol, 1.0 eq), dansylcadaverine (99.8 mg, 0.297
mmol, 1.3 eg)and PSDIEA (219.8 mg, 0.892 mmpB.9 eq of DIEA) were reacted together in 2

mL anhydrous DMF. The 20 mL glass scintillation vial containing the reaction mixture was
covered with aluminum foil. The reaction proceeded overnight at room temperature with gentle
stirring. The PSDIEA resin was iftered using a pipette filter (previously described) with three
rinses of DCM (3 x 6 mL). The filtrate was pooled and the solvent containing DMF and DCM was

removed with rotary evaporation under vacuum. The crude product (235.3 mg) was obtained as a
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thick yellow-orange oil. TLC (mobile phase: 10:0.5 DCM:MeOH, visualization: UV lamp with
wavelength = 254 nm and andtain) was used to qualitatively determine the extent of reaction

for the crude product mixture.

Purification of2a: The crude product was piied with normaiphase flash chromatography using

the Biotage Flash+ Chromatography system connected to the REACH Devices chromatography
detector set at monitorirthe 280 nm wavelength. The column used was the SilidS8jica Gel
Cartridge (4 grams)The mobile phase was 3% EtOH in ethyl acetate. Fractions were analyzed
with TLC using the conditions described above for prodacand the relevant fractions were
pooled together. The solvent was removed with rotary evaporation under vacuum. The géoduct (
mg) was obtained as a clear pg@low oil. This product was used for the next step (Wittig

reaction) described in Section 3.3.4 (reac&6n

Characterization oRa: *H NMR (300 MHz, in CDQ) : u 10.04 (s, 1H), 8.

2H), 8.20 (d, 4hi 7.91 (d, 2H), 7.70 (s, 2H), 7.51 (t, 2H), 4.15 (t, 2H), 876 (m, 10H), 3.14
(t, 2H), 2.89 (s, 6H), 2.67 (t, 2H), 14528 (m, 6H). High resolution ESIIS: calculated for

Cs2H4307N4S [M+H]": 627.2828 Da, found 627.2847 Da. Yield: 17.5%.

Reactior2b: AlIdPhPEGNHS (22.4 mg, 0.055 mmol, 1.0 eq), biekG-amine (TFA salt) (37.0

mg, 0.066 mmol, 1.2 eq) and TEA (16.7 mg, O.
anhydrous DMF with gentle stirring overnight at room temperature., NDB®E and TEA were
removed with rotary evaporation under vacuum. The crude product (102 mg) was obtained as a
thick yellow-orange oil. TLC (mobile phase: 0.9% MeOH in DCM, visualization: UV lamp with

wavelength = 254 nm and anstain) was used qualitagly to check the crude product mixture.
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Purification of2b: The crude product was purified using the Biotage Isolera One Flash Purification
instrument for RAHPLC. The column used was a Silia8&remium Flash Cartridge (C18, 25

em, 4 gr amstforthebbde phaseawas8DEoracetonitrile in water and the detection
wavelengths were 205 nm and 248 nm. The fractions of interest were pooled together and the
solvent was removed with rotary evaporation under vacuum. The total mass of the recovered

product was 19.4 mg.

Characterization oRb: Low resolution ESI MS (Thermo LTQ) was used to obtain the molecular
weight of 2b. The mass for the compoundsBseNsO10S [M+H]*: 738.42 Da. The product was
used without further characterization for the next §#®fitig reaction) described in Section 3.3.4

(reaction2g).

3.3.4. The SPOS and Purification of TFHrunctionalized Wittig Olefin Products with
Various Aldehydes
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Scheme 3.7Synthesis of five TFRunctionalized Wittig olefin products for protein modification.
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Reaction2f: TFP-PEG-MAL (18.6 mg, 0.0334 mmol, 1.0 eq), A¥P (15.6 mg, 0.046@&mol,

1.4 eqof TPR)and2a( 25. 1 mg, 0.0401 mmol , 1.2 eqg) were
THF:EtOH (degassed, anhydrous) for 6 hours at room temperature with stirring. After six hours,

the PSTPP resin was rinsed and filtered using a pipette fagepreviously described with DCM

(3 x 6 mL). The solvent was removed from the collected filtrate with rotary evaporation under

vacuum. The crude product obtained (43.5 gigwas a pale yellow and sticky oil.

Purification of2f: The following amounts we calculated using 100% of the initial amoungaf

in the reaction in order to ensure complete removal of the aldehyde rezgeITs-NHNH:

(40.5 mg, 0.1239 mmol, 3.1 eq of hydrazide) was added directly to 43.5 mg of 2fradd
solubilizedin80& L DCM. The reaction was checked with
phase: 10:0.7 DCM:MeOH, visualization: UV lamp with wavelength = 254 nm). After four hours,

it was qualitatively determined by TLC that unreac?edvas removed. The PBs-NHNH:resin

was filtered using a pipette filter and rinsed with DCM (3 x 6 mL). The crude product obtained
(28.6 mg,2f) was a pale yellow and sticky oil. Next, unreacted -FH&-MAL was removed

with the PSTPP resin. The following amounts were calculated using 1008te initial amount

of TFP-PEG-MAL in the reaction in order to ensure complete removal of this reageffiPPS

(33.4 mg, 0.1002 mmol, 3.0 eq of TPP) was added to 28.6 mg of 2radel solubilized in 600

eL DCM. The reacti on ithadlg ugng the sardei conditiomsydesariled ¢ k e d
above. The reaction was left overnight at room temperature with gentle stirring. The complete
removal of TFPPEG-MAL was qualitatively determined with TLC using the same conditions

described above. The final phact obtained (20.8 m@f) was a pale yellow and sticky oil.

Characterization o2f: 'H NMR (300 MHz,inCDC&) : o 8.50 (d, 1H), 8.22

8.01 (s, 1H), 7.93 (d, 1H), 7.55 (m, 5H), 7.28 (d, 2H), 7.12 (s, 3H), 6.25 (s, 1H), 4200)(8,97
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3.43 (m, 26H), 3.12 (t, 4H), 2.98 (t, 4H), 2.87 (s, 6H), 3.70 (s, 2H), 2.59 (t, 2H), 2.44 (t, 2H), 1.45
(m, 6H). High resolution ESMS: calculated for €sH7101sNeF4S [M+H]*: 1175.4588 Da, found

1175.4629 Da. Yield: 53.1%

Synthesis oRg: TFP-PEG-MAL (12.4 mg, 0.0219 mmol, 1.0 eq), A¥P (10.2 mg, 0.0307

mmol, 1.4eqof TPR)and2b( 19. 4 mg, 0. 0263 mmol , 1.2 eqgq) we
1:1 THF:EtOH (degassed, anhydrous) for 6 hours at room temperature iwitig sifter six

hours, the PS'PP resin was rinsed and filtered using a pipette filter with DCM (3 x 6 mL). The

filtrate was collected and the solvents were evaporated with rotary evaporation under vacuum. The

crude product obtained (27.7 n&g) was a ple pink and sticky oil.

Purification of2g: The following amounts were calculated using 100% of the initial amolit of

in the reaction in order to ensure complete removal of the aldehyde re2gem$Ts-NHNH:

(25.8 mg, 0.0790 mmol, 3.0 eq of hydd&) was added directly to 27.7 mg of criztgand
solubilized in 600 L DCM. The reaction was
DCM:MeOH, visualization: UV lamp with wavelength = 254 nm andstain) in one hour
increments. After five hours, it was @itatively determined by TLC that unreact@d was
removed. The PSs-NHNH:zresin was filtered using a pipette filter and rinsed with DCM (3 x 6
mL). The crude product obtained (19 n2g) was a pale pink, sticky oil. Next, unreacted TFP
PEG-MAL was removed with the REPP resin. The following amounts were calculated
assuming thal00% of TFPPEG-MAL was unreacted in order to ensure complete removal of
this reagent. PSPP (21.9 mg, 0.0658 mmol, 3.0 eq of TPP) was added to 19 mg ofaZgaded
solubilized in 600 €L DCM. The reacti maea was
conditions described above. The reaction was left overnight at room temperature with gentle

stirring. The complete removal of THFEG-MAL was qualitatively determined with TLC using
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the same conditions described above. The final product obtained{@528) was a pale yellow

and sticky oil.

Characterization oRg: *H NMR (300 MHz, in CDJ) : a 7. 97-745dm,5H),HPR8 7. 61
(m, 2H), 6.70 (t, 1H), 6.55 (m, 2H), 5.92 (s, 1H), 4.50 (d, 1H), 4.30 (d, 1H), 3.97 (t, 4H); 3.917

3.325 (m, 36H), 3.23.10 (m, 4H), 2.98 (m, 3H), 2.92.19 (m, 12H), 1.94.24 (m, 8H), 0.89

(dd, 2H). High resolution EGUS: calculated for €Hg4O018N7F4S [M+H]*: 1286.5595 Da, found

1286.5524 Da. Yield: 57.7%.

Synthesis o2h-j: Three separate ofpot reactions were conductebFR-PEG-MAL (50.0 mg,
0.0886 mmol, 1.0 eq) and PP (41.8 mg, 0.1251 mmol, 1.4 eq of TPP) were reacted with one
of 2¢(28.0 mg, 0.1063 mmol, 1.2 e@d (42.1 mg, 0.1063 mmol, 1.2 eq), 2&(14.5 mg, 0.1064
mmol , 1.2 eq) i n 8 O0dassedLlanhgdious)for® holirsidt rodmttetperafure e
with stirring. After 6 hours, the RBPP resin was rinsed and filtered with three rinses of DCM (3

X 6 mL). The filtrate containing the solvents were pooled together and removed with rotary
evaporation uner vacuum. The three crude products obtained (73.2m@8.6 mg2i; 86.2 mg

2j) were pale yellow and sticky oils.

Purification of 2h-j: The following describes a chromatograghse, resirbased purification
method for theh-j Wittig products. The following amounts were calculated using 1002¢-ef
and TFRPPEG-MAL that was initially present in the reaction in order to ensure complete removal

of the aldehyde reagerce) and the TFRPEG-MAL reagent:

PSTsNHNHa, the aldehydscavenging resin, was added so that there was at least a 3
fold molar excess of the hydrazide functional group to the unreacted aldehyde (calculated by

assuming that 100% of the aldehyde is unreacted). Therefore the hydrazide functional group on

91



the resn is in a far greater excess to reag@ats. The specific masses added to cr@te2i, and

2j were 123.9 mg, 178.6 mg, and 115.8 mg, respectively. The reactions were solubilized in 1 mL
of DCM for 2-4 hours. Each reaction was checked at intervals afut to determine when the
unreactedaldehydehad been completely removed. The following conditions were used for TLC:
2h 10:0.3 DCM:MeOH,2i 10:0.8 DCM:MeOH, an®j 10:0.6 DCM:MeOH.The visualization
method used for each reaction was a UV lamp with wagéien 254 nm. Reactio?i required an
additional b stain for visualization. After aldehydemoval, the PSTs-NHNH> resin was filtered

with a pipette filter (previously described) and rinsed with DCM (3 x 6 mL). The filtrates for each
reaction were collged separately and the solvent was removed with rotary evaporation under
vacuum. For each crudzh-j, a pale yellow, sticky oil was obtained. Then-F&% (88.6 mg,
0.2643 mmol, 3.0 eq) was added directly to each vial contaizhingi, or 2j. This is theTFP-
PEG-MAL removal step. These reactions were conducted overnight at room temperature with
gentle stirring. The removal of THPEG-MAL was qualitatively determined with TLC, using the
conditions described above for each prodief. The PSTPP resin was rinsed and filtered with
DCM (3 x 6 mL) as previously described. The final masses obtainethf@i, and2j were 33.7

mg, 56.0 mg, and 60.7 mg, respectively.

Characterization oRh-j: 2h: 'H NMR (300 MHz,inCDC)) : UG 8. 01 (s 7.43{dH), 7.
2H), 6.98 (d, 2H), 6.50 (s, 1H), 4.21 (t, 2H), 3946 (m, 30H), 3.40 (s, 3H), 2.94 (t, 2H), 2.29

(s, 2H), 1.79 (d, 2H). High resolution EBIS: calculated for eH49013N2F4 [M+H] *: 817.3165

Da, found 817.3176 Da. Yield: 46.6%: 'H NMR (300 MHz, in CDCE) : u 8.02 (s, 1H
1H), 6.80 (t, 1H), 3.91 (t, 2H), 3.89.25 (M, 48H), 2.94 (s, 3H), 2.89 (s, 2H), 2583 (t, 4H),

1.44 (d, 2H). High resolution ESNS: calculated for e2HssO17N2F4 [M+H] *: 945.4214 Da, found

945.3998 Da. Yield: 68%.2j: *"H NMR (300 MHz, inCDGJ) : & 8. 01 (s, 1H), 7
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(d, 2H), 6.92 (d, 2H), 6.40 (s, 1H), 5.26 (s, 3H), 3387 (m, 18H), 2.93 (t, 2H), 3.37 (s, 2H),
2.56 (t, 4H). High resolution ESMS: calculated for €H37010N2F4 [M+H] *: 685.2379 Da, found

685.2394 Da. Yield: 77.1%.

3.3.5. Modification of BCA with TFP-Functionalized Wittig Olefin Products

BCA obtained from Sigma Aldrich, Canada was first dissolved in.@d&hd the buffer
salts were2xchanged with 0.15 M pH 7.4 KP buffesing centrifugal filters with an MWCO of
10 kDa and five cycles of centrifugation at 10 00§ (20 minutes per cycjeA 20 mg/mL stock

in 0.15 M pH 7.4 KP buffer was prepared from this solution.

BCA from 20.0 mg/mL in 0.15 M pH 7.4 KP buffer stock (208, 6.897x16 mmol, 1.0
eq) and one a2f-j (6.897x16> mmol, 10.0 eq) were reacted together in 0.15 M pH 7.4 KP buffer
for 2 hours at room temperature (five separate reactions). The pr@fjctsere previously
dissolved in DMF and the volume of DMF @&ach of the protein modification reactions was <5%
of the total reaction volume. Additionally, the BCA reaction vthvas conducted for 2, 4, 6, and
24 hours to determine if the reaction time would affect the extent of modification. After each
reaction,the samples containing the KP buffer and DMF solvent were exchanged wit® ddH
using centrifugal filters with an MWCO of 10 kDa and five cycles of centrifugation at 10 §00 x
(10 minutes per cycleThe BCAWittig olefin product conjugates were then suusently diluted
with the 1:1 MeOH:ddkO+0.1% FA solvent until the concentration of the sample was in the range
of 10 €M and then characterized with ESI MS

deconvoluted with the Thermo Scientific BioPharma Findé&wswe (Version 3.0).

93



3.4. Results and Discussion

3.4.1. MicrowaveAssisted Organic Wittig Reactions with TPP and P PP

The NEM and mPEBA reagents were chosen as model compounds for testing the
feasibility of the Wittig reaction with REPP orfree TPP as the phosphines. The model
compounds were used to optimize the Wittig reaction conditions with less expensive, readily
available reagents so that the comparatively more expensiv® EERPMAL reagent may be used
to synthesize the TFRinctionalzed Wittig olefin products for surface modification of proteins.
The temperature of the Wittig reaction and the solvent are two parameters that were explored.
Reactions involving the microwave synthesis system were undertaken in DMF, MeOH, or ACN.
The micowave synthesis system allowed us to study the Wittig reaction at temperatures higher
than the boiling points of the solvents used. In addition, the robotic arm of the Biotage instrument
could allow for up to eight Wittig reactions to occur in an automatedunattended fashion if the
microwaveassisted reactions were successful. Reactlarsall yielded the NEMMPEGBA
product, as characterized by low resolution ESI MS ([M+H]378 Da) and qualitatively
determined by TLC. This desired product mass al&erved, regardless of whether the reaction
was done in a twstep fashion (NEMIPP ylene synthesized prior to Wittig reaction) or in aone
pot reaction. This was also observed with TPP oiTPB as the phosphine. Given that many
laboratories might not bequipped with a microwave synthesis system, this method of
synthesizing Wittig products for protein modification might not be applicable or approachable for
many researchers. Since we did not observe any particular advantage of increasing temperatures
for this reaction, and there was a concern regarding the degradation of chemical functional groups

at these high temperatures, the microwave synthesis system was not utilized in further studies.
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Nevertheless these scouting reactions indicate that micreagigted Wittig reactions to prepare

new bioconjugation reagents could be practical and efficient for an individual laboratory.

3.4.2. The SPOS and Purification of TFHrunctionalized Wittig Olefin Products with
Various Aldehydes

Previous work by Yan et alofind that a oot aqueous Wittig reaction with EtOH as the
solvent resulted in the best yield for Wittig reactions involving maleimides an#’fPran et al.
hypothesized that the use of a protic solvent, such as EtOH, would allow the proton thlgft in
MAL -TPP reaction to occur without heatii€f! Since EtOH is not a good solvent for the fion
polar polystyrene resin, THF was chosen to be theobeent in order to swell the PEPP resin
so that the TPP functional groups would be available for maciiHF has been previously
reported as a solvent that can be used for swelling polystpasesl resing?”! Therefore, our
next experiment was to study a gp& reaction involving NEM, mPEBA, and PSTPP with
equal parts EtOH/THF as the solvent atmotemperature. The use of HEP in the Wittig
reaction bypasses the tedious chromatographic or crystallization methods required to remove the
TPP oxide side product. Unreacted mRB& was qualitatively observed by low resolution ESI
MS (Thermo LTQ) and TC (data not shown). The commercially availableTRNHNH: resin
was used to scavenge the unreacted aldéh{?i€he high resolution ESI mass spectrum &rd
NMR spectrum of the purified NENMPEGBA product is given in Appendix A. B}H NMR,
unreacted mBGsBA was completely removed because the chemical shift for the aldehyde proton
(G = 9.69 pp miHNMR specaebfar the NEM and meEA starting materials

are also given in Appendix A.

After mPEGBA removal with the PSssNHNH: resin, the NEMMPEGBA Wittig

product was obtained in an 83% yield. This was satisfactory, and it was decided to pursue the
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synthesis of several THRnctionalized Wittig olefin products with TFPEG-MAL and various
aldehydes using these reaction cowdis. The model Wittig reaction with NEM was allowed to
proceed for 48 hours. The THEG-MAL reagent contains an activated tetrafluorophenyl ester
functional group. It is possible that the EtOH solvent may react with the ester, lowering the amount
of avalable Wittig product for protein modification. Therefore, the procedure was altered so that
the Wittig reaction proceeded for 6 hours, instead of 48 hours. ThHEEERMAL reagent was
chosen over the NHBEG-MAL reagent because TFP esters are known tonbee stable to

hydrolysis than NHS esters over a longer period of fifhe.

Five different aldehydes were used to synthesize the Wittig pro2uctssing PSTPP as
the phosphine at room temperataredin 1:1 THF:EtOH. Two of the aldehydesamely2a and
2b, were synthesized according to the procedure described in Section 3.3.3. Al@ahyds
characterized with high resolution ESI MS aidl NMR (spectra given in Appendix A) and
aldehyde2b was characterized with low resolution ESI MS (Appendix A).résinbased
purification protocol with MPTsOH was previously attempted for the removal of unreacted
dansylcadaverine and biotPEG-amine (reaction2aand2b, respectively). While this resin was
capable of removing the amhgentaining compounds, thegsence of unreacted AIdPhPENBIS
was still detected with low resolution ESI MS. If this reagent is still present in the aldehyde
products, then it will also undergo a Wittig reaction to yield the Wittig prosluatvn inFigure
3.4. This side product has the capability of modifying BCA because it has the TFP ester functional
group. A conjugate of BCA with the Wittig side product shown in Figure 3.4 was observed by ESI
MS when BCA was reacted witka that was purified withMP-TsOH (data not shown). The
molecularweightof this compound is 858 Da, and the expected molecular weight change on BCA

is 693 Da, when TFP is the leaving group. Resins targeting the aldehyde functional group will also
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scavenge the desirgutoduct. Therefore, it was decided to employ chromatographic methods to
purify 2a and2b.

¢

)
F
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Figure 3.4 Chemical structure of the THPEG-MAL and AIdPhPEGNHS side product. The NHS is
hydrolyzed in an aqueous solution to yield the carboxylic acid functional group.

A resinbased purification protocol was employed to remove unreacted starting materials
from the crude TFRunctionalized Wittig olefin product2{-j). As with the NEMmMPEGBA
model reaction, the PBs-NHNH: resin was used to scavenge tineeacted aldehydes. Since the
reaction time was shorter, unreacted FFHEG-MAL was qualitatively observed with low
resolution ESI MS and TLC for each of the five reactions. The reintroduction-®PP3o the
crude product in DCM removed the remaining maleimide reagent. By qualitatively checking the
extent of reaction with TLGt was determined that the reaction needed to proceed overnight in
order to completely remove the maleimide reagent. Each purified Wittig product was subsequently
characterized with high resolution ESI MS ahtINMR (spectra shown in Appendix A). Thi
NMR spectrum of the unreacted TPEG-MAL and biotinPEG-amine starting materials are
also given in Appendix A. Due to the effects of ion suppression in ESI MS, this characterization
method should not be used to definitively determine the absence ofspealf/tes. ByH NMR,
it was observed that the aldehydes used in the Wittig reacBer& (vere removed by the P&
NHNH2r esi ns as the characteristic a{9.8ppmwase pr ot

absent. Using a combination of TLC, hig#solution ESI MS, anéH NMR analytical methods,
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we concluded that our resbased purification approach was sufficient to purify the Wittig
products2f-j, if they were to be used for protein modification reactions. Table 3.2 summarizes the
percent conuesion obtained for each reaction and their chemical structures. Although the yields
are lower than what was obtained with the model NBNEGBA reaction, the amounts of the

synthesized Wittig products obtained were sufficient for modification of BCA.

Table 3.2 Summary of the percent conversion obtained in the synthesis and purificakienaddng
with their chemical structures.

Label Wittig Olefin Structure % Yield
NEM- N
83%
A -
mMPEGBA )jé@o -
o BN
2f dodr S 53.1
e S E R Gt
2 dha S . ey 57.7
i N AT e

o L o }}g 46.6
. j OWOi\/NWO(\/N =

’ 66.8

2j Fo N 771
J F o)vo};\/’\'m/\/z%\g

. e [y (v
2i L 0 R D=
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3.4.3. Modification of BCA with TFP-Functionalized Wittig Olefin Products

The reaction of BCA witl2j was analyzed at four different time points (2, 4, 6, and 24
hours) in order to determine the optimal reaction time required to modify BCA with the TFP
functionalized Wittig olefin product, if the amount of Wittig prodwgj) (is kept constant relative
to the amount of BCA in the reaction. In this ca®ewas in a 1€fold molar excess to the moles
of BCA initially present in the reaction mixture. The reaction was conducted at pH 7.4 in a 0.15
M potassium phosphate buffer. Figure 3.5A depicts a chemicaseamation of this conjugate,
and Figure 3.5B shows the mass spectra obtained after 2 hours of reaction time. The spectra

obtained for the remaining time points were identical to the spectrum shown in Figure 3.5B.
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Figure 3.5 ESI MS of BCA modified with Wittig olefir2j. A) BCA-2j Wittig product conjugate.
B) Spectrum after 2 hours reaction time.
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The expected mass change on BCA is 520 Da \ghenthe Wittig olefin product used to

modify BCA. On the spectrum shown in Figure 3.5B, up to two modifications on BCA can be

observed. Up to two modifications were also observed for the remaining time points (data not

shown). Based on these experimentgagtion time of 21 hours is sufficient for modifying BCA

with a TFRactivated estebased reagent at room temperature. The remaining Wittig progticts,

i were used to modify BCA in a ifold molar excess to BCA for 2 hours. The reaction was

conducted apH 7.4 in 0.15 M potassium phosphate buffer. The spectra corresponding to BCA

modifications are shown in Figure 3.6 amdepiction of the conjugates are shown in Figure 3.7
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Figure 3.6 ESI MS of BCA modified with Wittig olefin&f-i. A) ESI MS of BCA an®f Wittig
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Figure 3.7. Chemical structures of BCA modified with Wittig olefig§i. A) BCA and2f Wittig product
conjugateB) BCA and2g Wittig product conjugateC) BCA and2h Wittig product conjugateD) BCA
and?2i Wittig product conjugate.

The expected masfhianges for the modification of BCA witf-i is 1009 Da, 1120 Da,
652 Da, and 779 Da, respectively. Based on the mass spectra presented in FigiretBe6A
modification of BCA with each Wittig olefin was successful, with each reaction resulting in 1
madifications of the BCA protein. The modification of BCA willy (biotin-based Wittig olefin
product) yielded up to four modifications on BCA. The mass spectrum shown in Figure 3.6A
shows additional mass peaks that do not correspond to modification2f\dtinsylcadaverine
based Wittig olefin product). The peak at m/z = 29784 Da corresponds to one of the two side

products shown in Figure 3.8 below. Both of these species would result in a modificatidh of 73
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Da on BCA. The TFP group of the chemical structure shown in Figure 3.8A would react with the
lysine residues of BCA to modify the protein. The chemical structure shown in Figure 3.8B has a
reactive maleimide residue, which could react with a free primampeaon the protein (for
example, with the Merminus). Without further isolation of this side product and obtaitihg

NMR and'*C NMR spectra, the identity of this specieas notconclusively determined solely by

mass spectrometry. The other extraneous peakilsl notbe identified.

A)
-
F ¥ “~ B) h/}s

N—S 0 HN
o | Nﬂo

o]

Figure 3.8 Chemical struatres of side products associated with Wittig olefin pro@ficd) Side product
with TFP-activatedester reactive grouf®) Side product with maleimide reactive group.

The extent of modification cannot be conclusively determined using ESI MS in this
manner. For example, the spectrum in Figure 3.6D for the modification of BCRwvgitilows that
only one BCA2i conjugate was formed using a-fidd molar excess d?i to BCA. It is possible
that the mass of unreacted BCA can supress further-BQ#ittig olefin conjugates with more
modifications. Although in Figure 3.6B, up to four modifications of BCA \itfare shown, the
peak intensities cannot be used to conclude theh ef these species are present in equal
proportion in a heterogeneous solution containing unreacted BCA and its conjugates. For each of
the BCA conjugates shown above, the amounts of each conjugate obtained cannot be known.

Therefore, the ESI MS analyéttechnique is only used to observe if the mass of a particular BCA
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Wittig olefin conjugate can be detected, but the absence ofecutat weightorresponding to a

specific conjugate does not necessarily mean that the reaction was unsuccessful.

Overall the SPOS of the Wittig olefir@f-j were successful. The BCA protetould be
modified with each TFRunctionalized Wittig olefir2f-j. Along with the aromatic aldehydgs-
c and2eg, it was demonstrated that a raromatic aldehyde2€l) could also be endpyed in the
Wittig reaction, further extending the palette of potential bioconjugation reagents that can be
synthesized in this manner. This methodology involving polystysepgorted functionalized
resins for synthesis and purification should be acbksdor researchers to utilize in their
experiments. Our experiments suggest that a variety of aldehydes can be synthesized and purified
using the procedure described herein to contain an actieated functional group, which can

modify the surface of protein containing an exposed lysine residue or-a@riinal amino group.

3.5. Conclusions

The microwaveassisted organic synthesis af NEM-mPEGBA Wittig olefin using
DMF, MeOH, and ACN as the solvents was tested at temperatures ranging from 70 °C to 180 °C,
with reaction times ranging from twenty minutes to three hours. Both free TPP drfeFP8ere
used as the phosphines in these experimenthoddh each reaction tested (reactidrasf)
resulted in the NEMnNPEGBA Wittig olefin ((M+H]" = 378 Da), as detected by low resolution
ESI MS, the microwavassisted organic synthesis was not further pursued in our studies as not
every research group walbhave access to this instrument. The objective of this chapter was to
develop a simple procedure for the synthesis and purification ofdre®ionalized Wittig olefins

thatcan be conducteloy many researchers.
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Five different TFPfunctionalized Wittig ¢efin products were synthesized using PRP.
The unreacted aldehyde reagents were removed wHhsP&INH>, and any remaining TFP
PEG-MAL was sequestered by the reintroduction of S to the crude product. The yields
obtained ranged from 46% 77%. E&h compound was characterized with high resolution ESI
MSanddlH NMR. The absence of the al-8.8dpywihtehr ot on
NMR spectra of each TFRinctionalized Wittig olefin produc®f-j suggests that the unreacted

aldehyde reagnt can be completely sequestered by th& 88HNH: resin.

There were challenges associated with utilizing a solid phase approach for purification. For
example, in the synthesis of the dansylcadavdrased and biotibased benzaldehyde2ab),
the uneacted AIDPhPESBIHS starting material was not able to be sequestered using {he PS
NHNH: resin, otherwise the desired product would also be lost. If this starting material is retained
for the Wittig reaction using REPP, then its Wittig olefin with THPEG-MAL can be formed
(Figure 3.4 in Section 3.4.2). Any resin capable of sequestering this product would likely also
remove the desired THRRInctionalized Wittig olefin product. Therefore, it was more prudent to

employ chromatography for the purificatiohaldehyde reagenga-b.

Each of the compound¥-j were able to modify BCA. By ESI MS;4 modifications of
BCA were observed. For the reaction of BCA with the dansylcadavieased benzaldehydzf],
an additional mass peak at m/z = 29784 Da wasreed, indicating that another side product was
present whicltould notbe removed with our given protocol involving functionalized resins. Two
proposed structures for these side products were given in Figure 3.8. This example further
highlights the challeges associated with a rediased purification approach. Although the MAL
functionalized chemical structure shown in Figure 3.8B could hypothetically be removed with the

PSTPP resin, the THRunctionalized chemical structure (Figure 3.8A) cannot be rexhasing
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a functionalized resin. Regardless, the SPOS and purification was successful for Witti2glefins

J. The reaction of BCA with Wittig olefi@j was analyzed with ESI MS at 2, 4, 6, and 24 hours to
determine if the bioconjugation reaction was atddy time. For this reactioit,wasobserved

that two hours was sufficient to modify the BCA protein. As the reaction time progresses, it is
likely that the TFPactivated ester is being hydrolyzed in the agueous solution, and the resulting
compound cammt modify BCA. This is why the subsequent reactions of BCA &ith were

conducted for 2 hours.

The results presented in this chapter suggest that severdlméidnalized Wittig olefin
products can be synthesized and purified watystyrenesupported functionalized resins. Given
that the resin and maleimide reagents are commercially available, it is expected that the procedure
reported herein should be amenable to researchers owgitbetic organic chemistry
laboratoriesA number of bioconjugation reagents can be synthesized concurusiity different
aldehyde compoundgith the onepot Wittig reaction involving the REPP resinThe procedure
has been shown to work with five different aldehydes, including aanomatic aldeyde. It is
expected that a greater number of aldehydes can be used in this fashion to modify the surface of

proteins through their lysine residues.
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Chapter 4.0. Chemoenzymatic Bioconjugation of Amind-unctionalized Wittig
Olefins with Microbial Transgl utaminase

4.1. Introduction

Transglutaminases (TGase) (EC 2.3.2.13) are an extracellular class of enzymes that
catalyze the acyl transfer reactioetween amides (glutamine residues) and primary amines (lysine
residues), resulting in an isopeptide bond formation and one equivalent of ammonia Ff&ased.

1451 The general mechanism of TGasediated peptide crosslinking is shown in Scheme 4.1.

Primary amine

NH /_EN/\FM
. s
. o = 9 -
e L @t @ e oo (D)
o
/' g .
TGase kW””z P ch,-om Modified protein

Protein with modifiable
glutamine residue

Scheme 4.1General mechanism for the chemoenzymatic bioconjugation of a protein (green) having
modifiable glutamine residue angdamary amine by TGase (purple): Ray represent a second protein,
or any chemical moiety that is used to modify a protein.

TGases have been found in mammalian, amphibian, avian, plant, invertebrate, and
microbial source8#%! Microbial transglutaminase (MTGase) is a versatile enzyme commonly
used for biotechnological applications to mediate protein bioconjugations in theafp@ultural,
and pharmaceutical industrig€>146151 These applications are summarized in Figure 4.1.
MTGase is most commonly derived from the micr@eptomyces mobaraené3ther bacterial
sources of MTGases have been reported, however, thegoareommercially availablé®?
MTGase exhibits optimal enzymatic activity at 55 °C and pH20> Unlike mammalian
TGase, the activity of MTGase is not dependent ot @aguanosiné-triphosphate for substrate
binding 143146148 For these rasons, the use &. mobaraenederivedMTGase is advantageous

for biotechnological applications, along with its relatively inexpensiveltist.
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Figure 4.1.Summary of biotechnological and industrial applications of MTGase. Reproduced with
permission under CC license from Schneider Ef%4l.

In the food industry, MTGase is used to crosslink proteins, forming stable protein networks
or gels, thereby improving the texture and consistency of meats, breads, anaathigys?43-146]
For pharmaceutical applications, there exists literature precedence for the use of MTGases in the
PEGylation of protein8441541571 The sjtespecific modification of therapeutic proteins is essential
for developing homogeneous conjtegm Norspecific PEGylation of therapeutic proteins can lead
to protein inactivity, therefore decreasing the efficacy of the drfigGrigoletto et al.
demonstrated the effectiveness of immobilized MTGases for the rapid synthesis -pf REG
conjugaes*®1 MTGase was immobilized on an agarose gel, stabilising the enzyme and allowing

it to retain its enzymatic activity as it was reused in subsequent conjugation re&eidiEGase
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is also used in the s#specific modification of antibodies withofymers, such as PEG, or with
fluorescent moieties for detection purpoles!s®6ll MTGase is therefore an extremely versatile

and useful bioconjugation tool.

The amino acid sequence and crystal structure of MTGaseSraonobaraenelsas been
well characterized!®? This monomeric enzyme has a molecular weight of 37.9 kDa and contains
331 amino acid8® The active site of MTGase contains a Cy$64274Asp255 triad, where
Cys64 is the predominant amino acid residue in the enzymatic mecH&hi$fh.The three

dimensional structure and active site catalytic triad are shown in Figure 4.2.

Figure 4.2. Threedimensional representation of MTGase fr8ineptomyces mobaraens@$ Space
filled MTGase depicting the active site cysteine (r&J)Zoomed in active site depicting the catalytic
triad. PDB: 11U4

A number of protein substrates for MTGase have been repaortedc | udi ng avi d
lactalbumin, interferon, interleuki®, and myoglobirt#7:154.163165 A recent review by Giosafatto
et al. discusses the use of MTGase in the preparation of bioplastics fabricated from various protein
sources such as whey, soy, andeal®® The inherent specificity of the enzyme allows for
controlled polymerization of the protein networks. Subsequently, the degree of crosslinking within

the network affects the properties of therbaterial. Information on the specific protein substrates
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of MTGases, and several other types of TGases, can be found in the Transdab Wiki, a free online

source compiled of pegeviewed transglutaminase research arti¢fés.

The protein substrate chosen for our bioconjugation studies is myoglobin (Scheme 4.2).
Myoglobin proteins contain a heme group that reversibly binds to oxygen. This protein is found in
muscletissues. Myoglobin without the heme group is termed apomyoglobin (ApoMb). Equine

skeletal myoglobin is a monomeric protein comprised of 153 amino acids with a molecular weight

of 16950 D4168169]

- _—

Scheme 4.2MTGasemediated chemoenzymatic bioconjugation on the glutamine residue of equi
skeletal ApoMb (grey) with an amiffanctionalized Wittig olefin. Rmay represent any chemical
moiety that is used to modify a protein. Red on the protein represents the modifitdoiaire residue.
PDB: 5ZZE

Spolaoreet al. have reported the sipecific derivatization of equine skeletal ApoMb with
MTGasel'®® The residue that is used as a substrate by MTGase is B#idtLis found in the
locally unfolded helix F region on equine skeletal Apo#B.The other eino acid residues that

can be modified by MTGase on this protein are Lys96 and Ly&9&lthough GIn152 is also
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present on the @rminal end of this chain, it is not modifiable by MTG&8&.This allows for
the derivatization of ApoMb by MTGase te Isitespecific. Spolaore et al. hypothesize that
GIn152 cannot be modified in this fashion due to its proximity to negatoredyged residues,
most notably the carboxylate group of thée@minus, leading to unfavourable interactions with
the MTGase acte sitel!s® The threedimensional structure and specific modifiable residue of

equine skeletal ApoMb is shown in Figure 4.3.

Figure 4.3. Threedimensional representation of myoglobin (with heme) from equine skeletal muscle wi
GIn91 on helix FPDB: 5ZZE

Spolaore et al. have reported that the modification of the GIn91 residue with
dansylcadaverine, a fluorophore with a primary amine functional group, was successfully
undertaken with MTGasé®® Our group hypothesized that equine skeletal ApoMb could be
modified wsing MTGase with amin@unctionalized Wittig olefins in a similar manner described
by Spolaore et al. In this fashion, a novel method for thespiteific modification of proteins with

functionalized aldehydes may be achieved.
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4.2. Objectives

Bioconjugdion reagents that are capable of selectively modifying the surface of proteins
are particularly important in the pharmaceutical industry. The methodology for the SPOS and
purification of activateesterfunctionalized Wittig olefins described in Chapteni be used to
synthesize novel amidenctionalized Wittig olefins. These products will be used in the site
specific modification of the ApoMb GIn91 residue using MTGase in a chemoenzymatic

bioconjugation approach. Each polystyreupported functionated resin used in the synthesis

and purification of the new Wittig olefins is listed in Table 4.1.

Table4.1. Chemical structures and functions of polyrmapported resins utilized in Chapter 4.

Full Resin Name

Commercial Name

Structure

Functionality

Polystyrene

PSTPP

¢

Wittig reaction

tetraalkylammonium
carbonate

y

triphenylphosphine Removal of unreacted
OP maleimidecontaining
@ compounds
Polystyrenep- PSTs-NHNH:2 0 Electrophile scavenger:
toluenesulfonyl '@ﬁ—NHNHQ removal of unreacted
hydrazide © aldehydes
Macroporous MP-Carbonate Tertiary amine base: use

NEt, [c:oﬂD .

as a scavenger of acidic
molecules such as

carboxylic acids or acidig
phenols (such as NHS)

Macroporous
isocyanag

MP-Isocyanate

y

N=C=0

Nucleophile scavenger:
removal of unreacted
primary and secondary
amines

The model aldehyde used for the Wittig reaction is mi2GThe 1:1 EtOH:THFsolvent

system described in Chapter 3 will be used for the Wittig reactions involviiPPSMPEGBA

and a 1Boc-amidoPEG-MAL compound. Since this compound does not contain an activated
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ester functional group, the reaction will be allowed to proceetdnoyht at room temperature. A
summary of the steps undertaken to synthesize and purify the-amet®nalized Wittig olefin

products are shown in Scheme 4.3.

© o O 0
g H H { '@é*NHNHQ L
| P N N o. N__O 0 I H™ TR
o o o} H R
PS-Ts-NHNH; Aldehyde

Amine -functionalized Wittig

PSTPP t-Boc-amido -PEGs-MAL  Aldehyde >
1. One-pot SPOS of Wittig olefins 2. Removal of unreacted aldehyde
with PS-Ts-NHNH,
R °
& N\/\)L”/\/TG/\);\NHz . o
*/:'f’a@r © gq N 0 N_o
@i e

3

olefin Amine -functionalized Wittig olefin
ApoMb TGase —
4. MTGase mediated modification of ApoMb 3. Removal of t -Boc group to obtain
with amine -functionalized Wittig olefin amine -functionalized Wittig olefin

Scheme 4.3Summary of the SPOS of tlheninefunctionalizedwittig olefin. R represents any chemical
moiety or tag that can be used to modify a protein.

One anticipated challenge in our bioconjugation experiments is that the Wittig olefin may
potentially act as an inhibitor of MTGase. Our synthesized olefins may act as Michael acceptors
in the Michael addition reaction with the active site cysteine. Zegliveopharmaceutical company
based in Darmstadt, Germany, has developed Michael actested peptide inhibitors of
TGases, which are sold commercidtff:*"*1The Michaelacceptor inhibitors bind irreversibly to

the cysteine active site residd®! In this chapter, computational studies using the CovDock
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module in Maestro (Schrodinger, LLC) with the amfoactionalized Wittig olefin were
undertaken to study the binding interactions of this compound to MTGase. Maleimides are also
known inhibitors ofTGases[*’? This is why it is important that the PISPP resin completely
captures the maleimie@ntaining compound:or this reason, the Wittig reaction with -#8P

was allowed to proceed overnight, instead of six hours (as reported in Chapter 3).

If successful, this approach can be expanded to synthesize a novel set of amine
functionalized bioconjugation reagents using a variety of different aldehydes. The aim of this
chapter is to develop bioconjugation reagents that are substrates for MTGase, arhich ¢

selectively derivatize the surface of ApoMb, or other proteins that are MTGase substrates.

4.3. Materials and Methods

Proteins Myoglobin from equine skeletal muscle was purchased from Sigma Aldrich, Canada.
Microbial transglutaminase (MTGase) fro8treptomyces mobaraensigas purchased from
Zedira (Darmstadt, Germany). Bovine serum albumin was purchased from BioBasic Inc
(Markham, ON, Canada). Centrifugal filters (0.5 mL) with a molecular weighdfEMWCO)

of 10 kDa were purchased from Amicon® @l{iMillipore Sigma, Canada).

PEG reagentsmPEGBA (95%; MW = 268.3 Da) was purchased from Broadphgan Diego,
CA, USA). Tert-butyloxycarbonyliN-amidoPEG-amine (tBoc-amido-PEG-amine) (>90%;

MW = 320.4 Da) was purchased from Quanta BioDesignRtdin City, OH,USA).

Maleimide and dansylcadavering@Maleimidopropionic acidN-succinimidyl ester (MPA) (MW
= 266.2 Da) was purchased from Toronto Research Chemicals, ON, Canadglc&@averine

( 097 %; MW = 335.5 Da) was purchased from Sigm
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ResinsPSTPP (loading capacity: 3.0 mmol/g) and Mfrbonate (loading capacity: 2.5 mmol/g)
were purchased from Sigma Aldrich, CanadaTRSIHNH: (loading capacity: 2.75 mnilg) and

MP-Isocyanate (loading capacity: 1.18 mmol/g) were purchased from Biotage (Uppsala, Sweden).

Solvents, buffers and bas@otassium phosphate salt (KP) was purchased from BioShop Canada,

Inc. (Burlington, ON, Canada)N,N-Dimethylformamide (DMF) Sure/Sed” ( 09 9, 0 %)
anhydrous tetrahydrofuran (THF) (099. 0 %), a
trifluoroacetic acid (TFA) (99%pgndt r i et hyl ami ne (TEA) (099. 5%) w
Aldrich, CanadaAnhydrous EtOH was purchased directly from ChemStores (University of
Waterloo, Ontario, Canada). Methyl ethyl ketone (MEK) was purchased from Fisher Chemicals

(Hampton, NH, USA).

ChromatographyThin layer chromatography (TLC) Silica gel 6£3420x20 cmaluminum sheets

were purchased froiillipore Sigma (Burlington, MA, USA).

Instrumentation The masses of all protein samples were analyzed with ESI MS using a high
resolution Thermo Scientifi® Q-Exactive (Thermo QE) Hybrid Quadrupelibitrap mass

spect o met er , 10 eL/ min injection 0+@l%eFA asptloes i t i Vv ¢
solvent. The masses of all small molecule compounds described in this chapter were analyzed with

ESI MS using either the high resolution Thermo QE instrument (positive ni@de, Imin

injection rate, 1:1 MeOH:#0+0.1% FA) or the low resolution Thermo ScienfificLinear lon

Trap ( Ther mo LTQ) mas s spectrometer (posi ti

MeOH:H,0+0.1% FA).

Small molecule compounds were characterized'yNMR using a 300 MHz high

resolution UltraShiel@” Bruker Spectrometer. The pulse program used was zgpg30 with a pulse
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delay of 3 seconds. The solvent used was deuterated chloroforms(@oha Aldrich Canada),
whose reference ¢ he miTheahemicallshifts wereireportéd inpartd pe2 6

million (ppm).

Absorbance measurements were obtained with a/i$\spectrophotometer (SpectraMax
5, Molecular Devices, Sunnyvale, CA, USA). The software used was SoftMax® Pro Enterprise
(Molecular Devices, hnyvale, CA, USA). Samples were pipetted into a standard transparent

polystyrene 9éwell plate (Grenier Big€One, Frickenhausen, Germany).

4.3.1. Synthesis of mPE@A Wittig Product for ApoMb M odification with MTGase

PS-TPP

Q«»L ? ey ?ﬁﬁf““\ﬂ“’%“ﬁ/

t-Boc-amido-PEGs-amine DCM (®)
r.t., overnight t-Boc-amido-PEGs-MAL (1a)

@ T
"‘\71’0
q ’
N o H o
\/\f N \/?V T ﬂ/+ JL,@\( /\9’0 11 THF-EtOH % H\/\’%O\/j\/w .
overnight, r.t. \{/
9 o \/\g s E/
la on PS-TPP MPEG4BA
t-Boc-amido-Wittig product (1b)
?o-vo

¢ 1:1 DCM:TFA
o ; 72 hr, r.t.
) N\/WN\/\(,O\/\};/NHE
o]

Amine-functionalized Wittig product (1c)

Scheme 4.4Synthesis of an amirfeinctionalized Wittig productlc) for ApoMb modification with MTGase.
A) Synthesis of compounda. B) Synthesis of compountb with PSTPP resin and subsequent deprotection of
the tBoc group yielding compountk.
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MPEGBA was used as a model aldehyde compound to develop and optimize a method for
the synthesis of the amufienctionalized Wittig product. These experiments were conducted with

CHEM 494 student Amanda Rose Ratto.

Synthesis afa MPA (385.3 mg, 1.337 mmol, 1.0 egBbc-amidoPEG-amine (709.9 mg, 2.215

mmo | , 1.5 eq), and anhydrous TEA (650 ¢L, 4 .
DCM (1.5 mL) and reacted overnight withirsng at room temperature. The reaction was
monitored with TLC (solvent system: 10:0.8 DCM:MeOH, visualization: UV lamp with
wavelength = 254 nm). The solvent (DCM) was removed with rotary evaporation. The resulting

crude (1205.3 mg) was a peaatiouredviscous oil.

Purification oflaa NHS was removed according to the following procedure-Gafbonate (1.751

g, 4.377 mmol, 3.3 eq of carbonate with respect to initial mmol of MPA in the reaction) was added
to the cruddla (1205.3 mg) and solubilized in IMC(4 mL). The reaction was monitored at 2 and

3 hours with TLC (using the same conditions described above). Since the NHS was still present at
these time points, the reaction was allowed to proceed overnight at room temperature. Upon
checking with TLC agau, it was qualitatively determined that NHS was still present so the reaction
mixture containing crudéaand MRCarbonate was filtered on a Buchner funnel and washed with
DCM (3 x 50 mL). The filtrate was placed under vacuum to evaporate a portion@EMeand

to decrease the volume. To this filtrate, 4@Brbonate (601.3 mg, 1.503 mmol of carbonate
functional group) was added. The reaction was stirred at room temperature for 1.5 hours. After
checking the reaction mixture with TLC, it was qualitativelytedmined that the NHS was
removed. The resin was filtered on a Buchner funnel and washed with DCM (3 x 50 mL). DCM
was removed using rotary evaporation. The crude mass was 926.8 mg. The next step was to remove

the unreacted-Boc-amidoPEG-amine. To thiscrude mass, Misocyanate (1.814 g, 2.141
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mmol, 1.0 eq isocyanate with respect to the initial mmol-Bbd-amidoPEG-amine in the
reaction) was added in 8.5 mL DCM. The reaction proceeded for 3 hours at room temperature with
stirring. The reaction comgdien was qualitatively determined with TLC using the conditions
described above. The resin was filtered on a Buchner funnel and washed with DCM (3 x 50 mL).
DCM was removed with rotary evaporation. The presence of the prddyavés checked with

low resdution ESI MS (Thermo LTQ). The mass bd obtained was 734.9 mg.

Synthesis oflb: A portion of synthesizeda (105.3 mg) was reacted with A®P (179.9 mg,
0.5379 mmol, 2.4 eq of TPP assuming 100% of crudemagsisi n 800 &L of degas
DCM, with stirring, overnight, at room temperature. The reaction was periodically checked with
TLC (using the conditionaspreviously described) until it was qualitatively determined flzat

had disappeared from the reaction mixture. ThelPB resin bound ith 1a was filtered on a
Buchner funnel and washed with DCM (3 x 40 mL). Any impurities remaining leitould be

in the filtrate. The solid R$PP resin bound wittha was dried under vacuum. The solid bound
reagent was collected (224.2 mg). mRB& (21.6 mg, 0.0806 mmol, 0.9 eq ta bound on PS

TPP) was added to the solid bound reagent (224.4 mg) and solubilized in 1 mL of degassed,
anhydrous 1:1 THF:EtOH. The reaction proceeded overnight at room temperature with stirring.
The reaction was checked withT (same conditions described previously). The resin was filtered

on a Buchner funnel and washed with THF (3 x 5 mL), followed by evaporation of THF under

vacuum. Cruddb (33.6 mg)was obtained and the viscous oil had a yeltpeen appearance.

Purification of 1b: To crudelb (33.6 mg), PSIs-NHNH2 (9.59 mg, 0.26 mmol, 3.3 eq of
hydrazide to the initial mmolof MPEBA i n t he reaction) was added
of anhydros DCM. The reaction was allowed to proceed with stirring, at room temperature for 3

hours. After 3 hoursthe extent of the reactiomas qualitatively determined by TLC (solvent
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system: 10:1 DCM:MeOH, visualization: UV lamp with wavelength = 254 nm) tiRE@&BA
was scavenged. The resin was filtered on a Buchner funnel and washed with DCM (3 x 5 mL).
DCM was evaporated under vacuum. The resulting prodbrih@d the appearance of a clear oil,

and 21.4 mg (36.7% yield) was obtained.

The remainder ota(629.6 mg) was reacted in the same manner described above for the
synthesis ofLb. Crudela(629.6 mg) was reacted with A®P (1084 mg, 3.252 mmol, 2.4 eq of
TPP assuming 100% of crude is) in 5.2 mL of degassed, anhydrous DCM. The reaction
proceeded oveight at room temperature with stirring. The solid bound reagent was filtered as
previously described. The solid bound reagent was collected (1124.8 mg). The solid bound reagent
(562 mg) was reacted with mPEHEA (25.5 mg, 0.0950 mmol, 2.3 eq tabound orPSTPP) in
2 mL of degassed, anhydrous 1:1 THF:EtOH. The reaction proceeded overnight at room
temperature with stirring. After filtering the PI¥’P resin as previously described, the solvent was
evaporated under vacuum. The crude mass obtained was 1161 rigs crude mass, P&
NHNH: (132.4 mg, 0.3641 mmol, 3.8 eq of hydrazide to the initial mmol of mBEGn the
reaction) was added in 1 mL anhydrous DCM. The reaction proceeded under the same conditions
described above for aldehyde scavenging. Then rems rinsed and filtered as previously

describedlb was obtained (25.5 mg; 81.5% yield).

Characterization oflb: *H NMR (300 MHz,CDC) G 8. 00 ( s, 1H), 7.57
7.01 (d, 2H), 6.50 (s, 1H), 4.20 (t, 2H), 3:385 (m, 31H), 2.57 (t,12), 2.29 (s, 2H), 1.81 (it,
4H), 1.45 (s, 9H). High resolution E®S: calculated for gsHssO12Ns [M+H] *: 724.4015 Da,

found 724.4022 Da.

Synthesis ofc: This step was for removal of thdbc protecting group, yielding the free amine.

Into avial containindb( 25. 5 mg), a 400 €L solution of 1:
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proceeded for 2 hours at room temperature. The vial was placed on thevagaorator, and once
the initial solution was removed, the vial was washed with DCM (4 x 1 mL) and placed on the

rotary evaporator. After the solvent was evaporated, the final prad)ietgs obtained (21.2 mg).

Characterization ofL.c. Low resolution EEMS (Thermo LTQ) was used to obtain the molecular
weightof 1c. The mass for the compound:849N3010 [M+H] *: 624.35 Dalcwas used in the

experiments involvingd TGase (Sections 4.3.2 and 4.3.3.) without further characterization.

4.3.2.MTGase Mediated Modification of ApoMb

A number of bioconjugation reactions with ApoMb and MTGase were undertaken. The
bioconjugation of ApoMb with dansylcadaverine arBloc-amidoPEG-amine were conducted
as control reactions, to see if the MTGaseapable of modifying ApoMb and ifBoc-amido
PEG-amine is a substrate for MTGase. The bioconjugation of ApoMiends also attempted.
These reactions were undertaken withED1 494 student, Amanda Rose Ratto anapatudent,

Claire Stoecker.

Heme reroval for preparation of ApoMbrhe following procedure was obtained from Ascoli et
al1”®l Myoglobin from equine skeletal muscle (10 mg) was dissolved in 4 mL of chillegQddH
Chilled 0.1 M hydrochloric acid was added dropwise to this solution until. piv@sreachedas

tested with pH paper strips). Methyl ethyl ketone (MEK) (4 mL) was added to this solution and
swirled gently, then placed in an ice bath for at least 10 minutes. When phase separation was
observed, the clear aqueous layer containing Apalds removed and transferred to a round
bottom flask, where an equal volume of d@Hwas added and placed under high vacuum.
Following this step, ddiD (6 x 8 mL) was added and the solvent was removed with rotary
evaporation under vacuum. The final proteoncentration was determined using a Bradford assay

with bovine serum albumin as the protein standard for the calibration tirvithe SpectraMax
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5 microplate reader was used to obtain absorbance measurements. The final concentration of

ApoMb was detemined to be 1 mg/mL.

Bioconjugation of ApoMb with dansylcadaverine MT Gase (0. 00035 e&emol ,
(0.0076 emahd @and9ylegadaverine (0.379 emol, 5
0.15 M pH 6.0 KP buffer for 6 hours at 40 °C. After thaateon was completedhe sample

containing the KP buffer was exchanged with edHising centrifugal filters with an MWCO of

10 kDa and five cycles of centrifugation at 10 00@ K10 minutes per cycle). The ApoMb
dansylcadaverine product was diluted wile 1:1 MeOH:ddkO+0.1% FA solvent until the
concentration of the sample was in the rangedbfd anMcharacterized with ESI MS (Thermo

QE). The resulting spectrum was deconvoluted with the Thermo Scientific BioPharma Finder

software (Version 3.0).

Bioconjugation of ApoMb with-BocamidoPEGs-amine MTGase (0.00035 & m
ApoMb (0. ®R09eg)ardtBod-anidcPEG-ami ne (0. 379 e mol , 50.
were reacted in 0.15 M pH 6.0 KP buffer for 6 hours at 40 °C. After the reaction was completed,

the sample containing the KP buffer was exchanged withh@dk$ previously described. The

sanple was then subsequently characterized with ESI MS (Thermo Qiaddseen done earlier

for the ApoMb samples.

Bioconjugation of ApoMb withc: MTGase (0.00035 egmol , 1.0 eq) .
egyandlc( 0. 379 emol, 50.0 egqg to ApoMb) were react
at 40 °C. After the reaction was completdte sample containing the KP buffer was exchanged

with ddHO as previously described. The sample was subsequently charactetlzde5l MS

(Thermo QE)n the same mannéor the ApoMb samples.
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4.3.3. Determiningthe Inhibition of MTGase
As the modification of ApoMb withlc was unsuccessful, the next set of experiments
focused on determining whether or datwas an inhibitor oM TGase.These reactions were

undertaken with @EM 494 student Amanda Rose Ratto.

Reaction oMTGase withlc. MTGase (0.001048 mo | , 1.16( @g052Aaz2rde mol 5 (
were incubated together in 0.15 M pH 6.0 KP buffer for 6 hours at 40 °C. After the reaction was
completed,the sample containing the KP buffer was exchanged with.@dék previously

described. The sample containing MTGase was thbsegjuently characterized with ESI MS

(Thermo QE) using the same conditions as previously described for the ApoMb samples.

Bioconjugation of ApoMb with dansylcadaverine in the presenteediEM-mMPEGBA Wittig

product NEM-mPEGBA was synthesized accordino the procedure outlined in Chapter 3
(Section3.3.2). M Gase (0. 00035 ¢ AmPEGBAR.6Dmnelg7671aqg)wereN E M
incubated in 0.15 M pH 6.0 KP buffer for 30 minutes at 40 °C. To this solution, ApoMb (0.0079
emol , 22.5 eq)i naend( 0d a3n9sdy lecrmaod a,v €5r0 . 0 waspacted Ap o M
in 0.15 M pH 6.0 KP buffer for 6 hours at 40 °C. After reaction completitensample containing

the buffer was exchanged with dg as done earlier The sample was then subsequently

characteded with ESI MS (Thermo QE) as previously described for ApoMb samples.

4.3.4. Computational Modelling of NEM-MmPEG4BA and 1cwith MTGase

The covalent docking of NEMMPEGBA and1cin the active site of MTGase was done
with the CovDock module in Maestro (Schrodinger, LLC). The MTGase structure imported was
PDB:6GMG The covalently bound inhibitor peptide analogue found in thrayXstructure with
MTGase was removed. The settings usedhe docking of the two compounds were the standard

CovDock settings. The covalent reaction was set as-ditfdael addition of Cys64 found on

122



MTGase (active site cysteine) with the exocyclic olefin on NBMEGBA and 1c. For the
modelling of the hypthetical tetrahedral intermediate witls, the peptide analogue was altered
with a glutamine residue into the bound peptide, then reacted with the cysteine thiol to form the
tetrahedral intermediatdc was then merged into the workspace and attachedstéetrahedral

compound. The resulting structure was minimized using the OPLS4 forcefield in Maestro.

4.4. Results and Discussion

4.4.1.Synthesis of mMPEGBA Wittig Product for ApoMb M odification with MTGase

The procedure for the synthesis of an anfimectionalized Wittig olefin product required
several steps. These experiments were conducted with Amanda Rose Ratto, a litifiiet32
student in the Honek laboratory. Initially, a heterobifunctional alkane reagent containing MAL and
NHS (MPA) was reacted ith t-Boc-amidoPEG-amine and triethylamine in DCM at room
temperature to obtaida (t-Boc-amidoPEG-MAL). The purification of this compound was
conducted with several polymbound scavenger resins. MRarbonate was used to sequester
unreacted NHSMP-Isocyanate was used to scavenge tBodamidoPEG-amine starting
material. Once these species have been removed from the reaction mixture, as qualitatively
determined by TLC and low resolution ESI MS, the Wittig product could be synthesized using PS
TPP. The addition cfato PSTPP served a second function in our synthesis procedure. Any side
products that do not contain maleimide and that were not initially removed would be filtered as
they could not bind to the PBEPP resins. The chemical speciespidted in Figure 4.4. are

undesired side products that were detected by low resolution ESI MS (data not shown).
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Figure 4.4 Chemical structures of side products after the synthediaafid1b that are filtered from
the PSTPP resin.

These side products were separated from thd F&la reagent and collected in the
filtrate. After several washes of the H8P-1areagent, the reagent was dried under vacuum and
subsequently resolubilized in 1:1 THF:EtOH. mRB& was added to the reactionixture to
obtain the Wittig productlp). Unreacted mPEBA was removed with R$s-NHNH.. The final
step involved the removal of theBbc group in order to obtain the final product, the amine
functionalized Wittig olefin 1c), which was used in subseaueeactions with MTGase and
ApoMb. The overall reaction scheme was given in Scheme 4.4. A summary of the steps involving
the polystyrenesupported reagents is given in Scheme 4.5. The high resolution ESI mass spectrum
andH NMR spectrum of compountb are given in Appendix A. The low resolution ESI mass

spectrum of compountkis also given in Appendix A.
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4.4.2. MTGase Mediated Modification of ApoMb

The heme group of equine spleen myoglobin was removed accordingpmteelure by
Ascoli et al*”® The concentration of the stock ApoMb used in the subsequent experiments was
determined to be 1 mg/mL using a Bradford assay. A comaskspectrum of ta ApoMb solution
was obtained with ESI MS and subsequent deconvolution of the raw spectral datéhesing
Thermo Scientific BioPharma Finder software (Version 3.0) (Figure 4.5). The mass of unmodified
equine skeletal ApoMb is 16950 Da, which is in good agreement with the literature value obtained

by Zaia et alt¢®!
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Figure 4.5 ESI MS of unmodified guine skeletal ApoMb.

The bioconjugation of ApoMb and dansylcadaverine using MTGase was undertaken as a
control experiment to determine that the prepared ApoMb is modifiable, and that the MTGase

enzyme is functional. The GIn91 residue of ApoMb dadsylcadaverine are known substrates of
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MTGase!*%®l The resulting mass spectrum is shown in Figure 4.6. The expected mass change is

317 Da. The peak corresponding to this mass change was observedSaDa726
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Figure 4.6 ESI MS of equine skeletal ApoMb after MTGase mediated modification with dansylcadave

The second experiment conducted was the reaction of ApoMb-Bitl-PEG-amine in
order todetermine if this compound is a suitable substrate for the MTGase enzymeBdte t
PEG-amine reagent was used as a starting material in the synthesis of thdwaroiimmalized
Wittig olefin product. The resulting mass spectrum is shown in Figure A&/ eXpected mass

change is 304 Da. The peak corresponding to this mass change was observed at 17254 Da.
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Figure 4.7. ESI MS of equine skeletal ApoMb after MTGase mediated modificationtv8tc-PEG-
amine.

Lastly, MTGase, ApoMb, andc were incubated at 40 °C at pH 6.0 for six hours. The
ApoMb-1c conjugate was not detected by ESI MS. Only unmodified ApoMb with a molecular
weight of 16950 Da was detected (data not shown). It is likely that the compdauwds not
conjugated to ApoMb. One possibility is that the exocyclic olefin is acting as dnitanhof
MTGase. If this compound is an inhibitor of MTGase, a tMathael addition reaction with the
exocyclic olefin oflc and the active site thiol of MTGase is proposed. Parmar et al. reported the
Michael addition reaction of a free thiol with an exadlic olefin generated from the Wittig reaction
of an aldehyde and the MALPP Wittig reagent® Our next experiments focused on determining

if compoundlcis an inhibitor of MTGase.

4.4.3. Determining the Inhibition of MTGase
MTGase was incubated withlarge excess of compouhdat 40 °C, pH 6.0 for six hours.
The reaction mixture containing MTGase was analyzed with ESI MS to determine if a mass change

corresponding tolc can be detected. The expected molecwaight change is623 Da,
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correspondingo the moar mas®f compoundlc. By ESI MS, this mass change was not detected

for MTGase (data not shown). A second experiment was undertaken where MTGase was incubated
with a large excess of the NEMPEGBA Wittig olefin at 40 °C, pH 6.0 for 30 minute&fter

this time, ApoMb and dansylcadaverine were added to this solution and incubated using conditions
previously described for MTGase experiments. We proposed that if an exocyclic olefin, such as
the NEMmPEGBA adduct, acts as an inhibitor, then no mudifion of ApoMb with
dansylcadaverine, a known substrate, will occur. However, after analyzing the reaction mixture
with ESI MS, the ApoMkdansylcadaverine conjugate was detected at 17267 Da and the resulting

mass spectrum was identical to the one showkigure 4.6.

Based on our experiments, it does not appearthigtacting as an inhibitor of MTGase.
Therefore, it is likely that the thidMichael addition reaction is not occuring. If the compodind
is not acting as an inhibitor of MTGase then a second possibility is that it is not a gadost@te
for MTGase. Computational modelling studies were used to gain insight as to how corfippound

interacts with the active site of MTGase.

4.4.4.Computational Modelling of NEM-mPEG4BA and 1cwith MTGase

The CovDock module in Maestro (Schrodinger LLC) was used to model the binding of
NEM-mPEGBA and 1c with the active site thiol on MTGase. The results obtained from this
computational modelling only depict ggothetical covalent thieMichael adduct, andoesnot
provide enoughconclusive datato demonstratehat the compounds bind in this manner.
Compound 1c has two short, yet flexible PEG chains that can have different possible
conformations in an aqueoudwion, complicating the computational studies. Regardless, some

insight on the interaction between the active site residues and the two compounds may be given.
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Figure 4.8 depicts the binding interactions of NBNPEGBA in the active site of
MTGase, if itforms a thiolMichael adduct with Cys64. One possibility for the experimentally
observed lack of binding is that there are not many hydrogen bonding interactions present between
NEM-mPEGBA and the nearby amino acid residues of MTGase. Only one hydrageing
interaction is depicted between the methoxy oxygen of NEIREGBA and the Arg26 amino
acid residue (Figure 4.8A). Water molecules that are present in the active site cavity of MTGase
will be hydrogen bonded to nearby amino acid residues. Ther#ierdisplacement of the water
molecules by NEMMPEGBA may not be energetically favourable, and the complex will not be
formed. Another possibility is that there is a steric clash between the aromatic ring of the NEM
MmPEGBA compound and the sid#ain of the Val65 residue. If the thiblichael addition does
not occur, then it is unlikely that the exocyclic olefin of NEMPEGBA will act as an inhibitor

of MTGase.

Figure 4.8 Hypothetical docking of NEMNPEGBA in the active site oM TGase through the thidWichael
addition on Cys64A) Potential binding interactions of NEWMPEGBA with MTGase active site amino acid
residuesB) Spactfilled structural analysi2DB: 6GMG
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Figure 4.9 depicts the binding interactions of compoLnh the active site of MTGase,
if it forms a thiolMichael adduct with Cys64. Based on the computational modelling, there are
five potential hydrogen bonding interactions, one of which is on Val65, directly next to the active
Cys64 thiol. However, it would appear that there is signifistartc interaction between the amide
bond onlcand Arg208, and the aromatic ringIaf and Asn253 in the active site of MTGase, if
lcwere to interact with the active site in this manner. It is possible that because of this problematic
steric interaction]lccannot bind to the active site. Then it will not act as an inhibitor or a substrate.

If this is the case, then synthesizihgwith a longer PEG chain may further displace d@mide

bond from the Arg208 residue, allowing it to potentially behave assalgstrate for MTGase.

Figure 4.9 Hypothetical docking ofcin the active site of MTGase through the tHitichael addition on
Cys64.A) Potential binding interactions at with MTGase active site amino acid residugsSpace
filled structural analysisC) Chemical structure dfc with circled amide bond (redR) Overview of the
spacefilled model for the MTGaséc interaction.
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4.5. Conclusions

An aminefunctionalized Wittig productl(c) was successfully synthesized and purified
using the SPOS methodology that was outlined in Chapter 3. The Ap8damidoPEGs-
amine and ApoMiglansylcadaverine conjugates were detected by ESI MS. Although the specific
site of conjugation was not confirmed, it is anticipated that the GIn91 residue of ApoMb was
selectively modified by MTGase. The MTGase mediated chemoenzymatanhigation oflc
to ApoMb was unsuccessful. There were two possibilities for the lack of conjugatiohcwithe
first possibility was that the exocyclic olefin bf was acting as an inhibitor, binding to the active
siteof MTGase via the thieMichael aldition. The second possibility was that the compound was
not a good substrate for the MTGase enzyme. If the compound is not a good substrate, that is, does

not favourably interact with the active site, then it is likely not an inhibitor either.

ESI MS was used to determine if a mass change on MTGase correspontloxptdd be
detected. If this mass change could be detected, it would be likely that the compound forms a
covalent linkage with the active site thiol. However, this mass change was notesbserv
MTGase. In another experiment, the NEMPEGBA Wittig product was first incubated with
MT Gase for thirty minutes. Next, ApoMb and dansylcadaverine, known MTGase substrates, were
added to the reaction mixture. The detection of the Apdistiisylcadavenie adduct with ESI MS
further supported the possibility that the exocyclic olefins of the two Wittig products do not act as
inhibitors in this manner. Finally, computational studies with the NEREGBA Wittig product
and1c were undertaken to determinesgible binding interactions with the MTGase active site.
Based on these studies, it is likely that the amide componeitt aduld unfavourably interact
with the Arg208 residue in the active site. The synthesis of an domogonalized Wittig product

with a longer PEG chain mightercome this limitation.
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Chapter 5.0. Conclusions and Future Research

The primary objective of the research presented in this thesis was to investigate novel
phosphoroudased bioconjugation methods for protein derivatizafldve approaches that were
explored will be summarized in this chapter (Scheme 5.1), along with future research directions.
Although not every approach was successful, new information on these types of reactions as it
pertains to protein bioconjugation wasained First reported by Kantner and Watts in 265,
the phosphdlichael addition for protein bioconjugation served as the inspiration for the

phosphoroudased approaches studied in this thesis.

e 4 " o o Aqueous Wittig
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%" Aldehyde
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\/’ .
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B /@l o N - . .
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Scheme 5.1Summary of the four phosphorebased approaches investigated in this thégi€hapter 2:
agueous Wittig reaction on BCA (blu®) Chapter 2: attachment of THEG-MAL -TPP ylene on
BCA. C) Chapter 3: SPOS and purification of activagsterfunctionalizedWittig olefin products and
subsequent attachment on BAA.Chapter 4: MTGasmediated chemoenzymatic bioconjugation of
aminefunctionalized Wittig olefin on ApoMb (grey).
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In Chapter 2, the agueous Wittig reaction was attempted on the surface of the PfFtn and
BCA proteins. Initial studies were undertaken at temperatures-6® 3C for four hours. At first,
the reaction appeared to be successful for both proteins. Fuxitegssinvolving BCA with the
NHS-PEG-MAL, TCEP, and mPE@A compounds were conducted at room temperature, with
and without sodium hydroxide. By ESI MS, it appeared that the -B@W#g olefin conjugates
were detected. However, the BEMttig olefin conjugate had a similar moleculareightto the
theoretical BCAMAL -TCEP + Na adduct (about 5 Da difference). The resolution of the mass
spectrometry technique for protein characterization is not high enough to distinguish these species.
Subsequent investigatie usingAIdPhPEGCOOH as the aldehyde with the same experimental
conditions were undertakeAldPhPEGCOOH:is larger than mPEBA (MW = 485.5 Da versus
MW = 268.3 Da, respectively), which would have allowed for the conclusive identification of
conjugates with ESI MS. Unfortunately this BEMittig conjugate was not detecteahless the
reaction was heated to 40 °C. Given these relatively harsh conditions, the bioconjugation method

would not be expendable to a variety of therseasitive proteins.

One possible explanation fdahe unsuccessful Wittig olefination on the surface of BCA
was that TCEP was not an appropriate phosphine. In order for the Wittig reaction to proceed, the
phosphonium adduct needs to be deprotonated (as shown in Scheme &pPer (3).
Computational studies were undertaken to determine the pKa of a variety of phosphonium adducts
involving NEM. It was determined that the NEMCEP complex possessed the highest pKa value
(pKa = 9.95), even when taking into account the inherent efrcalculation (x1 pKa unit). The
structures containing aryl phosphines yielded pKa values of 562 Therefore, these were
considered good choices for further optimization of the aqueous Wittig reaction conducted on the

surface of a protein.
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TPP andDPPA (aryl phosphines) were reacted in acetone withFE&-MAL to obtain
the ylide. The activatedster group (TFP) would allow for the modification of BCA with this
compound. The PEG chain would afford water solubility to the otherwise insoluble oREvét,
this conjugate was not observed with ESI MS. Studiess®MINMR were conducted to determine
the stability of MAL-TPP complexes in water. After two hours in water, a signal corresponding to
the TPP oxide compound was detected, and the initiablsigorresponding to the MALPP
complex disappeared. With these experiments, it was demonstrated that the aqueous Wittig
reaction could not be conducted on the surface of a protein with either TCEP or TPP (and-its water

soluble analogues).

In Chapter 3, plgstyrenesupported resins were used to synthesize and purify activated
esterfunctionalized Wittig olefins. PSPP was used for the synthesis and purification of MAL
containing compounds, andSH's-NHNH., a hydrazide resin, was used to sequester the xces
aldehyde reagent. Five activatester Wittig olefin products were synthesized and purified with
this approach, with yields ranging from-47%. Compounds were characterized with high
resolution ESI MS andH NMR. By 'H NMR, the characteristic signal mesponding to the
chemical shift of t-8®2ppm)ldisappeared.dhisgindicatedtimat olrisolid= 1 0 .
phase purification approach was sufficient for removing unreacted aldehydes. It is anticipated that

a larger number of aldehydes can bedito easily modify proteins with this approach.

The experiments conducted in Chapter 4 were undertaken to show the versatility of the
phosphoroubased approach involving targeted protein bioconjugation. An aminationalized
Wittig olefin reagent wasynthesized and purified using the solid phase approach described in
Chapter 3. It was hypothesized that MTGase could use this compound as a substrate to selectively

modify the glutamine residues of proteins. Equine skeletal ApoMb was employed as the co
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substrate. Spolaore et al. reported that the GIn91 residue is selectively modified by Mffase.
While the amindunctionalized Wittig olefin reagent was successfully synthesized, the conjugate
of this compound with ApoMlzould notbe detected. Furtherusties with MTGase determined

that this compound was not an inhibitor of the enzyme. Subsequent computational studies
investigated the binding interactions of this compound with the active site of MTGase. One
possibility was that the amide bond found onrsgent had unfavourable interactions with the
Arg208 residue found in the active site of MTGase. It was hypothesized that the synthesis of this

reagent with a longer PEG chain would avoid these unfavourable interactions.

5.1. Future Research Directions

The next avenue to be explored is the synthesis of an domiogonalized Wittig olefin
with a longer PEG chain. TheBoc-amidoPEGui-amine reagent is sold by Broadpharm (San
Diego, CA, USA). The structure of this starting material and the final Witéfinoproduct is
shown in Figure 5.1. The reagent will be synthesized and purified according to the procedure
outlined in Chapter 4, and then incubated with ApoMb and MTGase for six hours at 40 °C, at pH
6.0. It is hypothesized that the longer reagentlvahave as an appropriate substrate for MTGase
so that ApoMb can be selectively modified. If this approach is successful, then a number of
bioconjugation reagents can be synthesized usingBoe-amidoPEG 1-amine as the primary
starting material. Aldeldes carrying a specific chemical moiety or tag can be used to synthesize
aminefunctionalized Wittig olefins for the subsequent-sipecific modification of proteins using

MTGase.

136



A) HzN%\/O‘}h/\HJJ\Ok

@] o
h ,.Qp btk
B) K—\O / o

Figure 5.1.Chemical structures &) t-Boc-amidoPEG-amine and) new aminefunctionalized
Wittig olefin with PEG: chain.

The immobilization of enzymes on a polynserpported resin will also be undertaken. One
such commercially available resin is crosslinked agarose with TCEP iesoidisplayed.
Enzymatic immobilizations important for the fabrication of novel materials for high throughput
catalysis. The model protein (BCA) will first be modified with FFEG-MAL so that the enzyme
displays maleimide. The enzyme will be subsequently immobilized onto the resin via the phospha
Michael addition reaction. The enzymatic activity of BCA immobilized on this resin will be
measured and compared to the free enzymeitgctivhas been previously observed that various
esters ofp-nitrophenol (PNP) can function as substrates for determining the catalytic activity of
this enzymé!%1The hydrolysis of g-nitrophenyl ester to PNP results in a yelloaloured
solutionthat absorbs strongly at 405 nm. This experiment will demonstrate how enzymatic activity

for BCA might vary if it is immobilized on a polymeupported resin (Scheme 5.2).

. “ )
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Crosslinked 5553 l 22 P ar il Test enzyme
. 2252 TCEP | — > [55232)— TCEP —MAL —SAci)n ——» L
agarose resin Q22 222 4t i activity

Scheme 5.2immobilization ofBCA on an agaros&€CEP resin via the phospiiichael addition reaction.
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The synthesis of a TCEP analogue containing an actiested functional group will be
pursued. The RE&arbodiimide resin will be used in the SPOS of the TGERIogue. This
coupling reagent will activate the carboxylic acid group. The compound will then be reacted with
a hydroxytPEG-TFP reagent. The activatedter group (TFP) will allow the TCEP analogue to
be directly attached onto the surface of protdimsugh their lysine residues. A second protein,
enzyme, or synthetic molecule functionalized with a maleimide can be attached to the protein
displaying TCEP. It is anticipated that the phosphehael addition reaction will facilitate the
formation of newbioconjugates (Scheme 5.3). If successful, this methodology will be another

phosphoroudased technique in the bioconjugation toolbox.

A F PS-Carbodiimide
Fo o o 8MF iaht 0 o] F
vernig
F O)j\/{/\o/ﬁ\/OH + HOMP/QJ\OH -, HO)J\/\p/\)I\O/\b/O\a:\mOjQ/F
4 e}
F F
F
TFP-PEG,-OH o on 0% 0H
TCEP TFP-functionalized TCEP analogue

L 0 o
g H N
‘..-i ‘Z/\/\/NWO\Q/\OJ\/\F./\)LOH N j\J} ——  New conjugates formed

Protein modified with TCEP

Scheme 5.30verview of a new phosphorobssed bioconjugation technique involving TCEP
analoguesA) General scheme for the synthesis of a-flitionalized TCEP analoguB) Attachment
of the TCEP analogue onto a mogabtein, such as BCA (blue) and subsequent reaction with
maleimidemaodified proteins, enzymes, or synthetic molecules (puipdée).
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Appendix A: *P NMR, H NMR, and ESI MS Spectra

bis (p-sulfonatophenyl) phenyl phosphine
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Figure A.1.%'P NMR spectrum of BSTPP (solvent: dd3).
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Figure A.2.3'P NMR spectrum of NEMBSTPP(solvent: ddHO).
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Figure A.4.%'P NMR spectrum of NEMISTPP (solvent: ddi®).

155

"tris(3-sulfophenyl) phosphine trisodium® 1 1 D:\Honek
tris(3-sulfophenyl) phosphine trisodium
General
7 © ~ TIME T 1108
Il 2 § INSTRUM - Avance Neo 300
s :v" o PULPROG = 2zgpg30
il O\s// ! F1 (31P)
| N
¢ SI = 32768
SF o= 121.564
—" | 0\\5/”6 SW.p = 48543.680
| \(j/\\ﬂ
Q==8=—0
a4 &a
4 |
T T T T T T T T T T T T T T T T T T T
60 40 20 -20 40 [ppm]
. 31 .
Figure A.3.°*P NMR spectrum of TSTPP (solvent: dd}.
tri-TPP:NEM
. 2 &
; T [ el
o M
o
A0y
o
D
O=—g=—0
o
4 |
T T T T T T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10 0 -f0 -20 -30 -40 -50 -60 -70 -80 ppm



Poly (ethylene glycol) tri phenyl phosphine
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Figure A.5.%P NMR spectrum of PEGTPP (solvent: ddW.

Figure A.6.%'P NMR spectrum of NEMPEGTPP (solvent: dci®).
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