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Résumé

Le développement des technologies de recombinaison en biologie moléculaire fut un
point tournant pour les sciences biologiques. Depuis cette découverte, diverses avancées
extraordinaires qui ont un impact direct sur les humains ont pu étre accomplies dans les
domaines de recherches qui découlent de cette technologie. L’étude des enzymes produites en
utilisant cette technique est le fondement de leurs applications éventuellement accessibles. A
cet effet, la biocatalyse est un sous-domaine de I’enzymologie en développement continuel. Les
chimistes et ingénieurs utilisent les composantes de systemes biologiques ou méme des
systtmes complets afin de complémenter ou remplacer des méthodologies existantes. Cette
these étudie la famille d’enzymes transglutaminase (TGase) comme biocatalyseur afin

d’explorer et d’étendre 1’ubiquité et les innovations rendues possibles grace aux enzymes.

Les TGases sont des enzymes versatiles. Leur homologue bactérien, la transglutaminase
bactérienne (MTG), est couramment utilis¢é a 1’échelle industrielle pour la transformation
alimentaire. Depuis une dizaines d’années, de nombreux efforts ont été faits afin de trouver de
nouvelles applications des TGases. En premier lieu, une revue des accomplissements, progres

et défis reliés au développement des TGases sera décrite.

Les TGases sont intrins€quement des catalyseurs de la formation de lien isopeptidiques
entre une glutamine et une lysine. Par ce fait, elles ont été initialement testées dans cette thése
pour la synthése de peptides. Une forme de I’enzyme TGase de mammiferes fut en mesure de

geénérer les composés dipeptidiques Gly-Xaa et D-Ala-Gly avec une faible conversion.

La MTG posséde plusieurs caractéristiques qui font de cette enzyme un candidat
intéressant pour le développement de biotechnologies. Elle est stable, non dépendante d’un
cofacteur et connait peu de compétition pour sa réaction catalytique inverse. La majeure partie
de cette thése porte exclusivement sur I'utilisation de la MTG. Nous avons développé et
caractérisé une réaction chimio-enzymatique en un seul pot pour la conjugaison de peptides et
protéines. La présence de glutathion en quantit¢ suffisante permet de contourner
I’incompatibilité de la MTG avec le cuivre et ouvre la porte a 1’utilisation de la réaction de

cycloaddition entre un alcyne et un azoture catalysée par le cuivre, afin d’effectuer le marquage



fluorescent de protéines. L’utilisation d’autres méthodes de chimie « click » sans métaux fut
aussi ¢étudiée afin d’incorporer divers substrats protéiques. Le marquage de protéines avec la
MTG fut investigué de maniére combinatoire. Précisément, la ligation de Staudinger, la
cycloaddition azoture-alcyne promue par la tension de cycle, ainsi que la ligation de tetrazine
(TL) ont été testées. Différents niveaux de conversion ont été atteints, le plus prometteur étant

celui obtenu avec la TL.

Une ¢étude par cristallographie a été effectué¢e afin d’élucider comment les substrats
contenant une glutamine interagissent avec la MTG. Une méthode de purification alternative de
la MTG a été développée afin d’atteindre ce but. Une discussion sur les stratégies et défis est

présentee.

Finalement, la conjugaison entre un systéme contenant la MTG comme biocatalyseur de
marquage, le domaine B1 de la protéine G (GB1) comme substrat et d’un fluorophore contenant
une amine comme sonde fut étudié. Comme deux des constituants de ce systéme sont des
protéines, 1’ingénierie d’enzyme peut tre entreprise afin d’améliorer leurs propriétés. Une
banque de 24 variantes de GBI fut construite grice a une approche semi-rationnelle afin
d’investiguer quels facteurs sont déterminants pour la sélectivité de la MTG envers la glutamine.
Chaque variante étudiée comportait une seule glutamine a une position variable afin d’évaluer
I’impact des éléments de structure secondaire ou se retrouve la glutamine. L’efficacité pour le
marquage a pu étre améliorée d’au moins un ordre de grandeur pour huit des substitutions
étudiées. Comme chacune des structures secondaires fut marquée, il fut démontré que la MTG
n’en préfere pas une en particulier. De plus, la réactivité de la MTG envers la variante 16Q-GB1
fut augmentée en créant des mutations dans son site actif. Ces résultats permettent de
comprendre d’avantage la sélectivité de la MTG envers la glutamine, tout en démontrant le

potentiel de cette enzyme a €tre modifiée afin d’étre améliorée.

Mots-clés : Biocatalyse, bioconjugation, chimie des clics, ingénierie enzymatique, marquage

des protéines, transglutaminase
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Abstract

The development of recombinant molecular biology technologies was a turning point for
the biological sciences, which has since evolved into dozens upon dozens of different subfields
and contributed to extraordinary advances for humans. At the core of many of these advances
are the enzymes produced by these techniques, with efforts to understand their form and function
laying the groundwork for their application. One of these continuously advancing subfields
rooted in enzymology is biocatalysis, in which chemists and engineers embrace biological
components and systems to complement, or even replace, existing methodologies. This thesis
seeks to further contribute to the advancement and ubiquity of enzymes to be incorporated into

future innovations. To this end, transglutaminase (TGase) is the biocatalyst selected for study.

TGases are versatile enzymes, with the bacterial homolog, microbial transglutaminase
(MTG) being readily used in industrial processes for years, particularly for food processing. An
abundance of efforts seeking to apply TGases to other processes have been made within the last
decade. We commence by reviewing the accomplishments, progress, and challenges to

developing TGase towards new goals.

TGase naturally catalyzes the formation of isopeptide bonds utilizing a glutamine and
lysine substrates, and one of its first unconventional applications we investigated was for peptide
synthesis. We determined the ability and specificity of one form of TGase for various amino
acid-derived substrates, observing the formation of Gly-Xaa and D-Ala-Gly dipeptide products,

albeit at a low conversion.

MTG exhibits several characteristics that make it an appealing candidate for
biotechnological development, such as its independence from a cofactor, little competition for
its reverse catalytic reaction, and increased stability relative to mammalian TGases. Therefore,
the remainder of this thesis pertains exclusively to MTG. We developed and extensively
characterized a one-pot chemoenzymatic peptide and protein conjugation scheme. The presence
of sufficient glutathione circumvents the incompatibility of the copper-catalyzed azide-alkyne
cycloaddition with MTG owing to the presence of copper. We ultimately utilized this

chemoenzymatic conjugation scheme for fluorescent protein labeling.
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We continue to expand upon combinatorial methods to undertake protein labeling by
investigating to what extent metal-free click chemistries can be utilized in combination with
MTG. Specifically, the Staudinger ligation, strain-promoted azide-alkyne cycloaddition, and
tetrazine ligation (TL) were assayed on protein substrates to reveal varying levels of effective

conjugation, with the TL being the most promising of the three.

The details surrounding the manner in which MTG interacts with its glutamine-
containing substrate remains unclear. To address this knowledge gap, we sought to pursue
crystallography studies, which required the development a modified purification strategy. We

discuss the strategies we investigated and the challenges surrounding such efforts.

Finally, we present a conjugation system consisting of MTG as the labeling biocatalyst,
the B1 domain of Protein G (GB1) as a substrate, and a small-molecule amine belonging to a
recently developed class of fluorophores as a probe. As two components of this system are
proteins, enzyme engineering can be applied to further improve their properties. A semi-rational
approach was used to generate a 24-member GB1 library to probe the structural determinants of
MTG’s glutamine selectivity. Each variant contained a single glutamine at varying positions
covering all secondary structure elements, and assayed for reactivity. Eight substitutions
resulting in an increased labeling efficiency of at least an order of magnitude were distributed
throughout all secondary structure elements, indicating that MTG does not favor one
preferentially. In addition, introducing point mutations within MTG’s active site also resulted
in increased reactivity towards variant [6Q-GB1. Our results contribute further to understanding
the nature of MTG’s glutamine selectivity, while simultaneously demonstrating the potential

enzyme engineering has to improve and adjust this system.

Keywords : Biocatalysis, bioconjugation, click chemistry, enzyme engineering, protein

labeling, transglutaminase
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“You can’t really tell how much you can do until you try to do something that’s... more.”

- Gary "Lazarus Lake" Cantrell, creator of the Barkley Marathons

“I remember thinking, some years back, that | KNEW [ was gonna be okay, but I wanted to
skip ahead to that bit! It's so tiresome knowing you'll be fine but not being at the fine point yet,

and you gotta go through all the crap.”

- Ursula Vernon
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Chapter 1 - Introduction

1.1. Overview

The purpose of this thesis is twofold: in general terms, to demonstrate that biocatalysts
are robust entities and should be embraced by synthetic chemists when applicable to
complement their research, and specifically, to expand on utility of a selected biological catalyst
for amide bond synthesis, with the particular interest of applying the knowledge to protein
labeling. To this end, microbial transglutaminase (MTG) is the biocatalyst selected for study.
The introduction will present specific highlights through the chronological progression of
protein science, demonstrating how the field has evolved and allowed for biocatalysts to be
employed and exquisitely refined towards specific purposes. As protein labeling is the major
application examined in this thesis, this topic as well as complementary chemical techniques to
enhance labeling will also be discussed. In addition, recent applications and mechanistic
discoveries concerning transglutaminases are covered extensively in Chapter 2, under the form

of a published review article.

1.2. Protein labeling

The common goal shared by all chapters that this thesis strives to achieve is to ultimately
contribute towards protein labeling and visualization. There is much to consider to accomplish
this task; the sections of this chapter that follow will outline each aspect and their fundamental
considerations in detail. This section will introduce the progress researchers have made to label

proteins, as well as the challenges that remain.

A complicating aspect of studying biological systems and components is that they cannot
be directly visualized at the cellular or molecular level. Because of this, researchers have
developed technologies to make this possible, with one of the oldest examples being the
microscope. To this day, microscopy is considered a standard technique to observe biological
phenomena, including those involving proteins. However, as biological or cellular media are
composed of a plethora of different compounds and macromolecules, it is necessary to

distinguish a protein of interest from other proteins and components. Methodologies to



accomplish this are discussed at length in Section 1.4; here, we will briefly provide some of the

motivations behind protein labeling.

A strong contributor to the impact of microscopy is protein labeling for imaging.'
Fluorescent proteins were some of the earliest and most commonplace imaging probes
conjugated onto proteins, with their implementation serving as indicators of cyclic AMP,?
cellular tyrosine kinases,’ and alteration of redox equilibriums in mammalian cells.* This
progress resulted in designing a rainbow of engineered fluorescent proteins, allowing for
visualization over a range of wavelengths. Monitoring the localization of a protein of interest is
commonly performed by labeling with dyes, using techniques such as immunofluorescence
which requires labeled antibodies for detection.”® A more creative, recent development
employing a fusion-based fluorescent protein label was shown to track neuronal proteins with
light and electron microscopy.’” These labeling methodologies allow for researchers to employ
imaging techniques to study and understand the cellular processes in vivo with high special and

temporal resolution.

From a medical perspective, fine-tuning protein therapeutics with covalent modifications
has shown much value. Conjugating therapeutic proteins with polyethylene glycol (PEG) chains
increases their viability by reducing their susceptibility to proteolysis as well as their
immunogenicity.® More recently, the production of antibiotics labeled with cytotoxic payloads
as therapeutics is creating new progress in the domain of medicine.’ The high specificity of
antibodies for their target can help reduce toxicity that occurs when payloads hit healthy cells
rather than the diseased target. Tuning these antibody-drug conjugates with respect to the
location and stoichiometry of their payloads also affects their pharmacokinetics and toxicity, '

and remains an intense area of study.

This brief outline of milestones accomplished by protein labeling describes some of its
applications and demonstrates why this topic remains a hot topic of research. As it stands, there
is currently no universal labeling methodology that will work for every biological system.
Labeling thus requires a broad range of different tools, some being better suited for specific
purposes than others. In the next sections, the technical considerations of each component to be

considered when developing a labeling system will be examined.



1.3. Biocatalysis: Early discovery and usage of enzymes

The first usage of enzyme-catalyzed chemistry was done without even being aware of
the existence of enzymes. Long before enzymes were formally discovered and the knowledge
on how to extract and purify them was developed, microorganisms were used to perform
enzymatic transformations. Classic examples include fermented foods and alcoholic beverages,
the ancient roots of such techniques stemming from Mesopotamia, China, and Japan. Millennia
later, an elegant historical demonstration of biological catalysis was performed by Louis Pasteur
in 1857. He cultured the mold Penicillium glaucum and added it to racemic tartaric acid
ammonium salt, to yield the purified (-)-enantiomer; (+)-tartaric acid had been selectively
consumed.!! Concurrently, further conversions using isolated biologically-derived substances
were being observed, such as the conversion of starch into sugar by a glutinous component of
wheat by a chemist named Gottlieb Kirchhoff.!? In 1833, Payen and Persoz successfully isolated
and studied “diastase”, which also hydrolyzed starch to produce dextrin and sugar.!*> A key
observation was that small amounts of isolate sufficed to liquefy large quantities of starch. We
now recognize that these chemists had discovered the activity of one of the first documented
enzymes, amylase. Nonetheless, it wasn’t until 1878 that Wilhelm Kiihne coined the name
“enzyme” for this class of chemically active material — derived from Greek, the term means “in

yeast”.!4

Emil Fischer made significant contributions to the understanding of enzymes, including
his proposal that enzymes function according to a “lock and key” model, which was published
in 1894.15 He was convinced that enzymes were proteins, although no concrete evidence existed
to prove his claim. It was known they were biological in nature, but were considered to be in a
class of their own. More hints adding to the poorly understood nature of enzymes came soon
after Fischer’s work, in 1897, when Eduard Buchner investigated and successfully fermented
sugar using cell-free yeast extracts. This is considered a milestone, as he established that intact

whole-cell microorganisms were not necessary to achieve conversions catalyzed from a



biological source.' It wouldn’t be until 1926, upon the successful crystallization of urease, that

enzymes were concretely confirmed to be proteins.!”

With the composition of enzymes being better understood, chemists sought ways to
discover more enzymatic activities and to employ them in further chemical transformations.
This required a robust methodology to purify enzymes from diverse cellular components — as
well as from other enzymes. Early sources of enzymes, other than microorganisms, included
egg whites, animal tissues and blood.'® Electrophoresis was one of the first means to separate
proteins, with Picton and Linder reporting the separation of haemoglobin using electric current
in 1892," and Hardy doing the same with other globulins.?’ Despite improvements to
electrophoresis technology over time, it remained limited as a purification methodology due to
low yields of pure protein, which was typically on the milligram scale. This changed
dramatically upon the development of cellulose-based ion-exchange chromatographic resins
capable of binding proteins, by Peterson and Sobers in 1956.2! This subsequently lead to the
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development of numerous substituted chromatographic resins, allowing for separation using

various chemical or physical properties of the protein.

The bulk purification of enzymes greatly increased their availability, and new
possibilities for biocatalysis could be explored. As with any new scientific breakthrough, many
synthetic chemists were wary of applying enzymes to their methodologies, and it took the work
of a many of researchers to help popularize and validate them. For example, in 1985, Whitesides
and Wong published an extensive review describing the characteristics, benefits, and
applications of an abundance of different enzymes to the synthesis of fine (chiral) chemicals,
pharmaceuticals, and biotechnology.?* In parallel, Klibanov demonstrated that some enzymes
retain some activity in organic solvents.?> These efforts, along with those of many others,?
helped convince many academic and industrial chemists to embrace biocatalysis, although many
skeptics remain. Ironically, the widespread use of enzymes in organic synthesis inspired the
development of synthetic enzyme mimics,?’*° boasting advantages such as tunable structures
and catalytic efficiencies, excellent tolerance to experimental conditions, lower cost, and purely

synthetic routes to their preparation.’® This field continues to be an area of intense interest to



this day, contributing high quality developments to the scientific community, serving sometimes

as a complementary school of thought to biocatalysis, and sometimes antagonizing it.

1.3.1 Improving and creating novel biocatalysts by directed evolution

Standardized bulk purification of enzymes increased their availability; however, it
limited the availability to naturally-occurring enzymes. The specificities of many of these
natural enzymes were extensively probed for, and ultimately led to the successful identification
of activity toward non-natural substrates. While this proved to be helpful to the inclusion of
enzymes in the repertoire of useful catalysts, the natural activities, specificities, and physical
properties of enzymes were often limiting, preventing them from being applied to industrial
processes. The conversions performed by enzymes that could accept non-natural substrates were
typically suboptimal, those reactions not having benefitted from the tailoring effects of millions
of years of evolution. High temperatures, extreme pH and the presence of organic solvents are
commonplace in large-scale industrial compound production,®! all of which are typically
incompatible with the use of enzymes. Finding a way to circumvent the limitations of natural

enzymes would be an important development for them to be widely used and considered.

The solution to this problem would lay in the realm of molecular biology. As the
understanding of DNA and how to effectively manipulate it in the laboratory became evident,
researchers attempted to produce recombinant DNA.*? This slowly progressed to introducing a
non-native gene of interest into the DNA of a host organism, and being able to control the
expression of the gene of interest using the molecular machinery of the host. One of the first
and most successful uses of this groundbreaking technology occurred when the recombinant
expression of human insulin in Escherichia coli was accomplished in 1979 by Arthur Riggs and
Keiichi Itakura .>3-** This opened the door to new possibilities for synthesizing enzymes, as it
was now no longer necessary to extract enzymes from their natural sources and organisms.
Despite this development, it did not solve the above-cited limitations: researchers remained at

the mercy of the natural properties of the enzymes with which they chose to work.

An attempt to address those limitations made use of UV radiation and chemical mutagens
to introduce mutations and observe the changes they bring within organisms, cells, and later,

enzymes. However, these changes were non-specific and consequently, damaging to complex



biological systems.>*=¢ Improvements in tackling the challenge of introducing targeted, specific
mutations into DNA can be attributed to the progress made in molecular cloning and assembly
of recombinant DNA. These methods provided researchers a way in which to isolate,
manufacture, and modify the source material for protein synthesis from other biological
components. The development of PCR in 1983 by Kary Mullis was a huge leap forward,
simplifying the laboratory synthesis of genes.?” Concurrently, researchers had discovered that
by designing and synthesizing oligonucleotides to bind a specific site of their gene of interest,
the oligonucleotides served as means to introduce targeted mutations within the sequence of the
gene, with one of the first enzymes specifically mutated being B-lactamase.*® Other early
enzymes that were mutagenized in such a way include tyrosyl tRNA synthetase,* which
ultimately resulted in compromised activity due to an increase in Km, and dihydrofolate
reductase,*® which allowed identifying a catalytic residue as well as two others that perturbed

the local structure.

Eventually, by introducing mutations in enzymes, it was revealed that not all amino acid
residues will disrupt enzyme function upon substitution. Furthermore, substitution of residues
that have been more highly conserved throughout evolution was found to be far more likely to
be damaging than substitution of variable residues.*! Mapping conserved residues thus helped
to identify which residues should substituted; knowing that much of the sequence space was not
critical to enzyme function also made it possible to introduce multiple mutations into the same
gene. By those means, multiple rounds of mutagenesis could be performed while assaying for
the desired catalytic property, whether that was the improvement of native catalytic activity or
the appearance of another, non-native property. Thus began the development of an approach to
artificially generate new, non-natural enzymes in vitro, now known as the discipline of enzyme

engineering; it will be presented in more detail in Section 1.6.

1.3.2 Incorporation of enzymes into chemical synthesis

One of the earliest examples of using a purified enzyme in a synthetic chemistry context
was the work of J.W. Cornforth and colleagues in 1969, in which they described a multi-stage
one-pot synthesis of S-malate using the three enzymes acetate kinase, phosphotransacetylase,

and malate synthase on acetic acid.** As bulk enzymatic production and purification technology



became established, the biocatalytic toolbox rapidly became more diverse, as illustrated by the
products that were generated in early chemoenzymatic strategies. In the early 1970’s, aldolase
was exploited for C-C bond formation in synthesizing hexose epoxides from dihydroxyacetone
phosphate and various aldehydes. This was made possible due to aldolase having loose
specificity for its aldehyde substrate, allowing for it to be fed non-natural aldehydes. These
epoxides were used to perform mechanistic studies on sugar isomerases, which were inhibited

by the epoxides.*

Determining the substrate specificities of enzymes, and in particular which enzymes can accept
non-natural substrates as well as the extent of their stereospecificity, was essential knowledge
to extract to improve the effectiveness and applicability of biocatalysts. The promiscuity of liver
alcohol dehydrogenase was one of those examined for this purpose. Its selectivity was probed,
and ultimately successfully used to stereospecifically reduce several aldehydes using its
reducing co-factor NADH, described at the time as “the biological equivalent of sodium
borohydride”.** Finally, it was being discovered that compounds that were notoriously difficult
and expensive to synthesize by traditional chemical means could be generated by incorporating
biocatalytic steps in synthetic schemes. One of these compounds, a pyrrole called
porphobilinogen, was labelled with 13C by a dehydratase enzyme. This product was converted

enzymatically into labeled porphyrins to enable mechanistic studies.*’

The chemoenzymatic feats that have been accomplished following these pioneering

examples have been broad and varied, with some profoundly impacting synthetic strategies.
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Figure 1-1 Recent examples of biocatalysis engineering.

A) Native cytochrome p450 will oxidize terminal alkynes and hydrocarbons to epoxides and
alcohols, respectively. The enzyme was rationally designed to alter the substrate specific
to allow for carbene transfer, yielding cyclopropanes.*S Additional variants produced
exhibiting varying diastereo- and enantioslectivity.

B) Scheme for a one-pot cascade synthesis of the core chromophore found in gilvocarcin

natural products, produced by using 15 separate enzyme-catalyzed steps.*’

The advent of enzyme engineering by directed evolution has played an immense role in
feasibility of biocatalysis, making it possible to tailor enzymes to a desired substrate specificity,
increased reactivity and efficiency, and tolerance to various reaction mediums.*>! A well-
known example is how directed evolution was employed to successfully design a transaminase
capable of asymmetric synthesis of chiral amines, specifically tailored for the large-scale
synthesis of a chiral intermediate for sitagliptin (Januvia), the blockbuster antidiabetic.’? In
2012, the engineered transaminase replaced the previously used rhodium-catalyzed enamine
hydrogenation process of Merck & Co, with higher total and space/time yields and enantiomeric

excess, and an important reduction in toxic waste.

Taking a more rational approach to biocatalyst engineering, the well-characterized

oxidation mechanism of cytochrome p450 monooxygenase was elegantly reworked to engineer



its substrate specificity (Figure 1-1, panel A).*¢ The iron atom present in the monooxygenase’s
heme cofactor is responsible for coordinating the transfer of an oxygen atom (oxene transfer) to
its olefin substrate. The authors successfully hypothesized that the electronic properties of a
carbene intermediate would be analogous and capable of interacting with the heme, producing
a cyclopropane instead of an epoxide. The activity and stereospecificity of the monooxygenase
was further tuned by rounds of directed evolution, affording a collection of enzymes with a wide
variety of properties. Further progress recently made by applying this mechanism-based
substrate engineering strategy to include enzyme-catalyzed enantioselective aziridination> and
biocatalytic synthesis of a key cyclopropane intermediate to the pharmaceutical, Ticagrelor.>*
These examples highlight the power of a single enzyme harnessed in tandem with other chemical
reagents, but there has also been progress made by combining multiple enzymes, often in a one-
pot format, to meet a synthetic goal; this is commonly referred to as cascade reactions.>>>°
Taking the term “multiple” to another level, a model compound containing the unique
chromophore common to all members of the gilvocarcin group of natural products, known for
their anti-tumor activity, was synthesized by employing a one-pot cascade composed of 15
enzymes from various sources (Figure 1-1, panel B).* As illustrated in these examples, the
strategies of both engineering and applying biocatalysts to synthetic chemistry goals have met
considerable progress. Even so, there remains an abundance of enzymes that catalyze reactions
that would enhance the synthetic chemist’s repertoire, but have yet to be either obtained from

their natural source or engineered into a form that can be applied to such a purpose.

1.4. Amide bond synthesis

One of the most common chemical transformations that remains a challenge to this day
is the formation of amide bonds. Favorable properties such as high polarity, stability and
conformational diversity are the reason for their abundance in nature as well as in synthetic
targets, but these properties are also what make them challenging to synthesize. Complex amide
bond-containing natural products have intriguing structural and functional properties, and have
found utility in fields such as medicine, agriculture and biotechnology (Figure 1-2). Amide-
containing natural products are formed within their native organism using cellular machinery,

the most abundant being ribosomes to synthesize linear peptides and proteins one
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Figure 1-2 Examples of amide-containing compounds.
Amide functional groups are highlighted in red. Aspartame and penicillin are produced
annually on the kiloton scale. Peptide hormones are commonly used as therapeutics, aspartame

is an artificial sweetener; p-lactam antibiotics are used to treat bacterial infections.

amino acid at a time. Other common amide-bond forming mechanisms include non-ribosomal
synthases, which build highly diverse and synthetically challenging compounds. Before
researchers became capable of manipulating enzymes, chemists were the sole driving force
behind developing and executing molecular synthetic strategies, and were responsible for
devising creative ways to reliably and selectively form amides. For the scope of this thesis, only
select, highly successful synthetic strategies for amide bond formation will be introduced; for
an exhaustive review of other current and upcoming methods, we encourage the reader to

consult recent reviews.>’%

The pioneering of solid-phase peptide synthesis in 1963 was a breakthrough for routine
laboratory synthesis of peptides, and remains the standard methodology in use today.>
Selectivity proved to be a sizable stumbling block, owning to cross-reactivity within the
peptide’s side chains, which was circumvented in solid-phase synthesis and other strategies by
the use of bulky protecting groups. These methods proved to be effective, but have the
disadvantage of employing poor atom economy and many steps, with multiple functional groups

often requiring protection for the formation of a single amide bond.®° For the synthesis of full-
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sized proteins, historically thought to be unachievable due to their size and structural
complexity, the development of native chemical ligation®! granted chemists this power in their
laboratories. The synthesis of the catalytically-active, 203 residue HIV-1 protease in 2007 is a
notable example.®? Despite this achievement, chemical synthesis of full proteins is seldom
practiced; biochemical methods are overwhelmingly employed, though they tend to be limited

to inclusion of only the 20 natural amino acids, while chemical synthesis has no such restriction.

Amide bonds are also prevalent in numerous non-peptide active pharmaceutical
ingredients (API). The most common way to install these is by the acylation of an amine with
an activated carboxylic acid. This transformation accounts for 16% of all reactions in the
synthesis of APIs, and 25% of pharmaceuticals in 1999 contained at least one amide bond.%-%*
Coupling reagents are required, otherwise one typically obtains a carboxylate-ammonium salt
due to the thermodynamic barrier to amide formation. In the interest of increasing atom
economy, boronic acid catalysts were found to be effective in creating amides from amines and
carboxylic acids without a coupling reagent, with the first highly-active of such catalysts being
reported in 1996.%° Recent efforts have since yielded improved catalysts, such as halogen-
substituted phenylboronic acids, which can proceed at room temperature, are recoverable, and
produce no wasteful by-products.®® The reactions must still be performed in solvent, as density
functional theory calculations predict that the elimination of water from a tetrahedral
intermediate is the rate-determining step.®’ This highlights a critical obstacle surrounding amide
synthesis: it is exceedingly difficult to effectively perform these reactions in the presence of
water. Indeed, a recent SciFinder survey revealed that of ~680,000 amidation reactions
investigated, dichloromethane or N,N-dimethylformamide were the most common solvents
used, at 36% and 47%, respectively. As both of these solvents face major regulatory issues,

efforts have been made into finding alternative reaction media.®

It is now possible to employ enzymes in the laboratory with ease. This presents an
opportunity to develop diverse biocatalyzed solutions for amide bond formation, with their
intrinsic affinity for aqueous reaction conditions being a major advantage. One of the first
enzymatic systems used for amide synthesis were proteases.®’° The hydrolysis of peptide bonds
by proteases proceeds via the nucleophilic attack by the active-site (deprotonated) serine or

cysteine residue on the peptide carbonyl, forming a covalent acyl-enzyme intermediate and

11



eliminating the amine product; an activated nucleophile — a hydroxide anion — repeats those
steps to release the enzyme and the carboxylate product. It was observed early on that proteases
can hydrolyse esters, broadening their applicability.”' Hypothetically, any activated nucleophile
that can be accommodated into the enzyme active site can react with the acyl-intermediate, thus
procuring a route to acyl-group modification. Indeed, by implementing strategies to exclude
competing water such as biphasic systems’? or water mimics,”> amide formation was observed.
However, these methodologies have severe restrictions owing to the more thermodynamically
favorable competing hydrolytic reaction, ultimately limiting yields and substrate scopes.

Additionally, proteases are unstable in anhydrous reaction media.

The utility of other enzymes in amide-bond formation has since been explored, such as
ligases, lipases, and transglutaminases,’”* but competing hydrolysis remained a common
obstacle. Each class of enzymes was found to come with their own challenges: ligases utilize a
carboxylic acid and amine substrate, and like in traditional synthesis, require activation, which
is provided by the hydrolytic coupling of ATP — an expensive step unless one operates inside
living cells. Ligases display a remarkably diverse substrate range, there being ligases capable of
accepting simple molecules like formic acid (the carboxylic acid substrate) or an ammonium
ion (the amine substrate), to complex biological macromolecules like proteins. Lipases naturally
catalyze the hydrolysis of fatty acids, and are typically reactive towards long-chained acyl-
glyceride substrates. Lipases have been reported to form amides by acylating an amine substrate;
once again, the competing aminolysis reaction was also observed.” Transglutaminases function
similarly to proteases such that they also form an acyl-enzyme intermediate from an ester or
amide substrate, and will be discussed at length in Section 1.6 and Chapter 2. It is worth noting
that, while mammalian transglutaminases suffer from the competing hydrolysis reaction, little
competing hydrolysis is observed with the microbial homolog of transglutaminase, potentially

making it a unique means of synthesizing amide bonds.

On the level of chemical synthesis, the number and variety of catalysts for amide bond
formation are vast and diverse. Despite this, there is currently no chemical or biological catalyst
without notable drawbacks, providing motivation for continued interest and research into

addressing these limitations. However, with substrates of some of the systems discussed above
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being proteins, and the molecular glue holding proteins together being amides, their formation

has applications beyond that of chemical synthesis.

1.5. Site-specific bioconjugation

Biological macromolecules are complex and, as a result, are highly diverse, enabling
them to display a variety of different properties and activities. Many of these properties can be
harnessed to solve human problems; indeed, in recent years, there has been a steady increase in
number of biologics employed for pharmaceutical needs, particularly antibodies.”® Their
properties can be further altered after synthesis. Natural proteins are processed by post-
translational modification reactions. This downstream fine-tuning allows for the cell to exert
additional control over its machinery, with these modifications modulating enzymatic activities,
molecular interactions and recognition, and bestowing functionality that is beyond the chemistry

possessed by the standard 20 amino acids.”’

One of the earliest ways researchers attempted to mimic this natural process was by using
N-hydroxysuccinimidyl esters, which covalently modify amino groups within proteins, with the
g-amine of lysine being the most reactive. The fundamental limitation of these esters, and the
limitation that plagues most bioconjugation efforts to this day, is the poor selectivity it displays
for a precise location or residue. Considering that a typical protein contains numerous surface-
exposed lysine residues, and if conjugation is designed to occur in a reaction media containing

other (lysine-containing) proteins, then the matter of selectivity quickly becomes complicated.

Strategies investigating functional groups and regions of proteins offering distinct
reactivity became of high interest in an attempt to improve upon the problem of selectivity. In
light of this, covalent modification of cysteine materialized as one strategy; because cysteine is
less frequently surface-exposed than lysines, it is an attractive target.”> The N-terminus,
particularly if it contained a serine or a cysteine, was another viable target region’ with

techniques including the native chemical ligation discussed in the previous section.

More recently, biochemists have gone back to the natural systems which inspired such
synthetic ambitions, and modified the fundamentals of cellular protein synthesis by expanding

the genetic code, allowing for the coding and incorporation of abiotic amino acids.®’! These
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abiotic amino acids are given two possible fates: they can display the desired chemical moiety

directly without any further modification, or a unique reactive functional group will be

introduced, which can be exclusively modified with a chemoselective reporter in a downstream

Table 1-1 Summary of bioconjugation approaches.

Approach Requirements Advantage(s) Disadvantage(s)
N- Primary amino High reactivity o Inferior selectivity
hydroxysuccinimidyl group (lysine)
esters Small molecule or

peptide tag

Nucleophilic Accessible High reactivity o Poor selectivity

modification cysteine or serine with improved
Small molecule selectivity
tag

Native chemical Accessible V- Modification o Cumbersome for large
ligation terminus made to protein proteins
Peptide-thioester backbone o Synthetically
tag challenging
o Poor selectivity
Abiotic amino acid Engineered gene, Highly selective = o Mutated gene

incorporation specialized sequence required
expression system
Synthetic amino
acid
(Optional) Small
molecule or
protein tag

Enzymatic Accessible Highly selective =~ o Encoded recognition
reactive residue(s) Diversity of sequence typically
. required

Small molecule or reactions

protein tag

available to
tailor to a system

step.> The later concept is known as bioorthogonal chemistry, a chemical discipline that

develops biocompatible reagents that are orthogonal to the reactive groups encountered in

complex biological environments; this topic will be explored in further detail in Section 1.5.



Unnatural amino acid incorporation marked a paradigm shift in site-selective protein

modification,?*®3

as it addresses the issue of selectivity directly, as well as proving a means to
express proteins with unique chemical properties.®%® However, an engineered cellular system
containing all the non-canonical components and reagents is required, as well as a mutated gene
encoding the protein of interest, limiting its applicability to proteins that are not naturally

encoded.

An alternative route to tackling the non-selective nature of existing chemical
methodologies takes advantage of the high substrate specificity of enzymes, without the need
for a genetically encoded recognition site using non-canonical amino acids. Different classes
of enzymes have yielded chemoenzymatic bioconjugation strategies, which can be divided into
two broad categories based on the location of conjugation. The first category is the largest,
which are enzymes that target either the N- or C-terminus of the protein substrate: formylglycine
generating enzyme, phosphopantetheinyl transferase, farnesyltransferase, biotin ligase, and
lipoic acid ligase all fall into this category.® The second category corresponds to those that
modify a site at any location within the protein substrate, as long as it is accessible to the catalyst.

Enzymes capable of this are sortase” and transglutaminase.’!

The strength of the first category of enzyme systems is that they are each highly or exclusively
specific for an amino acid recognition sequence, although they must be at a surface-exposed
terminus of the protein substrate. A recognition sequence must be encoded within the protein
substrate, which typically requires producing a non-native form of the protein. In addition,
genetically encoded tags limit their usage to proteins and exclude other biomolecules. This
limitation is shared with genetic incorporation of non-canonical amino acids discussed above,
although encoding a recognition sequence does not require an engineered cellular expression
system. One enzyme that is an exception to the recognition sequence requirement is the bacterial
homolog of transglutaminase, commonly referred to as MTG. While recent efforts have revealed
an engineered sequence with improved specificity,’? the enzyme is promiscuous with both its

glutamine- and lysine-containing substrates.

Finding a balance between selectivity and applicability remains a delicate challenge: a
system that is too selective may not have sufficiently broad applicability to be attractive.

Ultimately, the solution for site-specific bioconjugation may lie within fine tuning a
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combination of chemical and enzymatic reactions, with the explosion of bioorthogional

chemistry techniques within the last 15 years being indicative of this.

Table 1-2 Residue locations and sequences of enzymatic bioconjugation.
Adapted from Rashidan et al.® X = One of the canonical amino acids; a = aliphatic amino acid;

ACP = acyl carrier protein;, PCP; peptide carrier protein.

Enzyme Conjugation location Recognition sequence
Formylglycine CXPXR or 13-mer LCTPSRGSLFTGR
generating enzyme
Phosphopantetheinyl ACP, PCP or ybbR tags (11 mer:
transferase DSLEFIASKLA; 13 mer:

N- or C-terminus VLDSLEFIASKLA; 17 mer:

GSQDVLDSLEFIASKLA)
Lipoic acid ligase GFEIDKVWYDLDA
Biotin ligase GLNDIFEAQKIEWHE
Farnesyltransferase C-terminus CaaX
Sortase Any LPXTG
Transglutaminase XXQXX

1.6. Bioorthogonal chemistries

For a chemical transformation to be considered bioorthogonal, it must be mild enough
to proceed within a cellular environment without disrupting it; be reactive in water or aqueous
media, at physiological temperatures and pH, and exhibit rapid kinetics.”® Click chemistry is
typically bioorthogonal, and serves largely the purpose of covalent in vitro or in vivo labeling
of biomolecules.”® Another more recent, but growing, application of click chemistry is the
production of antibody-drug conjugates, in which a therapeutic compound is introduced onto a
specific position of the antibody to procure targeted drug delivery.” In both cases, the click

transformation covalently links the chemical reporter or payload onto the biomolecule.
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As proteins and other complex biomolecules are highly diverse in their physiochemical
properties, it’s no surprise that a wide range of bioorthogonal reactions have since been
developed to best meet biotechnological needs while circumventing the limitations of any
selected system. Among the first bioorthogonal reactions to be successfully applied to protein
labeling were aldehyde and ketone condensations.”> Due to interference from endogenous
aldehydes and ketones, it may not have been the most practical strategy, but it set the precedent.
Utilizing abiotic functional groups would circumvent this non-specific interference, and it is
upon this opportunity that the reactive and biologically absent azide group capitalized. The year
2000 marked the first time azides were employed as a reporter, in the Staudinger ligation.”® It is
an adaption of the classic Staudinger reduction of azides with triphenylphosphine.®” Azides and
phosphines are not completely biologically inert, however; cross-reactivity with thiols and
disulfides, respectively, have been observed. Nonetheless, the Staudinger ligation has been
successfully applied to labeling cell surfaces,”® validating its potential to work within a living

system.

The azide became a functional group celebrity when it was reported that it reacts
effectively with a terminal alkyne to yield a 1,2,3-triazole product. The Copper-catalyzed Azide-
Alkyne Huisgen Cycloaddition (CuAAC) proceeds at room temperature, in aqueous solution, in
the presence of Cu(I), which is typically generated in situ from Cu(II) and a reducing agent such

as sodium ascorbate.” The CuAAC was adapted from classical chemistry,'%%10!

and it was only
in 2001 that the bioorthogonal reaction conditions were determined for the transformation. Since
then, the reaction has become the quintessential click reaction, and has been developed further
to improve reactivity and compatibility, as well as being applied to protein labeling, organic
synthesis, medicinal chemistry, and surface chemistry.!%%1%

107 and it can interfere

Despite these successes, the copper catalyst is toxic to live cells,
with protein function by chelating the thiol group of cysteines'®® which also limits its application
to protein substrates. This limited biocompatibility spawned a second generation of click
chemistry reactions, which are simply referred to as copper-free click chemistry. Inspired by the
chemistry using ring strain to activate alkynes,'®-'° Carolyn Bertozzi’s research group was the
first to bring such a generation of reactions to fruition by designing cyclooctyne reagents capable

of targeting azides through a strain-promoted [3+2] cycloaddition (SPAAC).!!! The initial
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reagents for strain-promoted cycloadditions proved to react relatively slowly, being on the same
order as the Staudinger ligation and slower than the CuAAC. Cyclooctynes with improved
reactivity have since been synthesized,!!? which has helped improve the applicability of the

SPAAC, including to the labeling of live cells and embryos.!!3114

The success of the SPAAC has since inspired creative repurposing of classical organic
chemistry so that those reactions can be employed as bioorthogonal strategies, potentially filling
any voids left by the CuAAC and the SPAAC; these diverse reactions have been reviewed
recently.”> !> For example, some of these reactions sought to improve upon the notoriously low
solubility of strained cyclooctynes. Between cross-reactivity, catalyst toxicity and poor
solubility, it is not straightforward to determine the conditions that should be employed, or even

which bioorthogonal chemistry is best suited for a selected system for study.

Nonetheless, when click chemistry is successfully combined with enzymes, these
chemoenzymatic strategies are very powerful, making it one of the most effective ways to
specifically perform bioconjugation. In this thesis, we develop the combination of click

chemistries with transglutaminase enzymes, described in more detail below.

1.7. Transglutaminase-catalyzed amide bond formation

As mentioned in Sections 1.3 and 1.4, transglutaminases are enzymes that catalyze the formation
of amide bonds between two protein substrates. Specifically, they perform an acyl-transfer
reaction between the y-carboxamide of a peptide- or protein-bound glutamine and the g-amino
group of a lysine residue, yielding an isopeptide bond.!'® Transglutaminases have been
identified in a wide variety of organisms, although two forms in particular are the focus of
biotechnological applications: a calcium-dependent, GTP-activated transglutaminase found in
the tissue of animals and humans, referred to as transglutaminase 2 (TG2), and a bacterial form
called microbial transglutaminase (MTG; Figure 1-3). We recently reviewed the applications of
transglutaminases, presented in Chapter 2. In our review, we address not only recent advances
in medical and biotechnological applications of transglutaminases, but also the poorly
understood aspects of these enzymes, such as substrate specificity, and the efforts made to

clarify them.
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A topic that was not discussed in our review concerns the biocatalytic considerations for
transglutaminase, which we will briefly presented here. These examples refer exclusively to the
microbial enzyme, as it has the advantage of being calcium- and GTP-independent, thermostable

117

and tolerant to organic solvents and various pHs, '’ making it better suited for biocatalytic

applications than its mammalian counterpart. Despite these favorable properties, the biocatalytic

Figure 1-3 Crystal structures of transglutaminase.
A) Zymogenic microbial transglutaminase (MTG),; the pro-sequence (green) must be
cleaved to expose the active site and render the enzyme functional. PDB ID: 31U0.
B) Active MTG. PDB ID: 11U4.
C) GDP-bound human transglutaminase 2 (TG2) in its “closed” confirmation. PDB ID:
IKV3.
D) Inhibitor-bound TG2 in its “activated” confirmation. PDB ID: 2Q3Z.
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achievements accomplished with MTG remain modest. For example, MTG has been shown to
be effective at PEGylating therapeutic protein substrates, serving to decrease their susceptibility
to proteolysis.''® MTG was also found to catalyze Henry reactions of aliphatic, aromatic, and
hetero-aromatic aldehydes with nitroalkanes at room temperature.!'” The yields of the
transformation varied heavily depending on the substrates selected, although the highest
observed reached 96%. Based on sparse literature, we surmised that there is untapped potential
within transglutaminase for further biocatalysis investigations. We start by addressing whether
TG2 could be utilized for peptide synthesis, which is the topic of Chapter 3. We progress by
developing and extensively characterizing a one-pot chemoenzymatic peptide and protein
conjugation scheme using MTG and four of the bioorthogonal chemistries discussed in Section

1.5; Chapters 4 and 5 describe the details of these efforts.

A major reason for restricted biocatalytic applications of MTG is its constrained, but
poorly understood, specificity for peptide- or protein-bound glutamine substrates. On the other
hand, it has been shown to be promiscuous towards its amine substrate: in addition to peptide-
or protein-bound lysines, MTG reacts with a number of small amines. This makes MTG a
potential candidate for undertaking site-specific protein modification.'?*!?! Indeed, previous
works have shown transglutaminase to be used successfully as a tool for bioconjugation,®-°!
and we also explore this topic at depth in our review in Chapter 2. We hypothesized that MTG’s
bioconjugation ability could be improved, and that this is the application for which MTG is best
suited. This is the underlying theme in most of our research chapters. We apply multiple
approaches to work towards this goal: the one-pot chemoenzymatic reactions we developed in
Chapters 4 and 5 employ biocatalysis to successfully bioconjugate proteins. Detailed structural
information revealing the manner in which MTG interacts with its glutamine-containing
substrate would greatly enhance the capacity to engineer MTG towards site-selective protein

conjugation; to this effect, Chapter 6 describes our attempts to develop a purification scheme

for crystallography trials.

1.8. Protein engineering

As mentioned in Section 1.2.2, protein engineering is a technique which will profoundly

impact an enzyme’s function, with many approaches available. These approaches are worth
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examining to better appreciate the context of Chapter 7, in which we present a conjugation
system consisting of MTG as the labeling biocatalyst and the B1 domain of Protein G (GB1) as

a substrate.

In a general sense, the design of non-natural enzymes by protein engineering can be
broken down into a two-step process: the first is the generation of mutated DNA sequences to
encode variants of the enzyme of interest, and the second is the screening of these variants so
that the desired property can be evaluated, allowing for the identification of improved variants.
The variants exhibiting improvement, which is defined by the screening method, can then be
further mutated as required, until a satisfactory variant is found, or further improvements are no
longer observed. Protein engineering can be divided into three general categories: rational

design, semi-rational design, and random mutagenesis.'?*124

Rational design is utilized when one can reasonably hypothesize, or know with certainty,
the identity of residues responsible for conferring a selected property, such as catalytic activity,
substrate preference, or stability. Crystal structures revealing the intricacies of key structural
elements and the active site are generally required for rational design, where knowing detailed
information such the immediate molecular environment of a selected residue is essential. The
effect of point mutations and sequence alignments of homologous enzymes are also valuable
tools to reveal functionally significant and conserved residues, respectively. Specific mutants
will be produced by site-directed mutagenesis and tested for the desired effect on the enzyme
property targeted. Nonetheless, even a crystal structure obtained with the highest resolution does
not immediately reveal the intricacies of catalytic mechanism; the complexity and size of
enzymes make it easy to miss residues that may have profound effects, but are not obvious
targets. Additionally, the effects of combinations of residue mutations are extremely difficult to
predict. Furthermore, enzymes are dynamic molecules such that crystal structures only partly
capture their physical properties. These facts account for the low success rate of rational design

in improving catalytic properties.

Random mutagenesis removes any control the researcher has over selecting the location
of the mutation. The methods used to introduce mutations into the gene of interest are, in
principle, unbiased. They can be adjusted to tune the average number of mutations included in

the gene, but their location cannot be dictated. Structural information is not required, which can
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be advantageous. However, statistically speaking, the majority of variants generated randomly
will either not be functional or interesting. This will require that a large number of mutants are
produced (which can be on the scale from 10° to 10'%) to best guarantee the odds of identifying
useful variants, and a high-throughput screen is necessary in this case.!?> Screening millions or
billions of mutants requires an observable output such as cell survival linked to the desired

enzyme activity, which is not amenable to most enzyme systems as few enzymes are essential

Selecting residues for mutation: 3 approaches

Active site

1. Rational design 2. Random 3. Semi-rational design
Residue selection to specific No selection bias introduced Residue selection biased;
alternatives biased to those randomization introduced

with known function within selection

Screen or select for

o o desired property
J J
Mutations Expression OOOO 'e)
—_— —_—
€ 88~
0000
Variants )
Native gene Geneticlibrary ~—_ o Discard
. Repgat Improved
(if desired) gene

Figure 1-4 Engineering enzyme variants.

First, one of three approaches must be chosen as to how mutations (yellow stars) will be
introduced. Then, a library of mutant genes can be generated, which will express variants with
altered function and must be evaluated by a selection or screening assay. If further rounds of
mutagenesis are desired, a mutant gene (typically exhibiting the greatest improvement) will

become the parent for these additional rounds.

to cell survival. Screening many thousands of mutants requires an observable such as a

colorimetric or fluorimetric signal associated with the desired enzyme activity, which is, once
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again, limiting (FACS sorting increases this to millions of variants). Screening by analytical
methods coupled to autosampling, such as NMR or MS, is limited to screening only hundreds
of mutants, such that there is statistically little chance of identifying an improved variant

resulting from a randomly inserted mutation.

Semi-rational design, as inferred from its name, combines the advantageous attributes of
the previous two approaches, and is arguably the most effective strategy for improving enzyme

126-128 a]though the degree of success is heavily dependent on the enzyme system. In

properties
this approach, select residues are targeted for mutagenesis as they are in rational design, but
there is variability in the substitutions made. Site-saturation mutagenesis, for example, is the
practice of replacing a residue with all 19 other naturally-encoded amino acid possibilities, to
exhaustively evaluate all possible effects that can be made within this single location.
Combinatorial mutagenesis takes this a step further by mutating multiple residues
simultaneously, so that effects of multiple mutations can be evaluated. Rationally selecting
residues helps keep library sizes modest and focused, while introducing a degree of randomness

(as by performing site-saturation mutagenesis) increases the diversity of mutants generated and

reduces the bias imposed by the researcher.

Depending on the approach selected to introduce mutations, high-throughput screens are
often necessary, as the number of variants that can be generated in a single round can as high as
millions, making manual evaluation utterly impossible. In the 1990’s, strategies for directed
evolution began to materialize, with the number of works describing enzymes with altered
properties occurring increasingly frequently. Creating enzymes for improving synthetic
chemistry methodologies was one of the early goals, with the evolution of an enantioselective
lipase being a notable example.'” Other applications included the degradation of

polychlorinated biphenyls,'*? increased thermostability,'!

and artificially expanding the
chemical diversity of the genetic code.!*? Over the past 30 years, a plethora of both general and
specific screening methodologies and strategies for approaching directed evolution for a

multitude of enzymes have been developed, and reviewed extensively.** 133136

Based on structural information inferred from the crystal structure, results reported in
the literature, as well as the absence of an effective high-throughput screen, we ultimately

hypothesized that a semi-rational approach was best suited to improve MTG as a biocatalyst for
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protein labeling. This work is explained in detail in Chapter 7. Briefly, as we did not know which
amino acid position would be optimal for reactivity within the protein substrate to be conjugated
by MTG, we generated a library of variant protein substrates. To this effect, we used the Bl
domain of Protein G (GB1) that naturally contains a single glutamine residue; each variant
expressed a single glutamine at various locations on its structure, probing all secondary structure
elements, and was assayed for reactivity. In addition, point mutations within MTG’s active site

were also evaluated for improved activity towards native GB1 and its variants.

1.9. Summary

Ever since technology has been developed to manipulate enzymes in the laboratory with
ease, their applications have become widespread and diverse. Enzymes are biocatalysts, and
some of the earliest work performed with them was to aid in synthetic chemistry methodologies.
These efforts continue today, with many enzymes being successfully implemented in large-scale
industrial processes. They are capable of performing even longstanding difficult, but important
and common transformations, such as amide bond synthesis. These transformations can be
applied not only to synthetic applications, but to biological macromolecules as well, resulting
in site-specific covalent modification. These modifications can be fine-tuned with the help of
biologically compatible chemistry, and in the following chapters, transglutaminases will be the
focus of combining these chemistries to further explore the application for which they appear to

be best suited, site-specific protein labeling.

The research component of this thesis begins in Chapter 3, in which we expand the
biocatalytic capability of transglutaminase for peptide synthesis. It is followed, in Chapter 4, by
a one-pot biocatalysis protocol in which we successfully combined the conjugation reaction of
transglutaminase with the chemical fine-tuning capability of the CuAAC, in which the enzyme
had been previously observed to be inactive. Chapter 5 builds upon the concepts described in
Chapter 4 by expanding the utility of our one-pot chemoenzymatic bioconjugation strategy to

other bioorthogonal chemistries and protein substrates.

Despite the efforts of many researchers, the specificity that transglutaminase shows for
its glutamine-containing substrate remains poorly understood, ultimately limiting its utility for

widespread specific protein labeling. In Chapter 6, we address our attempts to construct, express,
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and purify a form of microbial transglutaminase that could be subjected to crystallographic
experiments in the presence of an inhibitor. As no crystal structure of MTG in the presence of a
ligand exists, this would provide crucial information to understand and engineering the enzyme
to improve its activity with respect to its glutamine substrate. Finally, in Chapter 7, we probe
the determinants for specificity of MTG for its glutamine substrate, in which we employ semi-
rational design to create multiple versions of a model protein substrate and evaluate MTG’s

reactivity as a function of secondary and tertiary protein structure.
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Chapter 2 - Biotechnological applications of

transglutaminase

2.1 Context

This thesis is dedicated to presenting the diverse applications of enzymes, with a specific
focus on one enzyme class in particular, transglutaminases. As described in Section 1.6,
transglutaminases naturally catalyze amide bond formation using glutamine and lysine side
chains. To introduce the intricacies about transglutaminases, we present the following chapter,
which is a published review for the journal Biomolecules, accepted for publication in October
2013. Entitled Biotechnological Applications of Transglutaminases, it covers recent advances
in the applications of transglutaminases outside of the food processing industry. Beyond
biotechnological applications, we also describe in detail recent progress made in being able to
implement and manipulate transglutaminases with ease, such as different expression systems,
assays, and investigations into their substrate specifies. We illustrate that transglutaminases,
despite their current stumbling blocks, are of high interest owing to their abundant potential for

new solutions to scientific challenges.

My contribution to this review was the conceptualization, literature search and writing,
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2.2 Abstract

In nature, transglutaminases catalyze the formation of amide bonds between proteins to
form insoluble protein aggregates. This specific function has long been exploited in the food
and textile industries as a protein cross-linking agent to alter the texture of meat, wool, and
leather. In recent years, biotechnological applications of transglutaminases have come to light
in areas ranging from material sciences to medicine. There has also been a substantial effort to
further investigate the fundamentals of transglutaminases, as many of their characteristics
remain poorly understood. Those studies also work towards the goal of developing
transglutaminases as more efficient catalysts. Progress in this area includes structural
information and novel chemical and biological assays. Here, we review recent achievements in

this area in order to illustrate the versatility of transglutaminases.
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2.3 Introduction

Harnessing the catalytic properties of enzymes is a field of research that continues to
receive increasing attention. One of the most attractive characteristics of biocatalysts is that they
are often highly chemo-, regio-, and stereo-selective. This provides potential for highly specific
chemical transformations of complex, functionalized molecules. Additionally, biocatalysts are
non-toxic, degradable, and functional in aqueous media at moderate temperatures and pressure,
making them of high interest in the development of environmentally respectful synthetic
methodologies. Due to these desirable properties, chemists are increasingly incorporating

enzymes into their reaction schemes.

The synthesis of amide bonds has the potential to benefit greatly from biocatalysis. The
high stability of the amide functionality makes it one of the most favorable and commonly used
in organic synthesis.! Some examples of compounds containing biocatalyzed amide bonds are
found in the large-scale production of Atorvastatin (commercialized as Lipitor™), Nylon,
penicillin, and aspartame. The high activation barrier to amide-bond formation is synthetically
challenging; further development of biocatalysts for formation of a broad range of compounds
remains of interest. Transglutaminases (TGases) are a family of enzymes (EC 2.3.2.13) that
catalyze an acyl-transfer reaction between the y-carboxamide group of a protein- or peptide-
bound glutamine and the g-amino group of a lysine residue, resulting in the formation of a
relatively protease-resistant isopeptide bond (Figure 2-1).> TGases, having evolved to catalyze
the formation of amide bonds with little competition from the reverse hydrolytic reaction, are a

promising biocatalytic alternative to classical organic chemistry for amide bond synthesis.

TGases have been identified in many different of taxonomic groups, including
microorganisms, plants, invertebrates, and mammals.> With respect to application, the vast
majority of research has been done on two forms of the enzyme: the first is a calcium-dependant
TGase found in tissues of animals and humans, referred to as transglutaminase 2 (TG2). TG2 is
implicated in a number of physiological roles including endocytosis, cell-matrix assembly,
apoptosis, and cellular adhesive processes.*® There is much interest in studying TG2 from a

medical standpoint to better understand its role in disease, including
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Figure 2-1 Amide bond formation catalyzed by TGase.
Peptide- or protein-bound glutamines and lysines serve as substrates, releasing ammonia in the

process.

cataract formation,’ celiac sprue,® and psoriasis.” The second enzyme is a calcium-independent,
microbial transglutaminase (MTG), which was first isolated from Streptomyces mobaraense'®
and has since been isolated from other microbial strains, including, but not limited to, S.
griseocarneum, S. hygroscopicus, and B. subtilis."''? Both types of TGases have been studied
extensively in academia and industry. Mechanisms for the reaction catalyzed by both TGase
types have been proposed. The catalytic triad characteristic to cysteine proteases is present in
the human factor XIII TGase (Cys314, His373, and Asp396).!* These residues correspond to
Cys276, His334, and Asp358 in the highly conserved active site of guinea pig TG2.!* In the
proposed mechanism, the cysteine and the histidine residues are principally involved in the acyl
transfer reaction, where the aspartic acid residue hydrogen bonds with the histidine, maintaining
a catalytically-competent orientation. The crystal structure of MTG revealed that this triad is not

conserved; rather, it was proposed that MTG uses a cysteine protease-like mechanism in which

Asp255 plays the role of the histidine residue in factor XIII-like TGases.'?

Of the two, MTG is more robust, and is commonly employed as a tool in the food
industry to catalyze the cross-linking of meat, soy, and wheat proteins to improve and modify
their texture and tensile properties.!!* '® Despite the medical importance of TG2 and widespread
industrial use of MTG, many properties such as ligand binding, catalytic mechanism, and
function in health and disease remain poorly understood, ultimately hindering further successful
integration of these enzymes into novel applications and processes. Nonetheless, researchers are
continually looking for ways to exploit the cross-linking activity of TGases for novel
applications outside of the fields of human physiology and the food industry. Examples include
tissue engineering,'” as well as textile and leather processing.'® These applications generally

utilize TGase to serve the same purpose it does in the food industry: non-specific protein cross-
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linking to provide improved physical and textural properties. A recent example involved
increasing the mechanical strength of amniotic membrane, for applications in regenerative

2021 and will

medicine.'® The advances made in these fields have been covered in recent reviews,
not be discussed in detail here. This review focuses on recent advances made in studying TGases
in the scope of biotechnology and characterization, including advances in assay development,

site-specific modification of biomacromolecules, and protein labeling.
2.4 Production and engineering of TGases

2.4.1 Transglutaminase expression and purification

Both TG2 and MTG are readily recombinantly expressed and purified in bacterial
hosts.??>* Using these methods, the production of TG2 in a hexa-histidine labeled form has

become routine,?”> 24>

although other forms of TG2 can remain a challenge to obtain in good
yield. A complementary technique for the purification of hTG2 was recently reported, in which
hTG2 was expressed as a fusion with glutathione S-transferase (GST) and followed by a one-
step affinity chromatography purification.?® Unlike TG2, the purification of the most widely
used MTG (from S. mobaraensis and homologs) is complicated by the fact that the native
enzyme is expressed as a zymogen (pro-MTG); a 46-residue N-terminal pro-sequence must be
proteolytically cleaved in order for MTG to be rendered functional. There are reports of other
MTGs that can be directly expressed as recombinant, active enzymes,*’>® however these are not
as well characterized. Three solutions to this problem have been reported: (1) expression of pro-
MTG followed by in vitro activation using a protease®*=’; (2) direct expression of insoluble
MTG lacking its N-terminal pro-sequence (mature MTG) followed by refolding,?® or (3) co-
expression of pro-MTG with the activating protease in Streptomyces®! or E. coli .>* Each of these
strategies has limitations: the first strategy can achieve high yields and activity, but involves
lengthy activation methodologies (N.M. Rachel and J.N. Pelletier, unpublished observations).

The second often leads to a low expression or insoluble protein, while the third strategy can

result in protein degradation, affecting the yield.>’

Recently, MTG from S. hygroscopicus was successfully produced in its active form in

E. coli by simultaneously expressing the pro-sequence and mature MTG as separate
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polypeptides under the control of a single T7 promoter.>* Expression of the pro-sequence prior
to the mature MTG polypeptide was found to be essential for activity, as well as an N-terminal
pelB sequence for periplasmic localization. This supports the hypothesis that the pro-sequence
is required for proper folding and soluble expression of MTG. Improved efficiency of MTG
maturation in Streptomyces was also recently reported, by engineering more protease-labile
linkers into the pro-propeptide.®>> The structural basis for this requirement can be understood
upon observing the crystal structure of pro-MTG, which was determined at 1.9-A resolution
(Figure 2-2).%¢ The pro-sequence folds into an a-helix, covering the putative active site cleft by
adopting an L-shaped conformation. The active site cleft is predominantly composed of two
flexible loop regions, explaining how the presence of this ordered helix stimulates proper
folding, in a fashion similar to that of the pro-sequences for subtilisin BPN’ and other

proteases.’’

Two biophysical studies focusing on the detailed mechanism of unfolding and refolding
of MTG were reported by Suzuki and colleagues.*®° In the first, a two-step refolding process
of acid-denatured MTG was proposed after probing the effect of pH and salt concentration. The
authors then applied this protocol to pro-MTG in the second report, such that by partially
unfolding the enzyme, the internal residues would be exposed when in the presence of a
deuterated solvent. This solvent exposure is often necessary so that hydrogen back-exchange
occurs for all residues in the protein, allowing for accurate measurements using nuclear
magnetic resonance (NMR) spectroscopy to be taken. Complete back-exchanges for internal
residues of pro-MTG were observed by NMR spectroscopy, and the authors were able to recover
the properly folded form of both pro-MTG and mature MTG, reporting refolding yields of 84%
and 40%, respectively.

2.4.2 Engineering TGases for altered function and properties

The design of enzymes with improved or non-native properties has become a common
approach.***? Engineering TGases may provide solutions to increase their applicability in

biocatalytic contexts. TG2 has been engineered towards catalyzing amide bond formation
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Figure 2-2 Crystal structure of MTG (PDB ID: 31U0).

The active site of the zymogen is covered (left) by an o-helix (gold), which is cleaved upon
activation, exposing the active site cysteine residue (rvight, yellow spheres) that is critical for

activity.

between various synthetic substrates, by altering its substrate specificity.*® A model peptide
substrate, benzyloxycarbonyl-L-glutaminylglycine (Z-QG), was modified to yield a fluorescent
umbelliferyl ester derivative (Z-GU) in order to screen for variants of TG2 with altered
transpeptidase activity. Two separate point mutations were identified, which broaden the
substrate scope of TG2, resulting in variants that can accept threonine methyl ester. To the best
of our knowledge, this remains the only study focused on evolving TG2, and so the efforts in

this field remain largely conservative.

With respect to MTG, logistical complications of expressing the mature enzyme and the
lack of a simple, high-throughput screening assay remain major challenges for engineering.
Nonetheless, enhancing the activity and thermostability of MTG has been probed by two
different studies. Pietzsch and colleagues** performed random mutagenesis using a microtiter
plate-based screening method adapted to the standard hydroxamate assay*’ to measure activity.
A library of 5500 clones generated randomly by error-prone PCR was initially screened, 70 of
which showed higher activity following incubation at 60°C. Following another round of

mutagenesis, the nine clones with the highest residual activity were further characterized. The
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single-residue variant Ser2Pro was found to have an optimal functioning temperature of 55°C,
an improvement of 5°C compared to the native enzyme. More recent efforts using saturation
mutagenesis and DNA-shuffling by the same group yielded a triply substituted variant of MTG
exhibiting a 12-fold and 10-fold higher half-life at 60°C and 50°C, respectively,*® although the
Ser2Pro variant remained the most active at 55°C. Chen and colleagues also evolved
thermostable variants of MTG by combining saturation mutagenesis and the deletion of various
N-terminal residues.*’ The variant Del 1-4E5D, which lacks the first four N-terminal residues
and substitutes the fifth residue, exhibits a modest 1.85-fold higher specific activity and a 2.7-
fold higher half-life at 50°C compared to the wild-type enzyme.

Determining what residues to be the focus of mutagenesis is key to the success of any
protein engineering initiative. In order to probe which residues may be necessary for MTG
activity, an alanine screen of 29 residues that are either located in proximity to, or constitute the
putative active site, was performed.*® Docking and molecular dynamics simulations were also
performed in order to propose the manner in which the model peptide substrate Z-QG binds to
the enzyme, and the mutagenesis results were interpreted in the context of the docking results.
The results suggest that an extended surface along the active site cleft is involved in binding of
a protein substrate. Furthermore, it appears that a number of hydrophobic and aromatic residues
are important for interacting with Z-QG, which is summarized in Figure 2-3. Despite this data,

further evolution of TGases has yet to be reported.

2.5 Substrate specificity

While the acyl-transfer reaction catalyzed by TGase between the peptide- or protein-
bound glutamine and lysine substrates is well characterized, the preference the enzymes display
towards a specific peptide sequence is not obvious. Most glutamine and lysine residues will
serve as a substrate, with varying degrees of reactivity, as long as they are accessible to TGase.*
This limits the application scope of TGases where reactivity towards a specific substrate is
required, such as protein labeling. Ten years ago, highly-reactive glutamine-containing
substrates for TG2 were reported, which in some cases are related to physiologically-relevant

targets,” and in other cases were empirically designed and contain
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Figure 2-3 Surface representation of MTG (PDB ID: 1UI4).
This illustrates active site residues investigated by mutagenesis (pink and orange regions).*®
The active site cleft is indicated by an asterisk. Residues in orange, upon substitution to alanine,

resulted in activity of 5% or less than the wild type, revealing their importance.

more than one glutamine for increased reactivity.’® The secondary structure surrounding the
glutamine appears to be important in defining reactivity.?> With respect to MTG, the native
substrates and physiological function of the enzyme are not known. This has led researchers to
approach the question of TGase’s poorly understood substrate preferences from two different
perspectives. The first is to probe the specificity of the enzyme towards specific peptide or
protein substrates of interest by analyzing which glutamine or lysine residues are reactive and
to what degree. The second is to screen libraries of peptide sequences or other compounds with
the goal of either identifying a preferred sequence pattern, or to identify highly reactive
substrates. Recent advances with both of these approaches TGase substrate specificity offer
further insight into the utility as well as the remaining limitations of these enzymes toward their

biotechnological application.

The reactivity of MTG towards glutamine residues on several different proteins has been
recently investigated. Using the sensitivity of mass spectrometry (MS), the identification of the
glutamine residues most reactive towards MTG-catalyzed PEGylation was described.’! In that

study, a monodisperse Boc-PEG-NH> was used as the amine substrate on three model proteins:
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granulocyte colony stimulating factor (GCSF), human growth hormone (hGH), and
apomyoglobin (apoMb). The former two proteins were selected for their importance as
therapeutic proteins, and apoMb for being a model protein regarding the investigation of protein
structure, folding, and stability. Despite the fact that GCSF, hGH, and apoMb have 17, 13, and
6 glutamine residues, respectively, only one or two per protein were modified by MTG. All
effectively PEGylated glutamines were within disordered regions, suggesting that a flexible
polypeptide substrate facilitates binding of MTG to target glutamines. A similar study used type
I collagen as a protein substrate.’”> The resulting intermolecular collagen cross-links were
quantified by digesting the collagen sample and separating of the fragments by HPLC. No more
than five cross-links were formed out of a maximum of 27 possible. At least half of the cross-
links were located within the triple helical region of the collagen molecule; however, the specific
residues that were modified by MTG were not identified. Importantly, the cross-links were
introduced by MTG only after the collagen had been at least partially heat-denatured, supporting
the correlation between structural disorder of the target and recognition by MTG. To further
investigate the importance of secondary structure and MTG’s apparent preference for flexible
polypeptide regions, the reactivity of MTG towards apoMb, a-lactalbumin (a-LA) and fragment
205-316 of thermolysin was analyzed.>® These extensively studied proteins are models of a-
helices, B-sheets and unstructured regions, respectively. Once more, despite many glutamine
residues being present, few were substrates, with flexible or unstructured regions experiencing
the highest reactivity. MTG discriminated notably less against protein-bound lysine as
substrates, although those located in disordered regions were indeed more reactive. While this
is by no means an exhaustive study of MTG’s substrate reactivity with respect to secondary
structure, MTG’s reactivity towards flexible or unfolded regions for both glutamine and lysine

protein substrates is further enforced.

Notwithstanding those advances, searching for superior glutamine recognition
sequences that can be grafted onto a desired labeling target (often referred to as a Q-tag) requires
a high-throughput methodology in order to screen varying glutamine-containing sequences in

an efficient manner. This had been previously done by phage display,’*>

in which phage-
displayed dodecapeptide libraries on the order of 10'! members were screened for reactivity

toward TG2 and MTG. Regarding MTG, a preference for an aromatic amino acid N-terminal to
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the glutamine was observed, as well as for an arginine and a hydrophobic amino acid at the +1
or +2 positions. However, no clear preferred amino acid pattern was obvious among the results.
Building on this data, sequences determined to be the most reactive were synthesized and tested
as penta- and heptapeptide substrates.’® The pentapeptides’ affinity for MTG were as low as Z-
QG (in the range of 50 mM); however two heptapeptides, 7M42 (Ac-YELQRPY-NH,) and
7M48 (Ac-WALQRPH-NH»), were found to have a 4.5 and 19-fold decrease in Kw, indicating
that the identity of surrounding amino acids affect Ky. Using a complementary approach, the
search for a Q-tag was expanded by recently employing mRNA display as a high-throughput
screen.’’ Peptides that served as substrates became covalently bound via MTG reaction with
hexa-lysine conjugated beads. Two pentapeptide sequences in particular were reported to have
considerably higher reactivity and affinity for MTG (RLQQP and RTQPA), which vary
considerably from the results obtained via phage display. In light of these results, valuable
insight into the sequence and structural preferences for efficient TGase recognition of glutamine
has been obtained. However, they do not yet converge onto a single, high-affinity Q-tag. The
identification of a peptide sequence that is highly specific for MTG has also yet to be
demonstrated, and so the precise requirements for selective glutamine binding to TGases remain

under investigation.

The structural requirement of MTG’s amine (lysine) substrate has previously been
suggested to be considerably less strict than that of its amide (glutamine) substrate.’®%° Along
the same line of thought, as with the glutamine substrate, a recent study used an in vivo Forster
resonance energy transfer (FRET) quenching assay in order to screen for highly reactive lysine
recognition sequences (K-tag) in E. coli8' The sequences screened were limited to
pentapeptides with a lysine fixed at the center position. Although there was no repeated or
consensus sequence determined by the screen, the pentapeptide KTKTN was found to be of
reactivity comparable to a hexa-lysine tag. Synthetic amide and amine substrates were also
previously tested for activity in order to determine if MTG could utilize non-natural substrates.5>
This was investigated in greater detail recently by screening amine compounds with increased
diversity of chemical substituents and functional groups.®® Overall, MTG was found to be highly
promiscuous for its primary amine substrate, and amines attached to a less hindered carbon as

well as amines with a longer hydrocarbon linker exhibited increased reactivity. Aromatic and
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small, polar amine-bearing compounds were observed to be excellent substrates as well. These
studies help broaden the scope for modification of glutamine-containing peptides and proteins

by TGases.

2.6 Assays

Assay development is key to the advancement of medicine, cell biology, and
biotechnology. With respect to TGase, some goals for novel or improved assays include: the
identification of highly specific substrates or inhibitors, higher sensitivity, cellular visualization
in order to better understand the role of TGase in disease, and facilitation of TGase engineering
by high-throughput screens. The detection of TGase activity is not immediately obvious due to
the fact that none of its reactants or products absorb strongly at a distinctive wavelength, nor are
they fluorescent. A standard end-point, colorimetric assay was developed early on (Figure 2-
4A). The assay uses Z-QG as a model glutamine substrate and hydroxylamine as the amine
substrate. The addition of TGase catalyzes the formation of an isopeptide bond and a
hydroxamate group, and upon the addition of a concentrated ferric chloride solution, results in
the development of a yellow color.* The hydroxamate assay remains in use to this day in order
to determine kinetic constants, but its discontinuous nature and low molar absorptivity limit its
applicability. As a result, a number of novel TGase assays have since been developed for use
not only in vitro, but in vivo as well. Some colorimetric and fluorometric examples include
sensitive assays involving the enzymatic release of p-nitrophenol, 7-hydroxycoumarin, and the

production of chromophoric anilide.%*%

An alternative approach has been to label a protein substrate of interest in a reaction
mediated by TG2 with a biotinylated fluorophore and subsequently isolate the newly
biotinylated protein with streptavidin beads, allowing for immobilization and separation of the
product.®’” The sensitivity of this assay allows for detection of 0.6 mU purified TG2, and can
also be applied to crude lysates, making it possible to screen for low transpeptidase activities.
However, the sensitivity is less than that of assays using dansylcadaverine to detect product
formation, which have been reported to detect as little as 60 pU® and 10.8 pU® of TG2. This
fluorescent alkylamine is commonly used as a substrate for TGases to fluorescently label

proteins, and removal of unreacted dansyl cadaverine may reduce background. To address this
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Figure 2-4 Examples of assays used for detection of TGase activity.

A) Colorimetric and fluorescent product release activity assays. The hydroxamate assay
(top) remains the standard method to determine and compare TGase activity. TG2
activity can also be quantified by the release of p-nitrophenol (PNP; Anax = 405 nm),
umbelliferone (Aem = 465 nm), or by the formation of an anilide product (Amax = 278 nm)
following conjugation with N,N-dimethyl-1,4-phenylenediamine (DMPDA).

B) Cartoon representation of the TG2 conformational FRET sensor.

C) In vivo activation of MTG allowing for in-cell assaying.

issue, magnetic dextran coated charcoal has been used to capture and magnetically sediment
unreacted dansyl cadaverine, in a method readily adapted to 96-well plate format.® The first
assay monitoring the change in fluorescence anisotropy has been recently described.”’ A
fluorescein-labeled substrate peptide is monitored for an increase in fluorescence anisotropy as
it is cross-linked to a significantly larger substrate, bovine serum albumin (BSA). The assay
allows for detection of TG2 as low as 300 pM. The assay also detects product formation;

however, a large difference in mass between substrates and product is required in order for

detection to occur.
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Crystal structures of TG2 reveal that the enzyme undergoes a sizeable conformational
change upon substrate binding.”' In the presence of GDP/GTP, TG2 adopts a “closed”
conformation that is inactive.”> When bound to a substrate-mimicking inhibitor, TG2 was found
to be in an “open” conformation, suggesting that the open conformation is the catalytically
active form of the enzyme.’”? These conformational changes were recently used as a basis for
novel activity assays of TG2. In the first assay, TG2 is used as a biosensor that allows for
quantitative assessment in live cells using FRET, as measured by fluorescence lifetime imaging
microscopy (FLIM) (Figure 2-4B).”® This concept was further developed to monitor the real-
time, ligand-induced conformational changes of TG2 using kinetic capillary electrophoresis,
making this a rapid detection method.”* As mentioned above, Kim and coworkers recently
reported a FRET quenching assay to screen MTG activity in E. coli.%! Each of the two peptide
substrates is genetically fused to a fluorescent protein; if the peptide substrates are cross-linked
upon exposure to TGase, a FRET quenching results. This approach is highly flexible in that it

will allow library screening for either peptide substrate.

Previously, interest has been expressed to engineer TGases towards novel
applications.*** With regard to MTG, its requirement for activation complicates the
development of a high-throughput screening assay. In effort to circumvent this obstacle, Zhao
and co-workers demonstrated an in vivo selection assay for MTG (Figure 2-4C).*> MTG was
co-expressed with the 3C protease in order to activate the enzyme. The authors performed site-
saturation mutagenesis on two different residues, Y62 and Y75, and used the assay to identify a
variant that favors the conjugation of PEG to a specific glutamine (Q141) of human growth
hormone. Two variants were found to be exclusively specific for Q141, even after 30 hours of
reaction time. In order to determine activity, a previously established scintillation proximity
assay was used,” complexifying the methodology. A simple, continuous, colorimetric TGase
assay was recently adapted in order to easily determine kinetic parameters of MTG with
different substrates. Glutamate dehydrogenase activity was coupled to ammonia release upon
deamination of the glutamine substrate for MTG, resulting in a decrease in NADH readily

observed at Amax = 340 nm.>°
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2.7 TGases as biocatalysts for the production of novel

biomaterials

11,16 \which continues on

The earliest biocatalytic use of TGases was in the food industry,
a large scale to this day. Novel biotechnological applications have since been fostered to expand
the biocatalytic utility of TGases outside of the food industry. Progress in this field has hastened
in conjunction with recognition of their flexibility with respect to the primary amine substrate.
This has helped open the door of possibilities with regard to covalently modifying protein- or
peptide-bound glutamines with a wide array of compounds. The increasing diversity is
welcomed: as previously discussed, a number of polymer-protein conjugates have been prepared
with TGase using PEG to tailor the properties of the substrate protein to towards a more
favorable therapeutic profile, such as enhanced stability and decreased toxicity. Recently, the
polymer repertoire was expanded by synthesizing conjugates using hydroxyethyl starch.’® It is
a biodegradable alternative to PEG for commercial use as a blood plasma volume expander,
potentially making it a more suitable polymer for protein conjugation. Taking this concept a
step further, protein lipidation was demonstrated using MTG, with the goal of altering the
behavior of the conjugated protein by controlling its localization via increased amphiphilicity.”’
Proteins can be regarded as biopolymers themselves, and can thus be assembled into larger
biomolecular complexes in order to achieve altered functionality and properties. However, such
a complex is only of use if its assembly can be controlled. A supramolecular protein complex,
composed of E. coli alkaline phosphatase (AP) and streptavidin, was constructed with the aid of
MTG.”® The strong avidin-biotin interaction was exploited to direct the assembly of these two
protein building blocks into a larger complex, by having AP site-specifically conjugated with
biotin using MTG. The location of biotin conjugation on AP was crucial to create large
structures and retain AP activity. Finally, MTG has also been found to be effective at modifying

the structure of peptides containing a glutamine and lysine residue by cyclization.”

Proteins and peptides are not the only biological molecules that have been modified
using TGases; MTG has been recently used to site-specifically attach diverse compounds, at

80-81

multiple positions, onto antibodies. Glycosylation normally prevents TGase from

effectively modifying antibodies, but the glycosylation pattern was modified such that MTG
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was able to react at specific locations. The resulting antibody-drug conjugates (ADCs) are of
interest as potential therapeutic solutions, and tweaking their pharmokinetic properties by
conjugation with different compounds may yield new therapeutic avenues that were previously

unfeasible.

2.8 Protein labeling

A specific application of TGases that is gaining importance is their use as a tool to site-
specifically label proteins with the goal of visualization within complex biological systems, such
as in living cells. The typical strategy is to introduce an amide- or amine-containing fluorophore
substrate into the system, along with TGase, to form an isopeptide bond with a specific lysine

or glutamine, respectively, on the target protein (Figure 2-5).

A fluorescent analog of the conventional model glutamine substrate, Z-QG, has been
synthesized. Fluorescein-4-isothiocyanate-p-Ala-QG was shown to be an effective glutamine
substrate for MTG for reaction with a lysine-containing peptide tag (dubbed as a “K-tag”),
genetically encoded at the N-terminus of the peptide or protein of interest.**** This K-tag was
six amino acids in length, and both the second and fourth residues were lysines (MKHKGS).
Mass spectrometry revealed that MTG displayed a high preference for the second lysine. The
same group later developed two 13-mer peptidyl loop K-tags, each containing a single lysine,
specifically recognized by MTG;* no direct comparison of the reactivity of the 6-mer and 13-
mer tags was conducted. The 13-mer tags were encoded into bacterial alkaline phosphatase
(BAP), which had been selected because MTG does not recognize any of its native glutamine
or lysine residues as substrates. High labeling yields (>94%) were obtained when the 13-mer
tags were inserted in vicinity of the active site, or at a location distal from the active site (Figure
2-6A). However, insertion distal from the active site provided higher reactivity. The reactivity
of the two 13-mer tags was comparable. Using a different approach, incorporation of a
fluorescent substrate was observed by an intramolecular FRET between two fluorescent
substrate proteins, allowing an evaluation of transamidation activity of TG2.%°> With this assay,
propargylamine was found to be an excellent substrate for TG2. Following propargylation of a

glutamine residue in casein, the resulting alkyne-modified residue was fluorescently labeled

49



0 + .’\NH2 0
NH, TGase NH’*

Figure 2-5 General scheme for protein labeling using TGase.

The protein of interest (P.O.1.) carries an accessible glutamine residue, for TGase-catalysed
reaction with an amine-substituted fluorophore; alternatively, the P.O.l. carries a reactive

lysine residue for reaction with a glutamine-modified fluorophore.

through a copper-catalyzed Huigsen cycloaddition with an azido-fluorescein conjugate (click
chemistry),3 thus providing a general route for labeling with a variety of azido-containing
compounds. MTG was also found to be capable of using propargylamine as a substrate;
additionally, it can use amino azides as substrates, to allow ulterior click chemistry with a variety
of alkyne-containing compounds.®® The techniques above offer high reactivity in vitro; however,

they have not yet been tested in the context of cellular visualization.

TG2 is associated with tumor growth and drug resistance, but attempts to detect TG2 in tissues
can often be plagued by false positives. Magnetic resonance imaging is a powerful diagnostic
tool, and TGase may in the future be detected in tumor cells by using a new contrast agent®’
containing a primary amine, designed so that it would serve as a substrate for MTG (Figure 2-
6B). Upon cross-linking the agent onto a tumor, a MRI signal is created. Called chemical
exchange saturation transfer (CEST), a particular proton signal associated with the CEST agent
is selectively saturated, and the proton remains in exchange with surrounding water molecules.
As aresult, the MRI signal from the water surrounding the CEST agent is reduced, allowing for
its location to be determined. The signal generated before and after cross-linking of the contrast
agent differs, allowing for easy differentiation between the two species. Once again, this work
remains at the level of in vitro experimentation in a model system and has yet to be tested in
vivo. TGase-mediated labeling has also been further expanded to label biological
macromolecules other than proteins, such as DNA and RNA%* (Figure 2-6C). Nucleic acid
hybridization techniques make it possible to detect the expression pattern of a particular gene,
which may be indicative of a disease. In situ hybridization (ISH) requires binding of a target

DNA sequence to a probe, followed by detection with radioisotopes, fluorophores, or antibodies.
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In a new hybridization procedure dubbed transglutaminase-mediated in situ hybridization
(TransISH), a Z-QG-labeled DNA-peptide conjugate was synthesized using DNA primers
containing Z-QG-dUTP. The labeled DNA can then be denatured and cross-linked to alkaline
phosphatase (AP) containing a K-tag in a process mediated by MTG. The DNA-linked AP will
then dephosphorylate 5-bromo-4-chloro-3-indolyl phosphate, leading to the development of a
blue chromophore. The same concept was also applied to mRNA.”® As additional detection is
not required with TransISH, it simplifies common ISH protocols by bypassing these steps,

allowing direct staining after washing the unhybridized probe.
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Figure 2-6 Examples of TGases applied for visualization of biomacromolecules.
A) Locations of independently encoded 13-mer peptidyl loop K-tags on bacterial alkaline
phosphatase.
B) MTG-aided enzymatic detection of nucleic acids.
C) The paramagnetic agent is cross-linked to a glutamine, generating the CEST effect.
Magnetic resonance saturation is transferred to water following saturation of the amide

proton.
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Fluorescent tagging has also been performed using TG2 activity in order to monitor
cellular processes as well as the implication of TGases themselves in disease. Click chemistry
was employed in a clinical context to monitor native TG2-mediated protein serotonylation
(TPS). With little discrimination with regard to its protein substrate, this process involves TG2
cross-linking of serotonin to glutamine residues, and is implicated in necessary biological
processes as well as disease.”’®> A modified analog of serotonin, propargylserotonin, was
synthesized so that it could react with azide-functionalized substrates and enhance the
understanding of Ras and its role in previously unknown processes.”* In addition, of clinical
relevance, TG2 is known to play a role in fibrosis and vascular calcification. In order to probe
this further, mechanism-based fluorescent inhibitors were designed to covalently label TG2, to

investigate how its activity may relate to stiffening of arterial tissues.”*

2.9 Conclusions

Notable progress has been made in both fundamental and applied research of TGases,
although many challenges remain. New efforts in engineering their production have been made,
with recent biophysical studies supplementing the knowledge base on the enzymes. However,
despite recent work with respect to engineering TGase towards new and different capacities, the
goals and results remains largely conservative. Better understanding and characterizing the
substrate specificity remains a prime interest so that TGase can be effectively applied in existing
and for novel applications. The enzymes have also increasingly become a tool to accomplish
new feats in biotechnology. New methods have been developed for detecting and quantifying
TGase activity, allowing for increased sensitivity and even in vivo assessment. TGases’ natural
ability to use protein and peptide substrates gives them potential to label target proteins or
peptides, but is limited by its specificity. Some of the techniques discussed in this review have
found ways to work around this limitation, however, many remain at the level of proof-of-

concept, leaving room for further development and optimization.
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Chapter 3 - Specificity of transglutaminase-catalyzed

peptide synthesis

3.1 Context

Research on transglutaminases within the Pelletier research group was established by
her former doctoral student, Prof. Roberto Chica, working in collaboration with Prof. Jeffrey
Keillor (University of Ottawa), his co-supervisor. With Prof. Keillor’s mechanistic expertise of
transglutaminases, and Prof. Joelle Pelletier’s experience in enzyme engineering, the
functionalities and applications of mammalian transglutaminase were investigated. At that time,
mammalian transglutaminases had been extensively characterized, and the poorly understood
microbial transglutaminase was not a subject of study in either research group. Prof. Chica’s
doctoral research was devoted biocatalytic investigations of the guinea pig liver
transglutaminase (gTG2). He collected preliminary data indicating that gTG2 could synthesize
peptide bonds within the main chain of a peptide analog, rather than an isopeptide bond between
side chains. This valuable biocatalytic reaction was demonstrated using activated ester
substrates rather than its native amide (glutamine) substrate. While this work was described as
a chapter in his thesis, it did not reach its experimental conclusion at that time and remained in
limbo. When I started my doctoral research, I was offered by Profs Chica and Pelletier to
participate in completing the investigations into transglutaminase’s capacity to synthesize
peptide bonds. Prof. Chica’s advances led us to speculate that if unactivated substrates could be
used for peptide synthesis catalyzed by gTG2, the reaction would occur with a low efficiency.
The fluorometric assay then in use would not likely be sufficiently sensitive to detect this
activity. Hence, my contribution in employing a highly sensitive LC-MS assay to detect

substrate consumption and product formation was welcomed.

This chapter is a reproduction of the contents of a published article in the Journal of
Molecular Catalysis B: Enzymatic, entitled: Specificity of Transglutaminase-Catalyzed Peptide
Synthesis. My contribution to this research paper was the development and employment of the
LC-MS assays. Antony St-Jacques performed the kinetic assays and computational simulations.

Dan Curry assisted in transglutaminase expression, purification, and kinetic assays. Dr. Steve



Gillet developed the 7-hydroxycoumarine kinetic assay. Dr. Christopher Clouthier synthesized
and characterized all non-commercial peptide reagents. All authors contributed to the
conceptualization, although Prof. Roberto Chica pioneered the key hypotheses. Research was
performed in the laboratories of both Profs Roberto Chica and Joelle Pelletier. The manuscript
was drafted mainly by Prof. Roberto Chica, with all authors writing contributions covering their
respective experimental responsibilities, and assistance from Profs Jeffrey Keillor and Joelle
Pelletier. Supplemental information associated with this manuscript can be consulted in Annex

1 of this thesis.
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3.2 Abstract

Biocatalytic methods for peptide synthesis are of high value due to the rapidly increasing
approval of peptide-based therapeutics and the need to develop new analogs. Guinea pig liver
transglutaminase (gTG2) catalyzes the cross-linking of peptides and proteins via the formation
of y-glutamyl-e-lysylisopeptide bonds. In this study, we investigate gTG2-catalyzed peptide
bond formation between various amino acid-derived donor and acceptor substrates. Using LC—
MS analysis, we demonstrate that gTG2 forms Gly-Xaa and d-Ala-Gly dipeptide products,
confirming that its natural transamidation activity can be co-opted for peptide synthesis. An
aromatic ester of Gly was the most efficient acyl-donor substrate tested; aromatic esters of D-
Ala and L-Ala showed 50-fold lower reactivity or no reactivity, respectively. A computational
strategy combining computational protein design algorithms and molecular dynamics
simulations was developed to model the binding modes of donor substrates in the gT'G2 active
site. We show that the inability of gTG2 to efficiently catalyze peptide synthesis from donors
containing alanine results from the narrow substrate binding tunnel, which prevents bulkier
donors from adopting a catalytically productive binding mode. Our observations pave the way
to future protein engineering efforts to expand the substrate scope of gTG2 in peptide synthesis,

which may lead to useful biocatalysts for the synthesis of desirable bioactive molecules.
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3.3 Introduction

The amide bond is among the most versatile functional groups in synthetic organic
chemistry due to its high polarity, stability, and well-characterized conformational preference.'
In particular, facile peptide bond formation — whether between natural or unnatural amino acids
— is of extremely high value due to the rapidly increasing approval of peptide-based therapeutics
and the need to develop new analogues. Conventional chemical approaches to peptide bond
synthesis require chemical activation, protection, and deprotection steps for each bond formed
as well as orthogonal protection of reactive substituents. As a result, peptide bond synthesis
remains an important challenge in chemistry.? Enzymatic approaches have attempted to alleviate
these limitations. This is generally performed by running proteases “backward”, toward bond
synthesis rather than hydrolysis (recently reviewed®). Despite engineering of proteases and
optimization of reaction conditions, hydrolysis of existing peptide bonds reduces yield. Using
an enzyme that has evolved to synthesize an amide bond, rather than hydrolyze it, could prove

advantageous in enzyme-catalyzed peptide bond synthesis.

One such enzyme is tissue transglutaminase (TG2), which catalyzes the Ca**-dependent
cross-linking of peptides and proteins via the formation of y-glutamyl-e-lysyl isopeptide bonds.*
® The catalytic reaction follows a modified ping-pong mechanism in which a glutamine-
containing protein or peptide, the acyl-donor substrate, reacts with the catalytic cysteine residue
to form a thioester bond. The resulting covalent acyl-enzyme intermediate then reacts with a
second substrate, the acyl-acceptor, to yield the isopeptide-containing product and free enzyme
in a transamidation reaction. In the absence of an amine acyl-acceptor, the acyl-enzyme
intermediate can be hydrolyzed, transforming the acyl-donor glutamine residue into glutamate

and regenerating the free enzyme.’

TG2 enzymes exhibit broad specificity towards the acyl-acceptor substrate.® Although
the native acyl-acceptor substrate is generally a lysine-containing protein or peptide, many non-

natural primary amines, such as glycinamide,’!°

and anilines, such as N,N-dimethyl-1,4-
phenylenediamine,'! can also react. However, amines containing free carboxylic acid groups,
such as free amino acids, do not act as substrates.! On the other hand, TG2 displays narrow

specificity for its acyl-donor substrates. The side chain of a protein or peptide-bound L-GIn
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residue is the native substrate while the side chain of the similar amino acid L-Asn is not
reactive.’ In addition to amides, y-glutamyl aromatic ester derivatives of L-Glu, such as N-
carbobenzyloxy-L-glutamyl(y-p-nitrophenyl ester)glycine (Fig. 3-1A), have also been shown to
be acyl-donor substrates of TG2 and are used to measure the enzyme’s activity.'> However,
secondary amide derivatives of L-Gln, such as N-y-methyl-L-glutamine or anilides, are not
substrates of TG2:!3 the y-carboxamide group of L-Gln is the only known amide that is an acyl-

donor substrate of TG2.

We and others previously demonstrated that TG2 could use a novel class of acyl-donor

415 Namely, 4-(NV-

substrates that are neither L-Gln nor L-Glu derivatives.
carbobenzyloxyglycylamino)-butyric acid-coumarin-7-yl ester (Cbz-Gly-GABA-7HC) and 4-
(N-carbobenzyloxyphenylalanylamino)-butyric acid-coumarin-7-yl ester (Cbz-Phe-GABA-
7HC) (Fig. 3-1B) can react with TG2 to release 7-hydroxycoumarin (7HC), resulting in a
fluorescence increase that makes these compounds useful for quantifying TG2 reaction rates.
The scaffolds of these substrates, based on known irreversible inhibitors of TG2,'6"'7 differ from
L-Glu aromatic ester acyl-donor substrates of TG2 in that the reactive ester function is located
on the main chain of the peptide analogue, rather than on the side chain. As a result, they give
rise to products that do not contain a y-glutamyl-¢-lysyl isopeptide bond. An analogue in which
the 7HC leaving group is attached directly to the glycine residue carboxylate group, N-
carbobenzyloxyglycyl-coumarin-7-yl ester (Cbz-Gly-7HC, Fig. 3-1C), is also a donor substrate
of TG2."® Significantly, the reaction of this substrate with an acceptor amine substrate would
result in the formation of a peptide-like a-amide bond (Scheme 3-1). These results illustrate that
specificity for acyl-donor substrates with aromatic ester functions is broader than had previously

been supposed and demonstrate that the enzyme can generate products with novel scaffolds.

In this study, we investigate guinea pig liver TG2 (gTG2)-catalyzed peptide bond
formation between the Cbz-Gly-7HC donor substrate in combination with various amino acid-
derived acceptors. Using LC-MS analysis of the reaction products, we demonstrate that the
enzyme is able to react directly with the a-carboxyl group of Cbz-Gly-7HC to form Gly-Xaa
dipeptide products, confirming that its natural transamidation activity can be co-opted for
peptide synthesis. Additionally, we explore the substrate specificity of the enzyme in peptide

synthesis by measuring its reactivity toward a variety of potential acyl-donor substrates having
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an aromatic ester function on the a-carboxyl group of various amino acids. We observed that
the aromatic ester of Gly is an efficient acyl-donor substrate; the aromatic ester of D-Ala is also

reactive though to a lesser extent, and that of L-Ala showed no detectable reactivity.

To elucidate how the stereochemical configuration of the side-chain of alanine-
containing donor substrates affects gT'G2 catalytic efficiency, we used a computational strategy
combining computational protein design and molecular dynamics simulations to model the
binding modes of donors in the gTG2 active site. We show that the inability of gTG2 to
efficiently catalyze peptide synthesis from donors other than Cbz-Gly-7HC results from the
narrow substrate binding tunnel, which prevents bulkier donors to adopt a catalytically
productive binding mode. Our observations pave the way to future protein engineering efforts
to expand the substrate scope of gT'G2 in peptide synthesis, which may lead to useful

biocatalysts for the synthesis of desirable bioactive molecules.

3.4 Materials and methods

3.4.1 Materials

All reagents used were of the highest available purity. Lysozyme, 7HC, N-acetyl-L-
lysine methyl ester hydrochloride (N-AcLysOMe), N-carbobenzyloxy-L-glutaminylglycine
(Cbz-L-GIn-Gly), glycinamide (GlyNH2) and L-leucine methyl ester (LeuOMe) hydrochlorides
were purchased from Sigma-Aldrich. L-Alaninamide hydrochloride (AlaNH2) was purchased
from Novabiochem (Mississauga, ON). Ni-NTA agarose resin was purchased from Qiagen
(Mississauga, ON). Restriction enzymes and DNA-modifying enzymes were from New England
Biolabs. All aqueous solutions were prepared using water purified with a Millipore BioCell

system.
3.4.2 Synthesis of donor substrates

3.4.2.1 Synthesis of Cbz-Gly-7HC and CBZ-L-Ala-7THC

The synthesis of Cbz-Gly-7HC was based on a previously reported protocol.'* Namely,
0.2 g (1 mmol) of Cbz-Gly and 0.4 g (2.5 mmol) of 7HC were dissolved in 10 mL of ethyl
acetate. Then, 0.22 mL (0.2 g, 2 mmol) of N-methylmorpholine and 0.8 mL (0.63 g, 5 mmol) of
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N,N-diisopropylcarbodiimide were added with stirring at room temperature. Stirring was
continued until the complete disappearance of Cbz-Gly, as followed by thin layer
chromatography (ethyl acetate). The reaction mixture was then washed once with 1 M NaOH,
three times with 0.1 M NaOH, 3 times with 0.1 M HCI, once with saturated NaHCO3, and once
with brine. The organic phase was then dried over MgSQOs, filtered and evaporated under
reduced pressure. The resulting residue was purified by silica gel chromatography (ethyl acetate)
to remove traces of diisopropylurea, giving the desired ester in 70 % yield (0.25 g). Cbz-L-Ala-

7HC was synthesized according to a similar protocol.

Cbz-Gly-7HC. 'H NMR (300 MHz, CDCl3): § 4.30 (2H, d), 5.18 (2H, s), 5.33 (1H, s),
6.44 (1H, d), 7.08 (1H, d), 7.10 (1H, s), 7.37 (5H, m), 7.51 (1H, d), 7.70 (1H, d). '3C NMR (75
MHz, CDCl): § 168.5, 160.6, 156.7, 154.9, 152.9, 143.1, 136.3, 129.0, 128.9, 128.6, 128.5,
118.4, 117.2, 116.6, 110.5, 67.7, 43.2. HRMS (FAB) calculated for Ci19H1sNOs ([M*H]):
354.0972, found 354.0968.

Cbz-L-Ala-7HC. '"H NMR (300 MHz, CDCL): & 1.63 (3H, d), 4.62 (1H, m), 5.18 (2H,
s), 5.33 (1H, d), 6.42 (1H, d), 7.07 (1H, d), 7.09 (1H, s), 7.39 (5H, m), 7.51 (1H, d), 7.70 (1H,
d). 3C NMR (75 MHz, CDCI3): § 171.5, 160.5, 156.0, 154.9, 153.1, 143.1, 136.4, 129.0, 128.9,
128.6, 128.5, 118.4, 117.2, 116.6, 110.5, 67.5, 50.2, 18.5. HRMS (FAB) calculated for
C20H1sNOs ([M*H]"): 368.1129, found 368.1118.

3.4.2.2 Synthesis of Cbz-D-Ala-7THC

The synthesis of Cbz-D-Ala-7HC followed the protocol employed for Cbz-L-Ala-7HC.
Equimolar amounts of Cbz-D-Ala (4 mmol, 0.89 g) and 7HC (4 mmol, 0.65 g) were dissolved
in 15 mL of dichloromethane at room temperature. To the stirring solution, 0.38 mL (4.4 mmol)
of N-methylmorpholine and 0.82 mL (8 mmol) of N,N-diisopropylcarbodiimide were added.
The consumption of Cbz-D-Ala was monitored by thin-layer chromatography. Upon
completion, the reaction mixture was washed successively with 0.1 M NaOH, 0.1 M HCI,
saturated sodium bicarbonate, and brine. The organic phase was dried over MgSOyg, filtered, and
concentrated under reduced pressure. The crude product was purified via flash column using

chloroform/methanol (9:1), affording the titular compound in 66 % yield (0.59 g).
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Cbz-D-Ala-7HC. '"H NMR (CDCls, 400 MHz): 5 1.41 (d, 3H), 4.25 (q, 1H), 5.10 (s, 2H),
6.63 (d, 1H), 7.37 (m, SH), 7.55 (br s, 1H), 7.71 (d, 1H), 7.84 (d, 1H). 13C NMR (CDCls, 100
MHz): § 17.6, 53.5, 67.4, 110.1, 115.4, 116.1, 118.7, 127.9, 128.1, 129.7, 136.5, 146.3, 156.6,
156.9, 157.1, 161.8, 169.3. HRMS (ESI) Calculated for CaoHi7NOe: 367.1056. Found:
367.1060.

3.4.2.3 Synthesis of Cbz-GlyNH:

The synthesis of Cbz-GlyNH, was adapted from a previously reported protocol.'
Glycinamide hydrochloride (18 mmol, 2.00 g) was dissolved in water (60 mL) and acetone (8
mL), prior to the addition of Na>xCOs (54 mmol, 5.7 g) and NaHCOs3 (18 mmol, 1.5 g). Benzyl
chloroformate (22 mmol, 3.20 mL) was added dropwise to the stirring solution over the course
of 30 minutes. The resulting mixture was stirred for 3 hours at room temperature, after which
the products were isolated by washing with diethyl ether (50 mL). The protected product was
precipitated out of solution by the slow addition of 0.1 M HCI. The precipitate was filtered and
subsequently dried in vacuo to afford a white solid in 86% yield (3.24 g).

'H NMR (CDCls, 400 MHz): & 3.87 (s, 2H), 5.07 (s, 2H), 7.26 (m, 5H), 7.35 (s, 2H),
7.95 (s, 1H). 3C NMR (CDCl3, 100 MHz): § 45.1, 67.3, 126.2, 126.9, 128.9, 136.3, 156.8,
170.1. HRMS (ESI) calculated for C1oH12N20O3: 208.0848. Found: 208.0851.

3.4.3 Overexpression and purification of gTG2

Recombinant gTG2 was overexpressed and purified from Escherichia coli according to
a protocol developed in our laboratory?® with the following modifications. After Ni-NTA
purification, the eluant was transferred to a 15-mL Amicon Ultra tube (Millipore) with a
molecular weight cut-off of 30 kDa and the gT'G2 solution was desalted by centrifugation with
25 mM Tris-acetate buffer (pH 7.0) containing 0.5 mM EDTA. The samples were aliquoted,
snap-frozen on dry ice and stored at -80 °C. Typical yields were 1.5-10 mg/L of approximately
85 % pure protein, as estimated from Coomassie Blue staining following SDS-PAGE, in

agreement with previous results.?
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3.4.4 Specific activity

The hydroxamate assay’ was used to quantify gTG2 activity. Briefly, gTG2 was
incubated at 37 °C for 10 minutes with 30 mM Cbz-L-GIn-Gly and 100 mM hydroxylamine in
200 mM Tris-acetate buffer (pH 7.0) containing 5 mM CaCl, and 1 mM EDTA. The reaction
was quenched with a solution containing 2.0 M ferric chloride hexahydrate, 0.3 M
trichloroacetic acid, and 0.8 M HCI. The mixture was vortexed and left at room temperature for
10 minutes before measuring absorbance at 525 nm. One unit (U) of gTG2 produces 1 umol of

L-glutamic acid y-monohydroxamate per minute at 37 °C.

3.4.5 Kinetic assays

All assays were performed in triplicate. The following solutions were prepared: a
standard stock buffer solution (100 mM MOPS buffer pH 7.0, 5 mM CaClz, and 0.05 mM
EDTA), a 2- mM (Cbz-Gly-7HC, Cbz-L-Ala-7HC) or 100- mM (Cbz-D-Ala-7HC) solution of
acyl-donor substrate in N,N-dimethylformamide (DMF), and a 200- mM solution of acyl-
acceptor substrate N-AcLysOMe in water. Prior to performing the assays, a “fluorescence
coefficient” was determined daily by measuring the arbitrary fluorescence intensities
corresponding to five concentrations of 7HC at concentrations ranging from 0.05 to 12.5 uM in
5 % DMF in the stock buffer solution at 25 °C. The value of this “fluorescence coefficient”
varied only slightly (<5 %) each day. For the hydrolysis reaction, activity was measured by
adding 10 mU of purified gTG2 to each well of a TCT Luminescence 96-well microtiter plate
(Thermo Electron) containing a 0.5-100 uM solution of the acyl-donor substrate in stock buffer.
For the transamidation reaction, the same amount of the purified enzyme was added to 0.5-80
mM of the acyl-acceptor substrate in stock buffer solution containing 100 uM of acyl-donor
substrate Cbz-Gly-7HC. The acyl-acceptor substrate was replaced by water in the blank. DMF
was present at 5 % in the final reaction mixtures. The increase in fluorescence due to the release
of 7THC was followed at 25 °C against a blank at Aex 340 nm and Aem 465 nm in a FluoStar
Optima microtiter plate reader (BMG Labtech). Linear slopes of fluorescence versus time were
measured over the first <10 % conversion of substrate to product and were converted into initial

rates using the fluorescence coefficient.
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3.4.6 LC-MS

Reaction mixtures containing 150 pM of ester donor substrate (Cbz-Gly-7HC, Cbz-L-
Ala-7HC, or Cbz-D-Ala-7HC) or 20 mM of amide donor substrate (Cbz-GlyNH>2) and 50 mM
of acceptor substrate (GlyNH>, AlaNH», or LeuOMe) were prepared in a buffer composed of
100 mM MOPS pH 7.0, 5 mM CaCl,, 0.05 mM EDTA, and 5 % DMF. The pH of each substrate
mixture was verified with indicator paper prior to the addition of enzyme. The reaction was
initiated upon the addition of 0.1 U/mL of gTG2 (or an equivalent volume of buffer for reactions
run in the absence of enzyme) in a final volume of 2 mL. Reactions were incubated at 37 °C for
up to 20 min. Control reactions without gT'G2 or without amine acceptor were run for each

combination of substrate mixtures. Experiments and controls were performed in triplicate.

Disappearance of substrates and appearance of dipeptide products were monitored by
ESI LC-MS. Aliquots of reaction mixture were taken immediately after the addition of enzyme
(0 min) and after 2 min, 10 min, and 20 min of reaction time. Formic acid (98 %, 10 pL) was
added to each aliquot (480 pL) and the mixture was vortexed to quench the reaction. The change
in pH from 7.0 to < 2 was verified with indicator paper. An internal standard solution (10 puL of
33.1 mM 4-methoxybenzamide in neat DMSO) was added to the quenched reaction, which was
then filtered using 0.2- um polytetrafluoroethylene filters (Corning) to remove particulates. The
filtered sample (20 pL, or 10 pL for the reactions containing Cbz-GlyNH>) was injected onto a
Synergi 4- um, polar reverse phase, 80- A, 50 x 2- mm liquid chromatography column
(Phenomenex) on a Waters 2545 HPLC apparatus. Elution was achieved with a 5-70 %
MeOH/H:0 gradient. Masses were detected under positive ionization mode with a Waters 3100

single quadrupole mass detector.

3.4.7 Homology modeling

A homology model of gTG2 was prepared as described previously.?! Briefly, an
alignment of the human and guinea pig liver TG2 sequences (83% identity) was performed using
ClustalW?* with default parameters. Atomic coordinates for human TG2 in complex with a
covalent inhibitor were retrieved from the Protein Data Bank (PDB ID: 2Q3Z?). Using the
sequence alignment and the crystal structure with all non-protein atoms removed, ten models

were generated by Modeller 9.15** with default parameters. All models had regions with
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unfavorable residue interactions and had to be further refined using the following procedure.
Following the addition of hydrogens, the Protonate 3D utility?’, available in the Molecular
Operating Environment (MOE) software package®®, was used to solvate the ten models with
water in rectangular boxes under periodic boundary conditions with a box cut-off of 6 A, and to
add counter-ions (Na" and CI). Then, each structure was energy minimized by conjugate
gradient minimization to a root-mean-square gradient below 0.01 kcal mol-1 A-1 using the
AMBER99 force field?>” with a combined explicit and implicit reaction field solvent model set
up using MOE. Following analysis of all-atom contacts and geometry using MolProbity?®, the

best homology model was selected for further experiments.

3.4.8 Construction of acyl-enzyme intermediates

Using MOE, the catalytic Cys residue (Cys277) on the gT'G2 homology model was
acetylated. The carbonyl moiety of the acetyl group was then manually oriented via dihedral
angle rotation to form a hydrogen bond with the indole nitrogen of Trp241, which has been
shown to be essential for catalytic activity, presumably by stabilizing the transition state.?
Following energy minimization as described above (root-mean-square gradient below 0.1 kcal
mol! A to optimize H-bonding between the acetyl group and Trp241, the acetylated Cys277
residue was extracted from the gTG2 structure and used as a template to build a Cys residue
acylated with the Cbz-glycyl moiety in MOE. The added Cbz and Gly atoms were then energy
minimized in vacuo by conjugate gradient minimization to a root-mean-square gradient below
0.1 kcal mol™* Al in order to refine bond lengths and angles. The resulting minimized acylated
Cys residue was then used to generate rotamers via the introduction of the following dihedrals:
01-C1-C2-N1, 90 £ 20° and -90 + 20°; C1-C2-N1-C3, 180 + 20°; C2-N1-C3-03, 180°; N1-C3-
03-C4, 120 + 20°, 180 + 20°, and -120 + 20°; C3-03-C4-C5, 60 + 20°, 180 + 20°, and -60 +
20°; O3-C4-C5-C6A, 0 £ 20°, 60 + 20°, and 120 + 20° (see Fig. A 1-1 for atom names). The
internal energy of the resulting 13,122 rotamers was evaluated in vacuo using MOE with the
previously described force field, and only rotamers whose energy was within 10 kcal/mol from
the lowest energy rotamer were included in the final rotamer library. A similar procedure was

utilized to prepare a rotamer library for Cys277 acylated with the Cbz-D-alanyl moiety.
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To build the gTG2 acyl-enzyme intermediates, computational protein design was
performed using the fast and accurate side-chain topology and energy refinement (FASTER)
algorithm as implemented in PHOENIX?%32, Rotamers for acylated Cys277 and surrounding
residues (positions GInl169, Trp241, Asn243, Tyr245, Met252, GIn276, Trp278, Phe316,
Arg317, Met330, Trp332, Asn333, Phe334, His335, and Cys336) were optimized on the fixed
backbone of the gTG2 homology model. The backbone independent Dunbrack rotamer library
with expansions of + 1 standard deviation around 1 and y2** was used to model side-chain
conformations. A four-term potential energy function consisting of a van der Waals term from
the Dreiding II force field with atomic radii scaled by 0.9, a direction sensitive hydrogen-bond
term with well depth at 8.0 kcal/mol*, an electrostatic energy term modelled using Coulomb’s
law with a distance dependent dielectric of 10, and an occlusion-based solvation penalty term>!

were used to evaluate rotamer combinations. The lowest energy acyl-enzyme intermediate

structure obtained from each donor was retained for further analysis.

3.4.9 Molecular dynamics

For generation of molecular dynamics (MD) trajectories, structures of the gTG2 acyl-
enzyme intermediates prepared as described in Section 2.8 were used as templates. The thioester
bond between Cys277 and the acyl groups was hydrolyzed in silico, resulting in noncovalent
complexes (gTG2 bound with Cbz-Gly or Cbz-D-Ala) that were energy minimized to alleviate
steric clashes following the procedure described in Section 2.7, with the exception that
minimization was conducted until a root-mean-square gradient below 0.1 kcal mol! A-! was
achieved. For the complex with Cbz-L-Ala, a methyl group was added with MOE to the Ca of
Gly prior to minimization. The minimized and solvated noncovalent complexes were used as
input to NPT (constant number, pressure, and temperature) MD simulation at 300 K. MD
trajectories were heated over 500 picoseconds and equilibrated for an additional nanosecond.
This was followed by a 1.5-nanosecond production run sampled at 10-picosecond increments.
All MD simulations were performed using the AMBER99 and extended Hiickel theory*® force
fields in NAMD.?’
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3.5 Results

3.5.1 Wild-type gTG2 can form peptide bonds

Previously, we showed that recombinant gT'G2 can react with Cbz-Gly-7HC as a donor
substrate in conjunction with a variety of amino acid derivatives as acceptor substrates.'® These
observations were based on the increased rate of 7HC release during the enzymatic reaction in
the presence of acceptor substrates, relative to the rate of 7HC release in their absence. While
we had not monitored the appearance of the final reaction products, our observations were
consistent with gTG2 having an intrinsic peptide synthase activity (Scheme 3-1). In the current
work, we applied a sensitive LC-MS assay to monitor dipeptide product formation directly, and

thus confirm that gTG2 catalyzes peptide bond synthesis.

In the first step in the development of this LC-MS assay, we synthesized Cbz-Gly-7THC
and determined the kinetic parameters of its gTG2-mediated hydrolysis using
spectrofluorometric analysis. Michaelis-Menten kinetics demonstrated that Cbz-Gly-7HC is an
acyl-donor substrate of wild-type gTG2, having an apparent Ky of 15 + 12 pM and an apparent
Keat 0f 0.128 £ 0.007 s7! (Table 3-1). This Ky is similar to that measured for the gTG2-catalyzed
hydrolysis of Cbz-Gly-GABA-7HC (9 + 2 uM) while the kca is approximately 10-fold lower
(1.25 £ 0.08 s!) [14]. The lower kea results from the absence of the y-aminobutyric acid linker
in Cbz-Gly-7HC relative to Cbz-Gly-GABA-7HC (Fig. 3-1), the lack of which may decrease
accessibility of the substrate’s reactive carbonyl group for nucleophilic attack by the catalytic

thiol.

We also determined the kinetic parameters for the gTG2-catalyzed transamidation
reaction of acyl-donor substrate Cbz-Gly-7HC with the widely used acyl-acceptor substrate N-
AcLysOMe. As previously observed with other amino acid derivatives,'® we confirmed that the

rate of release of 7HC from Cbz-Gly-7HC increased in the presence of N-AcLysOMe
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Figure 3-1 Aromatic ester donor substrates of gTG2.

C

The reactive carbonyl group of these compounds is indicated by an arrow. (A) N-
Carbobenzyloxy- L-glutamyl(y-p-nitrophenyl ester) glycine; (B) Cbz-Gly-GABA-7HC and Chz-
Phe-GABA-7HC; (C) Cbz-Gly-7HC.

relative to the rate of hydrolysis. This result suggests that gTG2 catalyzes the formation of a
covalent bond between the a-carboxyl group of Gly in Cbz-Gly-7HC and the e-amino group of
Lys in N-AcLysOMe, whose apparent Km and kear values were determined to be 4 £ 1 mM and
0.20 £ 0.02 !, respectively.

Next, we confirmed gTG2-mediated peptide synthesis by LC-MS analysis to identify the
reaction products. We assayed derivatives of three different amino acids previously shown to
act as acyl-acceptor substrates of gTG2!'® in which the negatively-charged carboxylate is
neutralized under the form of a primary amide or a methyl ester. Chromatograms of the reaction
time-course of Cbz-Gly-7HC with acceptors GlyNH: (Fig. 3-2A), AlaNH: (Fig. 3-2B), and
LeuOMe (Fig. 3-2C) unequivocally demonstrate the time-dependent increase in concentration
of the corresponding dipeptide product. Since the Cbz-Gly-7HC donor substrate is an activated
ester, it is highly reactive with nucleophilic amines such as the amino acid derivatives tested

herein. This is illustrated by the fact that the LC-MS chromatograms also show significant
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Scheme 3-1 Peptide synthesis reaction catalyzed by gTG2.

amounts of dipeptide product being formed in the absence of gTG2 (2.4- to 4-fold
catalyzed/uncatalyzed product ratio at the 20 min time-point). However, dipeptide products are
formed more rapidly in the presence of enzyme, confirming the intrinsic peptide synthase
activity of wild-type gT'G2. This is particularly clear at the earlier time points, where the
catalyzed/uncatalyzed product ratio is 4- to 8-fold after 10 min and greater than 10-fold for
GlyNHz at the 2 min time point.

3.5.2 Donor substrate specificity of gTG2-catalyzed peptide synthesis

Having confirmed that gTG2 catalyzes the synthesis of Cbz-Gly-Xaa dipeptides, we next
investigated whether alternate donor substrates could be utilized. Because the natural substrate
of gTG2 is the y-carboxamide group of an L-Gln residue, we first tested the amide analog of
Cbz-Gly-7HC, Cbz-GlyNHz, using GlyNH:> as the acceptor substrate. Cbz-GlyNH: does not
react with gT'G2 at concentrations up to 50 mM (Fig. A 1-2), its solubility limit. It has previously
been observed that aromatic ester acyl-donor substrates of gTG2 have a lower Kwm value than
the corresponding amide: Cbz-L-Gln-Gly has an apparent Km of 4.1 mM in the hydrolysis

8 whereas its aromatic ester analog N-carbobenzyloxy-L-glutamyl(y-p-nitrophenyl

reaction’
ester)glycine has an apparent Ky of 0.02 mM.!? The two orders of magnitude lower Ky of the
aromatic ester could be due to improved binding conferred by the p-nitrophenol aromatic
leaving group. This improved binding could also occur in Cbz-Gly-7HC relative to Cbz-GlyNH»
through beneficial n-stacking interactions between the aromatic leaving group and the aromatic

side chains of the tunnel-wall residues of gTG2 (Trp241 and Trp332).2% %
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Figure 3-2 LC-MS traces of gTG2-catalyzed peptide synthesis reaction mixtures.
gTG2-catalyzed synthesis of dipeptide products (solid lines) and uncatalyzed control reactions
(dashed lines). Various combination of aromatic ester donors and amino acid derivative
acceptors were tested: (A) Cbz-Gly-7HC + GlyNH>,; (B) Cbz-Gly-7HC + AlaNH:>; (C)
Cbhz-Gly-7HC + LeuOMe; (D) Cbz-L-Ala-7HC + GlyNH>; (E) Cbz-D-Ala-7HC + GlyNH.>.
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Table 3-1 Apparent Kinetic parameters for acyl-donor substrates of gTG2 in hydrolysis

reactions.

Errors indicated are standard errors of best-fit parameters.
“ Data from Ref 14.

b No detectable activity.

¢ Saturation could not be achieved within solubility limit of donor substrate.

Substrate Km (M) Keat (s™) Keat/Km (x 104 M1 s
Cbz-Gly-7HC 15+2 0.128 + 0.007 0.85

Cbz-L-Ala-7THC N.D.° N.D. N.D.
Cbz-D-Ala-7HC - - 0.018
Cbz-Gly-GABA-7THC?* 9 +2 1.25+0.08 14

To investigate whether the donor-substrate specificity of gTG2 includes compounds with
a substituted a-carbon, we verified whether activated ester donors containing an amino acid
other than Gly would react with gTG2. Thus, we synthesized coumarin-7-yl esters of Cbz-
protected L-Ala and D-Ala, which contain small methyl-group side chains. Cbz-L-Ala-7HC did
not react with gTG2 (Fig. 3-2D) suggesting that the methyl side chain of the L-alanine residue
observed with Cbz-D-Ala-7HC (Fig. 3-2E). We thus measured the kinetic parameters for
thisdonor substrate with gTG2 using a fluorometric assay. Although we could not saturate the
may hinder productive binding at the active site. However, a clearly detectable activity was
enzyme with this compound at its solubility limit (50 uM in 5 % DMF), we were able to measure
its kea/Kim, which 1s approximately 50-fold lower than that of Cbz-Gly-7HC (Table 3-1). These
results support observations that substituents, even small ones such as methyl groups, located in
close proximity to the reactive carbonyl group of the donor cannot be accommodated readily in

the gTG2 active site and are detrimental to activity.*0-4!
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3.5.3 Structural basis for donor substrate specificity of gTG2

To elucidate the structural basis for the observed acyl-donor specificity of gTG2, we generated
models of the acyl-enzyme intermediates formed during the gTG2-catalyzed hydrolysis of the
Cbz-Gly-7HC and Cbz-D-Ala-7HC substrates. We did not generate an acyl-enzyme
intermediate structure for hydrolysis of Cbz-L-Ala-7HC as this compound is not a gTG2
substrate. In the acyl-enzyme intermediates, the catalytic Cys277 residue of gT'G2 is covalently
bound to the Cbz-glycyl or Cbz-D-alanyl moiety through a thioester bond. In the acyl-enzyme
intermediate for gTG2-catalyzed hydrolysis of Cbz-Gly-7HC, the glycyl group fits, with no
steric clashes, into a tunnel formed by residues Trp241, GIn276, Trp278, Trp332, and Phe334
(Fig. A 1-3), while the Cbz phenyl ring is positioned outside the tunnel and lies in a cleft on the
surface of the enzyme. Closer inspection of this acyl-enzyme intermediate suggests that the
presence of a methyl side chain on the Ca atom resulting in an L or D configuration would be
detrimental to binding as it would clash with either residue Phe334 or Trp332, respectively (Fig.
3-3A). This is indeed what is observed in the acyl-enzyme intermediate structure of gTG2 with
a Cbz-D-alanyl moiety (Fig. 3-3B). In this model structure, the side chain of Trp332 adopts an
alternate conformation, presumably to alleviate unfavorable steric interactions with the methyl

side chain of D-Ala.

Based on these observations, we hypothesized that the methyl side chain of alanine is
detrimental to activity because it decreases productive binding for Cbz-D-Ala-7HC and
abolishes binding for Cbz-L-Ala-7HC. To test these hypotheses, we generated noncovalent
complexes of gTG2 bound to the hydrolysis products Cbz-Gly, Cbz-L-Ala, and Cbz-D-Ala from
the acyl-enzyme structures, and used these complexes as input structures for molecular
dynamics simulations. The goal of these simulations was to evaluate the binding modes of

products in the gTG2 active site.

Carboxylic acid products of hydrolysis were selected as ligands because gTG2 should
be able to bind these compounds due to microscopic reversibility and because we could not
unambiguously specify where the 7HC group would bind. To evaluate the efficiency with which
these compounds are bound in the gTG2 active site, we measured the distance between the
nucleophilic sulfur atom of the catalytic residue Cys277 and the electrophilic carbonyl carbon

of the Cbz-Gly, Cbz-D-Ala, or Cbz-L-Ala products during the course of a 1.5-nanosecond MD
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simulation. As shown in Figure 3-4A, sulfur-carbon distances for Cbz-Gly and Cbz-D-Ala are
much lower than those obtained for Cbz-L-Ala. Specifically, the sulfur-

A
c277
90°
D
B
W1 c277
c217 %
o> Side s
" chain 90

W332

Figure 3-3 gTG2 acyl-enzyme intermediate models.

The active site of gTG2 (white) with the catalytic Cys277 residue acylated by the Cbz-Gly (A)
or Cbz-d-Ala (B) moiety (magenta) is shown. An H-bond between Trp241 and the carbonyl
oxygen of the acyl group is indicated by a dashed line. Co hydrogens of Cbz-Gly are shown as
sticks, and the resulting configuration of Co. following replacement of each hydrogen by a
methyl group side chain is indicated. The methyl side chain of Cbz-D-Ala is indicated by an
arrow. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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carbon distance for Cbz-Gly is centered at approximately 5 A for the duration of the MD
simulation while for Cbz-D-Ala, this distance increases to approximately 7 A after 0.5
nanosecond, suggesting a second distinct binding mode (Fig. 3-4B).On the other hand, the
sulfur-carbon distance for Cbz-L-Ala remains centered at approximately 15 A throughout the
simulation. This significantly higher distance results from the fact that the Cbz-L-Ala molecule
exits rapidly the gTG2 active site, suggesting that it cannot be bound by the enzyme, in

agreement with our kinetic data.

In light of our results, we propose that Cbz-D-Ala-7HC is a poor substrate and that Cbz-
L-Ala-7HC is not a substrate of gTG2 because their methyl side chain clashes with tunnel wall

residue Trp332 or Phe334, respectively. We postulate that the clash between the methyl

A 20 -
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Time (ns)

S-C distance (A)

15 1
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Counts (n = 150)

0 5 10 15 20
S-C distance (A)

Figure 3-4 Molecular dynamics simulations results.

(A) Distance between the nucleophilic sulfur atom of catalytic residue Cys277 and the
electrophilic carbonyl carbon atom of the Cbz-Gly (green), Cbz-d-Ala (blue), or Cbz-I-Ala (red)
products during the course of a 1.5-ns MD simulation. (B) Distributions depict the number of
MD snapshots with sulfur-carbon distances grouped in incremental bins of 0.1 A. Each snapshot
was taken at 10-ps intervals. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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side chain of D-Ala and Trp332 can be more easily accommodated in the active site because
Trp332 is located on a loop formed by residues Asn318-Asn333. This loop is highly flexible, as
illustrated by the fact that no electronic density is present for most of the residues comprising it
in the human TG2 crystal structure.?? The higher mobility of this loop would enable Trp332 to
move out of the way from the methyl side chain of D-Ala, allowing retention of catalytic activity,
albeit at a lower level. On the other hand, Phe334 is part of a B-sheet formed by residues Thr295-
Phe301 and Phe334-Trp341, and its phenyl side chain is stacked against the backbone of
residues GIn169 and Gly170. These interactions would make Phe334 more rigid, preventing it
from moving away from the methyl side chain of L-Ala. These observations raise the possibility
that the acyl-donor substrate scope of gTG2 may be expanded by mutating Phe334 and Trp332

in order to increase the space available for substrates containing alternate side chains.

3.6 Discussion

The peptide synthase activity of gT'G2 described here results from its transferase activity:
the enzyme can transfer a Gly or a D-Ala moiety onto the a-amino group of various amino acid
derivatives, thus forming peptide bonds. The transamidase activity of gTG2 relies on its capacity
to exclude water from the active site.*? If water had free access to the thioester bond of the
covalent acyl-enzyme intermediate, amine acyl-acceptor substrates would not be able to
compete with it for the acyl transfer reaction, as water is much more abundant. Thus, the
intermediate thioester must be sequestered in the active site long enough for amines to enter and
act as acyl-acceptor substrates. The exclusion of water may result from the hydrophobicity of
residues that form the tunnel leading to the catalytic residues, namely Trp241, Trp332, and
Phe334. This ability to exclude water from the active site differentiates TG2 from the cysteine
proteases, such as papain, that share a similar segment of a-helix and B-sheet containing the

catalytic triad.*’

Protease-catalyzed peptide synthesis is the topic of much current research.’ Serine and
cysteine proteases can catalyze peptide synthesis through a kinetically controlled process in
which the protease (hydrolase) acts as a transamidase.***> This process requires a protease that
can form a covalent acyl-enzyme intermediate, as is the case with gT'G2. Competition between

hydrolysis and aminolysis is always present during the degradation of this acyl-enzyme

80



intermediate, resulting in lower yields for the synthesis of peptides, since proteases are not
efficient at excluding water from their active site. Furthermore, proteases hydrolyze the peptide
products, further lowering the overall yield of peptide synthesis.

Proteases used in Kkinetically controlled peptide synthesis have reported

44647 \whereas gTG2 has a similar 102

transamidation/hydrolysis ratios in the range of 102-10
increase in rate of transamidation relative to hydrolysis when the acceptor substrate is
hydroxylamine.'? Further, the catalytic efficiency of wild-type gTG2 for the synthesis of various
Cbz-Gly-L-Xaa dipeptides ranges from 12 to 141 M!s™.!®8 Papain, a cysteine protease that has
been used in peptide synthesis, has catalytic efficiencies of 5 and 49 M!s™! for the synthesis of
the Boc-Gly-L-Phe-N2H2Ph dipeptide and the Boc-L-Tyr(Bzl)-Gly-Gly-L-Phe-L-Leu-N>H>Ph
pentapeptide, respectively.*® These comparisons suggest that gTG2 could also be used as a

catalyst for the synthesis of peptide bonds.

An advantage of gTG2-catalyzed peptide synthesis is that it requires no organic co-
solvent. Indeed, the 5 % DMF used in the transamidation assay of Cbz-Gly-7HC and amino acid
derivatives by gTG2 is required only to help solubilize the acyl-donor substrate. This is not the
case with papain, with which the synthesis of peptides must be carried out in a mixture

containing 40 % ethanol*%#

in order to decrease the activity of water. A further advantage of
gTG2 for the synthesis of peptide bonds is that the enzyme cannot recognize secondary amides
as acyl-donor substrates, thus limiting hydrolysis of the dipeptide product and potentially
increasing yields. However, gTG2 suffers from its apparent need of an aromatic leaving group
in acyl-donor substrates, a limitation for peptide synthesis. In addition, the narrow specificity
for the amino acid residue found at the C-terminus of acyl-donors hinders the general
applicability of gT'G2 for peptide synthesis. Nevertheless, it may be possible to expand the
specificity of gT'G2 for additional donor substrates by mutating active site residues Trp332 and

Phe334 that form part of the substrate binding tunnel.

3.7 Conclusion

Herein, we confirmed the peptide synthase activity of wild-type gTG2 using LC-MS.
This enzyme can form peptide bonds between Cbz-protected Gly or D-Ala, and a variety of polar

or hydrophobic amino acid derivatives with a catalytic efficiency similar to the cysteine protease
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papain. Although the specificity of gTG2 for peptide bond formation is limited, future
engineering efforts based on our computational models to expand its donor substrate specificity
may lead to the development of a new tool for the enzymatic synthesis of peptides and

complement the known specificities of other proteases.
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Chapter 4 - One-pot peptide and protein conjugation:
combination of enzymatic transamidation and click

chemistry

4.1 Context

Our investigations into the biocatalytic utility of mammalian transglutaminase revealed
that it was severely limited by a narrow substrate scope, sensitivity to reaction media, and its
propensity to accept water as a nucleophilic substrate in lieu of the desired nucleophile. In light
of these results, we focused our efforts to investigating microbial transglutaminase. The fact that
it was not as well characterized as mammalian transglutaminase was initially intimidating, but
ultimately provided an opportunity to shed light onto an alternative way to achieve biocatalytic
amide bond formation. Research on MTG by our group and others revealed specific
characteristics that set the stage for the investigations that ultimately led to the following article.
Firstly, MTG is fairly robust, being able to tolerate reaction media beyond the gentile
requirements for biological systems. Secondly, it can accept a broad range of amine substrates.
Finally, it requires peptide- or protein-bound glutamines as its amide substrate. Taken together,
we hypothesized that the enzyme’s capacity to covalently modify peptides and proteins could

be expanded, specifically in the context of its combination with other chemical reactions.

This chapter is a reproduction of an article published in the journal Chemical
Communications, entitled: One-Pot Peptide and Protein Conjugation: a Combination of
Enzymatic Transamidation and Click Chemistry. My contribution was the conceptualization and
realization of laboratory experiments, performed in the laboratory of Prof. Joelle Pelletier. The
manuscript was drafted by myself with assistance from Prof. Joelle Pelletier. Supporting

information associated with this manuscript can be consulted in Annex 2 of this thesis.

This version varies slightly from the published article, to address the comments and
questions of the evaluation committee: specifically, additional sentences were added to clarify

certain topics.



87



One-pot peptide and protein conjugation: a combination

of enzymatic transamidation and click chemistry

Natalie M. Rachel'?? and Joelle N. Pelletier'*>*

! Département de Chimie, Université de Montréal, 2900 Boulevard Edouard-Montpetit,
Montréal, Québec, H3T 1J4, Canada

2 CGCC, the Center in Green Chemistry and Catalysis, Montréal, H3A 0B8, Canada

3 PROTEO, the Québec Network for Protein Function, Structure and Engineering, Québec,
G1V 0A6, Canada

4 Départment de Biochimie, Université de Montréal, 2900 Boulevard Edouard-Montpetit,
Montréal, Québec, H3T 1J4, Canada

Chem. Comm. 2016, 52, 2541-2544.

Corresponding Author: Joelle N. Pelletier <joelle.pelletier@umontreal.ca>

88



4.2 Abstract

Enzymatic transamidation and copper-catalyzed azide—alkyne cycloaddition (CuAAC)
were combined to yield covalently conjugated peptides and proteins. The addition of glutathione
preserved enzymatic activity in the presence of copper. Tuning the reaction kinetics was key to
success, providing up to 95% conversion. This one-pot reaction allowed for targeted fluorescent

protein labeling.
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4.3 Article content

Site-specific modification of peptides and proteins allows us to control their chemical,
structural, and functional properties.!? Biocatalyzed conjugation is a promising alternative to
traditional metal-catalyzed conjugation, with enzymes offering high specificity for the
biological target and working under mild reaction conditions.>* Enzymes successfully
employed to this end (recently reviewed’) include the targeted conjugation of an azidebearing
compound to a protein using an engineered lipoic acid ligase, allowing for a downstream
cycloaddition reaction,® and use of phosphopantetheinyl transferase to conjugate target proteins
with chemically modified Coenzyme A analogues carrying chemical moieties such as biotin’

and fluorophores.®

Performing bioconjugation in conjunction with chemical transformations can provide
high reaction control and specificity while accessing great chemical diversity. Combining
reactions and eliminating tedious purification steps generally streamlines procedures and
increase the yield, making one-pot strategies for protein modification highly desirable.”!® An
important barrier to conducting simultaneous chemical and enzymatic reactions is the
incompatibility of most biocatalysts with chemical catalysts, particularly metals. Copper-
catalyzed Huisgen azide—alkyne cycloaddition (CuAAC) has been previously used with
enzymatic systems.'!"!* In those efforts, CUAAC followed the enzyme reaction as very few
enzymes have been demonstrated to be compatible with CuAAC, illustrating the magnitude of
this challenge. To the best of our knowledge, Candida antarctica lipase B (CALB) is the only
enzyme that has successfully been employed in a simultaneous chemoenzymatic reaction.'>-®
Despite the appeal of one-pot conjugation strategies, their success is often counter-intuitive due
to the sensitivity of biomolecules to conditions employed in traditional organic synthesis, and
conversely, to the incompatibility of organic reagents with biological reaction media. As a

result, the development of one-pot chemoenzymatic conjugation strategies remains limited.

Microbial transglutaminase (MTG) crosslinks peptide or protein substrates by catalyzing
the formation of isopeptide bonds.!” It accelerates acyl-transfer between the y-carboxamide

group of a glutamine-containing substrate, and the e-amino group of a lysine-
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Scheme 4-1 Simultaneous and subsequent chemoenzymatic one-pot protein labeling

reactions.

containing substrate. Its robustness towards moderately high temperatures and water-miscible
organic solvents further broadens its range of applications.'® Additionally, while still not fully
understood, MTG displays selectivity towards its glutamine substrate, with reports of its
reactivity being successfully directed towards engineered targets.'®?® Previously, we
demonstrated the high flexibility of MTG towards chemically diverse amine-bearing substrates
as substitutes for lysine.?! In the same work, we demonstrated the successful conjugation of the
model peptide N-benzyloxycarbonyl-L-glutaminylglycine (ZQG) with propargylamine using
MTG. The propargylated peptide was purified, and the CuAAC reaction with an azide group
was undertaken. This chemoenzymatic transformation was conducted in a stepwise fashion
because it had previously been observed that the enzymatic activity of MTG was incompatible
with the Cu?* used in the CuAAC reaction.?? This limitation was circumvented in a recent report
in which the product of MTG-catalyzed conjugation successfully underwent the subsequent
CuAAC reaction without requiring purification.> Building on these advancements and
combining all reagents simultaneously in a one-pot fashion would streamline the process
(Scheme 4-1, black arrow). Determining conditions in which MTG remains functional in the

presence of CuAAC reagents, in particular copper, is
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Scheme 4-2 Summary of reactions.

crucial. Furthermore, MTG and the peptide or protein substrates must not interfere with the
CuAAC reaction. In addition, while MTG reacts effectively with the azido- or alkyne-bearing
amines such as propargylamine and azidopropylamine,*! it would be ideal if it could also react
with the aminotriazole product of the CuAAC reaction so that all possible reaction pathways
could be productive (Scheme 4-1, see blue arrows). While the CuAAC reaction has been
demonstrated to be functional in the presence of MTG and substrates,?® herein we address the
remaining points. To this end, we present a one-pot strategy in which MTG is active in the
presence of copper and sodium ascorbate. Considering the flexibility of MTG for its amine
substrate and the wide variety of commercially-available CuAAC reagents, this methodology

promises to be a powerful tool to produce diversely conjugated peptides and proteins.
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Table 4-1 Subsequent one-pot reactions.

Substrate conversion (%)

4 or 7° 5o0r 8 6 or 9°

Reagents  Conditions® 1h 24 h 1h 24 h lh 24 h

1,2A,3A CuAACfirst 4.6+0.1 54+02 92+17 98+3.6 54+02 73=+0.1

MTG first 58+4.7 2712 <LOD 26+ 0.6 <LOD 53+11

1,2B,3B CuAACfirst <LOD <LOD 83+19 82+1.7 18+09 22+0.8

MTG first >99 1.5+0.5 <LOD 11+1.0 <LOD 76+ 6.5

“ Unless otherwise indicated, ZQG, alkyne and azide were present at 30 mM; details of reaction
conditions are provided in the ESI. CuAAC first: CuAAC reaction performed first such that MTG was
added after 24 h incubation at 37 °C with all other reagents;, MTG first: CuSO4 and Na" ascorbate was
added after 2 h incubation at 37 °C with all other reagents, including MTG. Mean values and standard
deviations are calculated from triplicate measurements. © 4—6 are the products corresponding to the

azide conjugation reaction, and 7-9 to the alkyne conjugation reaction. LOD refers to limit of detection.

First, upon quantifying MTG activity by standard assay procedures in the presence of
2.5 mM CuSO4 and ascorbate, product formation was low (Table A 2-1). The proposed
mechanism of MTG involves a nucleophilic attack of the thiolate ion of Cys64 on the acyl donor,
the amide side-chain of a glutamine residue.?* Cu'" chelates thiols, including cysteine,?® and
may thus inactivate the catalytic thiolate. We hypothesized that the reduced form of glutathione
could maintain Cys64 reactive as a free thiol.?!*® The addition of glutathione restored activity
of MTG in the presence of CuSO4 and ascorbate for at least an hour but not more than an hour
and a half, providing working conditions for MTG in the presence of CuAAC reagents.
Additionally, we found that the presence of glutathione did not inhibit the CuAAC reaction
(Table A 2-2).

Second, as the two reactions should occur in the same container simultaneously, two
amine species may co-exist: the amine substrates azidopropylamine (2A) and propargylamine
(2B), as well as their respective aminotriazole products, 5 and 8 resulting from the CuAAC

(Scheme 4-2). To test both possibilities, we characterized the effectiveness of the reactions
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Table 4-2 Simultaneous one-pot reactions.

Substrate conversion (%)

4or7° S5or8 6o0r9°
Reagents  Conditions® 1h 24 h 1h 24 h lh 24 h
1,2A, 3A A <LOD <LOD 49+04 88%1.7 <LOD <LOD
B 82+49 3719 10+£06 37+20 <LOD 52+£2.6
C 82 +3.1 36£1.0 7.0+0.1 58+2.3 <LOD 63+£2.6
D 93+£2.6 33+0.38 <LOD 30+0.5 <LOD 59+0.8
E 74+27  T71+88 <LOD 78+7.3 <LOD 52+04
F 70 £2.8 26+0.1 09+0.1 55+1.3 <LOD 50+0.8
1,2B,3B A <LOD <LOD 52+03 91+1.2 <LOD <LOD
B 96+ 3.5 <LOD 9.8+£0.3 12+ 0.5 <LOD 82+1.8
C 86+42 05+0.1 82+15 51+05 <LOD 95+0.7
D >99 0.9+0.1 <LOD 9.4+0.1 <LOD 80+1.3
E 87+24 84+76 37+14 84+34 <LOD 3.7+02
F 85+53 <LOD 05+0.1 82+0.5 <LOD 86 £4.8

“ Unless otherwise indicated, ZQG, alkyne and azide were present at 30 mM; details of reaction
conditions are provided in the ESI. A: No glutathione; B: 1, 24, 34, 2A, 2B are present in equimolar
concentration, C: 24, 2B, 34, 3B in 2-fold molar excess to 1; D: Glutathione in 2-fold molar excess (10
mM); E: 34 and 2B in 2-fold molar excess to 1, 24 and 3B, F: Concentrations of 1, 24, 34, 24, 2B
doubled. Mean values and standard deviations are calculated from triplicate measurements. * 4-6 are
the products corresponding to the azide conjugation reaction, and 7-9 to the alkyne conjugation

reaction. LOD refers to the limit of detection.

performed subsequently in one pot, in either reaction order (Scheme 4-1, orange and blue
arrows) using amine 2A or 2B (Table 4-1). Substrate conversion to the amidotriazole peptides

6 and 9 was moderate, at 53% for the azide and 76% for the alkyne conjugation after 24 h (Table
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4-1, MTG first). These results confirm that MTG is more reactive towards propargylamine than

azidopropylamine, a trend observed for all reactions.

To evaluate the reactivity of aminotriazoles 5 and 8 as substrates for MTG, reactions
containing all substrates and reagents, except MTG, were incubated for 24 h to maximize the
formation of 5 and 8. MTG was subsequently added. Little formation of 6 or 9 was observed
(Table 4-1, CuAAC first), revealing that MTG does not react with aminotriazoles effectively.
Our group previously observed a correlation between substrate conversion and the number of
methylenes separating the primary amine from the rest of the substrate.?! Considering the alkyl
chain lengths of 5 and 8, we expected them to react well. Their low reactivity is consistent with

2l suggesting that aromaticity

the lower reactivity of aryl containing, short-chain amines,
decreases MTG amine substrate reactivity to an extent that is not recovered by elongation of the
intervening alkyl chain. MTG’s unequal substrate reactivity demonstrates that the kinetics of
product formation should be considered. The reaction conditions, specifically the order of
addition of the reagents, are not trivial and should be tuned accordingly. If the CuAAC rate of
formation of aminotriazole were to outpace the rate of MTG conjugation, this would render the
simultaneous addition of all reagents unfeasible. However, as MTG reacts significantly faster
under these conditions (Table 4-1), such a methodology is potentially viable. To this end, we
performed a simultaneous one-pot chemoenzymatic scheme with all reagents in equimolar
concentrations (Table 4-2, conditions A and B). Products 4, 7, 6 or 9 were observed only in the
presence of glutathione, confirming that glutathione is essential for product formation under
these conditions. The extent of substrate conversion to amidotriazole peptides 6 and 9 were 52%
and 82%, respectively, after 24 h on par with results of the subsequent reaction in which the
MTG conjugation step was performed first (Table 4-1). The MTG-catalyzed conjugation occurs
significantly faster than the CuAAC (Table 4-2, condition B), where 82% and 96% of MTG-
conjugated products 4 and 7, respectively, were detected after 1 h, compared to 10% of the
triazole products 5 and 8. Taken with our observations of the subsequent reactions, this suggests
that the MTG conjugation with 2A or 2B is sufficiently efficient to preclude significant

interference by the aminotriazole product 5 or 8.

In an attempt to increase the overall reaction yield, we performed the reaction with amine

2A or 2B and CuAAC partner 3A or 3B in 2-fold excess relative to ZQG, to promote reactivity
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of MTG and fully conjugate ZQG. These conditions provided the highest conversions to
amidotriazole peptides 6 and 9 (Table 4-1, condition C). We noted that the

No Cu or CuAAC MTG
No MTG ascorbate Concurrent first first

Coomassie

Fluorescence

Figure 4-1 Incorporation of CyS5 into a-lactalbumin by MTG and CuAAC.

conversion of 4 to 6 is consistently lower than that of the complementary conversion of 7 to 9,
suggesting that the CuAAC reaction is less efficient with 4 than with 7. Based on this
observation, we hypothesized that if the glutathione concentration was doubled, the formation
of products 4 and 7 may be optimized due to increased MTG activity and thus increase the
conversions to 6 and 9. While modest increases of 4 and 7 were observed (Table 4-1, condition
D), there was no corresponding increase in the formation of the amidotriazole peptides 6 and 9.
Doubling the concentration of the amine reagent 2A or 2B relative to ZQG and respective
CuAAC partner 3A or 3B resulted in poor formation of the conjugated triazole peptides (Table
4-1 condition E). The correspondingly increased yields of 5 and 8 indicate that the
complementary alkyne or azide reacts preferentially with the unconjugated amine 2A or 2B
rather than the conjugated peptide 4 or 7, as the concentrations of the amine and the conjugated
peptide should approximately be equivalent by the time the CuAAC reaction has gone to
completion. We note that decreasing the copper concentration 10-fold produced no triazole-
containing product (results not shown). Furthermore, the addition of supplementary MTG to the
reaction after the initial aliquot of enzyme had lost activity resulted only in a marginal increase

of product formation (results not shown).

In light of these results, we investigated the effect of doubling the concentration of all
reagents simultaneously. We hypothesized that the high Ky, of MTG for ZQG (27 mM)?’ limits

conversion efficiency; doubling all concentrations increases the saturation of MTG and could

96



increase substrate conversion to amidotriazole peptide. While the efficiency of conversion to
the product remained the same (Table 4-1: compare conditions B and F), it was possible to
double the volumetric conversion by doubling reagent concentrations. Overall, the simultaneous
one-pot reaction is fairly robust and can provide conversion of up to 95%. Key to its success is
that the MTG-catalyzed conjugation must occur significantly faster than the CuAAC. To
demonstrate the applicability of this simultaneous one-pot chemoenzymatic modification
strategy toward protein labeling, we modified a-lactalbumin (a-LA). The surface Gln residues
Q39 and Q54 of a-LA are known to react rapidly and preferentially in MTG-catalyzed reactions
at micromolar concentrations, which is considerably lower than the millimolar concentrations
required for ZQG.?® Cy5-alkyne or Cy5- azide were used to incorporate a fluorophore onto -
LA in the presence of 2A or 2B, respectively. As with the ZQG peptide reactions, the MTG-
mediated transamidation of a-LA and CuAAC reactions were performed simultaneously or
subsequently to each other. Fluorescence incorporation was observed to be successful relative
to the control reactions, except when the CuAAC was performed prior to the transamidation
step (Fig. 4-1). This is consistent with our findings that MTG reacts poorly with the
aminotriazole substrate (Table 4-1, CuAAC first). We note that a-LA exhibits trace amounts of
fluorescence in the presence of Cu?* and ascorbate, independent of MTG. This interaction is

likely a result of the Cu?*-binding activity of o-LA.*

In summary, we have identified conditions of an effective one-pot reaction for specific
covalent modification of glutamine containing peptides and proteins by combining enzyme-
catalyzed transamidation and click chemistry. The reaction occurs within 24 h and the highest
conversions to amidotriazole peptides were obtained when the amine reagent was in a 2-fold
excess relative to the peptide concentration. Aminotriazoles are not good substrates for MTG,
and a one-pot simultaneous setup is feasible owing to the fact that under these reaction
conditions, MTG’s conjugation activity is faster than the CuAAC. The applicability of the
system was demonstrated by the conjugation of a-LA with clickable fluorescent dyes. In
combination with the controlled Gln selectivity of MTG, this one-pot chemoenzymatic reaction
is a straightforward and versatile peptide and protein conjugation methodology that can be used

for specific protein tagging.
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Chapter S - Transglutaminase-catalyzed bioconjugation

using one-pot metal-free bioorthogonal chemistries

5.1 Context

The field of bioorthogonal chemistry is of high interest and was accelerated with the
advent of the CuAAC. A number of alternative metal-free conjugation reactions have been
reported, each with their own advantages, limitations, and characteristics. As our one-pot
investigations with microbial transglutaminase and the CuAAC came to a conclusion, we were
intrigued by the variation we observed in substrate conversion as a result of reaction conditions,
and wondered if the complementary chemical reaction could also play a role in affecting
conjugation efficiency. While MTG accepts a variety of amines as substrates, its stringent
substrate specificity for glutamine-bound peptides and proteins led to us to hypothesize that it
would be best suited as a biocatalyst for protein conjugation, rather than for small-molecule
conjugation. Therefore, this work varies from the previous chapter by the investigated glutamine
substrates, which are globular proteins rather than a simple protected dipeptide. This chapter is

thus focussed on evaluating reactivity amongst the different metal-free conjugation reactions.

This chapter is a reproduction of a manuscript submitted to the journal ACS Bioconjugate
Chemistry, entitled: Transglutaminase-Catalyzed Bioconjugation using One-Pot Metal-Free
Bioorthogonal Chemistry. My contribution was the conceptualization and realization of
laboratory experiments, performed in the laboratory of Prof. Joelle Pelletier. Jacynthe Toulouse
purified one of the protein substrates, hDHFR. The manuscript was drafted by myself with
assistance from Prof. Pelletier and revision by Prof. Andreea Schmitzer. Supporting information

associated with this manuscript is available for consultation in Annex 3 of this thesis.
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5.2 Abstract

General approaches for controlled protein modification are increasingly sought-after in
the arena of chemical biology. Here, using bioorthogonal reactions, we present combinatorial
chemoenzymatic strategies to undertake protein labeling. Three metal-free conjugations were
simultaneously or sequentially incorporated in a one-pot format with microbial transglutaminase
(MTGQG) to effectuate protein labeling. MTG offers the particularity of crosslinking within a
protein sequence, rather than at its extremities, providing a route to internal protein labeling.
The reactions are rapid and circumvent the incompatibility posed by metal catalysts. We identify
the tetrazine ligation as most reactive for this purpose, as demonstrated by the fluorescent
labeling of two proteins. The Staudinger ligation and strain-promoted azide-alkyne
cycloaddition are alternatives. Owing to the breadth of labels that MTG can use as a substrate,
our results demonstrate the versatility of this system, with the researcher being able to combine

specific protein substrates with a variety of labels.
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5.3 Article content

Site-selective protein modification is one of the most complex challenges of chemical
biology, with applications ranging from visualizing cellular components,! modification of
complex small molecules® and synthesizing drug-antibody conjugates.>* Enzyme-catalyzed
bioconjugation offers the advantage of improved selectivity and compatibility with sensitive
biological systems relative to traditional chemical methodologies.!> > Combining the selectivity
of enzyme-catalyzed bioconjugation with versatile bio-orthogonal chemistries will ultimately
allow for the specific incorporation of a range of abiotic chemical structures into proteins.’®
Click chemistry has transformed the way we approach applying traditional chemical catalysis
to sensitive biological systems.”!° The copper-catalyzed azide-alkyne cycloaddition (CuAAC)
was the first of such reactions'! and has since been characterized extensively both fundamentally
and in applied methodologies.'>!* Despite these successes, the CuUAAC has limitations that
curtail its generality. The most noteworthy limitation in the context of biological applications is
its reliance on copper, which exerts a significant biological toxicity and is therefore incompatible
with many biomolecules,'* particularly enzymes. Copper toxicity was observed and ultimately
circumvented in our previous work, in which we characterized the compatibility of the CuAAC
with microbial transglutaminase (MTG) bioconjugation in a one-pot chemoenzymatic system.'’
MTG catalyzes the formation of a stable isopeptide bond between a protein- or peptide-bound
glutamine residue and a primary amine,'® establishing it as a tool for covalent protein
modification.!” Contrary to other enzymatic conjugation methods that typically target protein
termini, MTG’s labeling sites can be located at an accessible site within the protein. As a result,
MTG provides a means to internally incorporate labels into proteins. MTG reacts with a broad
scope of amine substrates, and although it is more effective with long-chain amines, shorter ones
can be accepted as well.!® The protected dipeptide, N-benzyloxycarbonyl-L-glutaminylglycine
(ZQG), was the model substrate used for the characterization of reaction conditions which were
ultimately extended to labeling a protein with a fluorophore.!®> Despite these achievements,
conjugation by that one-pot scheme will be incompatible with protein substrates that are

inactivated, or precipitate, in the presence of copper.
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Figure 5-1 Simultaneous and subsequent chemoenzymatic one-pot protein labeling
reactions.
The various reactive amines, fluorescent probes, and corresponding bioconjugated product are

shown for the Staudinger ligation (orange boxes), SPAAC (purple boxes), and TL (blue boxes).

The frequently-encountered limitation of reagent toxicity has prompted the development of
metal-free click chemistry approaches. One of the first was the Staudinger ligation where a

triarylphosphine bearing an o-ester group reacts with an azide to form an amide bond.'*! The
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sensitivity of the phosphines to oxidation and their modest aqueous solubility promoted research
into other chemistries. The strain-promoted azide-alkyne cycloaddition (SPAAC) was the first
metal-free alternative to the CuAAC, allowing catalyst-free [3 + 2] cycloaddition.??* The
SPAAC utilizes activated, strained cyclooctynes to initiate spontaneous cycloaddition with a
terminal azide and is often a few orders of magnitude more rapid than the Staudinger ligation.?*
In light of this improvement, the interest in extremely rapid bioconjugation reactions produced
the tetrazine ligation (TL),”> which varies from the SPAAC and Staudinger ligation by not
relying on azides or alkynes. Instead, trans-cyclooctene and s-tetrazine react in an inverse-
electron-demand Diels-Alder reaction. With a second-order rate constant ranging between 210
and 2.8 x 10° M!s™! depending on solvent composition, the TL has the advantage of being highly

reactive at low concentrations.?®

Metal-free bio-orthogonal alternatives to the CuAAC may thus be advantageous partners
to the MTG-catalyzed formation of amide linkages to further its applicability for one-pot protein
labeling (Figure 5-1). Here, we compare simultaneous and subsequent metal-free,
chemoenzymatic one-pot conjugation schemes to examine whether MTG function is compatible

with the various click reagents.

Contrary to our previous one-pot MTG-CuAAC conjugation work,' only one of the two
patterns of subsequent reagent addition was assessed. Indeed, the metal-free click reactions
investigated here all occur orders of magnitude faster than the enzymatic conjugation step.>* %’
As they are not rate-limiting, the simultaneous reaction scheme approximates a reaction starting
with the metal-free click reactions and following with the slower MTG-catalyzed
bioconjugation. Reactive amines 2 and 3 differ from 1 both in the main reactive moiety as well
as by their linker (Figure 5-1). Similarly to the alkyl linker of 1,%® the PEG4 linker of 2 and 3

has been demonstrated to be compatible with MTG? and has the benefit of increasing the

solubility of the hydrophobic dibenzocyclooctyne moiety of 2.
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With the goal of extending these chemoenzymatic methodologies to protein labeling, we

performed the labeling reactions on the substrates bovine a-lactalbumin (a-LA) and human

Staudinger Ligation SPAAC Tetrazine Ligation
I- MTG - NH. Triplicates - MTG - NH, Triplicates

n L] 1
-MTG -NH,  Triplicates -MTG -NH,  Triplicates -MTG -NH,  Triplicates

-MTG - NH,  Triplicates

e [
Figure 5-2 One-pot chemoenzymatic protein labeling of a-LA catalyzed by MTG.

The Staudinger ligation, SPAAC and TL were performed at 37°C. Aliquots were taken after 10
min and 4 hours of reaction time, quenched by the addition of formic acid and resolved by tricine
SDS-PAGE. The negative controls lacked either MTG (- MTG) or the amine substrate (- NH>)
and were run in parallel. Left-hand panels: Coomassie brilliant blue staining, performed after

the gel was excited with a CyS5 filter to detect fluorescence (right-hand panels). The top two and

bottom two rows correspond to the simultaneous and subsequent reaction format, respectively.

Table 5-1 Fluorescence intensities for reaction with a-LA?.

Reaction Order of addition Controls Samples®
No MTG No NH: (x 10%
(x 10% (x 10%
Staudinger Simultaneous 34 4.1 34+7
Subsequent 320 220 200 + 52
SPAAC Simultaneous 110 350 1900 + 150
Subsequent 70 200 3600 + 190
Tetrazine Simultaneous 28 75 5900 + 480
Subsequent 160 490 2800 = 67

? Fluorescence intensities were quantified by Image Lab™ on the SDS-PAGE gels of samples

taken after 10 min of reaction; ® Average of triplicate samples.
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Table 5-2 Fluorescence intensities for reaction with a-LA?

Reaction Order of addition Controls Samples®

No MTG No NH: (x 10%

(x 10% (x 10%)

Staudinger Simultaneous 2.9 34 210+ 17
Subsequent 450 331 1400 £+ 100
SPAAC Simultaneous 850 543 6800+ 910
Subsequent 120 177 5700 + 250
Tetrazine Simultaneous 45 29 9800 + 850
Subsequent 670 407 7100 + 400

 Fluorescence intensities were quantified by Image Lab™ on the SDS-PAGE gels of samples

taken after 10 min of reaction; ® Average of triplicate samples.

dihydrofolate reductase (hDHFR) rather than on the previously studied model peptide ZQG.

Proteins allow use of significantly lower reagent concentrations because MTG-reactive
proteins display higher affinity for MTG than does the ZQG peptide. a-LA was selected as it
exhibits excellent reactivity with MTG,*® and hDHFR was selected because of its therapeutic
interest. Bioconjugation on hDHFR was previously performed to characterize the
thermodynamics and kinetics of its interaction with methotrexate,’! and to monitor catalytic
conformational transitions.*? At the outset of this study, hDHFR’s reactivity with MTG had not
been previously established; it cannot be predicted because the understanding of MTG’s

preference for protein substrates remains superficial 3% 3334

Glutathione is typically included in protein preparations that require cysteine residues to
remain in their reduced form, as is the case for MTG because its catalytic nucleophile is a
cysteine. Indeed, we previously found that glutathione was essential in the presence of Cu(I) for
the CuAAC-mediated chemoenzymatic labeling reaction, presumably to prevent chelation of
the catalytic thiolate by Cu(I).!> In contrast, exclusion of glutathione in these metal-free
reactions led to results that were indistinguishable from those in which glutathione was present

(Figure A 3-1), immediately illustrating the benefit of removing the metal.
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Beginning with the Staudinger ligation, we combined the a-LA protein substrate with
amine 1 and Cy5-azide to execute the chemoenzymatic labeling (Figure 5-1). In all reactions,
we maintained a 2-fold excess of the amine relative to the protein substrate, as it was previously
shown to give the highest yields for the MTG-catalyzed step.'® In both a one-pot simultaneous
or subsequent format, only low fluorescence was observed on a-LA, even after 4 hours of
reaction (Figure 5-2, Tables 5-1 and 5-2). The formation of the desired chemoenzymatic
conjugated a-LA product was confirmed by high-resolution mass spectrometry (HRMS; see the
Supporting Information). In sharp contrast, the labeling performed with amine 2 via the SPAAC
reaction showed significant fluorescence incorporation after 10 min: 55- or 18-fold more than
the corresponding Staudinger ligation, its intensity increasing 2- to 4-fold after 4 hours, for the
simultaneous and subsequent reactions, respectively. Reaction specificity was confirmed by the

absence of labeling when either MTG or amine 2 were absent.

While the MTG-conjugated a-LA species was clearly observed upon resolution by
denaturing gel electrophoresis, it was not observed upon performing exact mass analysis using
HRMS (Supporting Information). This suggests that the SPAAC reaction proceeded at a yield
below the MS detection limit, yet clearly above the threshold for fluorescence detection. We
verified whether the low yield could result from poor solubility of 2 by performing the reaction
in buffer containing 30% and 50% DMSO, where both MTG and a-LA are stable.* The addition
of DMSO increased the solubility of 2 by 10-fold and 20-fold, respectively. While fluorescence
incorporation was observed on resolving gel after 24 hours (Figure A 3-2), the conjugated a-LA
species was not observed by MS. Thus, solubility of 2 is not a significant factor in low

conjugation yield, and these results demonstrate that 2 is a poor substrate for MTG.

We investigated the TL using amine 3 which, similar to 2, has a PEG4 linker separating
the amine from the reactive tetrazine site. The fluorescence intensity was 3-fold higher yet than
the SPAAC reaction, suggesting that amine 3, or the click product 8, were the most reactive
amines with MTG. As noted above, the metal-free click reactions investigated here all occur
orders of magnitude faster than the enzymatic conjugation step and thus are not rate- limiting.**
27 Having all the reagents present in a simultaneous format procured greater reactivity than in a
subsequent format, as evidenced by the 2.5-fold increase in fluorescence after 10 min. This

suggests that 8 is more reactive with MTG than 3; the subsequent format favors direct
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conjugation of 3 because its click probe, 5, is not present in the solution while MTG is active.
We confirmed that 3 is a better substrate for MTG than 1 or 2 by observing significant formation
of the conjugated a-LA species using high resolution liquid chromatography mass spectrometry
with detection at 214 nm (Figure 5-3). After 4 hours, the conjugated species were clearly visible,
the identity of which was confirmed by MS. The combined peak areas of native and conjugated
a-LA were less than the unreacted control a-LA, consistent with formation of a side-product. a-
LA is known to multimerize as MTG crosslinks its multiple reactive glutamine and lysine
residues.*® The appearance of an extremely broad peak spanning from 7.5-10 min retention time

after 4 hours and 24 hours support this observation.

750 no e 10 min
550 o
% 350 A Conjugated

a-LA

150 ; 3
A T ] TTee—
55 6.5 7.5 8.5 9.5 10.5
Time (min)
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o, i \
5.5 6.5 7.5 8.5 9.5 10.5
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Figure 5-3 LC chromatograms of a-LA upon conjugation with 3 by MTG.
Detection was performed at 214 nm. Grey dashed traces and colored traces correspond to a

negative control lacking MTG and reaction triplicates, respectively.

109



Staudinger Ligation SPAAC Tetrazine Ligation
-MTG - NH,

L L} 1
-MTG - NH, Triplicates -MTG - NHy Triplicates -MTG -NH» Triplicates Triplicates

U —

Figure 5-4 One-pot chemoenzymatic protein labeling of hDHFR catalyzed by MTG.
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The reactions were performed as previously described for a-LA, above. The simultaneous and

subsequent reaction formats are shown.

Table 5-3 Fluorescence intensities for reaction with hDHFR.?

Reaction Order of addition Controls Samples®
Staudinger Simultaneous 310 96 450 + 84
Subsequent 3400 59 4200 £ 390
SPAAC Simultaneous 460 95 410 £ 50
Subsequent 52 16 130+ 10
Tetrazine Simultaneous 510 2700 2700 £+ 200
Subsequent 1000 620 3600 =270

? Fluorescence intensities were quantified by Image Lab™ on the SDS-PAGE gels of samples

taken after 10 min of reaction; ® Average of triplicate samples.

To investigate the chemoenzymatic labeling of a therapeutically relevant protein, we
performed the same reactions with hDHFR. While MTG can conjugate a variety of proteins, it
will not exhaustively react with all glutamine or lysine residues.!® Previously, we also attempted
MTG-catalyzed bioconjugation of two other clinically-relevant enzymes, E. coli L-asparaginase
and TEM-1 B-lactamase, but neither displayed any reactivity with MTG (data not shown). We
were gratified to observe that hDHFR served as a substrate for MTG, which to the best of our

knowledge, has not yet been reported.

Upon performing the Staudinger ligation on hDHFR, non-specific fluorescence was
observed, where the fluorescent labeling was independent of the presence of MTG (Figure 4,

Table 5-3); no conjugated product was detected using high-resolution mass spectrometry,
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contrary to that observed for a-LA. The same phenomenon was observed with the SPAAC, with
no fluorescence being observed when the SPAAC was performed. While non-specific
fluorescence incorporation was observed with the TL, particularly in the simultaneous reaction
format, the subsequent reaction format is advantageous. These findings demonstrate that
hDHFR is less reactive than a-LA yet it can be successfully labeled. Because MTG displays
some selectivity towards its protein substrates, even low reactivity can produce strong signal-

to-background fluorescence ratio.

We thus demonstrate that the metal-free Staudinger ligation, SPAAC and TL can each
be combined with MTG-catalyzed bioconjugation in a one-pot format, although their reactivity
varies significantly. Among the reactions, the TL was the most effective in the extent of labeling
and in its applicability to both protein substrates tested. We were surprised that the SPAAC was
significantly less effective, as the amine 2 and 3 both have the same long-chained linker which
should result in similar amine substrate recognition by MTG. It appears that a long spacer
between the MTG-reactive amine group and the clickable moiety is not enough to guarantee
MTG reactivity. This illustrates how the choice of amine influences not only the reactivity, but
the selectivity as well. Indeed, reactivity was not equal for all protein substrates; the Staudinger
and the SPAAC reactions were both detected on a-LA but not on hDHFR. The TL is sufficiently
reactive to label both a-LA and hDHFR, whereas the SPAAC only functioned with a-LA. This
differential reactivity provides the researcher with a degree of control over the labeling
methodology. Despite low conversion, fluorescently-labelled hDHFR was successfully

visualized, demonstrating the system’s potential for labeling medically relevant proteins.

In summary, our results show that metal-free combinatorial chemoenzymatic strategies
can be utilized for internal fluorescent protein labeling. Fluorescence detection can be observed
within minutes, with the TL ligation being most effective. If the TL is not possible, the SPAAC
remains a feasible alternative, with the Staudinger ligation being the least reactive toward these
protein targets. Coupled with the reactivity of MTG, we demonstrate the alternatives and their
considerations to the CuAAC to synthesize chemically diverse covalently modified proteins,

particularly for those that are sensitive to metals.
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Chapter 6 - Microbial transglutaminase purification

strategies for structural studies

6.1 Preface

As discussed in Chapter 2, the selectivity MTG displays for its glutamine substrate is
only superficially understood. Indeed, MTG discriminates among its protein substrates, as we
observed first-hand with a difference in reactivity between a-LA and hDHFR, described in
Chapter 5. However, it is not understood how MTG discriminates among different protein
substrates; this topic will be specifically addressed in Chapter 7. In addition to the observation
of reactivity toward different protein-bound glutamines, apoenzyme crystal structures and point
mutations are the primary source of information to better understand this topic. However, neither
provides sufficient data to concretely form a hypothesis as to the sequence or structural context
that favors the reactivity of a glutamine more than another. To this effect, we sought to gain
more information on glutamine-substrate binding by a combination of computational docking,

and ligand-bound crystallization.

Two crystal structures of MTG exist: in the first, MTG was crystallized in its active,
catalytic form, following cleavage of its protective pro-sequence! by two endogenous
proteases.” The second, published nearly a decade after the first, is the zymogen, revealing how
the pro-sequence folds over the active site, preventing potential substrates from binding.> These
high-resolution structures revealed key information such as the location and nature of MTG’s
active site and catalytic mechanism.! In addition, another smaller TGase from Bacillus subtilis
was crystallized more recently. Although bearing no amino acid sequence similarity to MTG,
this TGase has structural similarities, including the same catalytic dyad mechanism proposed
for MTG.* However, many unanswered questions remain regarding the manner in which MTG

interacts with its substrates.

Hypothesizing the binding mode of MTG is not an obvious task, as it displays a broad,
shallow tertiary arrangement flanking the active site; the crevice housing the active-site cysteine

itself is fairly narrow, allowing reactivity with the amide of glutamine but not of the shorter



asparagine. The protected dipeptide substrate ZQG was small enough to be docked into the
active site,” but the question as to how MTG could accommodate a large, bulky protein substrate
remains unanswered. In these docking results, ZQG is observed to thread itself through the

active site crevice. We performed our own docking experiments using ZQG as well as a

Figure 6-1 Docking of peptide substrates with MTG.

The catalytic cysteine residue, Cys64, is colored in yellow. Both peptide substrates, ZQG (A)
and RTQPA (B) are shown. PDB ID: 11UA.

pentapeptide reported to be a substrate® to see if similar results would be obtained. Using
AutoDock Vina,’ the top 10 lowest-energy poses for each substrate were evaluated; the validity
of the poses was judged on the distance separating the d-carbon of glutamine from the y-sulfur
atom of Cys64, the catalytic nucleophile required for activity. If this carbon atom is too far from
the sulfur, nucleophilic attack cannot occur, as proposed in the mechanism. Among these poses,
only one pose for each substrate was observed to be near 4 A of Cys64. These docked structures

did not thread themselves through the active site; instead, they rested along the outer surface of
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the active site, with the glutamine side-chain inserting itself within proximity of Cys64 (Figure
6-1). This offered a potential explanation as to how large proteins can be substrates for MTG.
Docking results must be met with scrutiny, however; they are helpful for providing insights and
concepts into substrate binding, but without complementary experimental data, they are not
sufficiently reliable to stand on their own If a structural rearrangement occurs to better

accommodate substrates, such an event will not be captured by docking.

In addition to seeking to better understand the fundamentals of substrate binding,
knowing the binding mode of MTG’s glutamine substrate would help us address our goal of
further developing MTG as a tool for site-specific peptide and protein labeling. We were keen
on engineering MTG to increase its effectiveness towards a selected glutamine-containing
sequence. Indeed, crystal structures are often of immeasurable aid in guiding the researcher to
decide which residues to mutagenize. Lacking a high-throughput assay to screen thousands of
MTG variants, it became clear that we would have to apply a semi-rational approach to selecting
residues to mutate. Owning to MTG’s broad surface and active site crevice, along with
conflicting docking results, it was difficult to hypothesize which residues would be best to focus

on, and this ultimately thwarted our engineering attempts for years.

While other studies reported in this thesis were being performed, we concurrently
pursued efforts to attempt MTG crystallography trials in the presence of a binding partner. The
most fundamental item required is a means to obtain an ultra-pure, active preparation of MTG;
it is essential that it be pure in order to crystallize, and active in order that it be fit to bind
substrate. The reproduction of the methodology that produced ultra-pure MTG by other groups
was attempted previously in our laboratory, including denaturing/refolding, but was not
successful. The purification strategy we use routinely for MTG produces enzyme that is suitable

for biocatalytic studies, but contaminants remain that may impede crystallography trials.

To this end, we sought to develop an alternate purification strategy. Ultimately, the fruits
of our labor was in vain, and ultra-pure MTG was not produced. This chapter will present our
approach, the limitations we sought to mitigate, examine and discuss our results, as well as the

factors contributing to the eventual undoing of our efforts.
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6.2 General strategy and considerations

The major complication surrounding the successful expression and purification of active

MTG is that it must be handled as a zymogen. It is well documented that expression of
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Figure 6-2 : Purification strategy and sequences of tagged MTGs.

Yellow and orange correspond to the affinity tags used to purify MTG, MBP and 6 xHis-Tag,
respectively. Green corresponds to the linker between the affinity tag and the target protein,
blue corresponds to the pro-sequence that keeps MTG in its inactive form; red corresponds to

the protease cleavage site to remove the pro-sequence; purple corresponds to active MTG.

the active form of MTG results in inclusion bodies, or death of the cells; in simple terms, it
likely crosslinks cellular components.®® We discussed several work-around methodologies that
have been developed in recent years in Chapter 2. Indeed, when we attempted the direct
expression of active MTG, cell density of the E. coli cultures dropped catastrophically, and
yielded no viable protein (data not shown). Our routine purification strategy involves expression
of the zymogen with auto-inducing media (IPTG induction was unsuccessful), treating the
clarified cellular lysate with trypsin to cleave the pro-sequence, and purification using affinity
chromatography. Specifically, our expression vector containing the ORF for MTG also includes

a C-terminal 6-histidine tag, which binds to Ni-NTA resin. Peptide tags such as the 6-histidine
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tag can be problematic in crystallography trials;'? indeed, the two crystal structures of MTG do
not contain a poly-histidine tag. We noted that if an affinity tag were expressed at the N-terminus
instead, the active form of MTG would ultimately be absent of the tag, as the N-terminus gets

cleaved during proteolytic activation. We devised a purification strategy utilizing this concept
(Figure 6-2).

Two purification steps would be required: first, the zymogen is purified from all other

cellular components with affinity chromatography following overexpression and lysis.

S SN \i\
[ Pro-sequence AdivemMtG

:C\ X D
#

|  Pro-sequence .

[Proseqenee I ASRENIGT

Cleavage
site

Figure 6-3 Site overlap extension PCR for the creation of cleavable MTG zymogens.

Two internal mutagenic primers, B and C, will bind to the region of the double-stranded DNA
to be mutated. During the first round of PCR, fragments AC and BD (here specifically, the pro-
sequence and active MTG, respectively) are synthesized with the addition of flanking primers A
and D. The fragments are mixed for the second round of PCR using primers A and D exclusively

to create the final product, which now contains the mutation.

Proteolytic cleavage of the pro-sequence follows, upon which activated MTG must be
separated from the cleaved N-terminus exhibiting the affinity tag. For this second purification

step, we hypothesized that by repeating the affinity chromatography separation, active MTG
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could be collected in the flow-through as it should not bind to the column. Additionally, any
impurities remaining after initial separation via affinity chromatography should re-bind along

with the cleaved N-terminus, theoretically yielding ultrapure MTG.

To this end, we constructed two MTG clones, each one encoding a distinct N-terminal affinity
tag and specific proteolytic cleavage sequence (Figure 6-2). A poly-histidine was one tag
selected, which is used routinely for protein purification; histidine interacts with nickel ions,
and so resins functionalized with nickel ions (Ni-NTA) will bind histidine-rich proteins. Poly-
hisitidine tags are typically the go-to methodology for protein purification owing to their ease
of manipulation and small, non-disruptive size. It’s not uncommon for non-specific binding to
the Ni-NTA matrix to occur, yielding contaminants during elution, as histidine is naturally
present in proteins. Considering this, we selected maltose binding protein (MBP) as an
alternative tag. MBP interacts with amylose-functionalized resin, and will elute in the presence
of maltose. We expected to obtain tagged-MTG of higher purity owing to higher specificity of
this resin than Ni-NTA; theoretically, only MBP should interact with amylose resin.

After purification of tagged-MTG, pooled elution fractions were subjected to buffer
exchange so that proteolytic cleavage would proceed effectively. Proteases are sensitive to
buffer composition, and may not function well in the presence of components of the elution
buffers. For selective proteolysis of the protective N-terminal pro-sequence, the cleavage
sequence needs to be introduced in between this sequence and active enzyme. Additionally,
MTG must not natively contain any cut sites recognized and accessible by the protease. To
achieve the first requirement, we introduced cleavage sites within the native sequence of MTG
by site-overlap PCR (Figure 6-3). As with our selection of affinity tags, we chose two proteases
that do not cut within MTG: enterokinase and thrombin. Enterokinase was preferred, as it
recognizes its cleavage site in such a way that will leave no additional residues on MTG, where
thrombin will leave Gly-Ser at the newly formed N-terminus. In the event that enterokinase does
not cut effectively, a second MTG clone was generated containing a cleavage site for thrombin;

this is the clone exhibiting the poly-histidine tag. Indeed, between
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Scheme 6-1 Proposed mechanism for the formation of the covalent thioester intermediate
within MTG.
Adapted from Kashiwagi et al.!

the two clones, MBP-enterokinase-MTG was constructed as an ideal candidate, hypothetically

exhibiting a superior tag and cleavage site, with 6-His-thrombin-MTG as a back-up plan.

Concurrently, a suitable binding partner for MTG must be determined for crystallization.
The model dipeptide substrate, ZQG, displays micromolar affinity towards MTG, with its Km
being 53 mM.? For both co-crystallization and soaking approaches to obtaining crystals of
ligand-bound enzyme complex, an excess of ligand is required relative to enzyme concentration
to ensure that all active site cavities are occupied. However, ZQG’s aqueous solubility is limited
to 70-80 mM, making such approaches unfeasible with ZQG. On the other hand, MTG’s
proposed catalytic mechanism requires the formation of a covalent enzyme-ZQG intermediate
after the nucleophilic attack of the substrate glutamine residue by the thiolate of Cys64, and
proton transfer to the oxyanion intermediate occurs (Scheme 6-1). If this covalent enzyme-ZQG
intermediate is sufficiently stable, it could serve as the species of MTG used for crystallography
trials. In the event that it is not, an irreversible peptide inhibitor bound at MTG’s active site
could serve as a reasonable alternative. While an irreversible inhibitor may exhibit different

interactions with the active site than a substrate due to the
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Figure 6-6-4 Structure of SM48ACR, a covalent inhibitor for MTG.

Inhibition was determined using a GDH-coupled assay.!! Time-dependent inactivation was fit
by non-linear regression to a mono-exponential model, providing first-order rate constants of
inactivation, ultimately providing the kinetic parameters kinaer and K;. K; corresponds to the
concentration of inhibitor required so that 50% of the enzyme population is inhibited; K japparent
is the measurement of Kr under conditions that could compromise the determination of its true

value.

forced covalent interaction, it would nevertheless provide insight into the MTG’s binding mode,
especially if it resembles a natural substrate. Such an inhibitor was developed and synthesized
in the laboratory of our collaborator, Prof. Jeffrey Keillor (University of Ottawa, Figure 6-4).
The modified pentapeptide was observed to display micromolar affinity for MTG, with an
apparent Kj of 3.2 mM being reported by our collaborators. Combined with our expression and
purification strategy, we proceeded to execute the experimental steps so that we could ultimately

obtain ligand-bound crystals of MTG.
6.3 6.3. Purification and digestion of tagged and cleavable MTG

6.3.1 Stability of MTG-ZQG complex

Three separate samples were prepared: a buffered solution containing MTG only, and

two samples of MTG and excess ZQG. One of these two samples was subjected to buffer
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exchange after incubation for 2 hours at 37°C, to remove excess ZQG from the solution, whereas
this excess was maintained in the other. Once the exchange was complete, the samples were
analyzed by LC-MS (Figure 6-5). If the MTG-ZQG complex were stable, this would be reflected
in the mass detected after buffer exchange. It was quickly determined that such a complex was
not stable, as only the mass corresponding to the native MTG was detected after buffer
exchange; indeed, excess ZQG needed to remain present for the complex to exist. In light of
these results, we made arrangements with our collaborator to focus efforts towards the usage of

an irreversible inhibitor rather than a substrate.

6.3.2 Purification and digestion tests

After construction of an expression vector containing the open reading frame for MTG
N-terminally tagged with MBP (MBP-MTGQG), we proceeded to expression and purification tests.
MBP-MTG proved to express well (Figure 6-6, Panel A); the purification was scaled up and
elution fractions were collected and pooled. To our surprise, a significant amount of non-specific
binding was observed, resulting in contaminants in the elution fraction. We decided to proceed
buffer exchange and digestion, as we hypothesized that these contaminants would again bind to
the amylose resin during the second purification step. An aliquot of the purified, buffer

exchanged MBP-MTG was subjected to a cleavage test with enterokinase. Cleavage
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Figure 6-5 LC-MS analysis of the ZQG-MTG complex.
Native MTG (A) with no other treatment was analyzed as a control (39097 amu). While the
exact mass of the ZQG-MTG complex was observed (B, 39417.4 amu), native MTG remained.

In addition, after ZQG was no longer present in excess, only native MTG was observed (C).

performed overnight, with aliquots taken at various time points (Figure 6-6, Panel B). If the
reaction had gone to completion, two bands were expected to be observed on SDS-PAGE: MBP
and the pro-sequence, and active MTG at approximately 47 kDa and 38 kDa, respectively.
Inexplicably, additional intermediate bands were observed, particularly after 2 hours of
digestion, but disappeared and stabilized after further incubation. Cleavage was complete after
14 hours, with the fragments being stable for a minimum of 6 additional hours. Cleaved MBP-
MTG was re-loaded onto amylose resin pre-conditioned with buffer. Gratifyingly, over

numerous fractions, active MTG was recovered in the flow-through (Figure 6-6, Panel C),
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although activity was approximately 10-fold less than a usual preparation, indicating the need
for optimization. Even so, we had confirmation that the enterokinase cleavage site is accessible

by the protease.

An unexpected complication arose when our supplier of enterokinase ceased production,

forcing us to switch manufacturers. Repeating the same cleavage and
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Figure 6-6 SDS-PAGE analysis of MBP-MTG purification, digestions, and re-purification
of active MTG.
Expected masses: MBP-MTG = 84.7 kDa; cleaved MBP = 44.2 kDa, cleaved MTG = 38 kDa,

A) Purification of MBP-MTG. Lane 1: lysate; lane 2: soluble fraction; lane 3: insoluble
fraction, lane 4: flow-through; lane 5: wash.

B) Cleavage test of MBP-MTG with enterokinase. Lane 1: t = 30 min; lane 2: t = 2 h; lane
3:t=14h;lane 4:t =16 h; lane 5: t = 18 h; lane 6: t = 20 h.

C) Re-purification of active MTG on amylose resin after cleavage.

D) Pooled re-purification flow-through fractions after cleavage with enterokinase after

switching supplier to Diamed.
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E) Flow-through and pooled elution fractions after cleavage with enterokinase purchased

from ProSpec.

re-purification protocols with two different suppliers consistently yielded unsatisfactory results
(Figure 6-6, Panels D and E) during both cleavage and re-purification steps. During the former,
additional, unidentified bands were observed; even more troubling was that after re-purification,
active MTG would co-elute with the cleaved MBP tag. In light of these impediments, we

explored the feasibility of our back-up expression clone, 6-His-Thr-MTG.

Expression of 6-His-Thr-MTG proceeded without difficulty, and we moved onto the
initial purification step utilizing routine Ni-NTA resin. A surprising but welcome observation

was that purification with Ni-NTA yielded protein of higher purity than the amylose-MBP
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Figure 6-7 SDS-PAGE analysis of 6-His-thrombin-MTG digestions and re-purification of
active MTG.
A) Thrombin digestion of 6-His-thrombin-MTG. Lane 1: 6-His-thrombin-MTG control
(No thrombin), Lane 2: 6-His-thrombin-MTG, 30°C; Lane 3: 6-His-thrombin-MTG,
37°C; Lane 4: 6-His-thrombin-MTG, 30°C, Triton X-100; Lane 5: 6-His-thrombin-
MTG, 37°C, Triton X-100.
B) Further digestion conditions. Lane 1: 6-His-thrombin-MTG after buffer exchange,
no thrombin, Lane 2: 6-His-thrombin-MTG + 1U/50 ug of thrombin, 25°C; Lane 3:
6-His-thrombin-MTG + 1U/100 ug of thrombin, 25°C; Lane 4: 6-His-thrombin-
MTG + 1U/100 ug of thrombin, 37°C.
C) Digestion and re-purification. Lane 1: 6-His-thrombin-MTG after buffer exchange
and digestion, 1U/100 ug thrombin, 37°C; Lane 2: 6-His-thrombin-MTG after buffer
exchange and digestion, 1U/200 ug thrombin, 37°C; Lane 3: Flow-through of 6-His-
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thrombin-MTG post-digestion; Lane 4: Elution of 6-His-thrombin-MTG post-

digestion.

system used previously. Continuing to cleavage with thrombin, results were less fruitful, (Figure
6-7, Panel A) with cleavage proceeding ineffectively, suggesting that thrombin may not exhibit
the same accessibility to the cut site than was observed with enterokinase. Addition of a mild
detergent can help circumvent by promoting local denaturation, although this proved not to be
the case. Fortunately, by varying the temperature and ratio of thrombin to 6-His-thrombin-MTG,
we were able to improve the cleavage efficiency, resulting in a 3-fold improvement in digestion
efficiency (Figure 6-7, Panel B). However, when separation of active MTG was attempted, we
once again observed co-elution of active MTG with the tagged, uncleaved enzyme (Figure 6-7,
Panel C). Cleavage and purifications were re-attempted on many occasions, but as these results
persisted, coupled with the inherent high-risk nature of crystallography studies, we decided to

devote our efforts to other aspects of the project.

6.3.3 Discussion and conclusions

Initially, cleavage and purification with enterokinase was promising. It demonstrated
that our initial plan could work, despite that activity was low. However, this likely would have
been fairly simple to address, as the initial purifications did not have DTT present in the buffers.
Reducing agents such as DTT or glutathione are typically included in MTG purifications as its
catalytic residue is a cysteine. Most importantly, it was highly pure. After switching
enterokinase suppliers, we were perplexed by how significantly the digestion efficiencies varied.
Not only this, but the chromatography lost its reliability, with cleaved, active MTG co-eluting
with species exhibiting a tag rather than coming out in the flow-through. If it weren’t for this
complication, even if tagged MTG had not reached 100 % cleavage, the active MTG could still
be recovered from uncut, tagged MTG. As such was not the case, it is difficult to explain these

results.

Regarding the co-elution of active MTG with its tagged counterpart, one explanation we
formulated was that after cleavage, active MTG would continue to form non-covalent
interactions with its cleaved pro-sequence, allowing for it to bind to the resin indirectly. This

does not explain how active MTG was successfully recovered initially, as the same clone was
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used for these expressions and purifications. In hopes of disrupting any potential interactions,
we also attempted purifications under denaturing conditions by including up to 3 M of urea in
the purification buffers, although the co-elution of both protein species continued to be observed

(data not shown).

Inconsistent and poor digestion efficiencies, as well as potential interactions with the
pro-sequence resulting in co-elution lead us to conclude that obtaining ultrapure active MTG
may benefit from alternate expression methodologies to obtain folded, active MTG. As
mentioned, recent approaches were covered in Chapter 2. However, since that review was
published, more work has been done investigating soluble expression of active MTG. In
particular, a study published last year described a genetically modified version of MTG that can
be expressed in high yields within the cytoplasm of E. coli.'> Mutations within the pro-sequence
revealed variants that maintain its chaperone function but destabilize the cleaved pro-
sequence/MTG interaction in a temperature dependent fashion. A protease is still required (3C
protease was used in the study) to cut the sequence. In addition, such purifications would most
likely require a C-terminally poly-histidine tagged version so that MTG may be separated from
other soluble cellular components, which isn’t always favorable for crystallography. It’s
possible that MTG is extremely sensitive to experimental conditions, such as temperature, buffer
composition, and protease selection, making them critical factors that will determine the
effectiveness of the purification. Therefore, once a working methodology is found within the

laboratory, it should become standard and never be modified.

6.4 Materials and methods

6.4.1 Materials

The plasmid pDJ1-3 was kindly provided by Professor M. Pietzsch (Martin-Luther-
Universitdt, Halle-Wittenberg, Germany). pDJ1-3 encodes the proenzyme of MTG from S.
mobaraensis inserted between the Ndel and Xhol restriction sites of the vector pET20b.(REF)
The sequence and served as a template for amplifying the MTG coding sequence containing
either entrokinase or thrombin cut sites. The plasmid pMAL-c2X, which is the N-terminal MBP

expression vector, was kindly provided by Prof. Stephen Michnick (Universit¢ de Montréal).
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Deionized water (18Q) was used for all experiments. Products used for the expression and

purification of MTG were of biological grade.

Other chemicals used were purchased from the suppliers listed below. Carboxybenzyl—
L-glutaminyl-glycine (Z-GIn-Gly, or ZQG) was from Peptide Institute (Osaka, Japan).
Glutathione (reduced) and thiamine were from Bioshop (Burlington, Canada). FastDigest Ncol,
BamH]I, Hindlll, Phusion® High-Fidelity Polymerase and Fast AP Thermosensitive Alkaline
Phosphatase were purchased from ThermoFisher Scientific (Waltham, MA, USA). Takara T4
DNA Ligase was purchased from Clontech (Mountain View, CA, USA). FastBreak™ Cell Lysis
Reagent was purchased from Promega (Madison, WI, USA). Oligonucleotides were purchased
from Sigma Aldrich (St. Louis, USA). Enterokinase was purchased from Feldan (Québec, QC),
Diamed (Mississauga, Ontario), and ProSpec (East Brunswick, NJ, USA). Thrombin from
bovine plasma was purchased from Sigma Aldrich (St. Louis, USA).

6.4.2 MBP-MTG cloning

The pDJ1-3 plasmid encoding the open reading frame for MTG was used as a template
for mutagenesis. An enterokinase cut site was introduced into MTG using site overlap extension
PCR," with the primers listed in Table 6-1. Following amplification with Phusion® High
Fidelity polymerase, the PCR product was treated with were digested with FastDigest BamHI
and Hindlll restriction enzymes, and religated into pMAL-c2X, yielding the plasmid pMAL-
MBP-MTG. which had been cut with the same enzymes and also dephosphoylated, and
transformed in E. coli DHS5a. Ampicillin (Amp) was used at 100 pg/mL for plasmid
maintenance. Sequences were confirmed by DNA sequencing (ABI 3730 DNA sequencer, IRIC

Genomic Platform at Université de Montréal).

6.4.3 MBP-MTG expression, purification, digestion, and active MTG re-
purification
A 2-mL starter culture of E. coli DH5a containing the plasmid pMAL-MBP-MTG was
propagated overnight at 37°C in LB medium and shaking at 240 rpm. Ampicillin (Amp) was

used at 100 pg/mL for plasmid maintenance in all cultures using LB medium. This starter was

used to inoculate 200 mL of LB medium at a 1:200 dilution. After 3h of incubation at 37°C
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and240 rpm, when an ODsoo was reached, IPTG was added to a final concentration of 0.2 mM.

The temperature was reduced to 20°C and incubated for 18 hours at 240 rpm. Cells were

Table 6-1 Primers for the construction of pMAL-MBP-MTG.

Primer Direction Oligonucleotide sequence (5° 2> 3°)
Identity
N-terminal Forward AAAGGATCCATGGACAATGGCGCGGG
MTG
C-terminal Reverse TTTCCCAAGCTTTTACGGCCAGCCCTGCTTTAC
MTG
Ent cutsite ~ Forward GTCCTTGTCATCGTCATCGGGGCCCGGAACGAC
Reverse CCCGATGACGATGACAAGGACTCCGACGACAGGGTCAC

collected by centrifugation and resuspended in 20 mM Tris base, 150 mM NaCl, ] mM EDTA,
pH 7.5. The cells were lysed using a Constant Systems cell disruptor set at 37 kPSI and cooled
to 4°C. After further centrifugation to remove insoluble cellular matter, the supernatant was
filtered with 0.2 uM PES syringe filters (Corning) and purified using a 10-mL amylose column
(New England Biolabs) equilibrated in 20 mM Tris base, 150 mM NaCl, 1 mM EDTA, pH 7.5.
Eluted was carried out with buffer containing 10 mM maltose, using an Atka FPLC (GE
Healthcare). After purification, MBP-MTG was dialyzed against the digestion buffer, 50 mM
Tris-HCI, 1 mM CaCl,, pH 8.0. The average yield was ~6 mg of MBP-MTG per litre of culture,
with ~ 85% purity as estimated by SDS-PAGE and revelation with Coomassie blue stain.

Aliquots were snap frozen and stored at -80°C in 15% glycerol.

Digestion was performed as suggested by the manufacturer: Feldan, Diamed, or
ProSpec. For example, with the enterokinase supplied by Feldan, freshly dialyzed MBP-MTG
at a concentration of 1 mg/mL with 0.5 U enterokinase added for every 0.2 mg of MBP-MTG:
One unit of enterokinase is the amount of enzyme required to digest 0.5 mg of thioredoxin-NP-
27 fusion protein to 90% completion in 16 hours at 37°C. Digestions were carried out at 23°C
and 37°C, with both temperatures yielding equivalent results, and incubated for up to 22h with
aliquots being taken for analysis by SDS-PAGE throughout the digestion.
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Attempts to re-purify cleaved MTG were undertaken in the same manner as the

purification of MBP, with the flow-through collected as well as elution fractions.

6.4.4 6-His-thrombin-MTG cloning and expression

The pDJ1-3 plasmid encoding the open reading frame for MTG was used as a template
for mutagenesis. A thrombin cut site was introduced into MTG using site overlap extension
PCR,"® with the primers listed in Table 6-2. Complementary oligonucleotides encoding the poly-
histidine tag to be introduced at the N-terminus were combined to a concentration of 500 ng/uL,
heated to 90°C and left to cool back down to room temperature so that annealing could occur.
The fragment was then digested with FastDigest Ncol and Ndel. Following amplification with
Phusion® High Fidelity polymerase, the PCR product was treated with were digested with
FastDigest Ndel and BamHI restriction enzymes, and all fragments were combined and religated
into pET15b, which had been cut with Ncol and BamHI and also dephosphoylated, yielding the
plasmid pET15-6-His-thrombin-MTG. It was transformed into E. coli BL21 (DE3), with
ampicillin (Amp) used at 100 pg/mL for plasmid maintenance. Sequences were confirmed by
DNA sequencing (ABI 3730 DNA sequencer, IRIC Genomic Platform at Université de
Montréal).

Table 6-2 Primers for the construction of pET15-6-His-thrombin-MTG.

Primer Direction Oligonucleotide sequence (5’ 2 3°)
Identity
N-terminal Forward AAAACATATGGACAATGGCGCGGGGG
MTG
C-terminal Reverse AAAAGGATCCTTACGGCCAGCCCTGCTTTACC
MTG

N-terminal ~ Forward AAAAAAAACCATGGGGCAGCAGCCATCATCATCATCATCACAG
His-tag CAGCGGCCATATGAAAAAAAA

N-terminal Reverse TTTTTTTTCATATGGCCGCTGCTGTGATGATGATGATGATGGC

His-tag TGCTGCCCCATGGTTTTTTTT
Thrombin Forward GTCGCTGCCGCGCGGCACCAGGGGGGCCCGGAACGAC
cut site

Reverse CCCCTGGTGCCGCGCGGCAGCGACTCCGACGACAGGGTCACC
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6.4.5 6-His-thrombin-MTG purification, digestion, and active MTG re-

purification

A 2-mL starter culture of E. coli BL21 (DE3) containing the plasmid pET15-6-His-
thrombin-MTG, which expresses a C-terminally 6-His-tagged version of MTG, was propagated
overnight at 37°C in ZYP-0.8G medium and shaking at 240 rpm. It was used to inoculate 200
mL of auto-inducing ZYP-5052 medium. After 2h of incubation at 37°C and 240 rpm, the
temperature was reduced to 22°C overnight. Cells were collected by centrifugation and
resuspended in 50 mM sodium phosphate buffer, 300 mM NaCl, pH 7.5. The cells were lysed
using a Constant Systems cell disruptor set at 37 kPSI and cooled to 4°C. After further
centrifugation to remove insoluble cellular matter, the supernatant was filtered with 0.2 uM PES
syringe filters (Corning) amd 6-His-thrombin-MTG was purified using a 5-mL His-trap nickel-
nitrilotriacetic acid (Ni-NTA) column (GE Healthcare) equilibrated in 50 mM phosphate buffer,
pH 7.5, with 300 mM NaCl. It was eluted with an imidazole gradient (0 — 250 mM) using an
Atka FPLC (GE Healthcare). After purification, active MTG was dialyzed against the digestion
buffer, PBS (140 mM NacCl, 2.7 mM KCI, 10 mM NaHPOs, 1.8 mM KH>POs, pH 7.3). The
average yield was ~40 mg 6-His-thrombin-MTG per litre of culture, with ~ 90% purity as
estimated by SDS-PAGE and revelation with Coomassie blue stain. Aliquots were snap frozen

and stored at -80°C in 15% glycerol.

Digestion was performed as suggested by the manufacturer, Sigma. Freshly dialyzed 6-
His-thrombin-MTG at a concentration of 1 mg/mL with 1 U thrombin added for every mg of 6-
His-thrombin-MTG: In PBS, 1U of thrombin digests 100 ug of test protein to >90% completion,
at 22°C after 16h. Digestions were incubated for up to 20h with aliquots being taken for analysis
by SDS-PAGE throughout the digestion.

Attempts to re-purify cleaved MTG were undertaken in the same manner as the

purification of His-thrombin-MTG, with the flow-through collected as well as elution fractions.

6.4.6 Molecular docking

ZQG and RTQPA pentapeptide were individually docked into the crystal structure of
MTG (PDB ID: 11U4) using Autodock Vina, version 1.1.2.7 First, a PDBQT file was prepared
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by uploading the crystal structure into AutoDock Tools (Version 4, Molecular Graphics
Laboratory), removing all non-polar hydrogen atoms and saving the file as PDBQT. Next, the
search space was defined in AutoDockTools. The search space restricts where the movable
atoms, including those in the flexible side chains, should lie. The spacing of the grid points was
set to 1.000 A and 38 grid points in all three directions were used. Therefore, the search space
was cubic with a volume of in which each site measured 38 A. The PDB file of ZQG and
RTQPA was then converted into a PDBQT file by loading the PDB file into AutoDockTools,
defining all bonds as rotable bonds and saving the file as PDBQT file. Docking was performed
using the default paramaters of AutoDock Vina with an exhaustiveness of 30 and the resulting

structures were visualized using PyMOL.!*
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Chapter 7 - Engineered, highly reactive substrates of
microbial transglutaminase enable protein labeling

within various secondary structure elements

7.1 Context

A topic that has come up repeatedly throughout this thesis is the elusive substrate
specificity of microbial transglutaminase, particularly for its glutamine-containing substrate, as
discussed in Chapter 2 and the following sections. In the previous chapter, we set out to reveal
some of the determinants that constitute MTG’s interactions with a glutamine substrate by
attempting to create MTG constructs for crystallographic studies, which would be conducted in
the presence of a binding partner. Ultimately, those attempts were not realized, and we sought
out complimentary experimental means gain more knowledge about the manner in which MTG

interacts with its glutamine substrates.

As we tailored our biocatalytic goals towards protein conjugation, our engineering goals
converged in the same direction. As discussed in Chapter 1, the properties of an enzyme can be
altered or, ideally, improved by engineering. We sought to apply an engineering approach to
MTG to improve upon its protein conjugation ability, and established two possibilities: one
could engineer MTG itself, or engineer its glutamine-containing protein substrate. The most
difficult part about engineering MTG is selecting the residues to mutate, given that little is
known of its substrate-binding mode. Engineering its glutamine-containing protein substrate, if
successful, may reveal key information about the determinants of MTG’s glutamine preference,
in addition to yielding a reactive tag. A reactive protein tag should be small to maximize its
applicability and to facilitate its extensive mutation, even in the absence of a high-throughput
screen. During the course of my studies, I identified a small protein substrate exhibiting limited
reactivity with MTG. In the following chapter, we describe our investigations into
characterizing a variant library of this protein substrate to probe the effect secondary structure

plays in MTG reactivity. In parallel, a small set of MTG variants was generated and



characterized. We then verified whether the best MTG variants reacted with the most effective

variant substrate, seeking if the mutations on both elements of the system were additive.

This chapter is a reproduction of a manuscript currently under review after being
submitted to the journal Protein Science, entitled: Engineered, highly reactive substrates of
microbial transglutaminase enable protein labeling within various secondary structure
elements. My contribution was the conceptualization and realization of laboratory experiments,
performed in the laboratory of Prof. Joelle Pelletier. Dr. Daniela Quaglia contributed heavily to
the conceptualization. Dr. Eric Lévesque synthesized the amine fluorophore used in all
experiments, the synthesis of which was carried out in the laboratory of Prof. André Charette.
The manuscript was drafted by myself with assistance from Prof. Pelletier. Supporting
information associated with this manuscript is available for consultation in Annex 4 of this

thesis.
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7.2 Abstract

Microbial transglutaminase (MTGQG) is a practical tool to enzymatically form isopeptide
bonds between peptide or protein substrates. This natural approach to crosslinking the side-
chains of reactive glutamine and lysine residues is solidly rooted in food and textile processing.
More recently, MTG’s tolerance for various primary amines in lieu of lysine have revealed its
potential for site-specific protein labeling with aminated compounds, including fluorophores.
Importantly, MTG can label glutamines at accessible positions in the body of a target protein,
setting it apart from most labeling enzymes that react exclusively at protein termini. To expand
its applicability as a labeling tool, we engineered the B1 domain of Protein G (GB1) to probe
the the selectivity and enhance the reactivity of MTG towards its glutamine substrate. We built
a GBI library where each variant contained a single glutamine at positions covering all
secondary structure elements. The most reactive and selective variants displayed a >100-fold
increase 1in incorporation of a recently developed aminated benzo[a]imidazo[2,1,5-
cd]indolizine-type fluorophore, relative to native GB1. None of the variants were destabilized.
Our results demonstrate that MTG can react readily with glutamines in a-helical, B-sheet, and
unstructured loop elements and does not favor one type of secondary structure. Introducing point
mutations within MTG’s active site further increased reactivity towards the most reactive
substrate variant, [6Q-GB1, enhancing MTG’s capacity to fluorescently label an engineered,
highly reactive glutamine substrate. This work demonstrates that MTG-reactive glutamines can

be readily introduced into a protein domain for fluorescent labeling.

138



7.3 Introduction

For decades, microbial transglutaminase (MTG) from Streptoverticillium mobaraense
has found widespread use in industries ranging from food preparation to textile processing and
regenerative medicine.! This breadth of applicability stems from two general characteristics: the
first is its capacity to form amide bonds via the acyl-transfer reaction it catalyzes. In its native
reaction, MTG catalyzes the reaction between the y-carboxamide of a peptide- or protein-bound
glutamine (referred to as the glutamine substrate) and the e-amino group of a peptide- or protein-
bound lysine residue (referred to as the lysine substrate). Their conjugation produces isopeptide
bonds — or protein crosslinks — for peptide and protein modification purposes (Figure 7-1). The
second characteristic is its robustness: MTG is relatively thermostable, co-factor independent,
tolerant to organic co-solvents, and active over a range of pHs.? These attributes make it possible

to incorporate MTG into a wide array of reaction media and conditions.

More recently, concerted efforts have been made to take advantage of MTG’s inherent
ability to covalently modify proteins to further develop it as a tool for site-specific peptide and
protein conjugation.’® Site-specific protein conjugation, which grants the researcher the ability
to fine-tune the properties of a protein post-translationally, is an area of intense research interest.
Such modifications can modulate enzymatic activities, molecular interactions and recognition,
or introduce functionalities that extend beyond the naturally-encoded chemistry.* Among these,
fluorescent labeling of biomolecules is of paramount interest.>® One of the foundations of this
approach is to optimize the incorporation efficiency of the label onto a protein of interest. MTG
has been applied for fluorescent labeling®!! yet the determinants for its selective reactivity
remains elusive. The deconvolution of these details holds great potential for improving MTG’s

labeling capacity.

Enzymes that are used to conjugate proteins are generally limited to using the N- or C-
terminus as the site of modification.!? The power of these enzymes stems from each enzymatic
class having an amino acid recognition sequence that is targeted with high or exclusive
selectivity, as long as this sequence is located at a protein terminus. Formylglycine generating
enzyme, phosphopantetheinyl transferase, farnesyltransferase, biotin ligase, and lipoic acid

ligase are examples of enzymes that catalyze such bioconjugations.!? As a recent example,
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formylglycine generating enzyme has been used to construct artificially glycosylated proteins, >

and DNA-protein conjugates.'*

MTG differs from these enzymes, as its targeted residue does not need to be terminally
located. This is advantageous as it allows for a label or modification to be introduced at any
accessible, reactive position on the protein. MTG can thus serve as a labeling device for protein
substrates that are not amenable to modification at their termini, or where internal modification
of a protein is desired. Notable examples of MTG-catalyzed conjugation yielding applied
protein products include the synthesis of antibody-drug conjugates'>'® and PEGylation of

pharmaceutically relevant proteins. !’

These successes result from MTG’s high promiscuity toward its lysine substrates,'* with
its ability to accept numerous primary amines being a key for the incorporation of diverse
chemical functionality, such as bio-orthogonal functional groups to fluorophores. In contrast,
MTG’s glutamine reactivity is restricted to protein- and peptide-bound glutamine residues.
Phage display screening of glutamine-containing peptides has yielded several ‘glutamine tags’
that were successfully applied to channel MTG’s reactivity during protein labeling;'® we note
that this example used a C-terminally expressed glutamine recognition tag rather than a reactive
glutamine internal to the target protein. Nonetheless, those glutamine-containing sequences are
diverse in composition, revealing no clear pattern in the primary structure surrounding the
reactive glutamine.*

Further efforts made to elucidate MTG’s mode of substrate recognition include the

2122 a5 well as an alanine scan of its broad active site

elucidation of two crystal structures
cavity.”> These have provided a greater understanding of the catalytic mechanism, kinetic
parameters, and identifying key residues essential for activity yet did not clarify the
characteristics of glutamine reactivity. An investigation of the impact of local secondary
structure on glutamine reactivity comparing apomyoglobin, a-lactalbumin, and fragment 205-
316 of thermolysin concluded that unstructured regions strongly favored reactivity.?* Indeed,
the majority of their multiple surface-exposed glutamines were not MTG-reactive. Consistent
with this, we have observed no conjugation using the highly structured TEM-1 B-lactamase or

E. coli asparaginase Il as potential glutamine substrates, despite having 7 and 13 exposed

glutamines, respectively (data not shown).
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In the face of a clear need to map glutamine reactivity relative to its molecular
environment and design highly reactive glutamine substrates, here, we designed a tightly
controlled system to investigate relative glutamine reactivity. Glutamine residues were
introduced within a single framework, at various positions within elements of secondary and
tertiary structure of the B1 domain of Protein G (GB1). GBI is a small self-folding domain of
6.2 kDa that has been extensively characterized as a model for protein folding and unfolding?
and can also be used to aid in soluble expression of small proteins.?® Native GBI contains a
single glutamine located on its unique a-helix (Figure 7-2). We recently determined that MTG
can conjugate GBI at this residue;*’ the efficiency of conjugation was poor, which we attributed
to the glutamine belonging to a well-defined element of secondary structure. This presented us
with the opportunity to use GB1 as a probe for investigating MTG’s glutamine reactivity and
identifying more highly reactive locations for a glutamine residue, towards making MTG a more

effective tool for protein conjugation.

To this end, we employed a semi-rational approach?® to engineer both GB1 and MTG.
We produced a library of 24 GB1 variants in which a single glutamine residue was introduced
at various locations within its a-helix, loop structures, and B-sheet. We identified four GB1
variants that are at least 100-fold more reactive than native GB1; to our surprise, all belonged
to well-structured elements. In parallel, based on previous mutagenesis results,” we mutated
three residues in the active-site area of MTG in the form of a small, focused library of six MTG
variants. By those means, we identified one MTG variant that is significantly more reactive
against native GB1 than native MTG. When tested against the most reactive GBI substrate
variant, two out of six MTG variants were observed to be 2.5-fold more reactive than native
MTG. We thus demonstrate that highly MTG-reactive glutamines can be engineered into a well-
folded protein scaffold without regard to secondary structure location, and that MTG can be

engineered to be more reactive towards its glutamine substrates.
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7.4 Results

7.4.1 Design of the Single-Glutamine-Containing GB1 Variants

Our objective was to compare the susceptibility of the different elements of secondary
structure, namely a-helices, B-sheet, and unstructured loop elements to serve as backdrops for
presenting a MTG-reactive glutamine. We targeted for mutagenesis a similar number of
positions belonging to a-helical, B-sheet, and unstructured loop elements. A further criteria was
that these positions were all solvent-exposed in the crystal structure (PDB ID: 3GB1). The
crystal structure was visualized using PyMOL.?° Glycine residues were omitted out of concern

that substitutions would perturb the structure.

0
NH,

)
N
H

+ :
H2N\/\/\. NHj Crosslinked proteins

Protein-bound Lys

Protein-bound GIn MTG

Figure 7-1 MTG-catalyzed protein crosslinking.

The first mutagenesis step consisted in replacing the sole native glutamine of GB1, Q32,
with a structurally similar residue that MTG does not react with, asparagine. The Q32N knock-
out served not only as the template for generating future mutants, but as a negative control to
verify that no conjugation was occurring at other sites on GB1. This was confirmed by resolving
on gel and by high-resolution MS (Table A 4-3). A single glutamine was then introduced at each
of the 24 selected locations on the template. We confirmed that all the GB1 variants expressed

solubly to similar levels as the native GB1 (Supporting Fig. A 4-1).
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7.4.2 Fluorescent MTG Protein Assay

The establishment of a sensitive assay to monitor the efficiency of labeling of the GB1
variants was critical to the success of the study (Figure 7-2). We and others previously
investigated MTG’s ability to accept a variety of primary amines as substrates instead of lysine,
and others have exploited this promiscuity as a tool to introduce diverse functionalities into

proteins,l’ 3, 15, 29-30

providing us with considerable flexibility in the choice of our probe. Our
standard methodology for monitoring the products of MTG-catalyzed conjugation has been
based on the use of liquid chromatography-mass spectrometry (LC-MS).?! However, visualizing
and quantifying fluorescence output is more rapid and sensitive, and provides a direct means to
screening for improved fluorescent protein labeling. To this effect, we recently reported a new
class of highly tunable fluorescent compounds that can be readily functionalized to bear a
primary amine.?’” These bright fluorescent dyes are characterized by an unusually high
excitation-emission differential and are highly soluble in aqueous media, making them good
candidates for bioconjugation. Although the primary amine of benzo[a]imidazo[2,1,5-
¢,d|indolizin-7-ylmethanaminium (1) is separated from the bulky, aromatic core by a single
methylene, we have demonstrated that MTG can use it as a substrate to label two proteins, a-
lactalbumin (a-LA) as well as GB1; while a-LA is well established to be highly reactive with
MTG,?* 3233 GB1 had not yet been known to be a substrate prior to our investigation.?” Here we
extend this assay of fluorescent GB1 conjugation to the GBI variants (Figure 7-2).

While MTG reacts with micromolar concentrations of protein, millimolar concentrations
of small-molecule reagents are generally required for the reaction to proceed effectively.?? ** In
the case of fluorescent labeling, use of fluorophore reagent 1 at a 100-fold excess relative to the
GBI protein substrates thus requires a means to remove excess unreacted 1, to prevent it from
masking visualization on tricine SDS-PAGE. Using a 20-fold excess of 1 resulted in suboptimal

yields (data not shown). Microdialysis proved to be effective at removing excess 1 for

visualization.

The quantification of fluorescence is described herein according to two properties:
selectivity and efficiency (Table 7-1). Selectivity refers to the degree to which GBI is labeled
in the presence of MTG relative to non-specific binding. When non-specific binding of 1 was

observed, as in the case of native GB1 and some of the GB1 variants (Figure 7-3), the selectivity
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ratio was calculated; the lower the background, the higher the selectivity. Efficiency, instead,
compares the fluorescent output of a labeled GB1 variant to that of the labeled native GB1; it

expresses the relative reactivity of the glutamine. We observed that selectivity tended to increase

as efficiency increased.

7.4.3 Introduction of Glutamine into GB1 Loop Elements

Of the 24 glutamine-displaying GB1 variants prepared, eight of the targeted residues

were located on flexible loops (Figure 7-4), with at least one mutation being made in each of

Native GB1 Loop variants

a-helix variants

Figure 7-2 Structures of GB1.

Native GBI (top left), as well as the residues which underwent glutamine substitution; loop
variants (top right), helix variants (bottom left), and sheet variants (bottom right). The labeling

efficiency of each residue is colored according to the results presented in Table 2; grey are

inert.
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the four loops present in GB1. Based on the report of higher glutamine reactivity in disordered

regions,>*

we anticipated that this subgroup of variants should be the most reactive. While T49Q
exhibited good fluorescence following conjugation with 1, with both selectivity and efficiency
well over one order of magnitude higher than native GB1, it was the only strongly improved
loop variant. T11Q, located on a different loop, produced a modest increase compared to native
GBI1; all other loop variants were unreactive, or exhibited the same level of reactivity as the
control lacking MTG (indicating non-specific binding of 1 to the GB1 variant). This is
particularly surprising when closely observing the location of T49 within the crystal structure.
Indeed, T49 is on the same loop as variants D47Q and A48Q); the former was inert to labeling,
and A48Q was barely observable. These residues are all within a similar environment, making
it difficult to rationalize the drastic difference in reactivity that MTG displays for its glutamine

substrate. Similarly, the K10Q variant exhibited no reactivity despite being located beside T11

which, when substituted, was modestly more reactive than native GB1.

We hypothesized that stability of the GBI variant could affect the likelihood of a
glutamine residue being tagged by MTG: if the introduction of a glutamine into GB1 destabilizes
the structure, the disorder may correlate with increased accessibility. To this end, we determined
the thermal melting point (Tm) of each variant using differential scanning fluorimetry (DSF;
Table 7-2).3¢ DSF functions by the monitoring an increase in fluorescence upon binding of the
dye, SYPRO Orange, to hydrophobic patches that become exposed as a protein unfolds.
Variants that are more disordered should be less thermally stable, and display a lower Tm. The
Tm calculated for all loop variants was essentially unchanged from the native GB1, allowing us
to conclude that altered thermal stability of the variants is not a factor in the increased reactivity.
These results indicate that there must be other determinants for glutamine reactivity beyond

flexibility within its local environment.
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Table 7-1 GB1 Q-library results after being treated with native MTG.

Selectivity represents the fold-increase of the ratio of fluorescence in a reaction to non-specific
fluorescence in the control; the higher the selectivity, the lower the background. Efficiency is
the fold-increase of the ratio between fluorescence of the GBI variant to native GBI, labeled in
increasingly saturated shades of green. 1 to 10-fold, pale green; 10 to 100-fold, bright green,
greater than 100-fold, dark green. Signals that were lower than that of native GBI are
represented with a dash (-), and those that could not be accurately quantified due to saturation

of the detector are indicated with an asterisk (*). N.D. = not detected, N/A = not available.

Secondary Mutation Selectivity Efficiency

Structure

a-helix Native 1.3 1
Q32N N.D. N.D.
K10Q N.D. N.D.
T11Q 16 4

Loop V21Q 1.2 -
D40Q 3.9 -
E42Q 4.2 -
D47Q N.D. N.D.
A48Q 1.0 -
T49Q 53 43
A24Q 5.0 4.2
K28Q - -

. V29Q

N35Q 2.5 -
D36Q 3.7 0.7
K4Q 98 79
60 GOS0
E15Q 4.4 34
T17Q - -

p-sheet E19Q 1.0 -
T44Q 1.3 1.5
D46Q 5.0 27
T51Q 71 46
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T53Q 33 2.6

550 SO
Table 7-2 Melting temperatures of GB1 variants, determined by differential scanning
fluorimetry.
GB1 Variant Tm, °C Gln
Location
WT 70.3+0.3 a-helix
Q32N 70.0+ 0.4 N/A
K10Q 70.0 £ 1.0
T11Q 704+ 1.3
V21Q 69.5+0.3
D40Q 69.5+1.1 Loop
E42Q 69.7+1.4
D47Q 69.8+0.5
A48Q 69.2 +0.7
T49Q 70.2+£0.2
A24Q 69.8+0.3
K28Q 70.0+0.2
V29Q 69.6 0.4 a-helix
K31Q 69.6 0.8
N35Q 69.3+0.2
D36Q 69.9+£0.5
K4Q 69.6 £ 1.5
16Q 70.1+0.7
E15Q 69.7+0.1
T17Q 70.0+1.2
E19Q 70.0+ 1.0 B-sheet
T44Q 693+ 1.1
D46Q 70.1 £ 0.6
T51Q 69.9+0.5
T53Q 70.0+0.7
T55Q 70.0+0.1
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7.4.4 Relocating Glutamine in the a-Helix of GB1

Residue Q32 in native GBI is located on the a-helix, with its side-chain exposed freely
to the solvent (Figure 7-2). Based solely upon solvent accessibility (and, presumably,
accessibility for MTG), K28Q, K31Q, the native Q32 and N35Q would be expected to be the
most reactive among the a-helix variants. Upon screening, only K31Q was among the most
reactive while K28Q, the native Q32, and N35Q were among the least effective positions
assayed. The immediate neighbor of K28Q, V29Q), is less exposed, yet it and K31Q were two
orders of magnitude more selective and efficient than native GB1. This demonstrates that
solvent exposition is not a strong predictor of reactivity. A22Q and D34Q are at opposite ends
of the helix, and both exhibited similar, modest increases in selectivity and efficiency. Similarly
to the loop variants, the Tm calculated for all a-helix variants was essentially unchanged from
the native GB1. We thus demonstrate that the well-structured and tightly packed a-helix of GB1
can harbour highly MTG-reactive glutamines.

7.4.5 Glutamine in the B-Sheet of GB1 Can Also Be Reactive

With the B-sheet being the largest single secondary structure element within GB1, over

40 % of the newly introduced glutamines were located within it. Upon examining the crystal

i ”/* Dialysis
’ = e =N e
HZN/\* HQN#

Labeled GB1, Resolution on
excess fluorophore SDS-PAGE

Figure 7-3 Diagram summarizing the assay used to conjugate GB1 variants with
fluorescent probe 1.

GB1’s single glutamine residue is targeted by MTG, forming an amide bond with the amine-
bearing fluorophore. Excess fluorophore is removed by dialysis and reactivity is analyzed using

SDS-PAGE.
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structure, we speculated that many of these mutations would react poorly, particularly those
located on the internal B-strands 1 and 4 because they belong to a flat protein surface that does
not appear to be complementary to the crevice that forms MTG’s active site (Figure 7-5).2 This
speculation was invalidated when the most selective and efficient variant was determined to be
16Q, located within B-strand 1. K4Q, the other variant introducing glutamine within -strand 1,
also exhibited high reactivity. T55Q also reacted strongly; that residue is located at the very
edge of B-strand 4 and is not as tightly concealed within the structure as is 16Q. T17Q and E19Q
lost reactivity, with the remaining four variants exhibiting activities on par with native GBI.

Fluorescence Fluorescence Fluorescence
24 hreaction Coomassie 2 hreaction 24 h reaction Coomassie

Native 3 I6Q ;
i K31 Q

Figure 7-4 Representative SDS-PAGE analysis of fluorescently labeled GB1 variants.

Equal quantities of protein were loaded and excited for 5 s using a Cy2 excitation filter prior to
Coomassie brilliant blue staining. GBI variants exhibiting low fluorescent conjugation
efficiencies were barely visible even after 24 h of reaction time (Native GBI, T9Q,; Q32N served
as a negative control), for this reason, the 2 h reactions were omitted. Red bands indicate

saturation of the detector.

These results are surprising, as MTG has been reported to prefer glutamine-containing
regions that are predominantly unstructured,** yet in the GB1 framework we observe the highest
reactivity in a-helical and B-sheet regions. Therefore, secondary structure (or lack thereof) is not
a strong predictor of glutamine reactivity. We attempted to identify patterns in the primary
sequence flanking the reactive glutamines but failed to identify any potential markers to predict
glutamine reactivity (Figure 7-6). We also considered tertiary structure, seeking patterns in

surface charge and hydrophobicity (Figures A 4-2 to 4-4). No clear sequence or structural
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pattern or trend was observed amongst the reactive glutamines, making it difficult to predict

where MTG will bind.

7.4.6 Active-site Mutations in MTG Increase Reactivity Towards the

Glutamine Substrate

Having obtained highly reactive glutamine variants of GB1 towards MTG-catalyzed
conjugation, we sought to further improve the performance of MTG toward these GBI
substrates. There is a shortage of data indicating which residues play a role in binding MTG’s
glutamine-containing substrate. Among the most informative works is an alanine scan of 29
active-site residues, constituting 9 % of the apoenzyme’s amino acid sequence.”* A number of
residues were found to be critical for activity, crippling MTG when substituted for alanine. Some
alanine substitutions, however, resulted in an increase in activity, including the highly conserved
W69 and the conserved Y75 and Y302. We selected these three aromatic residues for
mutagenesis, introducing histidine as a semi-conservative modification (aromatic yet smaller

and more hydrophilic), or glycine as a potentially more disruptive modification, ultimately

yielding six MTG point mutants.

Figure 7-5 Location of residue substitutions in MTG.

Left : A top-down surface view into the active-site crevice, with W69, Y75, and Y302 colored
green, orange, and cyan, respectively. Center: cartoon representation with the active site
zoomed (right). The catalytic cysteine essential for enzymatic activity, shown in yellow, was not

mutated. PDB coordinates 11UA4.
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Location Variant Sequence

A

Sheet 16Q 1-MTYKLQLNGKTLE-13
Sheet T55Q S
Helix V290 o
Helix K31Q  22- lAATA.VFQNYANING 38 =
Sheet K4Q 1-MTYQLILNGKT-11
Loop T749Q  40-BCEWTYBBAQRTETVTH-56
Sheet T51Q  42-BWTYBBATRQFTVTHE-56 X
Sheet D46Q  37-NGVBCEWTYQOBATRTET-53 =
Helix 2240  15-BTTTEAVEAQTABRVEER-31
Loop T11Q 2-TYKLILNGKQLKGHTTT-18 .
Sheet E150Q 6-ILNGRTLRGOTTTHAVE-22 = | -
Helix D360  27-[RVERNYANQNGVEGEW-43 o |=
Sheet T53Q  44-T TRTEQVTH-56 I
Sheet 7440  35-NBNGVECEWQYBBATRT-51 &

<
Helix  WT 23-AATABRVERQYANENGV-39 <
Loop v210  12-LKGETTTEAQBAATAEK-28
Loop D40Q  31-BENYANBNGVQCEWTYEE-47
Loop £420Q  33-YANBNGVBGOWTYBEBAT-40  _
Loop 2480  39-VBGEWTYBBQTRTETVT-55 =
Helix kK280  19-@AVEAATABOVFENYAN-35 S
Helix N350Q
Sheet T170Q
Sheet E190  10-KETLRGHTTTQAVBAATA-26
Loop K100Q 1-MTYRLILNGQTLRGETT-17 =
Loop D47Q  38-GVEGCEWTYBOATRTETV-54 ©

Figure 7-6 Primary amino acid sequence alignment of GB1 variants, centered on the
glutamine residue present in the native or variant GB1s; residue numbering is indicated.
Variants are ranked according to their reactivity, with the most reactive variant presented first.
Amino acids are colored according to the properties of their side chains: green = hydrophobic;

yellow = polar; blue = basic; red = acidic, grey = glycine.
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Upon purification of the MTG variants, we verified activity using the standard
hydroxamate assay with the Cbz-L-glutaminylglycine (ZQG) protected dipeptide substrate.’’
All six variants were not only active, but exhibited higher activity for ZQG than did native MTG
(Table 7-3). This is consistent with observation of increased activity in the corresponding
alanine variants.?> Y302G displayed the greatest improvement, being nearly 3-fold more active.
Despite this increase in activity toward ZQG, when the variants were assayed against native
GBI, half were observed to have very modest increases in efficiency and selectivity, with both

Y302 variants falling into this group (Table 7-4). When compared to the reactivity of native
MTG, both Y75 and W69G substitutions decreased the conjugation efficiency.

Table 7-3 Specific activities of variant MTGs towards the model dipeptide, ZQG.

MTG Enzyme  Specific Activity Activity
(U/mg) Increase

Native 25.9 1
W69G 43.2 1.7-fold
W69H 43.1 1.7-fold
Y75G 52.0 2.0-fold
Y75H 46.6 1.8-fold
Y302G 70.4 2.7-fold
Y302H 68.4 2.6-fold

Building on these findings, we proceeded to assay the variants against the most reactive
GBI protein, 16Q. The W69 and Y75 MTG variants were all less active than native MTG, but
both Y302G and Y302H MTG variants were moderately more active than native MTG, as had
been the case when assayed against native GB1. When the efficiency of the six MTG variants
on 16Q was compared to native GBI, they were all between one and two orders of magnitude
more reactive towards [6Q GB1, maintaining the trend that [6Q GB1 is more reactive to labeling

than native GBI1.

The high reactivity of 16Q GB1 resulted in rapid saturation of the fluorescence signal

after the exposure time we had determined to be optimal for quantification of most variants (5
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s). To compare the reactivity of MTG and its variants more accurately, we recorded the
fluorescent signal after 1 s of exposure, where saturation was not observed (Table 7-4). Three
MTG variants, W69H, Y302G, and Y302H, reacted with 16Q GB1 as well as or better than
native GB1. W69H maintained the same level of reactivity as native MTG, where Y302G and
Y302H were twice as efficient. Taken together, these results demonstrate that engineered MTG
and GBI variants can be paired to create an effective protein labeling system: it is possible to
engineer both the substrate and the catalyst towards higher efficiencies, and these effects of

engineering the substrate and the enzyme are cumulative.

In summary, among a library of 24 different glutamine-containing point mutations,
covering 43 % of the amino acid sequence, four GB1 variants were observed to be at least 100-
fold more reactive towards MTG and four more were at least 10-fold more reactive. Thus, one-
third of the glutamines tested in the well-folded, globular GB1 protein provided good substrates
for MTG labeling, with the 16Q substitution being the most reactive among all. We were not
able to identify any clear trend that MTG displays towards the environment in which the
glutamine residue is located, whether considering the primary sequence flanking the glutamine
(Figure 7-6) or tertiary structure properties (Figures A 4-2 to A 4-4). We initially expected that
loop variants would be the most reactive, as the high flexibility of these elements would make
them the most likely candidates to fit into MTG’s active-site cleft. However, the loop variants
underperformed relative to a-helix or B-sheet variants, leading us to hypothesize that if
secondary structure plays a role in MTG’s substrate recognition, there are other, more important
factors that dominate MTG’s glutamine selectivity. If MTG undergoes a significant structural
rearrangement upon binding to its glutamine-bearing protein substrate, as does its mammalian

TG2 counterpart,®® then predicting their mode of interaction may require their co-crystallization.

To conclude, through a semi-rational approach, we constructed and improved a protein
labeling system in which both the catalyst and substrate were optimized. Point mutations
improved the reactivity of the substrate protein, GB1, by over two orders of magnitude, which
was further enhanced when coupling with variants of the catalyst, MTG. Through this process,
we probed the selectivity MTG displays for its glutamine-bearing protein substrate. Although

no clear recognition pattern was observed, we have demonstrated the straightforward
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engineering of MTG-reactive glutamines in a well-folded domain, suggesting that other proteins

are amenable to similar modification to allow MTG-catalyzed protein labeling.

Table 7-4 MTG variant reactivity towards native and 16Q GBI1.

For the top three tables, fluorescence was quantified after 5 s of exposure, while the last table
quantified after 1 s of exposure to prevent saturation of the detector. Selectivity represents the
fold-increase of the ratio of fluorescence in the reactions over non-specific fluorescence in the
control; the higher the selectivity, the lower the background. Efficiency is the fold-increase of
the ratio of fluorescence of the variant relative to native protein and is labeled in increasingly
saturated shades of green: I to 10-fold, pale green; 10 to 100-fold, bright green; greater than
100-fold, dark green. Signals that were lower than that of native GBI are represented with a
dash (-), and those that could not be accurately quantified due to saturation of the detector are

indicated with an asterisk (*). N/A = not available.

Selectivity
MTG variant W69 Y75 Y302
G H | G H | G H
GBI substrate  Native 1.0 1.1 1.0 14 2.1

32
o s [EOWN 51 39 [NEONENE00E

Efficiency, compared to native MTG

MTG variant W69 Y75 Y302
G H G H G H
GBI substrate  Native - 2.1 - - 2.5 1.1
16Q - 1.1 - - 1.6 1.6

Efficiency, compared to native GB1 substrate
MTG variant W69 Y75 Y302
H | G H | G H

G
GBI substrate ~ 16Q [NO80F 31 42 80 50 200

16Q GB1 substrate, 1 s exposure

MTG variant Native W69H Y302G Y302H
Selectivity ~ 330 10 140 210
Efficiency N/A 1.0 2.5 2.5
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7.5 Materials and Methods

7.5.1 Materials

The plasmid pDJ1-3 was kindly provided by Professor M. Pietzsch (Martin-Luther-
Universitit, Halle-Wittenberg, Germany). pDJ1-3 encodes the proenzyme of MTG from S.
mobaraensis inserted between the Ndel and Xhol restriction sites of the vector pET20b.*° The
plasmid pQESOL-CysGB1Cys was kindly provided by Professor Hongbin Li (University of
British Columbia, Vancouver, Canada). pQES0L-CysGB1Cys encodes GB1 with an N-terminal
poly-histidine tag inserted into the BamHI restriction site of the vector pQE8OL. The plasmid
also encodes an extra cysteine residue present just before and after the open reading frame of
native GB1. The sequence served as a template for amplifying the native GB1 coding sequence.
Deionized water (18Q) was used for all experiments. Products used for the expression and

purification of MTG and GB1 were of biological grade.

Other chemicals used were purchased from the suppliers listed below. Carboxybenzyl—
L-glutaminyl-glycine (Z-GIn-Gly, or ZQG) was from Peptide Institute (Osaka, Japan).
Glutathione (reduced) and thiamine were from Bioshop (Burlington, Canada). Dimethyl
sulfoxide (99.7%) was purchased from Fisher Scientific (Ontatio, Canada). Formic acid (98 %
purity) was from Fluka Analytical (St. Louis, USA). FastDigest Ndel, BamHI, Dpnl, Phusion®
High-Fidelity Polymerase and Fast AP Thermosensitive Alkaline Phosphatase were purchased
from ThermoFisher Scientific (Waltham, MA, USA). Takara T4 DNA Ligase was purchased
from Clontech (Mountain View, CA, USA). FastBreak™ Cell Lysis Reagent was purchased
from Promega (Madison, WI, USA).
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7.5.2 Expression and purification of MTG

MTG was expressed and purified as previously described.’® Briefly, a 5-mL starter
culture of E. coli BL21 (DE3) containing the plasmid pET20b-MTG, which expresses a C-
terminally 6-His-tagged version of MTG, was propagated overnight at 37°C in ZYP-0.8G
medium and shaking at 240 rpm. It was used to inoculate 500 mL of auto-inducing ZYP-5052
medium. After 2h of incubation at 37°C and 240 rpm, the temperature was reduced to 22°C
overnight. Cells were collected by centrifugation and resuspended in 50 mM sodium phosphate
buffer, 300 mM NaCl, pH 7.5. The cells were lysed using a Constant Systems cell disruptor set
at 37 kPSI and cooled to 4°C. After further centrifugation to remove insoluble cellular matter,
the inactive form of MTG was incubated with trypsin (1 mg/mL solution, 1:9 ratio of trypsin to
MTG, v/v) for the purpose of cleaving its pro-sequence. Activated MTG was purified using a
5-mL His-trap nickel-nitrilotriacetic acid (Ni-NTA) column (GE Healthcare) equilibrated in 50
mM phosphate buffer, pH 7.5, with 300 mM NaCl, and eluted with an imidazole gradient (0 —
250 mM) using an Atka FPLC (GE Healthcare). After purification, active MTG was dialyzed
against 50 mM sodium phosphate buffer, 300 mM NaCl, pH 7.5. The average yield was 25 mg
of activated MTG per litre of culture, with ~ 85% purity as estimated by SDS-PAGE and
revelation with Coomassie blue stain. Aliquots were snap frozen and stored at -80°C in 15%

glycerol.

7.5.3 MTG Mutagenesis

Plasmid pDJ1-3, encoding the open reading frame for MTG, was used as a template for
mutagenesis. All mutants were obtained using the rolling circle approach.***! Following
mutagenesis with Phusion® High Fidelity polymerase, the amplified PCR product was treated
with FastDigest Dpnl before being transformed into E. coli BL21 (DE3) for protein expression.
Ampicillin (Amp) was used at 100 pg/mL for plasmid maintenance. Sequences were confirmed
by DNA sequencing (ABI 3730 DNA sequencer, IRIC Genomic Platform at Université de
Montréal). (Table S1).
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7.5.4 Expression and purification of native GB1 and variants

A 2-mL starter culture of E. coli BL21 (DE3) containing the plasmid pET15b-GBI1, or
mutagenized plasmids expressing a variant within the same vector, which expresses an N-
terminally 6x-His-tagged version of GBI, was propagated overnight at 37°C in LB medium
containing 100 pug/mL ampicillin and shaking at 240 rpm. 500 pL of the starter culture was used
to inoculate 50 mL of LB medium containing 100 ng/mL ampicillin. After 3h of incubation at
37°C and 240 rpm, IPTG was added to a final concentration of 0.2 mM, and expression was
allowed to proceed for 3 hours. Cells were collected by centrifugation and resuspended in 2.7
mL of 50 mM sodium phosphate buffer, 300 mM NaCl, pH 7.5. FastBreak™ cell lysis reagent
was added to the resuspended cells to a final volume of 3 mL, mixed by inversion, and incubated
at room temperature for 10 min. After further centrifugation at 4°C to remove insoluble cellular
matter, the clarified lysate was loaded onto 1 mL of Nickel-nitrilotriacetic acid (Ni-NTA) resin
(GE Healthcare) equilibrated in 50 mM phosphate buffer, pH 7.5, with 300 mM NacCl. The resin
was washed with 10 column volumes of the same buffer containing 15 mM imidazole, and
eluted in 3 mL in the phosphate buffer containing 250 mM imidazole. After purification, GBI
was dialyzed against 50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl, 1 mM EDTA.
The average yield was 3 mg of GB1 per 50 mL of culture, with ~ 90% purity as estimated by
tricine SDS-PAGE?’ and revelation with Coomassie blue stain. Aliquots were snap frozen and

stored at -80°C in 20% glycerol.

7.5.5 GB1 Mutagenesis

The pET15b-GB1 plasmid encoding the open reading frame for GB1 was used as a
template for mutagenesis. The sequence for glutamine knock-out, Q32N, was generated first
from native GB1, and was subsequently used as a template for amplification of all other GBI
mutants. Site overlap extension was used to generate mutant GB1 sequences.*” The DNA
fragments were digested with FastDigest Ndel and BamHI restriction enzymes, and religated
into pET15b which had been cut with the same enzymes and also dephosphoylated, and
transformed in E. coli BL21 (DE3).
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7.5.6 MTG Activity Assay

The activity of purified MTG was quantified using the hydroxamate assay.*’ Briefly,
MTG was incubated with 30 mM Z-GIn-Gly and 100 mM hydroxamate at 37°C for 10 min. A
concentrated acidic ferric chloride solution (2.0 M FeCls - 6 H20, 0.3 M trichloroacetic acid,
0.8 M HCI) was used to quench the reaction in a 1:1 ratio (v/v) to the reaction, which was then
vortexed and left to stand at room temperature for 10 min. The resulting iron complex was
quantified by its absorbance at 525 nm, using the molar extinction coefficient 525 nm. One unit

(U) of MTG produces 1 umol of L-glutamic acid and y-monohydroxamate per min at 37°C.

7.5.7 Fluorescent conjugation assays

Purified GB1 variants were quantified by measuring the A»go, using a molar extinction
coefficient of 9970 Mlem™! as calculated using EXPASy’s ProtParam module. Native GB1 or
its variants (50 uM) were combined with 5 mM fluorophore 1 and 2.5 mM glutathione. The
conjugation reaction was initiated by the addition of 2 U/mL of MTG, where control reactions
had an equivalent volume of buffer (100 mM sodium phosphate, pH 7.5) added instead. The
final volume of each reaction was 150 pL and all were incubated at 37°C for 24 h. Aliquots of
50 pL were taken after 2 h, 6 h, and 24 h of reaction time, and quenched with the addition of 2
puL formic acid. Excess, unreacted fluorophore was removed by dialysis using a Pierce™ 96-
well microdialysis plate with a 3.5 kDa MWCO (ThermoFisher). To this effect, aliquots of 50
uL were dialyzed against three exchanges of 2 mL of buffer (100 mM sodium phosphate, 300
mM NaCl, 1 mM EDTA, pH 7.5 at 4°C.

7.5.8 High resolution mass spectrometry

Samples (5 uL) were injected onto an Aeris peptide XB-C18, 3.6-pm, 150 x 2.1 mm LC
column (Phenomenex) and eluted with a 16-minute, 5-50% ACN/H20 gradient. Masses were
detected under positive ionization (ESI) with a Synapt G2S (Q-TOF) triple quadrupole mass
detector (Waters).
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7.5.9 Differential Scanning Fluorimetry

Melting temperatures of GB1 proteins was determined using a LightCycler ® 480 real-
time PCR platform (Roche) by thermally-induced incorporation of SYPRO Orange into the
unfolding protein, as previously described.’® Briefly, 6.66 x SYPRO Orange solution
(Invitrogen) with 8 uM test protein was probed in a 96-well LightCycler plate (Sarstedt).
SYPRO Orange and the protein were diluted with 50 mM sodium phosphate, pH 7.5, to a final
volume of 20 pL per well. Controls contained SYPRO Orange in buffer. The plates were sealed
using Optically Clear Sealing Tape (Sarstedt) and heated from 20°C to 95°C with a ramp speed
of 0.04°C/sec and 10 acquisitions/°C. Fluorescence was monitored with a CCD camera, using
Aexe = 483 nm and Aem = 568 nm and a 1 s exposure time. Any curve showing a maximum

fluorescence plateau during denaturation was excluded from the T, calculation.

For the Tnm calculations, both temperature and fluorescence data were smoothed.** The
first derivatives dFluo or dTemp were calculated using the cubic spline interpolation. The
preliminary maximum was determined to obtain the half-values to the left and right of it. The
linear fit for the curve outside the half-values was calculated, followed by the calculation of the
average deviation from the fit. If the maximum was below the detection limit (fit value + 3 x
deviation), the Tm determination was considered uncertain. The quadratic fit around the
maximum was then calculated as follows to obtain Tr. The first derivative of the quadratic fit
function (y-value) was set to 0 and the x-axis value (temperature) was resolved. Then, the
average deviation of the curve points around the maximum from the quadratic fit was calculated.
If the relative deviation was greater than 5%, the T, values were rejected if the corresponding
maximum was below the detection limit. However, T values with a maximum above the

detection but a relative deviation greater than 5% were defined as uncertain.
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Chapter 8 - Discussion and future work

Our efforts throughout this thesis, both chemical and biochemical, worked towards the
common goal illustrating the value and versatility of transglutaminase-catalyzed
bioconjugation, and to build upon these characteristics by further improving its utility. MTG
has already found high commercial value in the food industry, and we hypothesize that its
bioconjugation ability has immense value within applications including biological imaging,
modulating pharmacokinetic properties of biological therapeutics, or the construction of
antibody-drug conjugates. Specifically, we focused on how transglutaminase has the ability to
introduce a covalent linkage at various internal points of a protein’s structure to fluorescently
label proteins, making it distinct from other enzymatic labeling systems which are spatially
restricted to a terminal labeling site. It can be combined with bio-orthogonal chemistries, even
in a one-pot format, to enhance its labeling applicability. The topics investigated included
biocatalysis, fundamental characterization and enzyme engineering; here, the key findings of

these topics will be discussed with respect to our overreaching goal.

8.1 Biocatalysis

Our biocatalytic investigations started with TG2 before progressing to MTG. We sought
to open up a biocatalytic avenue for TG2, which was the formation of peptide bonds and is the
topic of Chapter 3. Gratifyingly, we were able to confirm the peptide synthase capacity of TG2.
However, its narrow substrate range, sensitivity to reaction and storage conditions, susceptibility
to accepting water as a nucleophile, and co-factor dependence were drawbacks, without having
a distinctive advantage. Conversion rates were low, such that an LC-MS assay was required to
acquire substrate conversion data with greater accuracy. It is possible that TG2 could benefit
from engineering to enhance its peptide synthase activity, but its other attributes makes me
question the feasibility of the task. As work with MTG had been progressing concurrently, it
became evident that TG2 was more cumbersome than its microbial counterpart. We wanted to
devote our efforts towards an enzymatic system that was simple and versatile, making it more
likely to be applicable and embraced. For this to occur, we decided that the enzyme with which

to continue was MTG.



Initially, we had hopes to develop MTG as a general biocatalyst for amide bond
synthesis, expanding its substrate scope to other amides, or even esters, other than glutamine.
Esters cannot be utilized by MTG, with the exception of basal activity detected with some ester
analogs of glutamine, as determined previously in our group.! Experimentation with MTG by
myself and others determined MTG exhibits stringent selectivity towards its amide substrate; it
will only accept glutamine. Not only this, but MTG has the added restriction of this glutamine
needing to be part of a larger peptide or protein structure; it will not accept free glutamine. From
a biocatalytic perspective, this is a damaging drawback as it precludes small-molecule

chemistry.

Nonetheless, we hypothesized that this rigid glutamine reactivity was the foundation of
an appealing protein labeling tool. Indeed, with MTG displaying a broad scope of reactivity
towards its amine substrate, this meant that a peptide or protein could be labeled with a diverse
array of reactive amines.? In the end, we pushed to expand the scope of substrate diversity by
coupling MTG with downstream chemical reactions, resulting in additional functionalization of
a protein conjugated with a reactive functional group. To continue this work, rather than
investigating additional complementary reactions, I’d propose selecting the most promising one
out of the four already characterized, and work to improve its effectiveness. Propargylamine
was one of the most highly reactive amines, reaching full conversion, making it an appealing
substrate, although it has the disadvantage of requiring copper for the downstream click step.
Even so, the high reactivity of propargylamine paired with the CuA AC makes it a work-around
labeling strategy to direct conjugation with a fluorophore, because as shown in Chapters 5 and

7, direct labeling with bulky amines displays poor reactivity.

8.2 Structural determinants

If a substrate-bound crystal structure of MTG existed, our engineering efforts would
have been different, as it would provide valuable information. For example, it’s possible that
MTG may undergo a conformational change to accommodate its substrates, especially when
reacting with larger proteins. If such were the case, the current apoenzyme crystal structure is

of little use as a guide for engineering.
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The inconsistency we observed between different batches of proteases for processing the
signal sequence of MTG was frustrating and difficult to explain. As discussed in Chapter 6, the
recently reported work focusing on weakening the interactions between active MTG and its
cleaved pro-sequence® could make purification and recovery using our, or a similar strategy,
achievable. Since MTG can only be solubility expressed as a zymogen, a protease activation
step will remain a requirement. To address poor digestion efficiency, it’s possible that screening
a greater number of proteases would reveal one that is most suitable. For example, Rickert and
colleagues observed success with 3C protease.® Using a C-terminally tagged construct of MTG,
possibly coupled with an additional polishing chromatography step (e.g., gel filtration, ion

exchange), is another alternative if attempting to crystallize a tagged protein is acceptable.

8.3 Evolvability

Engineering MTG to make it a more effective catalyst is key to increasing its versatility
and applicability. The engineering efforts we made with MTG were conservative. Without a
high-throughput or automated screen, our experimental output was limited. Even so, we were
astonished to find that even within a small collection of point mutants, modest improvements in
activity were found. This suggests that MTG is susceptible to improvement by engineering and
evolution, although not enough data exists at the moment to determine the extent of such an
improvement. A protein that is susceptible and tolerant to mutations is described as ‘evolvable’.
Additionally, thermostability is a characteristic that greatly aids a protein’s propensity to being
engineered or evolved.* MTG’s inherent thermostability makes it a good candidate for tolerating
mutations. The development of a high-throughput screening assay for MTG would be an
enormous advancement in this respect. It’s possible that a fluorescent assay, be it the one used
in Chapter 7 or another, could be adapted to be carried out fully in a 96-well format. Robotic
automation would be essential for such a strategy. To begin, MTG would have to be expressed,
lysed (using lysis buffer, as was done in Chapter 7), and cleaved within crude lysate. If cleavage
occurs, then a volume of the crude lysate would be transferred to another plate containing the
buffer, reactive amine probe, and protein substrate. It’s at this point, the most troublesome step

is revealed: removal of excess, unreacted fluorophore to quantify any conjugated protein. Even
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low concentrations of remaining fluorophore will likely mask a signal. Considering this, before

trying anything else, I would concentrate efforts to addressing this logistical obstacle.

Improving activity is one thing, but a far more significant challenge would be to improve
the site-specific selectivity of MTG. Indeed, the largest stumbling block plaguing the field of
protein labeling is non-specific or background labeling. MTG’s ability to react with side chains
at numerous locations within a protein, as well as not having a defined recognition sequence
structure makes it, in my view, an incredibly interesting starting point for site-specific labeling.
I’ve always wondered if MTG could be evolved to specifically recognize, hypothetically, any
accessible glutamine residue. If so, MTG would serve as a starting point for evolving variants
for customizable labeling: targeting any specific glutamine-containing sequence, and
particularly, where this would be a native protein sequence, eliminating the need for an
additional encoded recognition tag. This would require screening MTG reactivity towards a
glutamine-containing sequence of interest in the presence of other reactive proteins, and being
capable of detecting increased reactivity towards your desired sequence and that sequence only.
This exact concept was applied to another similar enzyme, sortase, indicating that it’s
theoretically possible.>® Of course, such ambitions require a tremendous investment, and the
uncertainty of payoff makes it intimidating. Indeed, as with evaluating reactivity, without having

an effective screen, such efforts are challenging, or even unfeasible.

There’s a common saying in the field of enzyme engineering: “you get what you screen
for”. To expand this within the context of research, I would state: you get what you try for. Now
that I’ve reached the end of this thesis, I can state concretely that I still believe what I sought
out at the beginning: that biocatalysis is powerful technology that can, and has, provided

solutions to complex challenges. I hope to see biocatalysis embraced more widely in the future.
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Figure A 1-1 Atom names for Cys277 acylated with Cbz-glycyl moiety. Atoms used to
define torsions are highlighted in bold.
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Figure A 1-2 LC-MS traces of the reaction mixture of Cbz-GlyNH: with GlyNH: in the
presence and absence of gTG2.

Cbz-GlyNH> remaining at different time points after incubation in the presence (solid lines) or
absence (dashed lines) of gTG2. No substrate consumption or dipeptide product formation (grey
line) was observed, demonstrating that Cbz-GlyNH: is not a substrate of gTG2.



Figure A 1-3 Active site tunnel of gTG2. The Cbz-Gly moiety (magenta) covalently
attached to the catalytic Cys277 residue (white) fits inside a tunnel formed by residues
Trp241, GIn276, Trp278, Trp332 and Phe334.

The gTG?2 surface is colored according to atom types, with carbon, oxygen, nitrogen, and sulfur

atoms colored white, red, blue, and yellow, respectively.
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Annex 2 — Chapter 4 Supplemental information

Materials

The plasmid pDJ1-3 was kindly provided by Professor M. Pietzsch (Martin-Luther-
Universitdt, Halle-Wittenberg, Germany). pDJ1-3 encodes the proenzyme of MTG from S.
mobaraensis inserted between the Ndel and Xhol restriction sites of the vector pET20b. Deionized
water (18Q) was used for all experiments. HPLC solvents were of analytical grade, and products

used for the expression and purification of MTG were of biological grade.

Other chemicals used were purchased from the suppliers listed below. Carboxybenzyl-L-
glutaminyl-glycine (Z-GIn-Gly, or ZQG) was from Bachem (Bubendorf, Switzerland).
Glutathione (reduced) and thiamine were from Bioshop (Burlington, Canada). Azidopropylamine
was synthesized previously in the laboratory of Jeffrey Keillor, according to published protocols.
Propargylamine hydrochloride (95%) and 4-pentynoic acid (98%) were purchased from Acros
Organics (New Jersey, USA). Formic acid (98 % purity) was from Fluka Analytical (St. Louis,
USA). 6-Azidohexanoic acid was purchased from Merck Millipore (Darmstadt, Germany). Copper
(IT) sulfate pentahydrate (> 98%), (+)-sodium L-ascorbate (> 98%) and a-lactalbumin from bovine
milk (calcium saturated) were purchased from Sigma Aldrich (St. Louis, MO, USA). Sulfo-
cyanine5 azide (Cy5-azide) and sulfo-cynanine5 alkyne (Cy5-alkyne) were purchased from
Lumiprobe (Hallandale Beach, FL, USA).

MTG Expression and Purification

MTG was expressed and purified as previously described. Briefly, a 5-mL starter culture
of E. coli BL21 (DE3) containing the plasmid pET20b-MTG, which expresses a C-terminally 6-
His-tagged version of MTG, was propagated overnight at 37°C in ZYP-0.8G medium and shaking
at 240 rpm. It was used to inoculate 500 mL of autoinducing ZYP-5052 medium. After 2h of
incubation at 37°C and 240 rpm, the temperature was reduced to 22°C overnight. Cells were
collected by centrifugation and resuspended in 0.2 M Tris-HCI, pH 6.0. The cells were lysed using
a Constant Systems cell disruptor set at 37 kPSI and cooled to 4°C. After further centrifugation to

remove insoluble cellular matter, the inactive form of MTG was incubated with trypsin (1 mg/mL
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solution, 1:9 ratio of trypsin to MTG, v/v) for the purpose of cleaving its pro-sequence. Activated
MTG was purified using a 5-mL His-trap nickel-nitrilotriacetic acid (Ni-NTA) column (GE
Healthcare) equilibrated in 50 mM phosphate buffer, pH 8.0, with 300 mM NaCl, and eluted with
an imidazole gradient (0 — 250 mM) using an Atka FPLC (GE Healthcare). After purification,
active MTG was dialyzed against 0.2 M Tris-HCI buffer, pH 6.0. The average yield was 25 mg of
activated MTG per litre of culture, with ~ 85% purity as estimated by SDS-PAGE and revelation

with Coomassie blue stain. Aliquots were snap frozen and stored at -80°C in 15% glycerol.

MTG Activity Assay

The activity of purified MTG was quantified using the hydroxamate assay. Briefly, MTG
was incubated with 30 mM Z-GIn-Gly and 100 mM hydroxamate at 37°C for 10 min. A
concentrated acidic ferric chloride solution (2.0 M FeCls - 6 H,0O, 0.3 M trichloroacetic acid, 0.8
M HCI) was used to quench the reaction, which was then vortexed and left to stand at room
temperature for 10 min. The resulting iron complex was quantified by its absorbance at 525 nm.
One unit (U) of MTG produces 1 pmol of L-glutamic acid and y-monohydroxamate per min at

37°C.

Conjugation Assays

Amide, amine and complementary azide or alkyne substrates (30 or 60 mM, as indicated)
were combined with 2.5 mM CuSOys - 5 H>0, 25 mM sodium ascorbate, and 5 mM glutathione.
The conjugation reaction catalyzed by MTG was initiated by the addition of 1 U/mL of MTG,
where control reactions had an equivalent volume of buffer (200 mM Tris-acetate, pH 7.5) added.
The final volume of each reaction was 350 pL and all were incubated at 37°C for the time

indicated.

For labelling of a-lactalbumin, azidopropylamine or propargylamine (2 mM), 5 mM
glutathione, I mM CuSOs4, 10 mM sodium ascorbate, and 2 mM CyS5-alkyne or Cy5-azide were
mixed with a-lactalbumin such that its final concentration was 4 mg/mL, in 200 mM Tris-acetate
buffer, pH 7.5. The final volume of each reaction was 200 pL. Reactions were incubated at 37°C

for 24 — 48 h. The reactions were washed 6 times over a Spin-X® UF microfuge concentrator, 10k
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MWCO (Corning), using 200 mM Tris-acetate buffer, pH 7.5, containing 2 mM EDTA. Washed
and concentrated sample (10 pL out of 75-100 uL) was resolved using tricine SDS-PAGE. The
fluorescent bands were visualized and recorded using a Bio Rad ChemiDoc™ MP Imaging System
using an excitation filter of 625 nm with a 30 nm bandpass. The gels were then stained with

Coomassie brilliant blue to reveal the protein.

Characterization of Product Formation

Samples were prepared for HPLC-MS analysis by taking an aliquot at specific time points
indicated by transferring 10 puL of each reaction to a vial containing 10 puL of formic acid. 960 pL
of 18.2 mQ deionized water and 20 puL of internal standard solution (5 g/L of 4-methoxybenzamide
in neat DMSO) were added and mixed by vortex. Samples (10 pL) were injected onto a Synergi
4-um polar-RP 80 A, 150 x 4.60 mm LC column (Phenomenex), using an Agilent 1200 series
HPLC apparatus and eluted with a 5-70% MeOH/H,O gradient. Masses were detected under
positive ionization with a single quadrupole mass detector. Concentrations of amide substrate and
reaction products were quantified by comparison to a standard curve constructed with the

corresponding compound and the internal standard.

Synthesis of Products

N 0 o)
SNt o)
H H
O\H/NH OH
0
(4)

ZQG-APA (4). An aqueous solution (1 mL) buffered by 200 mM potassium phosphate,
pH 7.5, containing 50 mM ZQG (1) and 90 mM azidopropylamine (3) was prepared. The
conjugation reaction was initiated by adding 1 U/mL of MTG, and incubated at 37°C for a
minimum of 2 hours. An additional 1 U/mL of MTG was then added to the reaction, vortexed, and
incubated at the same temperature for 16 hours. The reaction volume was centrifuged in a

microfuge (10 min, 13,000 rpm, 4°C) to remove insoluble debris, and the supernatant was divided
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into two 500 pL volumes. They acidified by adding approximately 5 uL. 6M HCI to each mixture.
A white precipitate formed shortly after acidification, and it was centrifuged again the supernatant
transferred to new tubes. Dichloromethane (500 plL) was added to each tube and shaken
vigorously. The mixtures were centrifuged, and more white precipitate was observed sitting at the
interface between the two phases. The aqueous phase was removed and the precipitate transferred
into a new tube. This precipitate was dried at 37°C, and its structure analyzed by NMR and its
mass determined by MS. 'H NMR (700 MHz, DMSO-de): & 8.09 (t, J = 5.4 Hz, 1H), 7.88 (t, J =
5.3 Hz, 1H), 7.46 (d, J=8.1 Hz, 1H), 7.39 — 7.31 (m, 5H), 5.04 (d, J=12.6 Hz, 1H). 5.02 (d, J =
10.1 Hz, 1H), 4.01 (m, 1H), 3.76 (dd, J=9.1, 5.6 Hz, 1H), 3.67 (dd, /=9.1, 5.6 Hz, 1H), 3.34 (4,
J=6.8 Hz, 2H), 3.12 — 3.05 (m, 2H), 2.19 — 2.11 (m, 2H), 1.95 - 1.90 (m, 1H), 1.76 — 1.70 (m,
1H), 1.63 (quint, 6.8 Hz, 2H) ppm. *C NMR (176 MHz, DMSO-de): § 172.2, 172.0, 171.6, 156.3,
137.4, 128.8, 128.25, 128.17, 65.9, 54.7, 48.9, 41.5, 36.3, 32.2, 28.9, 28.4 ppm.

HOJ\/\(\N /\/(i)

Triazole-APA (5). An aqueous solution (3 mL) containing 300 mM azidopropylamine (3), 300
mM 4-pentynoic acid (2), 5 mM CuSO4 and 50 mM sodium ascorbate was prepared. The reaction
was incubated at 37°C for 24 hours, and then lyophilized. 'TH NMR (700 MHz, D,0): & 7.68 (s,
1H), 4.42 (t, J= 6.7, 2H), 2.86 (q, J = 7.0 Hz, 4H), 2.442 (t, J = 7.2 Hz, 2H), 2.17 (quint, J = 7.0
Hz, 2H) ppm. *C NMR (176 MHz, D-0): & 181.3, 147.9, 123.1, 47.1, 36.56, 36.53, 27.3, 21.6
ppm.
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7.QG-Triazole-APA (6). ZQG-APA was resuspended in 200 mM potassium phosphate, pH 7.5,
to a final concentration of 100 mM, to which 110 mM 4-pentynoic acid, 2.5 mM CuSO4 and 25
mM sodium ascorbate was also added and mixed by vortexing, and incubated for 24 hours at 37°C.
A volume of methanol containing 0.5% formic acid was added in 2.5-fold excess, vortexed, and
incubated at -20°C for two hours. A precipitate was observed, and the solution was centrifuged at
4°C for 10 minutes at 13,000 rpm. A small, white and blue grainy pellet was observed, and the
supernatant was kept and transferred to a new microfuge tube. The volume was evaporated down
to approximately 100 pL, more methanol was added in a 5-fold excess, and the procedure repeated.
Acetonitrile was added in 10-fold excess and a thick brown precipitate immediately formed. The
mixture was incubated on ice for 1 hour, centrifuged, and the supernatant removed. The pellet was
left to dry and was subsequently analyzed by NMR and HPLC-MS. 'H NMR (700 MHz, DMSO-
ds): 0 8.29 (t, J= 5.4 Hz, 1H), 7.84 (s, 1H), 7.69 (t, J = 8.5 Hz, 1H), 7.56 (br, s, 1H), 7.37 — 7.30
(m, 5H), 5.04 (d, J=11.7 Hz, 1H), 5.10 (d, /= 12.9 Hz, 1H), 4.29 (m, 2H), 3.91 (q, /=7, 7.6 Hz,
1H), 3.23 (s, 1H), 3.20 (dd, J=16.5, 4.2 Hz, 2H), 2.99 (m, 1H), 2.73 (t, J= 7.4 Hz, 2H), 2.18 (br,
2H), 2.13 (t, J = 7.6 Hz, 2H), 1.89 (m, 2H), 1.76 (m, 1H) ppm. *C NMR (176 MHz, DMSO-ds):
0 174.7, 172.4, 170.8, 159.0, 156.3, 137.5, 128.8, 128.20, 128.15, 122.6, 65.8, 63.7, 60.8, 55.0,
47.2,44.3,36.1, 32.3, 30.3, 28.7, 23.2 ppm.

O._NH
hig
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ZQG-PRO (7). An aqueous solution (3 mL) buffered by 200 mM Tris acetate, pH 7.5, containing
40 mM ZQG and 80 mM propargylamine was prepared. The reaction was initiated by adding 1
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U/mL of MTG, and incubated at 37°C for 16 hours. Formic acid was added to the reaction (1%),
vortexed, and placed on ice for 3 hours. A white precipitate formed, and was separated by
centrifugation for 10 minutes at 4°C and 13,000 rpm. The supernatant was discarded and the pellet
was washed with ice-cold water containing 1 % formic acid four times. The pellet was left to dry
and was subsequently analyzed by NMR and HPLC-MS. 'H NMR (700 MHz, DMSO-d¢):  8.23
(t,J=5.4 Hz, 1H), 8.18 (t, J = 5.8 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.39-7.31 (m, 5H), 5.04 (d, J
=12.6 Hz, 1H), 5.02 (d, J = 12.9 Hz, 1H), 4.02 (m, 1H), 3.83 (dd, J = 5.4, 2.5 Hz, 2H), 3.80 (dd, J
=17.8, 6.3 Hz, 1H), 3.72 (dd, J = 17.5, 5.6 Hz, 1H), 3.08 (t, ] = 2.4 Hz, 1H), 2.51 (dt,J =3.5, 1.7
Hz, 1H), 2.21-2.13 (m, 2H), 1.95-1.90 (m, 1H), 1.76-1.70 (m, 1H). '*C NMR (176 MHz, DMSO-
de): 0 172.4,171.8, 171.6, 156.4, 137.4, 128.8, 128.26, 128.18, 81.7, 73.3, 65.9, 54.6, 41.1, 31.9,
28.3 ppm.

Triazole-PRO (8). An aqueous solution (3 mL) containing 300 mM propargylamine, 300 mM 6-
azidohexanoic acid, 5 mM CuSO4 and 50 mM sodium ascorbate was prepared. The reaction was
incubated at 37°C for 24 hours and then lyophilized. 'H NMR (700 MHz, D,0): & 8.00 (s, 1H),
4.36 (t,J= 6.9 Hz, 2H), 4.22 (s, 2H), 2.05 (t, J = 7.3 Hz, 2H), 1.82 (quint, J = 7.3 Hz, 2H), 1.45
(quint, J = 7.5 Hz, 2H), 1.13 (quint, J = 7.6 Hz, 2H) ppm. *C NMR (176 MHz, D20): & 183.4,
139.5, 125.2,50.4, 37.1, 33.9, 28.9, 25.2, 24.9 ppm.

AW
T

7QG-Triazole-PRO (9). ZQG-PRO was resuspending in water to a final concentration of 150
mM, to which 150 mM 6-azidohexanoic acid, 2.5 mM CuSO4 and 25 mM sodium ascorbate was

also added and mixed by vortexing, and incubated for 24 hours at 37°C. A small, dark brown pellet
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was observed, and the supernatant was kept and transferred to a new microfuge tube. Ice-cold 300
pL water containing 1 % formic acid was added to the mixture. A white precipitate began to form
after 15 minutes, and the solution was incubated on ice for 3 hours. The mixture was centrifuged
once more, and the supernatant discarded. The pellet was left to dry and was subsequently analyzed
by NMR and HPLC-MS. '"H NMR (700 MHz, DMSO-de): § 8.27 (t, J= 5.8 Hz, 1H), 8.19 (t, J =
5.7 Hz, 1H), 7.89 (s, 1H), 7.45 (d, J= 8.2 Hz, 1H), 7.37-7.30 (m, 5H), 5.02 (br, 2H), 4.28 (m, 4H),
4.02 (m, 1H), 3.80 (dd, J=17.5,7 Hz, 1H), 3.71 (dd, J=17.5, 7 Hz, 1H), 2.23-2.15 (m, 4H), 1.97-
1.92 (m, 1H), 1.80-1.71 (m, 3H), 1.51 (quint, J = 7.5 Hz, 2H), 1.26-1.21 (br, m, 2H). *C NMR
(176 MHz, DMSO-d¢): 6 174.8, 172.4, 171.9, 171.6, 156.4, 145.3, 137.4, 128.8, 128.24, 128.16,
123.1, 65.9, 54.6, 49.6, 41.1, 34.7, 33.9, 32.1, 29.9, 28.4, 25.9, 24.3 ppm.

Nuclear Magnetic Resonance

Compounds 5 and 8 were dissolved in D0, and 4, 6, 7 and 9 in DMSO-ds. 'H and '*C
NMR spectra were obtained with Bruker Avance II 700 MHz NMR spectrometer. Chemical shifts
are reported in parts per million (ppm) downfield from tetramethylsilane. Coupling constants are

reported in Hertz (Hz).
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Table A 2-0-1 Relative activity of MTG in the presence of CuAAC reagents.

Components

Relative Activity (%)

200 mM Tris-Acetate pH 7
30 mM ZQG
100 mM hydroxylamine

100

200 mM Tris-Acetate pH 7
30 mM ZQG

100 mM hydroxylamine
+ 25 mM sodium ascorbate

55

200 mM Tris-Acetate pH 7
30 mM ZQG

100 mM hydroxylamine
+ 2.5 mM CuSO4

22

200 mM Tris-Acetate pH 7
30 mM ZQG

100 mM hydroxylamine
+ 25 mM sodium ascorbate, 2.5 mM
CuSOq4

14

200 mM Tris-Acetate pH 7
30 mM ZQG
100 mM hydroxylamine
+ 25 mM sodium ascorbate, 2.5 mM

CuSOs4, 10 mM glutathione

276

Activities were measured using the hydroxamate assay and were done in triplicate. A control

reaction for each set of conditions was done containing all reaction components, excluding MTG,

and subtracted from the reactions containing MTG.



Table A 2-0-2 Triazole product formation in the absence or presence of glutathione.

Sample Product formation (%)
APA Control 82.7 %
APA Reactions 94.7% + 1.3
PRO Control 75.7 %
PRO Reactions 86.9+6.3

Reactions were prepared in 300 uLL volumes. Each reaction contained 30 mM azidopropylamine
(APA reactions) or 30 mM propargylamine (PRO reactions), 30 mM 4-pentynoic acid (APA
reactions) or 30 mM 6-azidohexanoic acid (PRO reactions), 2.5 mM CuSO4,25 mM Na" ascorbate
in 200 mM Tris acetate buffer, pH 7.5. The reactions contained 5 mM glutathione, and the control
contained no glutathione; it was substituted by an equivalent volume of buffer. The reactions were
done in triplicate, and the control was done as a single reaction. After 24hr incubation time at 37°C,
aliquots were taken for LC-MS analysis, and the product formation quantified according to the

appearance of the mass of the respective triazole product.
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3C NMR (D,0, 176 MHz)
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Annex 3 — Chapter S Supplemental information

Materials

The plasmid pDJ1-3 was kindly provided by Professor M. Pietzsch (Martin-Luther-
Universitit, Halle-Wittenberg, Germany). pDJ1-3 encodes the proenzyme of MTG from S.
mobaraensis inserted between the Ndel and Xhol restriction sites of the vector pET20b.
Deionized water (18CQ2) was used for all experiments. HPLC solvents were of analytical grade,

and products used for the expression and purification of MTG were of biological grade.

Other chemicals used were purchased from the suppliers listed below. Carboxybenzyl—
L-glutaminyl-glycine (Z-GIn-Gly, or ZQG) was from Peptide Institute (Osaka, Japan).
Glutathione (reduced) and thiamine were from Bioshop (Burlington, Canada). Dimethyl
sulfoxide (99.7%) was purchased from Fisher Scientific (Ontatio, Canada).
Dibenzylcyclooctyne-PEG4-Amine, methyltetrazine-PEG4-Amine, frans-cyclooctene-CyS5
were purchased from Click Chemistry Tools (Arizona, USA). Formic acid (98 % purity) was
from Fluka Analytical (St. Louis, USA). a-lactalbumin from bovine milk (calcium saturated),
cadaverine dihydrochloride (98%), and 2-(Diphenylphosphino)terephthalic acid 1-methyl 4-
pentafluorophenyl diester were purchased from Sigma Aldrich (St. Louis, MO, USA). Sulfo-
cyanine5 azide (CyS5-azide) was purchased from Lumiprobe (Hallandale Beach, FL, USA).

MTG Expression and Purification

MTG was expressed and purified as previously described. Briefly, a 5-mL starter culture
of E. coli BL21 (DE3) containing the plasmid pET20b-MTG, which expresses a C-terminally
6-His-tagged version of MTG, was propagated overnight at 37°C in ZYP-0.8G medium and
shaking at 240 rpm. It was used to inoculate 500 mL of auto-inducing ZYP-5052 medium. After
2h of incubation at 37°C and 240 rpm, the temperature was reduced to 22°C overnight. Cells
were collected by centrifugation and resuspended in 50 mM sodium phosphate buftfer, 300 mM
NaCl, pH 7.5. The cells were lysed using a Constant Systems cell disruptor set at 37 kPSI and
cooled to 4°C. After further centrifugation to remove insoluble cellular matter, the inactive form

of MTG was incubated with trypsin (1 mg/mL solution, 1:9 ratio of trypsin to MTG, v/v) for
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the purpose of cleaving its pro-sequence. Activated MTG was purified using a 5-mL His-trap
nickel-nitrilotriacetic acid (Ni-NTA) column (GE Healthcare) equilibrated in 50 mM phosphate
buffer, pH 7.5, with 300 mM NaCl, and eluted with an imidazole gradient (0 — 250 mM) using
an Atka FPLC (GE Healthcare). After purification, active MTG was dialyzed against 50 mM
sodium phosphate buffer, 300 mM NaCl, pH 7.5. The average yield was 25 mg of activated
MTG per litre of culture, with ~ 85% purity as estimated by SDS-PAGE and revelation with

Coomassie blue stain. Aliquots were snap frozen and stored at -80°C in 15% glycerol.

MTG Activity Assay

The activity of purified MTG was quantified using the hydroxamate assay. Briefly, MTG
was incubated with 30 mM Z-GIn-Gly and 100 mM hydroxamate at 37°C for 10 min. A
concentrated acidic ferric chloride solution (2.0 M FeCls - 6 H>O, 0.3 M trichloroacetic acid, 0.8
M HCI) was used to quench the reaction, which was then vortexed and left to stand at room
temperature for 10 min. The resulting iron complex was quantified by its absorbance at 525 nm.
One unit (U) of MTG produces 1 umol of L-glutamic acid and y-monohydroxamate per min at

37°C.

hDHFR Expression and Purification

Recombinant human chromosomal DHFR (hDHFR) was overexpressed in Escherichia
coli BL21 (DE3) and purified as previously described, with the following minor modifications.
The expression was done in Terrific Broth. The purification buffer was 10 mM potassium

phosphate pH 8.0 for DEAE, and 50 mM potassium phosphate pH 7.5.

Conjugation Assays

Protein substrate (50 uM; a-Lactalbumin, hDHFR), amine, and complementary azide or
trans-cyclooctene CyS5 substrates (100 uM) were combined with 5 mM glutathione in 100 mM
sodium phosphate buffer, pH 7.5. The conjugation reaction catalyzed by MTG was initiated by

the addition of 1 U/mL of MTG, where control reactions had an equivalent volume of buffer
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added. A second control reaction was performed in addition, in which MTG was added, but the
amine substrate was omitted. The final volume of each reaction was 300 uL and all were
incubated at 37°C for 24h. 50 puL aliquots were taken after 10 min, 1h, 4h, 8h, to which 3 pL of
formic acid was added to quench the reaction. The remaining volume for the 24h aliquot was
quenched by adding 6 pL of formic acid. Samples were stored at 4°C for short-term storage, or

at -20°C for long-term storage if necessary.

For reactions prepared in a subsequent fashion, the same protocol as above applies, with
the exception that the Cy5 substrates were added only after aliquots had been quenched, and

then incubated at 4°C overnight prior to analysis.

Aliquots were resolved using tricine SDS-PAGE. The fluorescent bands were visualized
and recorded using a Bio Rad ChemiDoc™ MP Imaging System using an excitation filter of
625 nm with a 30 nm bandpass. The gels were then stained with Coomassie brilliant blue to

reveal the protein.

Synthesis and Purification of 1

A solution (1 mL) containing DMSO, equimolar (12.5 mM) cadaverine dihydrochloride
and 2-(Diphenylphosphino)terephthalic acid 1-methyl 4-pentafluorophenyl diester was
prepared. After mixing, the solution was left to sit for 48h in the dark at 4°C. The reaction
progress was checked using HPLC-MS. 5 pL was transferred to 495 pL of 18.2 mQ deionized
water containing 0.1% formic acid, and mixed by pipetting. Diluted sample was injected (5 pL)
onto a Synergi 4-um polar-RP 80 A, 150 x 4.60 mm LC column (Phenomenex), using an Agilent
1200 series HPLC apparatus and eluted with a 12 minute 5-70% MeOH/H2O gradient. Masses

were detected under positive ionization with a single quadrupole mass detector. The reaction
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had not gone to completion, and so additional cadaverine (to a total of 25 mM) was added to
push the consumption of the phosphine substrate. The reaction was incubated once more for 48h
at 4°C, and injected again on the LC-MS. When reaction progress was observed to be sufficient,
the reaction mixture was injected onto preparative LC-MS. A 200 pL volume of the DFFT-CAD
solution was injected onto a Synergi polar-RP 80 A, 100 x 21.20 mm AXIA-packed column
(Phenomenex), using a Waters 1525 HPLC and Waters 3100 single quadrupole mass detector.
Elution was performed with a 12-minute 10-70% MeOH/H>O gradient. Compounds with the
mass corresponding to the expected product were collected and pooled. Methanol was

evaporated, the remaining solution was lyophilized to yield the purified product.

Supplementary Tricine SDS-PAGE

-MTG -NH, Triplicates -MTG -NH, Triplicates

E

Figure A 3-1 One-pot chemoenzymatic labelling of a-LA using the SPAAC in the absence
of glutathione.

After 24h, the reactions were quenched as usual with formic acid, and resolved using denaturing
tricine SDS-PAGE. The gels were excited with a Cy5 imaging filter, photographed (left panel),

and then stained with Coomassie blue to reveal the presence of a-LA (right panel).
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-MTG -NH,  Triplicates -MTG -NH, Triplicates

30% |

DMSO [ L
50% iy

DMSO -

Figure A 3-2 One-pot chemoenzymatic labelling of a-LA using the SPAAC.

The reactions were performed in presence of either 30% or 50% DMSO. After 24h, the reactions
were quenched as usual with formic acid, and resolved using denaturing tricine SDS-PAGE.
The gels were excited with a Cy5 imaging filter, photographed (left panel), and then stained

with Coomassie blue to reveal the presence of a-LA (right panel).

High Resolution MS Spectra of Conjugated Protein Products

Each page displays a set of reactions, for which there are two spectra: the first is the
control in which MTG is absent, preventing conjugation. The second is the reaction. For the
latter, two potential products can be observed: the protein conjugated with its amine (compounds
1-3 in Figure 1 in the main text), and/or the protein conjugated with its amine after it has been
clicked with its corresponding probe (compounds 4 or 5 in Figure 1). The masses for these

products are calculated in the captions.

In some spectra, many weaker peaks are observed. They are observed in our control
reaction as well as our reaction sample, and for this reason, were not listed; we listed only the

most prominent peaks.
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=>» SPAAC on a-Lactalbumin

Deconvolution
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Yo

0 “r—r—rrrrrrr Tt Mass
8000 10000 12000 14000 16000

HRMS (ESI) m/z calculated for control containing a-Lactalbumin + 2, no MTG: 14178;

found 14178.

Deconvolution

100- 14178
%]
D""I""I""I""I""]""I'j"l""l""l""nﬂass
8000 10000 12000 14000 16000

HRMS (ESI) m/z calculated for reaction containing a-Lactalbumin + 2: 14685; m/z

calculated for reaction containing a-Lactalbumin + 2 + 4: 15433. Found: 14178.
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=>» SPAAC on a-Lactalbumin in 30% DMSO

Deconvolution

100+ 14178

=]

141801 14226 14791 45491 15359
¢ 15594

112153_12283 12996%3[?3,313166
|
S

0- et " ! L il s atifme st

T LN UL UL B Mass
12000 12500 13000 13500 14000 14500 15000 15500

HRMS (ESI) m/z calculated for control containing 30% DMSO, a-Lactalbumin + 2, no

MTG: 14178; found 14178.

Deconvolution
100+ 14178
% 14161
14226 14774
| 12602 13087 14143} - 11 15466..15594 15753
0 le.._.u...a. i M

12000 12500 13000 13500 14000 14500 15000 15500

HRMS (ESI) m/z calculated for reaction containing 30% DMSO, a -Lactalbumin + 2:

14684; m/z calculated for reaction containing a-Lactalbumin + 2 + 4: 15433. Found 14178.
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=>» SPAAC on a-Lactalbumin in 50% DMSO

Deconvolution

100- 14178
%
14160
13087 ~ 14226 147N 1519115268
12?53 12996.. [_/13156 14143\ (" 7T 15504
0 1 WU U TRUYOTN VRS PV Sy ) 1 W O U | PPN 1T RUTT' FUIP I PR Y1 O A e N YT

ceppib b enctrchad o WP e N A
12000 12500 13000 13300 14000 14500 15000 15500

HRMS (ESI) m/z calculated for control containing 50% DMSO, a-Lactalbumin + 2, no

MTG: 14178; found 14178.

Deconvolution

100- 14178
%
14160
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12000 12500 13000 13500 14000 14500 15000 15500

HRMS (ESI) m/z calculated for reaction containing 50% DMSO, a -Lactalbumin + 2:

14684; m/z calculated for reaction containing a-Lactalbumin + 2 + 4: 15433. found 14178.
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=>» SPAAC on hDHFR

deconvolution

Aeris Widepore
NR-S6-C1 1408 (7.393) M1 [Ev-290829,1t20] (Gs,1.000,699:1434,1.00,L.20,R20); Cm (1403:1414)
21319.0000 3.27e7
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HRMS (ESI) m/z calculated for control containing hDHFR + 2, no MTG: 21324; found

21319.0, 21449.0.

deconvolution
Aeris Widepore
NR-S6-Rxn 1408 (7.393) M1 [Ev-257793,1t20] (Gs,1.000,694:1354,1.00,L20,R20); Cm (1405:141%

\
\
\
| |
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21284.0000 | | ﬂ
S 21623.0000 |
Aol ,‘I"\\'\f\_ ‘I‘\ ,“. AN A s"“ . / A
O A e ‘,f" o \I,.,IJ_,,/‘.T;“T AW . ‘\, IRV ——— ,\I,,»‘\T.\ - e mass
21000 21200 21400 21600 21800 22000

HRMS (ESI) m/z calculated for reaction containing hDHFR + 2: 21829; m/z calculated for

reaction containing hDHFR + 2 + 4; 22574. Found 21317.0, 21449.0.
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=>» TL on a-Lactalbumin

Deconvolution

100- 14178
%
14194
A B e e e sl )
8000 10000 12000 14000 16000

HRMS (ESI) m/z calculated for control containing a-Lactalbumin + 3, no MTG: 14178;

found 14178.

Deconvolution

100- 14524
%-
14178
| )
D""|--"|"'-|'-"'|-"'|"-'|"‘£"L'|-"'|"-'| Mass
8000 10000 12000 14000 16000

HRMS (ESI) m/z calculated for reaction containing a-Lactalbumin + 3: 14524; found

14524, 14178.

xlv



=> TL on hDHFR

deconvolution
Aeris Widepore
NR-S6B-C1 1409 (7.399) M1 [Ev-285746,1t20] (Gs,1.000,695:1447,1.00,L20,R20); Cm (1405:141:

100 21319.0000 2.37e7
2
21450.0000
21285'0009{ ‘l !‘21623‘0003 21754.0000
\ J I i I A
0 o et e T ‘_n_‘»‘ I \ \I’\_,‘: “‘“ P "_'/\I A NS, W1 _;\i.\ e —=T—— Mass
20800 21000 21200 21400 21600 21800 22000

HRMS (ESI) m/z calculated for control containing hDHFR + 3, no MTG: 21324; found

21319.0, 21450.0.

deconvolution

Aeris Widepore
NR-S6B-Rxn 1409 (7.398) M1 [Ev-321442,1t20] (Gs,1.000,690:1474,1.00,L20,R20); Cm (1403:1421)
. 21319.0000 4.14e7
100
= 2145(;.0000
| |
21285.0000 | I
Yl ﬁ .| 21499.0000
A K . L
—_— N e N mass
21000 21200 21400 21600 21800

HRMS (ESI) m/z calculated for reaction containing hDHFR + 3: 21668; found 21319.0,

21450.0.

xlvi



=> Staudinger ligation on a-Lactalbumin

deconvolution
Aeris Widepore

NR-S9-C1 1511 (7.934) M1 [Ev-214696,1t20] (Gs,1.000,965:2407,1.00,L20,R20) TOF MS ES+
100 14175.0000 1.11e7

%

0+—— “.H.HIH"/—«— ———%————————— mass
13800 14000 14200 14400 14600
HRMS (ESI) m/z calculated for control containing a-Lactalbumin + 1, no MTG: 14178;

found 14175.0.

Deconvolution
Aeris Widepore
NR-S9-Rxn 1446 (7.593) M1 [Ev-532809,1t20] (Gs,1.000,656:2239,1.00,L20,R20); Cm (1409:1449)

100 14413.0000 5.58e6
=2
14395.000\0
] 14498.0000
( 21450.0000

1 12972.0000 JL1/5724.0000 |_ 23061.0000
0 ui‘m‘ . o ‘..IMIL‘. i ‘Lw e " TR iy - ‘“.‘L:.nul. i \‘l L :L.‘.m‘ ! it b il & Mmass
12000 14000 16000 18000 20000 22000

HRMS (ESI) m/z calculated for reaction containing a-Lactalbumin + 1: 14610; m/z
calculated for reaction containing a-Lactalbumin + 1 + 4: 15291; m/z calculated for
reaction containing a-Lactalbumin + 1 (two molecules) + 4 (one molecule): 15724. Found

14413.0, 14498, 15724.

xlvii



=> Staudinger ligation on hDHFR

deconvolution
Aeris Widepore
NR-S9B-C1_b 1411 (7.410) M1 [Ev-196669,1t20] (Gs,1.000,727:1356,1.00,L20,R20) TOF MS ES+

100 21450’.0000 1.96e6

e 21319.0000 |
‘ |
| _ 21755.0000
\i " |
‘ | I

21285.0000 | | \" 21624.0000 | 21790.0000
0L— SN A e e RAR “If‘ EREEEE R L A, N =" mass

LB e T T T t T T T
21200 21300 21400 21500 21600 21700 21800 21900

HRMS (ESI) m/z calculated for control containing hDHFR + 1, no MTG: 21324; found

21319.0, 21450.

deconvolution
Aeris Widepore

NR-S9B-Rxn_b 1411 (7.409) M1 [Ev-283518,1t20] (Gs,1.000,631:1579,1.00,L20,R20)
100 21318.0000 8.13e5

21450.0000

%

‘ 21754;.0000

| s U YA w
SNV AN A A N S A
T

= mass

\ A
R NN\ S L S
T T

Oy T T T
20800 21000 21200 21400 21600

T = LB e
21800 22000

HRMS (ESI) m/z calculated for reaction containing hDHFR + 1: 22437; m/z calculated for

reaction containing hDHFR + 1 + 4: 23184. Found 21318.0, 21450.
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Annex 4 - Chapter 7 Supplemental information

kDa 1 2 3 4 5 6 7 8 9 10 1 12 13
200 e
| 1 = Native GB1
- 2 = Q31N
66 3= K10Q
45 4=T11Q
5=V21Q
31 6 = D40Q
2 B 7 = E42Q
8 = D47Q
14 | 9 = A48Q
11 = A24Q
6.5 | | 12 = K28Q
4 13 = V29Q
KDa 14 15 16 17 18 19 20 21 22 23 24 25 26
200 « =
R 14 = K31Q
— 15 = N358
- 16 = D36
66 17 = K4Q
45 18 = 16Q
19 = E15Q
31 : 20 = T17Q
21 =E19Q
21 22 = T44Q
14 . 23 = D46Q
24 = T51Q
25 = T53Q

6.5 26 = T55Q

Figure A 4-1 Purified and dialyzed GB1 proteins resolved using tricine SDS-PAGE.
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Figure A 4-2 Surface representations of >10-fold more reactive GB1 variants illustrating
the molecular environment surrounding the glutamine residue.
Magenta corresponds to glutamine; green, hydrophobic residues; yellow, polar residues; blue,

basic residues, red, acidic residues; grey, glycine.



T11Q

AAnoeal aAne|al ul asealdul pjoy-0T-I<

Native GB1

Figure A 4-3 Surface representations of 1-10 fold more reactive GB1 variants illustrating
the molecular environment surrounding the glutamine residue.
Magenta corresponds to glutamine; green, hydrophobic residues, yellow, polar residues, blue,

basic residues, red, acidic residues; grey, glycine.
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Figure A 4-4 Surface representations of poorly reactive GB1 variants illustrating the

Pa12213p 10N

molecular environment surrounding the glutamine residue.
Magenta corresponds to glutamine; green, hydrophobic residues; yellow, polar residues; blue,

basic residues, red, acidic residues; grey, glycine.
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MTG mutagenesis primers

Table A 4-0-1 Mutagenic primers for MTG.

MTG Direction Oligonucleotide sequence (5’ 2 3°)
Variant
W69G Forward TCGGTGTCACCGGGGTCAATTCGGGT
Reverse ACCCGAATTGACCCCGGTGACACCGA
W69H Forward GCGTCGGTGTCACCCACGTCAATTCGGGTCAG
Reverse CTGACCCGAATTGACGTGGGTGACACCGACGC
Y75G Forward CAATTCGGGTCAGGGCCCGACGAACAGAC
Reverse GTCTGTTCGTCGGGCCCTGACCCGAATTG
Y75H Forward CAATTCGGGTCAGCACCCGACGAACAGAC
Reverse GTCTGTTCGTCGGGTGCTGACCCGAATTG
Y302G Forward CAACTGGTCCGAGGGTGGCTCGGACTTCGACC
Reverse GGTCGAAGTCCGAGCCACCCTCGGACCAGTTG
Y302H Forward CAACTGGTCCGAGGGTCACTCGGACTTCGACC

Reverse

GGTCGAAGTCCGAGTGACCCTCGGACCAGTTG

liii



Table A 4-0-2 Mutagenic primers for GB1.

GBI1 Direction Overlap oligonucleotide sequence (5° 2> 3°)
Variant
Native Forward GGAATTCCATATGGACACCTACAAACTGATCC
Reverse CGGGATCCTTATTCGGTAACCGTGAAGGT
Q32N Forward GAAAAAGTTTTCAAAAACTACGCTAACGACAAC
Reverse GTTAGCGTAGTTTTTGAAAACTTTTTCTGCAGTAG
K4Q Forward CGGCAGCCATATGGACACCTACCAACTGATCC
Reverse CGGGATCCTTATTCGGTAACCGTGAAGGT
16Q Forward CGGCAGCCATATGGACACCTACAAACTGCAGCTGAACGGTA
Reverse CGGGATCCTTATTCGGTAACCGTGAAGGT
K10Q Forward ACTGATCCTGAACGGTCAAACCCTGAAA
Reverse GTTTCACCTTTCAGGGTTTGACCGTT
TI1Q Forward ACTGATCCTGAACGGTAAACAGCTGAAAGGTGAA
Reverse GTGGTGGTTTCACCTTTCAGCTGTTTACCGTTC
E15Q Forward CTGAAAGGTCAAACCACCACCGAAG
Reverse ACAGCTTGGGTGGTGGTTTCACCTT
T17Q Forward AAGGTGAAACCCAGACCGAAGCTGTAGACGC
Reverse AGCTTCGGTCTGGGTTTCACCTTTCAGGGTT
E19Q Forward AACCACCACCCAAGCTGTAGACGCT
Reverse ACAGCTTGGGTGGTGGTTTCACCTT
V21Q Forward ACCGAAGCTCAAGACGCTGCTACTG
Reverse AGCGTCTTGAGCTTCGGTGGTGGTT
A24Q Forward GCTGTAGACGCTCAGACTGCAGAAAAAGTTT
Reverse TCTGCAGTCTGAGCGTCTACAGCTTCGGTG
K28Q Forward TGCTACTGCAGAACAAGTTTTCAAAAACTACG
Reverse TGAAAACTTGTTCTGCAGTAGCAGCGTCTA
V29Q Forward TACTGCAGAAAAACAGTTCAAAAACTACGCTAACG
Reverse GTAGTTTTTGAACTGTTTTTCTGCAGTAGCAGCGT
K31Q Forward TTAGCGTAGTTTTGGAAAACTTTTTCTGCAGTA
Reverse GAAAAAGTTTTCCAAAACTACGCTAACGACAAC
N35Q Forward AACTACGCTCAGGACAACGGTGTCGACG
Reverse ACCGTTGTCCTGAGCGTAGTTTTTGAAAACT
D36Q Forward TACGCTAACCAGAACGGTGTCGACGGTGA
Reverse CGACACCGTTCTGGTTAGCGTAGTTTTTGA
D40Q Forward CAACGGTGTCCAAGGTGAATGGACCTACG
Reverse CATTCACCTTGGACACCGTTGTCGTTAGC
E42Q Forward GTCGACGGTCAATGGACCTACGACG

Reverse GTCCATTGACCGTCGACACCGTTGT
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T44Q
D46Q
D47Q
A48Q
T49Q
T51Q
T53Q

T55Q

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

CGGTGAATGGCAGTACGACGACGCTACCA
TCGTCGTACTGCCATTCACCGTCGACACC
ATGGACCTACCAGGACGCTACCAAAACCTTCA
TTGGTAGCGTCCTGGTAGGTCCATTCACCGT
CGTGAAGGTTTTGGTAGCCTGGTCGTAGGTC
GGTGAATGGACCTACGACCAGGCTACCAAAA
GAATGGACCTACGACGACCAGACCAAAACCTT
AACCGTGAAGGTTTTGGTCTGGTCGTCGTAG
TACGACGACGCTCAGAAAACCTTCACGGTT
AAGGTTTTCTGAGCGTCGTCGTAGGTCCAT
GGAATTCCATATGGACACCTACAAACTGATCC
CGGGATCCTTATTCGGTAACCGTGAACTGTTTGGTAGCGTC
GGAATTCCATATGGACACCTACAAACTGATCC
CGGGATCCTTATTCGGTAACCTGGAAGGTTTTGGTAGCG
GGAATTCCATATGGACACCTACAAACTGATCC
CGGGATCCTTATTCCTGAACCGTGAAGGTTTTGGTAGC
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High resolution mass spectrometry

Table A 4-0-3 Masses of GB1 variants as determined by high resolution LC-MS.
Masses of GBI variants as determined by high resolution LC-MS. Only native GBI, the glutamine knock-

out, Q32N, and variants observed to have visible fluorescence were sent for analysis. Variants for which

no conjugated species is observed are highlighted in orange; these are all variants exhibiting less than

an order of magnitude increase in fluorescence intensity, or the knock-out. The control samples (3rd

column from left), retain their poly-histidine tag as there is no MTG present to cleave it. Calculated

masses were obtained by inputing the amino acid sequence for each variant into ExPASy’s ProtParam

module. Observed conjugated masses are presented in bold.

Variant Calculated Observed Calculated Calculated mass, Observed
mass, with His- mass, mass, His-Tag  cleaved variant, mass,
Tag (Da) control (No cleaved (Da) conjugated (Da) reaction (Da)
MTG; Da)
Native 8343.0 8345.0 6592.2 6800.2 6594.0, 6800.0
Q32N 8329.0 8329.0 6578.2 6786.2 6579.0
K4Q 8329.0 8330.0 6578.1 6786.1 6579.0, 6788.0
16Q 8344.0 8345.0 6593.1 6801.1 6597.0, 6900.0
T11Q 8356.0 8357.0 6605.2 6813.2 6606.0
E15Q 8328.0 8329.0 6577.2 6785.2 6578.0
A24Q 8386.0 8386.0 6635.2 6843.2 6636.0
V29Q 8358.0 8358.0 6607.1 6815.1 6608.0, 6816.0
K31Q 8329.0 8330.0 6578.1 6786.1 6579.0, 6787.0
T44Q 8356.0 8356.0 6605.2 6813.2 6606.0
D46Q 8342.0 8343.0 6591.2 6799.2 6593.0, 6800.0
T49Q 8356.0 8356.0 6605.2 6813.2 6606.0, 6814.0
T51Q 8356.0 8356.0 6605.2 6813.2 6606.0, 6815.0
T53Q 8356.0 8357.0 6605.2 6813.2 6606.0, 6814.0
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Mass spectra of GB1 variants

C-WT2_b 815 (4.514) M1 [Ev-22644
100+

i 8076.000%

i 7895.0005
0=

Native GB1, No MTG

Aeris Peptide, 150x2.1mm

7600 7800 8000 8200 8400 8600

9,1120] (Gs,2.000,737:1704,1.00,L20,R20); Cm (814:846) 1: TOF MS ES+
8345.0000 9.44e6

8365.0000
8406.0000

9106.0000

9270.0000 9356 0000

88685.0000

mass
8800 9000 9200 9400

R-WT2_b 919 (5.082) M1 [Ev-196924,1t15] (Gs,2.000,775:1696,1.00,L20,R20); Cm (918:943)1: TOF MS ES+

100 6594.0005 4.20e6
6613.0005
°\°,
6634.0005
6574.0005 6655.0005
| 6446,0005 6719.0005
0 L B L B B B L L L Ly SR | 4 £ 1
6500 6600 6700 6800 6900 7000

Native GB1, MTG present
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C1-Q31N_b 882 (4.881) M1 [Ev-184993,1t20] (Gs,2.000,741:1710,1.00,L20,R20); Cm (863:914)
100- 8329.0000 1.50e6

= 8347.0000

8367.0000

1 8978.0000
0 |....|..'.“.'H.’.J.DU“‘.‘}.L.“...“...“...|....|....|....,."."..|....m‘.".Mmass
7800 8000 8200 8400 8600 8800 9000

Q32N, No MTG

R-Q31N_b 1021 (5.649) M1 [Ev-155290,1t20] (Gs,2.000,821:1693,1.00,L20,R20); Cm (994:1032)

100 6579.0005 1.52e6
=
| 6597.0005
6616.0005
6330.0005
| 7539.0005 8095.0005
ool | 7119.0005 I \
Ottt e st et rree e st b o et e it b g
6200 6400 6600 6800 7000 7200 7400 7600 7800 8000
Q32N, MTG present
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K2Q-C1 931 (5.156) M1 [Ev-185122,1t20] (Gs,2.000,726:1743,1.00,L.20,R20); Cm (928:987)  1: TOF MS ES+

100+ 8330.0000 117e7

=

8351.0000
8369.0000
18081.0005 8184.0005 8308.0000 8458.0000
0“\““\“‘/\‘\““ T T T T Tt g1 — Mass
8100 8200 8300 8400 8500 8600 8700

K4Q, No MTG

K2Q-R 1033 (5.712) M1 [Ev-228110,1t20] (Gs,2.000,787:2352,1.00,L.20,R20); Cm (1016:1075) 1: TOF MS ES+

100+ 6579.0005 2.21e7
2
6600.0005
6618.0005
] % 6636.0005 6788.0005
O T e T T e T T e T e e e e T e e Mass
6450 6500 6550 6600 6650 6700 6750 6800
K4Q, MTG present

lix



12Q-C1 889 (4.917) M1 [Ev-186732,1t20] (Gs,2.000,733:1775,1.00,L20,R20); Cm (874:923) 1: TOF MS ES+

100+ 8345.0000 1.06e7
2
8365.0000
8327.0000 8404.0000
8199.0000
R R R R L A S R L R R A N A R R AR AR AR AR R R R R n R nal 10 [oE35
8150 8200 8250 8300 8350 8400 8450 8500 8550 8600 8650

16Q, No MTG

12Q-R 1065 (5.888) M1 [Ev-223950,1t20] (Gs,2.000,737:1837,1.00,L20,R20); Cm (928:1286)  1: TOF MS ES+

6577.0005
3 8329.0000
6821.0005 8350.0000
5827.0005 6558.0005
, (l ’ \AMM W.0005 7516.0005 7914.0005 8366.0000 8741.0000
0L, Mh‘lw‘k‘A‘AM‘A‘N‘[MMA‘MM‘A‘ M Al bt AM‘M‘ UM ‘H“A 1 VUV || EVRU (1001 1) LUK PR OO R RSy
6000 6500 7000 7500 8000 8500
16Q, MTG present
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T9Q-C1 982 (5.429) M1 [Ev-142420,1t20] (Gs,2.000,809:1723,1.00,L20,R20); Cm (961:995)  1: TOF MS ES+

100+ 8357.0000 9.80e5
2
8377.0000
8413.0000
18108.0005 8211.0000
M
O T e T T T T Y T T T [ T T T T e Mass
8100 8200 8300 8400 8500 8600 8700
T11Q, No MTG

T9Q-R 1029 (5.691) M1 [Ev-165442,1t20] (Gs,2.000,788:1711,1.00,L20,R20); Cm (1004:1099) 1: TOF MS ES+

100+ 6606.0005 1.32e7

2

6626.0005
6644.0005
6586.0005 6661.0005
6357.0005  6458.0005
0 ‘\“‘/‘\\/\‘“‘\“"\/\‘“‘\"‘w“"\“‘w“‘w“‘w“‘w““ 1 Mmass
6300 6400 6500 6600 6700 6800 6900 7000

T11Q, MTG present
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E13Q-C1 963 (5.329) M1 [Ev-170253,1t20] (Gs,2.000,743:1779,1.00,L20,R20); Cm (916:989) 1: TOF MS ES+
100+ 8329.0000 3.65e6

%

8349.0000

8507.0000

8586.0000

O T T T o e e e e e e Mass
8100 8200 8300 8400 8500 8600 8700
E13Q, No MTG

E13Q-R 1009 (5.580) M1 [Ev-173940,1t20] (Gs,2.000,788:1688,1.00,L.20,R20); Cm (985:1078) 1: TOF MS ES+

100+ 6578.0005 1.63e7
0\07
6597.0005
6559.0005 6628.0005
O T e T T T T T T T T O P R e e e e T e e e Mass
6400 6450 6500 6550 6600 6650 6700 6750 6800 6850 6900
E13Q, MTG present
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A22Q-C1 831 (4.597) M1 [Ev-185985,1t20] (Gs,2.000,747:1724,1.00,L.20,R20); Cm (821:859) 1: TOF MS ES+
100- 8386.0000 3.56e7

%

8407.0000

8426.0000

8565.0000

8139.0005 8356.0000

8241.0000 8644.0000

0- mass
8150 8200 8250 8300 8350 8400 8450 8500 8550 8600 8650 8700

A24Q, No MTG

A22Q-R 931 (5.153) M1 [Ev-162447,1t20] (Gs,2.000,779:1740,1.00,L20,R20); Cm (926:937)  1: TOF MS ES+

100- 6636.0005 9.23e6

E

6655.0005
6605.0005 6575.0005
6387.0005 A
04—t e e e e e mass
6300 6400 6500 6600 6700 6800 6900 7000

A24Q, MTG present

Ixiii



V27Q-C1 803 (4.442) M1 [Ev-188562,1t20] (Gs,2.000,744:1703,1.00,L20,R20); Cm (798:840)

1: TOF MS ES+

100 8358.0000 2 36e7
2
8381.0000
8537.0000  8616.0000
8213.0000 WJ
0 HH\HH\HH\‘/\H‘ RN Tt [Nass
8100 8200 8300 8400 8500 8600 8700 8800 8900
V29Q, No MTG
V27Q-R 910 (5.035) M1 [Ev-172995,1t20] (Gs,2.000,786:1770,1.00,L20,R20); Cm (905:923) 1: TOF MS ES+
6608.0005 1.06e7
100+
=
6630.0005
6646.0005
6588.0005
6461.0005 6685.0005 6816.0005
O T T T [T T T [T [T [t e e Mass
6450 6500 6550 6600 6650 6700 6750 6800
V29Q, MTG present

Ixiv



K29Q-C1 871 (4.823) M1 [Ev-172043,1t20] (Gs,2.000,802:1713,1.00,L.20,R20); Cm (859:896) 1: TOF MS ES+

100+ 8330.0000 2.59¢e7

2

8352.0000
8385.0000
8508.0000
0 T T [T T T e e e e e e Mass
8250 8300 8350 8400 8450 8500 8550

K31Q, No MTG

K29Q-R 998 (5.521) M1 [Ev-148055,1t20] (Gs,2.000,899:1717,1.00,L20,R20); Cm (998:1042) 1: TOF MS ES+

100 65790005 2.0467
6600.0005
0\07
6617.0005 6787.0005
6560.0005 e 6809.0005
O U T T Mass
6400 6500 6600 6700 6800 6900 7000

K31Q, MTG present
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T24Q-C1 901 (4.989) M1 [Ev-175906,1t20] (Gs,2.000,752:1737,1.00,L20,R20); Cm (884:939) 1: TOF MS ES+

100 8356.0000 9.15e6

2

8376.0000
8535.0000
] £210.0000 8405.0000 8615.0000
0o H‘J&/:\ﬁw””w?—‘}””‘”” L L B L B N B I 1 2
8200 8300 8400 8500 8600 8700 8800

T44Q, No MTG

T24Q-R 983 (5.435) M1 [Ev-182739,1t20] (Gs,2.000,807:1732,1.00,L.20,R20); Cm (957:1050) 1: TOF MS ES+
100 6606.0005 3.82e7

%

6626.0005

6643.0005

T T T T T T T T T T T e T T P e e e e [ Mass
6450 6500 6550 6600 6650 6700 6750 6800 6850

T44Q, MTG present
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D44Q-C1 933 (5.163) M1 [Ev-196397,1t20] (Gs,2.000,749:1768,1.00,L20,R20); Cm (910:1034) 1: TOF MS ES+
100+ 8343.0000 1.62e7

%

8361.0000

83240000 8379.0000 8521.0000  8600.0000

8197.0000

O e T R T T T T T A e e e e e e e e Mass
8200 8250 8300 8350 8400 8450 8500 8550 8600 8650 8700

D46Q, No MTG

D44Q-R 1021 (5.649) M1 [Ev-175432,1t20] (Gs,2.000,794:1716,1.00,L20,R20); Cm (1000:1048)
100- 6593.0005 1.55e7

%

6610.0005
6575.0005

6628.0005

6800.0005

6555.0005

O e P T T T T e P e T T T T [ T T T T e P e MAss
6400 6450 6500 6550 6600 6650 6700 6750 6800 6850 6900

D46Q, MTG present

Ixvii



C1-T47Q_b 894 (4.944) M1 [Ev-197506,1t20] (Gs,2.000,736:1698,1.00,L20,R20); Cm (870:906)

100~ §356.0000 2.90e6
=
1 8380.0000
i 8395.0000
|7761.0005 7991.0005 8211.0000 9191.0000
| \ | 8989.0000
st I A e A e e o -

7800 8000 8200 8400 8600 8800 9000 9200

T49Q, No MTG

R-T47Q_b 973 (5.382) M1 [Ev-187168,1t15] (Gs,2.000,803:1687,1.00,L20,R20); Cm (957:989)1: TOF MS ES+

100 6606.0005 3.30e6
=
l 6626.0005
] 6645.0005
6459.0005 6814.0005

16241.0005 72450005 75490005

6200 6400 6600 6800 7000 7200 7400 7600
T49Q, MTG present
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T49Q-C1 931 (5.154) M1 [Ev-189401,1t20] (Gs,2.000,733:1713,1.00,L20,R20); Cm (907:974) 1: TOF MS ES+

100+ 8356.0000 1.56e7
2
8377.0000
8404.0000 8534.0000
8615.0000
8210.0000 8328.0000 8484.0000
O T T T T T T e T T T e T T P T e e e e Mass
8200 8250 8300 8350 8400 8450 8500 8550 8600 8650 8700
T51Q, No MTG

T49Q-R 1015 (5.609) M1 [Ev-175681,1t20] (Gs,2.000,805:1737,1.00,L20,R20); Cm (1009:1050)1: TOF MS ES+

100+ 6606.0005

6589.0005

%

6626.0005 6815.0005
6573.0005 6642.0005

6836.0005
6460.0005

O e T R A T T T T T T T T T T e T e T e T T T e e
6400 6450 6500 6550 6600 6650 6700 6750 6800 6850 6900 6950 7000
T51Q, MTG present
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1.62e7

= Mmass



T51Q-C1 901 (4.989) M1 [Ev-193527,1t20] (Gs,2.000,745:1711,1.00,L.20,R20); Cm (885:982) 1: TOF MS ES+
100 8357.0000 2.50e7

%

8377.0000

8535.0000
8210.0000 8615.0000

0~ mass
8200 8250 8300 8350 8400 8450 8500 8550 8600 8650 8700

T53Q, No MTG

T51Q-R 991 (5.484) M1 [Ev-173644,1t20] (Gs,2.000,808:1711,1.00,L20,R20); Cm (982:1021) 1: TOF MS ES+
100 6606.0005 2.48e7

%

6626.0005

6588.0005 6644.0005

6814.0005

O-rrr—rr e e T T e T T T T T T T T T T T T e e e Mass
6500 6550 6600 6650 6700 6750 6800 6850 6900

T53Q, MTG present
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