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Abstract

Human transglutaminase 2 (TG2) is a versatile transamidating acyltransferase that is
ubiquitously expressed in the human body. It catalyzes a host of functions ranging from
crosslinking of glutamine and lysine residues via its transamidating activity in its calcium
dependent “open” conformation to acting as a G-protein involved in signal transduction of G-
protein Coupled Receptors (GPCRs) in its “closed” conformation.? Another intriguing function
of TG2 is its role as a cell surface protein where it interacts with a variety of extracellular matrix
(ECM) proteins, forming a ternary complex between cell surface receptor B-integrins and the
structural protein fibronectin (FN), an interaction important to FN deposition and fibrillogenesis
in the ECM.2 Cell surface TG2 and its interaction with FN has been shown to play a role in
tumour cell resistance to chemotherapeutics® and increased adhesion of ovarian tumour cells to
the ECM.* Our objective was to contribute to the elucidation of the non-covalent interaction
between TG2 and the 45 kDa Fibronectin gelatin binding domain (45FN) by analyzing
potentially key residues on TG2 through alanine site directed mutagenesis (SDM) and Bio-Layer
Interferometry (BLI). Additionally, we used Genetic Code Expansion (GCE) to incorporate the
UV-photoactivable crosslinking unnatural amino acid (UAA) Azido-L-Phenylalanine (AzF) at
these residues. We corroborated that R116 is an important residue for the interaction between
45FN and TG2, based on a three-fold increase in Kp when R116 was mutated to alanine, but we
were unable to confirm results that support K30 as being crucial on its own.> A crosslinked
complex was formed between 45FN and TG2 with AzF incorporated at position F203 using the
pULTRA-pCNF orthogonal tRNA/aaRS system. However, more optimization is required for this
technique to be viable for analysis of the paired residues via crosslinking MS (XL-MS), due to

the low concentrations of crosslinked complex that was formed.
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Chapter 1: Introduction

1.1 Transglutaminase 11

Transglutaminases are expressed in a wide number of tissues throughout the human body.
They are a family of proteins with diverse functionalities that are still under investigation today,
almost six decades since they were first discovered thanks to their transamidating activity in
guinea pig liver.® There are currently nine transglutaminases identified in the human proteome.
Eight of them share a common cysteine-thiol active site, require Ca** in their activation and
catalyze acyl transfer reactions between the y-carboxamide group of peptide bound glutamine
and the e-amino group of peptide bound lysine forming a e-(y-glutamyl)lysine isopeptide bond.®
Besides these similarities, transglutaminases use their catalytic activity in very different ways to
carry out their roles in the body. Factor XIII is a protransglutaminase which is activated by
thrombin; it then uses its crosslinking activity to stabilize the fibrin clot, important in wound
healing, against environmental damage.”® Transglutaminase 1 is expressed in keratinocytes and
plays a crucial role in the late stage of terminal differentiation, it forms the cellular envelope of a
highly insoluble body beneath the cell membrane by crosslinking precursor proteins.’
Transglutaminase 3 is also involved in the development of the cell envelope in the epidermis.*?
Additionally, it is involved in hair follicle development by hardening the inner root sheath
through crosslinking protein filaments.!* These functions represent a fraction of the roles
transglutaminases carry, which illustrates the functional diversity of these crosslinking enzymes.
Transglutaminase 2 (TG2), specifically human transglutaminase 2 (hTG2), is the subject of our

research. It is the most ubiquitously expressed in the family and alongside its primary



crosslinking ability, also functions as a G-protein and as a protein scaffold in the extracellular

matrix (ECM) as illustrated in Figure 1.12

TGF-B /9
/I\ [CaZ+] \
LTPBs
Jr Intracellularly
A Equilibrium D B-Integrins
R ) " . Fibronectin
| Secreted Extracellularly >
= Syndecan-4
Scaffold Protein

“ @

B Closed CH A A

™ [GTP]

D Intracellularly

GProtein o
Figure 1. TG2’s Diverse Functions. This figure shows a simple schematic of TG2’s versatility.
(A) TG2 exists in equilibrium between a closed (translucent) and open (opaque) state. This state
is affected by effectors like Ca>" and GDP. (B) High concentrations of GDP shift TG2 towards its
closed conformation where it acts as a G-protein. (C) High Ca?"concentrations bind allosterically
and shift TG2 towards an open conformation where it functions as a transamidase. (D) When
TG2 is secreted extracellularly it can behave as a scaffold protein, forming non-covalent

interactions with ECM components.

TG2 has been well characterized since its discovery almost 70 years ago. TG2 was the first

transglutaminase to be discovered. It was discovered by Heinrich Waelsh in 1957 by the analysis



of soluble protein fractions obtained from the homogenates of the livers of guinea pigs, rats,
mice and rabbits. Proteins were found to be crosslinked together in the mixture only in the
presence of Ca®" which signalled that a novel type of enzyme was responsible for the
crosslinking, rather than another class of enzymes exhibiting glutamo or asparto-transferase
activities.!®* TG2 consists of four domains: an N-terminal B-sandwich domain (1-139), a catalytic
core domain (140-454), and two C-terminal B-barrel domains (455-591 and 592-687),'* as
illustrated in Figure 1. It is a dynamic protein, existing in an equilibrium between an open and
closed conformation. The equilibrium shifts towards open or closed based on which effectors are
present in the environment. TG2 usually adopts an open conformation via allosteric activation
by Ca?* ions, activating its transamidase or crosslinking function. When Ca?" concentration is
low and GTP is present, TG2 primarily exists in its closed conformation and acts as a G
protein.’® TG2’s domains work together to ensure its crosslinking and G-protein activity are
mutually exclusive by regulating the exposure of the respective active sites to the environment.
As with most transglutaminases, TG2’s ability to form crosslinks between proteins and to
catalyse the transamidation of glutamine residues with free amines is a staple feature of its
functional repertoire. Additionally, TG2 can deamidate glutamine residues converting the
primary amide to a carboxylic acid. Inside the cell, TG2 is thought to mainly exist in the closed
conformation due to the low level of intracellular Ca>"; this would limit TG2’s transamidase
activity. Despite this, TG2 still catalyzes intracellular transamidation reactions.'® One
explanation for this is that transient influxes of Ca®* are sufficient to stabilize the open
conformation of TG2 and activate its crosslinking activity, especially near the cell membrane.’
TG2 also catalyzes transamidation reactions in the extracellular matrix where there is a high

concentration of Ca**, but the protein usually exists in an inactive form regulated by the ECM’s



oxidative environment through the redox-sensitive cysteine triad Cys?*°, Cys*’® and Cys®’!.18
Some examples of TG2’s physiological crosslinking substrates include: B-crystallin®®,
fibronectin®, type III collagen®!, latent TGF-f binding protein (LTBP)?2 and cytoskeletal
proteins such as actin, myosin, and ROCK2.% Its covalent modification reactions can inactivate
enzymes such as a-ketoglutarate dehydrogenase and glyceraldehyde 3-phosphate
dehydrogenase.?* TG2’s crosslinking of extracellular proteins is thought to increase their
resistance to environmental factors and also facilitate cell adhesion and motility.® When cell-
surface TG2 was inactivated in Swiss 3T3 fibroblasts by an anti-TG2 antibody, cell attachment
was greatly reduced.?’ Intracellularly, TG2 can regulate processes using its crosslinking activity
to apply post-translational modifications to proteins. An example of this is the serotonylation of
small G proteins such as Rab4A and RhoA, which activates them, releasing a-granules, critical
for the function of platelets.?® TG2’s transamidation ability gives it a versatile role both
intracellularly and extracellularly.

TG2’s secondary function is to bind and hydrolyze GTP and it was found to be the a-
subunit of the G-protein Gy, also known as Gan, - a breakthrough in the field.?” Over time, TG2
was found to serve as a G-protein for three G-Protein Coupled Receptors (GPCRs): the o
adrenergic receptor®®, TPa thromboxane A2 receptor?® and the oxytocin receptor.>® The binding
site of GTP in TG2 is located in a cleft between the catalytic core and the first B-barrel, where
positively charged residues and hydrophobic interactions stabilize the phosphate and guanosine
moieties of GTP respectively in the active site.3! TG2 participates in downstream signalling by
activating phospholipase C, which leads to the production of inositol (1,4,5)-triphosphate (IP3)
and diacylglycerol (DAG). IP; can activate ion channels and trigger influx of Ca** into the cell,
which regulates a plethora of cellular processes such as muscle contraction, cell proliferation and

4



of course activation of TG2 transamidation activity.3? G-protein signalling represents the second
major biological function of TG2, but TG2 also has non-enzymatic utility outside of the cell as a
scaffold protein.

Scaffold proteins participate in cellular signalling by bringing together two or more proteins
that function as signalling enzymes and coordinates their actions.?? Although most TG2 is
present intracellularly, depending on the cell type, 1-20% of TG2 is secreted extracellularly
through non-classical mechanisms, possibly through phospholipid-dependent delivery into
recycling endosomes.®343> Qutside of the cell, TG2 is known to non-covalently interact with
many different proteins including: heparan sulphate proteoglycans (HSPGs) such as syndecan-4,
as well as B-integrins and fibronectin (FN).3® TG2’s interaction with HSPGs is thought to be
crucial for its translocation to the cell surface.” TG2 exists as a partner in a ternary complex
between FN and integrins, that participate in activation of integrin signalling pathways important
for cell adhesion.®® Out of all of the diverse activities of TG2, this research project is focused on

its role as a scaffold protein in the ECM, specifically its non-covalent interaction with FN.38



1.2 The Extracellular Matrix and Fibronectin

The ECM represents non-cellular components that form a highly organized matrix between
cells. It can be split into two denominations, the interstitial matrix being most of the space
between cells and the pericellular matrix being the matrix adjacent to the cell membrane. All cell
types synthesize and secrete macromolecules that make up the specific composition of the ECM,
which varies from tissue to tissue. The ECM is home to large variety of macromolecules such as
proteoglycans including previously mentioned HSPGs, collagens, laminins, proteases,
fibronectin, matricellular proteins and cellular receptors such as integrins.?® These
macromolecules work together to carry out the ECM’s functions such as signal transduction and
providing structural support for cell proliferation.*® For example, activation of T-lymphocytes is
enhanced by integrin-mediated adhesion to fibronectin or laminin in the ECM.** The ECM
undergoes constant remodelling, which is important for maintaining normal function. This
remodelling is regulated by metalloproteinases and inhibitors of these proteinases.*? A wide
variety of macromolecules are involved in the homeostasis of the ECM.

There are two main classes of macromolecules in the ECM: proteoglycans (PGs) and fibrous
proteins. PGs have a wide range of functions; from playing a role in glomerular filtration to
generating structures essential for mechanical buffering, fibrous proteins provide structural
support and resistance to tensile stresses among other functions.*? PGs consist of a core protein
with one or more glycosaminoglycan (heteropolysaccharide) chains attached. Decorin is a PG
present in the ECM that carries one GAG chain. It binds non-covalently to collagen fibrils and
supports collagen fibrillogenesis.3® The lack of decorin in mice results in abnormal
fibrillogenesis and skin fragility®*. In addition, its structural role it has been shown to neutralize

TGF-B through binding, which can either inhibit or promote cell growth, depending on the cell



type.3® Another type of PG are cell surface associated proteins such as syndecans. Syndecans are
part of the heparan sulphate proteoglycan family (HSPGs) which include syndecan-1/CD138,
syndecan-2/fibroglycan, syndecan-3/N-syndecan and syndecan-4/amphiglycan.3® Syndecans are
single transmembrane proteins that link the actin cytoskeleton and the ECM.* Many ECM
molecules contain a heparan sulfate binding site that syndecans non-covalently bind to.
Syndecan-1 is thought to be a co-receptor with integrin adhesion to collagen* and syndecan-4
has been shown to interact with the Hepll domain of Fibronectin, with possible regulation by the
matricellular ECM protein tenascin-C resulting in cessation of cell cycle progression.*’ TG2 was
found to bind heparin and HS in the low nanomolar range and its binding to syndecan-4 is
strongly implicated in its RGD-independent cell adhesion process,*® which will be expounded
upon later in this introduction.

Integrins are not PGs, but like syndecans they are important cell-surface receptors for
outside-in signal transduction from the ECM and are a partner of TG2 in its scaffolding capacity.
Integrins are a heterodimer superfamily of twenty-four combinations of a and  transmembrane
subunits, including eighteen types of a subunits and eight types of  subunits. The unique
combinations of heterodimers lend specificity for different ECM ligands.# The specificity can be
grouped into categories like the RGD motif where the ECM ligand binds in an interface between
a and P subunits.*® Integrins use this specificity to regulate fundamental ECM organization such
as fibronectin fibrillogenesis, where integrins bind to fibronectin’s RGD triad to promote
clustering and polymerization.*® TG2 non-covalently interacts with B1, B3 and B5 integrin
subunits and forms ternary complexes with integrin and fibronectin.3*>° It was found that all
TG2 on the surface of human erythroleukemia cells and THP-1 macrophages were bound to the

B subunits of integrins.>%>! These transmembrane cell surface receptors are key in linking



intracellular to extracellular structure, which is composed of not only PGs but also fibrous
proteins.

Collagen and fibronectin are two of the most abundant fibrous proteins in the ECM.
Collagen is the most abundant fibrous protein; there are twenty-eight different types composed
from various polypeptide chains.?® Residues on collagens are hydroxylated and are secreted into
the ECM where their modified peptides are removed, allowing collagen to assemble into fibrils
that make up major tissue characteristics such as shape and organization.*® These fibrils are
heterogeneous, made of several types of collagens and also non-collagen proteins, their
composition is dependent on developmental stage and tissue type. Collagen can also act as a
ligand for cell surface receptors such as integrins.>? Fibronectin is important for attachment and
migration of cells*® and interacts with a wide variety of proteins including; integrins, syndecans,
collagen, fibrin3® and TG2.>3 This research is focused on the elucidation of the non-covalent
interaction of TG2 and fibronectin; therefore, the remainder of this introduction will be centred
on fibronectin as well as its interaction with TG2 in physiological and pathogenic contexts.

FN was first discovered in 1948 in plasma and was named cold-insoluble globulin, it was
rediscovered in the 1970s as a cell-surface marker for some tumour cells, it was absent in the
oncogenic cells. This discovery led to an explosion of research into fibronectin which reduced its
impact as an unambiguous marker for cancer, but led to the discovery of integrins, and the role of
the ECM in outside-in signalling.>* The core structure of FN is made of the dimerization of two
250-kDa proteins connected by disulfide bonds in the C-terminus of the peptide. They exist as
glycoproteins made of Type I, Type II and Type III repeating subunits.> The structure of
fibronectin is variable, thanks to mixing of exons by alternative splicing. Fibronectin exists in

two major forms. The soluble form is synthesized from liver hepatocytes and exists in plasma; it



is incorporated into the ECM by cell dependent processes. The insoluble form is synthesized by a
wide range of cell types and exists in the ECM. It is functional in its fibrillar state, and more
heterogeneous due to increased cell type and species specific splicing.3® FN can be enzymatically
digested and research into its domains has discovered binding sites to key ECM proteins. There
are many sites for FN adhesion to integrins, one of the major sites being the RGD site previously
mentioned. Syndecan binding to FN’s Hepll domain enhances integrin mediated cell spreading
and intracellular signalling.>® FN also has binding domains for collagen, TG2 and even bacteria
such as Streptococcus pyogenes and Staphylococcus aureus.>’>® These domains contribute to
FN’s function as a regulatory protein, in addition to its structural properties for the ECM.

FN is a significant molecule of interest in the ECM both for being the foundational
molecule that ignited interest in ECM proteins®* as well as its plethora of functions, including
ECM morphogenesis, and cellular adhesion primarily with integrins. FN is functional in the
ECM in its insoluble fibrillar form, which is held together by non-covalent bonds between
fibrils.>” FN self-association is supported through intracellular factors, such as the actin
cytoskeleton, via integrins®® and soluble FN associates initially at focal adhesions.®° The
fibrillogenesis of FN is hypothesized to be supported by mechanical force at these focal
adhesions. This hypothesis was supported by experiments where soluble FN molecules were
more adhesive for stretched FN fibres, most likely due to exposing the cryptic self-association
site on module FnlIlIl;.>” The assembly of FN has been shown to be necessary for the deposition
of subsequent matrix structures like collagen.?62 Fibronectin adheres to cells via integrins
mainly by its RGD domain, located on Fnlll;o. This domain binds to asBi, o3p1, aspi, and ayf3
integrins.>> An adjacent synergy site PHSRN on FnlIly is crucial for osf; integrin binding.%®

Mechanoregulation of these synergy sites through stretching of FN fibres led to decreased cell



spreading and migration, illustrating FN’s importance for cell adhesion.®* Fibronectin is known
to strongly non-covalently associate with TG2 and this interaction is the focus of our research.
TG2 is known to strongly associate to FN,> particularly through TG2’s N-terminal
domain.®>®® This interaction is important for FN’s deposition and fibrillogenesis. It can form a
ternary complex with FN and B-integrins as well as bridge FN and syndecan-4, a pathway
promoting cell survival during the loss of RGD dependent adhesion to integrins.3* TG2 increases
binding of FN to the cell surface through a ternary complex with osp integrin.? TG2 interacts
with FN at its gelatin binding domain, consisting of modules I¢Il; 217.9, which does not overlap
with FN’s integrin binding modules.®> This ternary complex has been shown to increase the size
of focal adhesions and amplify integrin signalling®°, promote fibronectin matrix assembly?, and
cell migration into tissues containing FN matrices.>! Another key physiological role for the
extracellular TG2 and FN interaction mediated by syndecans is RGD-independent cell adhesion.
The RGD domain on FN has been previously mentioned and is the most important cell
surface recognition site for a large portion of integrins, including aspi, and o33 integrin, major
integrins for FN cell adhesion.®” The cell adhesion process can be disrupted by competitive
inhibition by RGD peptides, which are released during matrix remodelling of the ECM, an
important process for wound healing and angiogenesis.®® Loss of cell adhesion can lead to
anoikis, a form of apoptosis that occurs when anchorage-dependent cells lose their connection to
the ECM. TG2 externalization is upregulated during stress and injury conditions and can
compensate for the loss of FN cell adhesion through a syndecan-4 and -1 integrin co-signalling
pathway.®® The interaction between matrix FN-bound TG2 and syndecan-4 leads to activation of
the intracellular protein kinase Ca (PKCa) which, through inside-out signalling, binds to the
intracellular tail of B1 integrins which promotes focal adhesion formation. Furthermore, PKCa
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activates syndecan-2 mediating cytoskeleton formation and cell contraction through the ROCK
pathway®’, important for fibronectin fibril deposition’® and ultimately increased cell
survivability. TG2 and FN work together to maintain homeostasis under normal conditions but

their interaction can be detrimental in certain pathologies.
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1.3 TG2 and Fibronectin in Human Diseases

TG2 is implicated in a wide range of diseases involving both its transamidation and protein
scaffolding abilities. TG2’s transamidation activity is implicated in celiac disease, it’s ability to
deamidate gluten derived gliadin residues greatly increases the affinity of these peptides for
disease pre-disposing proteins HLA-DQ2 and DQS. These cell surface proteins display these
peptides to immune cells, resulting in an immune response that damages the small intestinal
lining in celiac patients.”? Its role as a transamidating protein in the extracellular matrix is
involved in fibrosis pathogenesis. Fibrosis is defined as an abundance of activated fibroblasts and
excessive deposition of the ECM, this process is in part driven by TGF-B.”2 ECM proteins such
as PGs, collagen and fibronectin act as reservoirs of TGF-p and TG2 regulates its release by
crosslinking it to latent TGF- B binding proteins (LTBPs) on the ECM.3 In addition to fibrosis,
TG2 pathology in the ECM is closely related to its scaffold activity and relationship with FN
such as in tumour chemotherapeutic resistance and ovarian cancer adhesion to the peritoneal
lining.

Tumour cells alter expression of proteins that interact with the ECM to provide signaling
important for progression providing resistance to chemotherapeutics. In meningiomas’® and
glioblastomas’4, the expression of extracellular TG2 and fibronectin was increased. The activity
of TG2 was increased in both tumour types, by 10-fold in the case of meningiomas compared to
normal brain cells. High levels of TG2 expression has been associated with increased
chemotherapeutic resistance in breast cancer cells’ and treating breast and lung cancer cells with
FN showed improved survival after a single dose of radiation.”®* When the non-covalent TG2

inhibitor KCC009 was applied to meningioma cell tissue explants and IOMM-Lee cells, the cells

failed to assemble dense strands of FN. When IOMM-Lee cells were treated with KCC009 and
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15 Gy of radiation, morphological changes consistent with cell death were seen. No visible
changes were seen in the absence of TG2 inhibitor and treatment with 15 Gy radiation.”3
Researchers hypothesize that inhibition both of TG2’s non-covalent interaction and crosslinking
with FN is to blame for the sensitization of these cancer cells to radiation. This hypothesis is
supported by TG2’s known function as a co-receptor for FN and integrins which leads to outside-
in signalling activating anti-apoptotic signalling factors like protein kinase B (Akt).”” This
hypothesis is further supported by evidence such as the integrin as and FN interaction being
required for B16 murine melanoma cell metastasis.”® It is not clear if the loss of formation of
fibronectin assembly via KCC009 inactivation of TG2 is caused strictly by interruption of the
non-covalent interaction of extracellular TG2 to FN, as opposed to its crosslinking activity, the
importance of TG2’s scaffolding ability with FN is more prevalent in ovarian cancer.

Epithelial ovarian cancer (EOC) is partly characterized by a unique form of cell metastasis.
Metastasis of EOC cells in the intraperitoneal space is facilitated by the EOC cells being directly
exposed to the peritoneal fluid and able to freely disseminate as well as adopting a mesenchymal
phenotype in response which promotes this dissemination. Dissemination of EOC cells
throughout the intraperitoneal space results in adhering and growth as metastatic implants.*
Knockdown of TG2 in EOC SKOV3 cells resulted in a decrease in EOC adhesion to FN by
greater than 50%. Knockdown of TG2 also resulted in a decrease in fibronectin and collagen
stimulated chemotaxis. Stable overexpression of TG2 increased adhesion and fibronectin
dependent migration of ovarian cancer cells (OV90). The researchers hypothesize that TG2
achieves these effects through its role as a co-receptor with B-integrin and FN. This is supported
by observation of diminished expression of B1 integrins on the cell surface when TG2 is

downregulated. Clearly, the TG2 and FN interaction is an important part of pathological
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processes such as cancer metastasis. The elucidation of this interaction, the goal of this research,
could provide novel structural information on the protein-protein interaction between TG2 and

FN enabling more informed rational design of inhibitors for this interaction.
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1.4 Investigating the TG2 and Fibronectin Interaction

Investigations into the FN and TG2 protein-protein interaction have yielded knowledge on
the domains involved and potentially important residues but the precise nature of the interaction
is still debated. FN’s 45 kDa gelatin domain® is known to be the site at which TG2’s N-terminal
domain non-covalently interacts.” The first insight into key residues of TG2 involved in this
interaction comes from an analysis of peptide residues 1-7 on the N-terminal domain.®® Although
this research aligns with the N-terminal domain of TG2 interacting with FN it does not consider
secondary structure of peptides. Two in-depth studies have investigated the interaction using site-
directed mutagenesis and deuterium exchange MS studies’ as well as in silico modelling®
guided from results of the SDM and deuterium exchange MS. Our lab previously performed in
silico modelling that corroborated residues previously found to be important as well as
identifying a few more residues that could be implicated in FN binding. We aimed to confirm or
refute these hypotheses through molecular biology techniques.

The two techniques we used to probe the TG2 FN interaction were Bio-layer Interferometry
(BLI) in conjunction with site-directed mutagenesis (SDM) as well as Genetic Code Expansion
(GCE) specifically site-specific incorporation of the crosslinking unnatural amino acid (UAA)
Azido-L-Phenylalanine (AzF). BLI alongside SDM provides information on how the association
of the TG2-FN complex is affected by mutation of key residues. These residues were also
targeted for AzF incorporation with the hope of capturing a crosslinked ““snapshot” of TG2 and
FN in complex through identification of paired residues through digestion and mass spectroscopy
analysis.

Chapter 2 will present the SDM experiments and BLI analysis of key residues replaced with

1579

alanine. Analysis of single alanine mutations key residues identified by Cardoso ef a and our
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docking studies showed no significant change in association of the 45 kDa FN fragment to TG2
except for the R116A mutation which showed a threefold increase in Kp when measured with
BLI. This is consistent with the previous findings that show the mutation of R116A as important
for FN association via surface plasmon resonance (SPR) experiments.

Chapter 3 will show our attempts at incorporation of AzF into residues believed to be
important for the FN-TG2 interaction. AzF incorporation was attempted with three different
expression systems with the yield of mutant protein and incorporation efficiency of AzF
increasing. FN-TG2 crosslinking complexes were formed for F203 AzF mutant TG2 and the
concentration of this crosslinked complex was increased through use of a different expression
system. The crosslinking product was not abundant enough to be digested and analyzed via mass
spectroscopy.

Although the precise elucidation of the TG2-FN complex was not achieved, R116A was
confirmed to be important for FN-TG2 binding, and the TG2-FN complex was captured using
incorporation of the crosslinking UAA AzF. Future research should analyze the H134A among
other alanine mutated residues using BLI. Further optimization of the AzF crosslinking assay,
expression of protein, or residue chosen for AzF incorporation may increase the yield of
crosslinked TG2-FN enough for analysis of paired residues and clear elucidation of the FN TG2
interaction via digestion and mass spectroscopy analysis. This information could be used to
guide rational design of protein-protein interaction inhibitors which could reduce the detrimental

impacts of FN-TG2 in pathological conditions.
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Chapter 2: Exploration of Fibronectin
Association to Transglutaminase 2 Using Bio-

layer Interferometry

2.1 Introduction

2.1.1 Current Investigations into TG2 and FN Association

The investigations into the nature of the TG2 and FN association began over 35 years ago
and much has been uncovered about the minimum domain of FN required to interact with TG2
and the residues that are critical for the interaction between FN and TG2. The 45-kDa gelatin
binding domain (GBD) of FN (45FN) (FNIsFNII;.2FNI7.9) was identified, via limited
chymotrypsin proteolysis, to be the portion of FN that binds to TG2.%® ELISA studies have
shown that this gelatin binding region by itself has the same affinity for erythrocyte TG2
compared to full length FN,® although this has been recently challenged.®* The location on FN
essential for TG2 interaction was narrowed down even further with ELISA assays, where the Ig
domain was found to be sufficient for in vitro binding to TG2. However, this domain did not
result in functional effects when exposed to TG2 expressing cells, while domains [7.9 were
sufficient for inducing the same functional effects as the entire 45FN, such as signalling,
adhesion, spreading and migration.®’ While the TG2-binding domain on FN has been narrowed
down, the precise residues of TG2 that interact with FN are still disputed.

The early studies of TG2’s binding site to fibronectin indicated the N-terminal domain of

TG2 as the crucial binding site for the gelatin binding domain of FN; however, the pose and
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residues involved in this binding are still up for debate. The first examination®® identified
residues 1-7 of the TG2 N-terminal domain as important for binding, through overlaying of FN
with denatured TG2 fragments, visualized through immunoblotting. Digestion of the 28-kDa N-
terminal domain fragment of TG2 to a 27-kDa fragment lacking the first seven residues
abolished binding of full-length FN to the denatured fragments. Furthermore, in an additional
study, residues D94 and D97 as well as the B-hairpin loop on residues 88-106 were proposed to
be crucial for FN binding.8? The peptide sequence 88-106 was proposed to be necessary for the
binding of FN through affinity chromatography with immobilized TG2 as well as through
competition assays of the synthetic peptide sequence competing with TG2 for binding to 45FN.
The peptide sequence inhibited binding of TG2 to the GBD of FN by 80%. Additionally, using
alanine mutations of D94 and D97, the Kp of the association 45FN and TG2, as measured by
SPR, was greatly increased. Although these experiments all shared a common thread, that the N-
terminal domain of TG2 is crucial for FN binding, the observations found by these experiments
have not yet been replicated.

Cardoso ef al. also confirmed that the N-terminal domain was crucial for FN binding and
identified three residues as important for this reaction: K30, R116 and H134.7 These residues
were determined to be important via hydrogen-deuterium exchange mass spectroscopy (HDX-
MS) and SDM experiments analyzed by SPR. HDX-MS measures the exchange of deuterium for
hydrogen in amino acid side chains; this exchange can be reduced by a protein-protein
interaction, like FN and TG2, by shielding the involved residues from deuterated solvent. HDX-
MS experiments identified regions in both the N-terminal and core domain of TG2 where
exchange was reduced. These regions in the N-terminus include amino acids 5-12, 41-58, 59-81,

120-129 and 130-135, with bolded regions displaying particularly reduced exchange. In the core
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domain overlapping regions, residues 195-203, 195-219, 197-219 also showed reduced
exchange. Notably, regions 89-100 and 101-114 showed no reduction in exchange, conflicting
with the previous identification of the 88-106 region including D94A and D97A as necessary
residues for binding to FN.82 Cardoso et al. selected their key residues based on their HDX-MS
results, as well as previous HDX-MS and SPR studies involving celiac disease antibodies® to
analyze using SPR with immobilized 45FN. Selected mutations R116A/H134A,
K30E/R116A/H134A, E120A, TS8A and D198A all increased the Kp of TG2 with 45FN by
2000, 400, 12, 37 and 86-fold respectively, compared to WT TG2. It is worth noting the Kp was
measured using SPR in the previous celiac disease epitope study for residues K30E, H134A,
and R116A, which resulted in an increase in Kp of 6, 9, and 25-fold respectively. Interestingly,
measurement of the binding affinity of TG2 mutants D94A and D97A resulted in no increase in
Kp. Overall, Cardoso ef al. greatly contributed to the elucidation of the FN binding domain on
TG2 by identifying regions and residues important for FN binding, while also challenging

previous results.®?

19



Jeong et al. 1995 Hang et al. 2005 Cardoso et al. 2017

Figure 2. Proposed TG2 Residues Interacting with FN Over Time. Grey region, N-terminal
domain of TG2. Green region, residues proposed to bind to FN or 45FN. Black region, core
domain and c-terminal B-barrels of TG2. Jeong et al.?® identified residues 1-7 as crucial for

binding through immunoblotting of FN with denatured TG2 fragments. Hang et a/.8? identified

residues 88-106 by competition assays of synthetic TG2 peptide fragments against full TG2 with
45FN. Cardoso et al.”® identified multiple regions as interacting with 45FN using HDX-MS.

Notably, each model refuted the other over time, there are little to no overlapping regions.

Soluri et al. utilized the new information provided by Cardoso ef al. to guide in silico
modelling of the minimum binding domains of FN to TG2.% In this same study, they mapped the
minimum functional binding domain of FN to TG2 as being the 7.9 subunit, as previously
discussed. Soluri ef al. conducted two docking simulations, one that was minimally guided by
experimental data and one that was guided by the key residues identified by Cardoso et al. The
first experiment used six docking softwares: ClusPro, GrammX, Patch Dock, pyDock, Swarm
Dock, and ZDock. The FN domains Is and Iy (PDB ID: 3GXE) were docked without bias onto
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both open (PDB ID: 2Q3Z) and closed (PDB ID: 1KV3) TG2. The results were filtered using
established experimental data such as the N-terminal domain of TG2 being the principal binding
site. Additionally, models based on the open state that were structurally incompatible with the
closed state of TG2 were ignored, since it is known that the binding of 45FN is independent of
TG2 conformation. The results from this modelling were consistent with the residues implicated
by Cardoso et al. The authors then ran another simulation using HADDOCK, driven by the
seven residues shown by Cardoso et al. to significantly reduce the binding to FN (K30, T58,
R116, E120, S129, H134 and D198). This resulted in a binding pose that formed four salt
bridges, two with K30, one with R116 and one with E120. This study provided a convincing
model consistent with experimental evidence of the binding mode of modules Ig and Iy of the
GBD to TG2.

A recent study by Selcuk et al.8! using stretched and relaxed fibronectin fibres has also
challenged some preconceptions about FN-TG2 binding. They found that TG2 binds more
strongly to relaxed versus stretched fibronectin fibers and that this binding is dependent on the
proximity of the N-terminal domain to the C-terminal domain of TG2. In this study, TG2’s
binding to 45FN was drastically decreased compared to full length FN fibers, contrasting with
previous observations.®® In addition to mechano-regulation experiments, crosslinking-mass
spectroscopy (XL-MS) was performed between TG2 with both the 45FN fragment and full
length FN. When TG2 was crosslinked with 45FN only one interprotein crosslink was seen, K30
on TG2 to K486 on the FN7 domain. Selcuk et al. used their XL-MS results to guide in silico
modeling which while greatly differing from Soluri et al.’s modelling of the interaction, still
implicates K30, R116 and H134 as crucial for the interaction, in line with Soluri et a/. and

Cardoso et al. Interestingly, when TG2 was crosslinked with full length FN, K30 crosslinked
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with K1837 and K1862 (FNIII4) and the C-terminal domain of TG2 formed interprotein
crosslinks outside of 45FN, namely with domains FNIII14.15s and FNI.. Considering these
findings Selcuk ef al. suggest that the C-terminal -barrel domains of TG2 act as a synergy site
for FN.

To summarize, it is fair to say that research has been conflicted on the precise residues
involved with TG2’s interaction with FN. The most recent docking studies have supported the
experimental data obtained by HDX-MS and SDM experiments analyzed via SPR, with
specifically mutations K30E, H134A and R116A greatly reducing binding.8%8! Alongside these
residues, additional residues may also be involved, including ones in the core domain of TG2,
such as D198 according to SDM studies’®, as well as residues in the C-terminal domain
according to XL-MS experiments.®! Evidence of residues of the core domain being involved in
FN binding is further supported by the fact that truncated TG2, containing only the N-terminal
domain residues (1-143), bound to FN with lower affinity than full length TG2.” In light of these
conflicting results, our lab conducted its own docking simulations, starting from an unbiased
approach, to see if there are plausible binding poses that feature more contact with the core
domain of TG2 as well as a potential FN-binding pocket.

Dr. Pauline Navals performed our own docking studies using the Protein-Protein
Interaction module of the Molecular Operating Environment software (MOE). She performed a
funnel computational analysis where each level of simulation of the TG2/45FN complex would
comprise a higher degree of restraint, starting from consideration of the entire TG2 protein,
progressing to just its N-terminal domain, to an identified hydrophobic cavity and finally
restraining modelling with the three residues deemed to be crucial for TG2/FN binding, R116,

H134 and K30. Using protein-protein interaction (PPI) simulations and the previous determined
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structural data, she identified a potential small molecule binding site in a hydrophobic pocket
created by residues R116 and H134, as well as residues 195-219, which were implicated in 45FN
binding by HDX-MS experiments.”® She used this new potential binding site as a restraint in the
funnel computational analysis, which provided a potential pose for 45FN binding (Figure 3). She
then used in silico protein contact analysis to highlight three residues in addition to R116, H134
and K30 that could be major interactors with this alternative binding pose: L114, E29 and 1195.
In this thesis project, we will present molecular biology techniques used to explore the potential

involvement of these residues, starting with BLI and SDM experiments.
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FN-binding site
(Lys30, Arg116, His134)

Soluri et al. 2019 Alternative Binding Selcuk et al. 2024
Pose (Dr. Navals)

Figure 3. In silico docking studies for FNI7-9 and TG2. (A) Figure was borrowed from Soluri
et al.’s publication®, docking with FNIs.o residues overlapped with many residues they Cardoso
et al.”® showed to be important. (B) Dr. Navals docking includes core residues 195-219 (Green)
R116, K30, H134 (Red) as well as additionally identified residues 1195, L114 and E29
(Magenta). (C) Figure was borrowed from Selcuk et al.8! and shows TG2 in the closed position.

All three docking simulations show TG2’s H134, R116 and K30 residues as being involved.
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2.1.2 Bio-Layer Interferometry to Identify Key Residues

Bio-layer interferometry (BLI) and SPR are the most common techniques used to study
biomolecular interactions. We used BLI to study the association of WT and mutant TG2 protein
with 45FN, which represents the GBD. BLI works by having a biocompatible surface coated on
the end of a sensor. In our case, this was a Ni-NTA sensor that binds to the C-terminal His tag of
our TG2 protein. BLI measures slight changes in reflected light on the sensor surface caused by
the formation of molecular complexes with the biomolecule loaded onto the biosensor. The
molecule that forms the complex with the attached biomolecule is called the analyte and, in our
case, this is 45FN. White light is reflected from two different surfaces, an internal reference layer
and the light reflected from the molecular complex layer. Depending on the size and affinity of
the analyte, the interference pattern of the white light changes and a wavelength shift can be
measured. The time-dependent change of wavelength can be fitted to kinetic parameters like
association and dissociation constants.®® BLI has been used to measure the kinetics of molecules

inhibiting protein-protein interactions as well as the interactions themselves.?*

Our first objective towards exploration of the TG2 and 45FN interaction was to
corroborate that the key residues R116, K30 and H134 identified by Cardoso et al>’® are indeed
critical for 45FN binding to TG2. Included in this objective is the testing of residues deemed
important in the alternative binding pose suggested by our group’s docking experiments,
including L114, E29, and 1195. Over the course of my thesis work, five out of six residues were
replaced with alanine through SDM and the interaction between the resulting mutants and 45FN
was measured by BLI and compared to WT TG2. We deemed measurement by BLI to be
potentially more representative of the actual binding interaction between 45FN and TG2 than

previous SPR studies. The reason for this is due to the different immobilization techniques used
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in the different studies. In our BLI studies, the C-terminal His Tag of TG2 is attached to the
biosensor, which leaves the N-terminal domain, the principal binding site for 45FN, freely
available for protein-protein interactions. In the previous SPR studies, 45FN was stochastically
immobilized on the sensor using amide coupling chemistry, which could reduce the freedom of
the protein-protein interaction.

The ALS5 activity assay® was used to assess the integrity of WT and mutant TG2. This
assay monitors the formation of a p-nitrophenolate product after hydrolysis of the TG2 substrate
ALS. TG2’s catalytic triad cleaves an ester bond in ALS5 releasing p-nitrophenolate whose
absorbance can be read at 405 nm. This assay is described in the experimental section, and a
reaction scheme is shown in the supplementary data. It is important to monitor the structural
integrity of TG2 when introducing mutations since loss of tertiary structure could reduce its
capacity for use in protein-protein interaction studies with BLI.

The following chapter will describe the creation, expression and analysis of alanine

mutated TG2 proteins used in BLI experiments.

26



2.2 Results and Discussion

2.2.1 Creation and Expression of TG2 Alanine Mutants at Key Residues

To identify which positions were crucial for association of fibronectin to TG2, we
performed an alanine scan of the residues identified by Cardoso et al>”® and previous docking
experiments from our lab. These residues are: R116, K30, H134 1195, E29, and L114. To begin
our experiments, we performed site directed mutagenesis of these positions illustrated below
with agarose gels taken of PCR amplification reactions with forward and reverse primers

corresponding to alanine mutations for specific residues.
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Figure 4. Agarose Gel of SDM PCR Amplification of K30A and L114A. The desired mutant

TG2 amplicon is shown at around 7.9 kb and indicated with an arrow.
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Figure 5. Agarose Gel of SDM PCR Amplification of R116A and I1195A. The desired mutant

TG2 amplicon is shown at around 7.9 kb and indicated with an arrow.

Figure 6. Agarose Gel of SDM PCR Amplification of E29A and H134A. Desired amplicon is

shown at around 7.9 kb. The DNA ladder was not resolved very clearly.
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Eight identical PCR reactions for each mutant were created and run alongside a blank
reaction with no Q5 polymerase added. K30A, L114A, I195A, and E29A all produced bright
bands corresponding to the expected kilobase length for the Cterm-pHis-hTG2 plasmid, 7.9 kb.
R116A and H134A produced faint but visible bands at around this length. The agarose gel DNA
ladder was resolved poorly for the E29A and H134A amplifications, but they were still
determined to have bands present near the expected length of 7.9 kb. One positive reaction was
chosen for each mutant to continue forward through the rest of the SDM process as described in
the experimental section. Upon Sanger sequencing, all mutants were found to have the alanine
mutation incorporated, except for the HI34A mutant. SDM of the H134A mutant was attempted
three different times. The first attempt at mutagenesis yielded no H134A bands on the agarose
gel. A fresh WT TG2 template was prepared for the second attempt, which resulted in very faint
bands present at around the correct amplicon length. Transformation of the DNA into colonies
and sequencing resulted in negative results. For the third attempt, the H134 A primers were
redesigned to fall within a length of 18-24 bp, 40-60% GC content and Tn’s between 54-69 °C as
well as having less than a 5 °C difference between forward and reverse primers. Despite these
attempts at troubleshooting, the H134A mutant was not obtained.

The next stage of the experiment was the expression of WT and alanine mutated TG2.
Three batches of expressions were completed according to the protein expression method
described in the materials and methods. Batch one included WT, R116A, and K30A, batch two
included WT, E29A and L114A and batch three included WT and 1195A. The SDS-PAGEs post
Ni-NTA purification are shown below with only one example from the WT expressions shown

for simplification.
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Figure 7. SDS-PAGE of WT TG2 Purification Post Ni-NTA Affinity Chromatography.
Lanes are labelled with flowthrough (FT), insoluble fraction (IF), washes (W1, W2, W4) and
elution fractions (E1, E2, E3, E4). The expected molecular weight for TG2 is ~78 kDa. This WT
expression SDS-PAGE is from the first batch of expressions and is representative of the other

two expressions of WT TG2 completed alongside alanine mutated TG2.
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Figure 8. SDS-PAGE of R116A TG2 Purification Post Ni-NTA Affinity Chromatography.
Lanes are labelled with flowthrough (FT), insoluble fraction (IF), washes (W1, W2, W4) and

elution fractions (E1, E2, E3, E4). The expected molecular weight for TG2 is ~78 kDa.
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Figure 9. SDS-PAGE of K30A TG2 Purification Post Ni-NTA Chromatography. Lanes are
labelled with flowthrough (FT), insoluble fraction (IF), washes (W1, W2, W4) and elution

fractions (E1, E2, E3, E4). The expected molecular weight for TG2 is ~78 kDa.
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Figure 10. SDS-PAGE of E29A TG2 Purification Post Ni-NTA Chromatography. Lanes are

labelled with flowthrough (FT), insoluble fraction (IF), washes (W1, W2, W4) and elution

fractions (E1, E2, E3, E4). The expected molecular weight for TG2 is ~78 kDa.
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Figure 11. SDS-PAGE of L114A TG2 Purification. Lanes are labelled with flowthrough (FT),
insoluble fraction (IF), washes (W1, W2, W4) and elution fractions (E1-4). The expected
molecular weight for TG2 is ~78 kDa. The elution sample loaded onto the SDS-PAGE was taken

after pooling and concentration with Amicon 30 kDa centrifugation tubes.
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Figure 12. SDS-PAGE of 1195A TG2 Purification. Lanes are labelled with flowthrough (FT),

insoluble fraction (IF), washes (W1, W2, W4) and elution fractions (E1-4). The expected

molecular weight for TG2 is ~78 kDa.
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Table 1. Concentration, Yield and Specific Activity for WT and Alanine Mutated TG2
Proteins. The concentration was estimated using the Bradford assay and the specific activity was
measured using the ALS assay. The WT values are averaged from three different expressions

while the mutant expressions are from one expression each.

Concentration Specific Activity
Protein Yield (mg/L)
(mg/mL) (mL) (U/mg)

WT Average 558 £1.81 9.45+1.49 0.047 £0.032
R116A 12.27+0.97 (0.4) 9.82+0.78 0.049 + 0.002
K30A 2.58+0.39(1.4) 7.20 +0.27 0.055+0.003
E29A 5.88+£0.77 (0.79) 9.29+1.22 0.086 + 0.008
L114A 1531 +£2.58 (0.4) 12.25+£2.07 0.040 £ 0.004
I195A 17.02 £1.69 (0.65) 22.13+2.19 0.035 +0.002

The SDS-PAGEs, Figures 9-14 were obtained with samples from the Ni-NTA affinity
chromatography process for WT and mutant proteins. The flowthrough is a sample of the liquid
passed through the columns after incubation with the Ni-NTA resin. This fraction should contain
proteins that have low or no affinity for the Ni-NTA resin. The “IF” lane represents a sample of
the insoluble fraction after ultracentrifugation of lysed cells. Proteins that are insoluble will end
up in this fraction and including it in the SDS-PAGE allows us to make sure TG2 is not insoluble
after expression. Figures 7-12 show an abundance of non-binding proteins in the flowthrough
and the insoluble fraction but no excess of protein at a size of 78 kDa indicating that TG2 was
not present in the flowthrough or insoluble fraction in large amounts. The elution fractions show

a dense band at 78 kDa, the expected molecular weight for TG2. These bands are relatively
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isolated in the elution fractions, indicating good purity of the samples. In Figure 11 the elution
fractions for the L114A expression were pooled resulting in an overloaded amount of protein in
the SDS-PAGE, making it hard to see its molecular weight against the ladder. Despite this we
deemed the band to be TG2 due to its abundance over other proteins and relative location on the
gel. TG2 was successfully purified according to the SDS-PAGE:s.

The concentration and overall yields, presented in Table 1, of the WT and mutant TG2
proteins were measured using the Bradford assay. The data in Table 1 for WT TG2 is averaged
from three different expressions while the data for the mutant proteins are from single
expressions. The concentrations are quite variable due to the volumes of protein after
concentration by Amicon centrifugation leading to different volumes each expression. The yields
are useful for direct comparisons, which are very similar to the WT for all alanine mutants. The
[195A expression notably had almost double the yield of protein, although it is unclear why this
is the case as there was no changes to the expression protocol. The yield of protein is generally
high, around 10 mg/L or higher, and enough WT and mutant proteins were expressed for BLI
analysis.

The specific activity of the proteins was measured using the ALS activity assay, which
measures the catalytic activity of the TG2 core domain. WT specific activity in U/mg was
measured in a wide range for the three expressions as evidenced by the large standard deviation
between the three samples. The specific activities of the alanine mutants in Table 1 fell into the
range of the WT proteins. It is important to compare the activity of mutant TG2 to WT to have a
benchmark for proper folding. If there is a large loss of activity for mutant TG2 it indicates

improper folding of the protein and reduces its integrity for use in protein-protein binding
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experiments using BLI. These alanine mutated TG2 proteins were deemed to have enough

structural integrity to proceed with BLI experiments, which will be discussed in the next section.
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2.2.2 Bio-Layer Interferometry to Measure Kp

The WT and mutant TG2 proteins that were created in the previous section were used to
perform measurement of the Kp between 45FN and TG2 using BLI. BLI runs were performed
according to the experimental section described below, in triplicate for each mutant and WT

TG2.
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Figure 13. Determination of Kp Using BLI for the Association Between 45FN and Mutant
or WT TG2. Measurements were done in triplicate, and values are plotted with the standard
deviation. Kp values were determined Figure 13. Determination of KD Using BLI for the
Association Between 45FN and Mutant or WT TG2.using global fitting on the BLI software.
Results were analyzed on GraphPad Prism using ANOVA analysis. Single asterisks denote a p
value < 0.05 while double asterisks denote a p value < 0.01. “ns” denotes a p value of > 0.05 and

is not significant.

The BLI results show a significant difference in Kp, illustrated in Figure 13, for only one
alanine mutant, R116A. The Kp’s of K30A, L114A, E29A and 1195A are not significantly

different than the WT. The residues implicated in the alternative binding mode modelled by our
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group L114A, E29A and 1195A did not produce a disruption in the association of 45FN
compared to WT TG2, which does not support this hypothetical binding mode. Residues L114
and 1195 are changing from a larger to a smaller hydrophobic side chain when replaced with
alanine, which is not a major difference. The E29A change, glutamic acid to alanine is more
potentially disruptive since it is negatively charged at physiological pH and could form an ionic
interaction with an FN residue. Its replacement with an alanine is more indicative that FN does

not interact at this position compared to the L114 and 1195 mutations.

Table 2. Comparison of Kp Values to Literature Values. Values obtained for the Kp from our

group’s BLI experiments are compared to Cardoso ef al. and their SPR experiments.®

TG2 Our Study Kp (nM) Cardoso et al. Kp (nM)°

WT 5.69 +3.02 0.41+0.01
R116A 13.00 £ 1.64 10.40 £1.28
K30A 4.38 +3.48

K30E 2.38+0.54

HI34A 3.79£0.29

Table 2 shows the comparison between our BLI measurements and the measurements
performed by Cardoso et al. using SPR. Notably, they report a much lower Kp for the WT TG2
and 45FN association, which leads to their mutants having a bigger difference in Kp from the
WT, even though our recorded Kp values for the mutant residues, R116A and K30A compared to
K30E are similar. Our research confirms that R116A when mutated alone causes a significant

impact on the Kp of TG2 to 45FN. However, there was no impact seen between K30A and WT
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TG2 in our study, even though a substantial impact was seen in theirs. On the other hand, these
mutants are not directly comparable, since the alanine mutation done for our study abolishes the
positive charge of lysine, while replacing it with glutamic acid changes it from positively
charged to negatively charged. Therefore, our mutation is a more direct interrogation of the effect
the positive charge on lysine has in stabilizing the protein-protein interaction between 45FN and
TG2.

Overall, we confirm that R116 mutated alone is important for 45FN interaction with TG2,
but our results do not corroborate K30 as having the same effect. In another study by Cardoso et
al. they found that double and triple mutants of TG2 R116A/H134A and R116A/H134A/K30E
resulted in an increase in Kp of 400 and more than 2000-fold respectively., Our study confirms
that this effect cannot be achieved by single residue replacements of R116 and K30.

The general difference in Kp measurement, most strongly illustrated by the difference in
WT Kbp between studies, could be due to the difference in analysis methods. The immobilization
technique varies between the studies, in that our study immobilized TG2 to a Ni-NTA biosensor
through a C-terminal His-tag, whereas Cardoso et al. immobilized 45FN using amide coupling
chemistry directly to CM5 sensor chips.>’® We believe our study provides more freedom for the
protein-protein interaction to occur since the unknown conformation of 45FN is free to associate
as needed to the known N-terminal binding domain of TG2. According to that approach taken by

Cardoso, 45FN is immobilized reducing its freedom to associate.
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2.3 Conclusion

In conclusion, TG2 mutants R116A, K30A, E29A, L114A and [195A were successfully
created using SDM. Mutants H134A as well as H134A/R116A were also targets for creation but
the SDM experiments and expressions were not successful and therefore were not able to be
measured. The measurement of R116A and K30A’s effect on 45FN association to TG2 resulted
in a less dramatic increase in Kp than previously reported results® with no significant increase
detected for K30A and a three-fold increase for R116A. Residues E29A, L114A and 1195A
showed no significant increase in Kp when compared to WT TG2. These results corroborate the
finding that R116 is an important residue for the 4SFN-TG2 interaction but do not support K30
as being crucial on its own. Furthermore, these results do not support the alternative binding pose
suggested by our group, since mutation of residues L114, E29 and 1195 resulted in no significant
increase in Kp compared to WT TG2. Differences in methods could account for the discrepancy
between WT and 45FN Kp measurements with our approach lending more freedom to the 45FN
binding partner. Future research using BLI should be focused on analysing the H134 residue, as
well as additional residues implicated in the binding pose modelled by Soluri ef al., such as E120
or D198.8% More investigation into the alternative binding pose proposed by our group should
focus on mutation of residues that could participate in 45FN association by hydrogen bonding or

1onic interactions.
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2.4 Materials and Methods

2.4.1 General Remarks:

Reagents and chemicals used in solutions were ordered from BioShop Canada unless stated
otherwise. SDS-PAGE was performed using Bio-Rad Mini-Protean TGX pre-cast, stain-free gels
(4-20% polyacrylamide), and visualized using a Bio-Rad ChemiDoc MP imager. Agarose gels
were prepared fresh prior to use, containing 1% agarose (w/v) and 1 pg/mL ethidium bromide.
DNA was separated on agarose gel at 105 V in Tris-Acetate-EDTA (TAE) buffer and visualized
using a Bio-Rad ChemiDoc MP imager. Bradford assays were performed using the established
protocol®® and measured using a UV-vis spectrophotometer (Varian Cary 100 Bio, 1 cm path
length, or Agilent Cary UV-Vis Multicell Peltier.) ALS activity assays were performed according
to the previously established method.®”:88 The specific activity was measured using either a plate
reader (Biotek Synergy H1) or UV-vis spectrophotometer (Varian Cary 100 Bio, 1 cm path
length). One unit of enzyme activity (U) is defined as the amount of TG2 required to catalyze the
formation of 1 umol of p-nitrophenolate per minute. Specific activity is reported as units of

activity (U) per milligram of protein.
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2.4.2 Site-Directed Mutagenesis of Alanine Mutants

Site-directed mutagenesis was performed using the Cterm-pHis-hTG2 plasmid®® (Addgene
#100719) as a template. Forward and reverse custom primers were synthesized using Integrated
DNA technologies with alanine mutations encoded on the forward primer. The sequences of
these primers are presented in the appendix. PCR amplification was performed using template
with forward and reverse primers using the Q5 High-Fidelity DNA polymerase (New England
Biolabs) using BioRad MJ Mini Personal Thermocycler or the BioRad T100 Thermocycler.
Amplification of the correct gene was confirmed using agarose gel electrophoresis, DNA was
purified (E.Z.N.A Cycle Pure Kit, Omega BioTek) and then the template was digested at 37 °C
overnight using Dpnl (New England Biolabs). After the digestion, the PCR was purified again
using the Cycle Pure Kit and phosphorylated with T4 PNK (New England Biolabs) then ligated
with T4 DNA Ligase (New England Biolabs). The amplicon as well as a negative control
reaction (no Q5 Polymerase at PCR amplification step) were transformed into chemically
competent E. coli BL21 (DE3) or DH5a cells and plated on LB-Agar plates containing 50 pg/mL
kanamycin. If no colonies were present on the negative control plate, five colonies were picked
and DNA was extracted (E.Z.N.A Plasmid DNA mini kit, Omega BioTek) then sent for Sanger

sequencing (Génome Québec).
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2.4.3 Protein Expression

A fresh transformation was performed using plasmids whose sequences were confirmed by
Sanger sequencing, coding for either WT, or alanine mutated Cterm-pHis-hTG2 plasmids into E.
Coli BL21 (DE3) cells. A 5 mL culture of Terrific Broth (TB) was inoculated with a single
colony in a culture tube with 50 pg/mL kanamycin and shaken overnight at 37 °C, 250 RPM for
about 16 hours using the Innova 4330 shaking incubator. The next day 495 mL of TB containing
50 pg/mL kanamycin was inoculated with the 5 mL overnight culture and the flask was shaken at
37 °C at 250 RPM until and ODsgo of 0.5-0.8 was reached. The expressions were induced with a
final concentration of 1 mM IPTG and were shaken for 20 hours at 18 °C. The next day the
induction culture was centrifuged at 4 °C and 4347xg for 30 minutes using the Eppendorf S910R

Centrifuge Pellets were frozen at -80 °C for purification on a separate day.
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2.4.4 Protein Purification

Cells were resuspended on ice in a total of 12 mL of GST TG2 lysis buffer (20 mM Tris, 150
mM NaCl, 1 mM EDTA, 1 mM TCEP, 0.5% Triton X-100, pH 8.0) or His Tag TG2 Lysis Buffer
(50 mM Na3zPOy4, 400 mM NaCl, 5 mM imidazole, 0.5% triton-X100, pH 7.5) and homogenized
using the Avestin Homogenizer. For homogenization the resuspended cell volume was split in
half, and each half volume was passed through the homogenizer twice at a slow rate of around 1-
2 mL/min. Lysate was briefly cooled on ice between passes. The lysate was separated into
soluble and insoluble fractions by centrifugation at 4 °C and 11,000 RPM using the Eppendorf
S910R centrifuge. Cells and proteins at this point were kept on ice unless stated otherwise. The
soluble fraction was incubated with conditioned 0.5 mL of Ni-NTA Resin (Sigma) for 1 hour at 4
°C with shaking. Ni-NTA affinity purification was done at 4 °C using a BIORAD column with
four 5 mL washes with TG2 Wash Buffer (50 mM Na3POs, 500 mM NaCl, 60 mM imidazole, pH
7.5) and four 5 mL elution fractions were collected with TG2 Elution Buffer (50 mM HEPES,
100 mM NacCl, 300 mM imidazole, 10% (v/v) glycerol (50%), pH 7.0). Samples from each
fraction were mixed in a 1:1 ratio with Laemmli buffer (BioRad) with B-mercaptoethanol and
boiled at 95 °C for 5 minutes. Insoluble fraction samples were created by dissolving a small
portion of the pellet in 100 uL 8M Urea, then following the same sample treatment. Samples
were loaded at 10 pL onto an SDS-PAGE. Elution fractions were concentrated using 10 or 30
kDa Amicon Ultracentrifugation tubes (Millipore). Elution fractions were concentrated to < 1 mL
using multiple 20 minute 4000 xg centrifuge spins using the Sorvall STIR Plus-MD centrifuge.
Elution buffer was exchanged with 9 mL TG2 Storage Buffer (20 mM HEPES, 1 mM EDTA, 1
mM TCEP, 20% (v/v) glycerol (50%), pH 7.0) three times and the volume was concentrated to

below 1.5 mL. The concentration and specific activity were measured using the Bradford and
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ALS assays respectively. Proteins were then aliquoted and flash frozen using dry ice and
acetone, the proteins were stored at -80 °C. Note that buffers were used with and without TCEP

addition depending on the purification.
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2.4.5 Bio-Layer Interferometry

BLI experiments were run on the ForteBio BLItz™ machine using TG2 immobilized on the
Sartorius Octet Ni-NTA biosensor by its C-terminal His Tag. WT or alanine mutant TG2 was
loaded onto the sensor at a concentration of 10 pg/mL and the Kp of 45FN (MilliporeSigma)
binding was determined using a range of 45FN concentrations (20, 15, 10, 5, 2.5, 1, 0.5, 0.1 and
0 pg/mL) in triplicate. The Ni-NTA sensor was stripped and regenerated at the end of each run
and TG2 was freshly prepared and loaded onto the sensor at the start of each run. Buffers used
for the BLI run were Assay Running Buffer (1X dPBS, pH 7.1 filter sterilized with a 0.22 uM
filter), Stripping Buffer (100 mM Glycine, pH=1.77), Re-equilibration Buffer (0.1% dPBS in
MQ H>0), and Regeneration Buffer (100 mM NiSOs). Each BLI run followed this procedure
with 250 pL of the appropriate buffer: Initial Baseline (30 s, Assay Running Buffer), Loading (90
s, Assay Running Buffer with 10 pg/mL TG2), Baseline (30 s, Assay Running Buffer),
Association (120 s, Assay Running Buffer with variable concentrations of 45FN), Dissociation
(120 s, Assay Running Buffer), Stripping of Ni-NTA (10 s x 3, Stripping Buffer), Re-
equilibration of Sensor (10 s x 3, Re-equilibration buffer), Ni-NTA Regeneration (60 s,
Regeneration Buffer) and Final Baseline (60 s, Assay Running Bufter). Results were analyzed
using the global fitting software for the BLI Blitz pro. These fitting has been used in other
studies with TG2 and 45FN.° The Ni-NTA biosensor was replaced for each TG2 mutant,
including WT. No loading was seen both without TG2 and with 10 pg/mL His-tagged enzyme

NylC as negative controls.
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Chapter 3: Incorporation of Azido-L-
Phenylalanine into Transglutaminase 11

Towards Crosslinking with Fibronectin

3.1 Introduction

3.1.1 Genetic Code Expansion

Genetic Code Expansion (GCE) is a groundbreaking and versatile technology that has been
in development since the discovery of tRNA as the link between mRNA and protein synthesis. It
allows researchers to expand beyond the natural 20 amino acids and incorporate unnatural amino
acids (UAAs) into proteins. These UAAs can have a variety of functions such as, fluorescence,
cross-linking and ligand binding.”* GCE works by using evolved orthogonal transfer RNAs
(tRNAs) and aminoacyl tRNA synthetases (aaRS) that recognize UAAs and can incorporate
them into “blank” codons during translation at the ribosome.

Discovery of tRNA as the adaptor molecule that connects mRNA to amino acids during
translation has led to manipulation of the types of amino acids tRNAs can transfer. The adaptor
hypothesis of tRNA was proven by chemical reduction of Cys-tRNA®* to Ala-tRNA®Y* which
showed that the tRNA was the selective moiety in polypeptide synthesis."*? Further
modifications of tRNAs were discovered such as Tyr-tRNAD" being able to incorporate D-
Tyrosine®? into proteins after enzymatic synthesis of D-Tyr-tRNA™". Additionally, hydroxylation
of Phe-tRNAP to hydroxyPhe-tRNA™® resulted in oligomers being synthesized with multiple

ester bonds.?* Another early example of tRNA modification is the generation of Nz-azidobenzoyl-
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Lys-tRNAY which competed with endogenous Lys residues at multiple residue positions in
rabbit reticulocyte lysate.® UAAs were being created by modifying the natural amino acid on the
tRNA; however, there was a lack of a general system for charging tailored UAA’s onto tRNA. A
breakthrough in development of in vitro incorporation of UAAs by the Shultz 1ab®® led to the
ability to charge UAA’s onto tRNA’s using T4 RNA ligase. This allowed charging of UAA’s onto
suppressor tRNAs, tRNAs that encode for stop codons, such as the amber (TAG), ochre (TAA)
and opal (TGA) codons. This breakthrough increased the ease of UAA-tRNA synthesis and
introduced site-selectivity into GCE.

Another breakthrough in the field came from the Shultz lab when they were able to fully
genetically encode the material required for GCE in E. coli. In order to have a functioning
system for incorporation of UAAs, a few criteria must be met. Firstly, the UAA-tRNA must not
be recognized by endogenous E. coli aaRS but must function efficiently in translation. Next, an
aaRS paired with the UAA-tRNA must be present that does not recognize other, endogenous
tRNAs. This aaRS must also only charge its paired UAA-tRNA with an unnatural amino acid,
not an endogenous one. Finally, the UAA must be effectively transported to the cytoplasm when
added to growth medium.?® Shultz found a likely orthogonal suppressor tRNA and aaRS pair that
could match this criteria in E. coli, the M. jannashii tRNA™ and TyrRS. By performing directed
evolution, with negative or positive selection using amber suppression of toxic or pro-survival
genes respectively, they were able to engineer an orthogonal tRNA/aaRS system that selectively
incorporates the UAA O-methyl-L-tyrosine in place of the amber stop codon in E. coli.®® This
breakthrough enhanced the process of GCE from chemoenzymatically synthesizing UAA-
tRNAs, to utilizing the endogenous machinery in living cells, increasing the application and

adoption of the technology by non-experts in the field.
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Evolved tRNA/aaRS pairs have now been synthesized using both prokaryotic and eukaryotic
endogenous machinery. The unique properties of UAA’s have been used in a wide variety of
applications, from enzyme engineering to mimicking epigenetic protein modifications.®® An
example of enzyme engineering comes from Jackson et al.1°° where the incorporation of p-
nitrophenylalanine into nitroreductase in place of its active site Phe124 resulted in an over 30-
fold increase in catalytic efficiency. In addition, newly synthesized proteins in mammals can be
tagged with UAA’s such as Azidohomoalanine (AHA). In a study by Dieterich et al.1°* 195
newly synthesized proteins were identified through chemoselective tagging of azide labelled
proteins with an alkyne affinity tag after incorporation of AHA. Another application of GCE is to
aid research in the function of epigenetic protein modifications by incorporating UAAs that

1192 where a

mimic post-translational modifications. One example of this is a study by Park ef a
suppressor tRNA was evolved to incorporate O-phosphoserine, the most abundant
phosphorylated amino acid in eukaryotes.! For our purposes, we aimed to use GCE to

incorporate the photoactivable crosslinking UAA, Azido-L-Phenylalanine (AzF) into specific

sites on TG2 that are potentially involved in its protein-protein interaction with FN.
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3.1.2 AzF Crosslinking to Probe Protein-Protein Interactions

Protein-protein interactions can be investigated using crosslinking methods in tandem with
mass spectroscopy (MS). Traditional crosslinking methods usually use a reagent or crosslinker
that forms a crosslink between two functional groups between proteins. This crosslinker usually
has a defined length and the protein-protein complex can be digested and analyzed via MS. The
identification of the paired residues along with the distance restraints of the specific crosslinker
can be used to map protein-protein interfaces using in silico modelling.%® Selcuk et al.8, in their
XL-MS study of TG2 and FN, utilized a 1:1 mixture of non-deuterated and deuterated
disuccinimidyl suberate (DSS-d0/d12) as a crosslinker that specifically reacts with lysine
residues. They also induced crosslinking of carboxyl groups and of amine groups with carboxyl
groups using non-deuterated and deuterated pimelic dihydrazide with the coupling reagent 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium or DMTMM. These traditional
crosslinkers have limitations since they only allow specific functional groups to interact with
each other. We aimed to use the UAA AzF as a more specific crosslinker to explore single

residue positions in the TG2/FN interface.
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Figure 14. Simple Schematic of AzF Crosslinking Strategy. The creation of a nitrene through
UV activation of AzF creates a highly reactive sidechain that binds to any side chain in
proximity. We hope to use this to create crosslinked protein-protein complexes between TG2 and

45FN.

Incorporation of AzF through site-specific genetic code expansion can capture snapshots of
protein-protein interactions. AzF is photoactivable using 254-400 nm UV light which creates a
highly reactive nitrene that can react with the closest residue across from it. This is advantageous
over traditional crosslinking methods because the residue on the protein interaction partner
opposite from AzF does not need to be a specific functional group to react. AzF crosslinking has
been used to study protein binding to substrates, such as bacterial calcium-dependent periplasmic

LapG protease to its substrate LapA, a crucial part of bacterial biofilm formation!®* Its reactivity
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with a conjugated CyS5 fluorophore has been used in Forster resonance energy transfer (FRET)
experiments to investigate the distance dependent interaction of Nsp13 helicase with its dSDNA

substrates.10

The following chapter describes our attempt to incorporate AzF into residues believed to be
important for the TG2 and FN interaction by amber codon suppression. We attempted to monitor
the incorporation of AzF in TG2 using a reactive DBCO-Cy5 fluorescent dye and to form a
crosslinked protein-protein complex between 45FN and AzF incorporated TG2. We hoped to
analyze paired residues by digestion of the covalently bound protein-protein complex and
subsequent MS. The residues selected for incorporation of AzF include K30, R116, and H134,
chosen due to their proposed involvement in binding 45FN, as described in previously mentioned
studies.>’*#1 We also wanted to study L114, E29 and 1195, based on the alternative binding pose
proposed by our group. We also attempted AzF incorporation of residues F203 and A66, which
are located near the potential hydrophobic pocket in our alternative binding mode. These two
residues were included based on their possibility of interfacing with 45FN without being direct
binding partners in the interaction, with the hope of improving crosslinking product formation
through less disruption of the native non-covalent association. Three different evolved
tRNA/aaRS pair expression systems were used to troubleshoot low expression and crosslinking
product formation. All of these approaches have been used in other studies to successfully
incorporate AzF into proteins expressed in bacterial systems, specifically E. coli.1%71%7 The
following chapter has been organized chronologically and by the expression system used for AzF

incorporation, including pDULE-pCNF, pEVOL-pAzF or pULTRA-pCNF.
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Figure 15. Selected Residues for Incorporation of AzF. (A) Cartoon structure of TG2 with side
chains of residues visible. Residues were chosen for being previously established as crucial
residues, R116, K30, H134 or as through in silico protein contact analysis in Dr. Navals proposed
alternative binding pose, L114, E29, 1195 these are shown in red. Additional residues F203 and
A66 were chosen for not being directly implicated in the alternative binding pose but adjacent,
which was hypothesized to improve crosslinking reactions with AzF due to minimal perturbation
of the native protein-protein association these are shown in blue. (B) Residues that are surface

exposed are visible.
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3.2 Results and Discussion

3.2.1 Creation of Amber Mutations of TG2 at Key Residues

To site-specifically guide AzF to residues on TG2 we had to perform SDM to replace
selected residues with the amber stop codon (TAG). Going forward, TAG residue replacements
will be denoted by “X”. We began by mutating six residues, three of which were previously
implicated in TG2 FN association>’98!, R116X, H134X and K30X, and three of which we found
to be implicated in our alternative binding pose, L114X, 1195X and E29X. SDM was performed
as described in the experimental section unless stated otherwise.

Figures 16-21 show images of agarose gels of the PCR amplification of each residue
using a primer with the TAG codon in place of the natural residue. The expected size of the target
amplicon is 7.9 kb. Eight PCR reactions were made and ran at a gradient of annealing
temperatures on a thermocycler; each position had at least one reaction that contained an
amplicon at the expected length for the Cterm-pHis-hTG2 plasmid. One “test” reaction from
each agarose gel was chosen to continue forward with alongside the negative control reaction
“B” which contained no Q5 polymerase. These reactions were subjected to a PCR clean up and
Dpnl digestion, which cleaves methylated DNA, the original DNA template. This reduces
chances of WT plasmid contamination at later steps. The reactions were then phosphorylated
with T4 PNK and subsequently ligated with T4 DNA Ligase, re-circularizing the linear amplicons
into circular plasmids. The test and negative reactions were transformed into BL21 (DE3) cells
and plated on 50 pg/mL Kanamycin LB-Agar plates. The Cterm-pHis-hTG2 plasmid contains a

kanamycin resistance gene, so circularized plasmid will survive on these plates. If colonies are
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seen on the negative control plate, that means that the test plate may be compromised with WT

plasmid.

Figure 16. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of R116X.

Reaction #7 was chosen to continue forward through the SDM protocol.
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Figure 17. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of K30X.

Reaction #3 was chosen to continue forward with through the SDM protocol.

Figure 18. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of E29X.

Reaction #4 was chosen to continue forward with through the SDM protocol.
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Figure 19. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of 1195X. The

gel image did not resolve very well, and it is difficult to see the DNA ladder, nonetheless reaction

#6 was brought forward.
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Figure 20. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of H134X.

Reaction #6 was chosen to continue forward with through the SDM protocol.
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Figure 21. Agarose Gel of PCR Amplification from Site-Directed Mutagenesis of L114X.

Reaction #7 was chosen to be brought forward through the SDM protocol.

All six mutant residue test reactions survived on the Kanamycin LB-Agar plates, with no
colonies forming on the negative plates. Five colonies each were picked from each test plate and,
the DNA was extracted and sent for Sanger sequencing. Results showed successful replacement
of the natural codon for K30, R116, H134, 1195, L114 and E29 with the amber codon, TAG. The
next stage of the project was to use these mutant Cterm-pHis-hTG2 plasmids in conjunction with
a plasmid that expresses an orthogonal tRNA/aaRS pair capable of incorporation of AzF into the
amber stop codon in E. coli. The first system chosen for this task was the pPDULE-pCNF system

and the next section will describe our attempts to incorporate AzF using it.

63



3.2.2 AzF Incorporation Using the pDule-pCNF tRNA System

We first wished to test the expression of WT TG2 without the addition of the pDULE-
pCNF system. This is useful because a general baseline of TG2 expression can be made before
potentially reducing yields with GCE technology. WT TG2 was expressed according to the
general expression protocol described in the experimental section. One change from the general
expression protocol is that this expression was done with Rosetta (DE3) E. coli cells instead of

BL21 (DE3) cells. The Rosetta cell line includes the Rosetta plasmid, a plasmid that expresses

eukaryotic tRNAs that match with eukaryotic codons, as present in the hTG2 gene.

Figure 22. SDS-PAGE of WT TG2 Expression Post Ni-NTA Purification. (FT) represents

flowthrough of soluble lysate after incubation with Ni-NTA resin.
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WT TG2 is clearly present in the elution fractions at around 78 kDa. The protein appears
to be relatively pure, with a few additional bands at a much lower intensity. A yield of 15.74 mg/L
and specific activity of 0.107 U/mg were measured for the enzyme obtained from this expression,
using the Bradford and ALS assays described in the experimental section. After establishing a
baseline for WT TG2 expression, the next step was to attempt incorporation of AzF using GCE.

The pDULE-pCNF plasmid was co-transformed with either WT or mutant pHis-Cterm-
hTG2 plasmids into BL21 (DE3) cells on tetracycline/kanamycin resistant agar plates. A negative
control was created with only WT TG2 or with only pDULE-pCNF added. The pDULE-pCNF
plasmid carries a tetracycline resistance gene while the Cterm-pHis-hTG2 plasmid carries a
kanamycin resistance gene. Negative plates had no colonies and positive plate colonies were used
to inoculate expressions of pPDULE-pCNF with mutant or WT TG2, as shown below. We started
with the expression of WT/pDULE-pCNF, mostly following the general expression method.
Exceptions to general method for this expression include: IPTG induction at a final concentration

of 2 uM instead of 1 mM due to a typographical error in the protocol used.
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Figure 23. SDS-PAGE of WT/pDULE-pCNF Expression Post Ni-NTA Purification.

The yield for this expression was found to be 2.58 mg/L and the activity was 0.281 U/mg.
The yield was reduced with the co-transformation with pPDULE-pCNF but there was no decrease
in the integrity of the protein, as evidenced by the specific activity. The reduction of the amount
of IPTG used for induction may have contributed to the reduced yield of the protein. We next
expressed L114X co-transformed with pDULE-pCNF using the general expression protocol for
pDULE-pCNF AzF mutants. An exception to the general method for this expression was the
formulation of AzF when added to the growth medium. For this expression, AzF was simply
dissolved in 0.2 M HCI before being added to the expression culture at induction at a final
concentration of 10 mM. Another exception is that the concentration of IPTG used to induce was

still 2 uM instead of 1 mM.
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Figure 24. SDS-PAGE of L114X/pDULE-pCNF Expression Post Ni-NTA Purification. (IF)

denotes the insoluble fraction which represents insoluble proteins after separation of the cell

lysate by centrifugation.

Although TG2 is present on the SDS-PAGE, this expression resulted in a low yield of
0.82 mg/L and almost no activity was detected. It is still unclear whether this decrease in
expression was caused by the low concentration of IPTG during induction or from the GCE
system itself.

We next tried expression of [195X with the pDULE-pCNF system, where the formulation
of AzF added to the induction culture for this expression followed the general method for
pDULE-pCNF expression as described in the experimental section. The only exception is that

the final concentration of IPTG remained low (2 uM).
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Figure 25. SDS-PAGE of I1195X/pDULE-pCNF Expression Post Ni-NTA Purification.

The 1195X expression had a low yield of 0.18 mg/L, similar to the L114X expression, which
could have been due to the use of the pPDULE-pCNF plasmid or the low IPTG induction
concentration once again. The activity was also quite low, at 0.015 U/mg.

After this expression, the error with the low IPTG concentration at induction was
recognized and for subsequent expressions the final concentration was increased from 2 uM to 1
mM. Additionally, for subsequent expressions, the lysis buffer used was changed to buffer used
for TG2 expression in BL21 (DE3) versus expression in Rosetta (DE3) cells. The
L114X/pDULE-pCNF expression was repeated following the general pPDULE-pCNF expression

protocol.
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Figure 26. SDS-PAGE of L114X/pDULE-pCNF Expression #2 Post Ni-NTA Purification.

Although, according on the SDS-PAGE shown in Figure 26, it seems as if the level of
expression of the L114X mutant was increased by the changes made to the protocol, namely the
increase in IPTG concentration and the change in lysis buffer, the Bradford and ALS assays
showed no protein present and no ALS5 hydrolysis activity. This was surprising and the

expression was repeated under the same conditions to validate the lack of protein present.
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Figure 27. SDS-PAGE of L114X/pDULE-pCNF Expression #3 Post Ni-NTA Purification.

When the experiment was repeated, a very faint TG2 band was seen on the SDS-PAGE
but a higher yield of 0.14 mg/L. TG2 was measured, and the observed specific activity of 0.054
U/mg was comparable to that of the WT enzyme. We then attempted expressions of two more
TAG mutants including, H134X and K30X. The SDS-PAGEs from these expressions are shown

below.
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Figure 28. SDS-PAGE of H134X/pDULE-pCNF Expression Post Ni-NTA Purification.

71



- 75 =

25 S
-~
-
j—

20

15

10
- T ! IR
Figure 29. SDS-PAGE of K30X/pDULE-pCNF Expression Post Ni-NTA Purification.

No protein was seen on the SDS-PAGE for the H134X expression, and a very faint band
was seen for the K30X expression. For both expressions, no protein or activity were detected by
the Bradford and ALS5 assays. To conclude our attempts of pPDULE-pCNF expressions, another

WT/pDULE-pCNF expression was completed following the general method for WT expression.
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Figure 30. SDS-PAGE of WT/pDULE-pCNF Expression #2 Post Ni-NTA Purification.

The yield detected for this expression was extremely low, at 0.02 mg/L, and the resulting
specific activity was very high, 2.42 U/mg potentially due to the very low concentration of
protein amplifying the specific activity through the calculations. This WT/pDULE-pCNF
expression is in sharp contrast to WT expressed on its own (Figure 22) and the previous
WT/pDULE-pCNF expression (Figure 23). Table 3 presents the concentrations, yields and

specific activities found for each expression from this section.
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Table 3. Summary of pDULE-pCNF Expression Concentrations, Yields and Activities. The

concentrations were measured using the Bradford assay and the specific activities were measured

using the ALS assay. BLQ stands for below limit of quantification.

Protein Concentration Yield Activity
(mg/mL) (mL) (mg/L) (U/mg)
WT (Fig 22) 5.03 £0.78 (1.57) 15.74+2.44 | 0.107£0.018
WT/pDULE-pCNF #1 0.49 £0.15 (2.64) 2.58 £0.81 0.281 + 0.023
(Fig 23)
L114X/pDULE-pCNF 0.53+£0.11 (0.41) 0.81 £0.17 | 0.008 = 0.006
#1 (Fig 24)
1195X/pDULE-pCNF #1 0.79 £0.03 (0.12) 0.16 £ 0.01 0.015 £ 0.001
(Fig 25)
L114X/pDULE-pCNF BLQ BLQ BLQ
#2 (Fig 26)
L114X/pDULE-pCNF 0.30£0.11 (0.24) 0.13+£0.05 0.054 £ 0.017
#3 (Fig 27)
H134X/pDule-pCNF BLQ BLQ BLQ
(Fig 28)
K30X/pDULE-pCNF BLQ BLQ BLQ
(Fig 29)
WT/pDULE-pCNF #2 0.01 £0.05 (2.0) 0.02 £0.20 2.42 £0.01
(Fig 30)

Table 3 summarizes the results from the attempt at incorporation of AzF using the

pDULE-pCNF system. The overall yields of the proteins expressed with pDULE-pCNF are low
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and in many cases activity could not be quantified. A few expression parameters were changed
during the troubleshooting of the expression experiment, including fixing the inducing
concentration of IPTG by raising it from a 2 pM final concentration to 1 mM, changing the
formulation of AzF added at induction, and changing the lysis buffer used. Despite these
changes, the expression of WT/pDULE-pCNF appeared to get even worse as shown by the poor
yield of the second expression shown in Figure 30 compared to Figure 23.

Overall, the yields were below 1 mg/L for the pPDULE-pCNF expressions, except for the
first two expressions, which were of WT with and without pDULE-pCNF. The specific activities
are high for these first two expressions, but the rest are relatively low. The third expression of
L114X had the most activity of these, about half of the WT enzyme from the first expression.

The expressions shown in Figures 25, 26 and 27 were plagued by the problem of low IPTG
induction concentration, at 2 uM instead of 1 mM. Interestingly, increasing the concentration did
not result in dramatic changes to the yield of protein produced. The formulation of AzF was also
changed to follow the protocol used in the Pezacki Lab protocol for adding AzF (Figure 24). No
noticeable changes were seen, but this method of preparation should be suitable since it has been
established in their laboratory. The lysis buffer was changed from the lysis buffer that is used to
purify TG2 from Rosetta (DE3) cells to the lysis buffer used to purify TG2 in BL21 (DE3) cells
(Figure 26). No noticeable change was seen in yield, but we decided to keep this change since it
1s more consistent with the cell type used.

Although some changes were made to the expression protocol that should theoretically
increase the yield of protein, especially the increase in IPTG concentration, the yield of protein
was not increased, and the contrast between the first expression with WT/pDULE-pCNF (Figure

24) and the last (Figure 30) is large, with a decrease from 2.58 mg/L to 0.02 mg/L. The first
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expression, done with only WT TG2, with an inducing IPTG concentration of 1 mM in Rosetta
(DE3) cells (Figure 22), suggests that including the pDULE-pCNF plasmid in the expression
decreases the yield of protein and that Rosetta (DE3) cells may bolster production of WT TG2.
However, Rosetta (DE3) cells cannot be used with GCE expressions since the overloading of
antibiotic resistance genes (kanamycin, chloramphenicol and tetracycline) leads to difficulties
with growth and selection of positive colonies. At this point, a different method was clearly
required, so we chose to change the GCE expression system from pDULE-pCNF to pEVOL-
pAzF. Our attempts at AzF incorporation using this new expression system are presented in the

next subsection.
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3.2.3 AzF Incorporation Using the pEVOL-pAzF tRNA System

A different tRNA system, namely the pPEVOL-pAZzF expression system, was ordered to
hopefully improve the incorporation and expression of TG2 AzF mutant proteins. The main
differences between the pPEVOL-pAzF and pDULE-pCNF systems is that the pEVOL system has
an inducible promoter while the pPDULE-pCNF has a constitutive promoter. The constitutive
promoter in the pPDULE-pCNF constantly produces protein, while the inducible promoter needs
to be activated. For pEVOL-pAZzF, activation occurs by addition of 0.02% arabinose. pEVOL-
pAZF also expresses two copies of the aaRS and one of the suppressor tRNA, compared to just
one of each for the pPDULE-pCNF. The hypothesis was that more AzF suppressor tRNA and
aaRS would be more readily available for incorporation of AzF into TG2 if the induction of TG2
and the evolved tRNA/aaRS pair were synchronized.

We began by incorporation of AzF into K30X, following the general protocol for

pEVOL-pAZF expression outlined in the experimental section.
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Figure 31. SDS-PAGE of K30X/pEVOL-pAZzF Expression Post Ni-NTA Purification.

This expression resulted in a yield of 0.84 mg/L and a specific activity of 0.016 U/mg.
The specific activity detected for the K30X/pEVOL-pAzF expression was quite low, indicating
that the structure of TG2 may have been perturbed by the K30X mutation. Nonetheless, these
results were promising, since expression of K30X/pDULE-pCNF, resulted in no protein or
activity detected. We next performed expression of WT/pEVOL-pAzF TG2 alongside
L114X/pEVOL-pAzF TG2. Performing these expressions at the same time increases the integrity

of comparing between them, since protein expression from day to day can vary significantly.
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Figure 32. SDS-PAGE of WT/pEVOL-pAzF Expression Post Ni-NTA Purification.
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Figure 33. SDS-PAGE of L114X/pEVOL-pAzF Expression Post Ni-NTA Purification.
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Expressions of WT and L114X TG2 with the pEVOL-pAZzF system resulted in yields of
2.85 mg/L and 1.61 mg/L respectively. This is a dramatic improvement over the yields seen with
pDULE-pCNF. The activities of the proteins expressed were 0.180 U/mg and 0.044 U/mg,
suggesting that the integrity of L114X may have been affected by the incorporation of AzF. The
pEVOL-pAZF plasmid was co-transformed with other mutant plasmids and expression of these
mutants were carried out with the pEVOL-pAzF system. Mutants [195X, E29X, K30X and

H134X were expressed using the pEVOL-pAzF system.
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Figure 34. SDS-PAGE of I1195X/pEVOL-pAZzF Expression Post Ni-NTA Purification.
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Figure 35. SDS-PAGE of E29X/pEVOL-pAzF Expression Post Ni-NTA Purification.

The expressions of [195X and E29X resulted in no protein expressed. H134X and K30X were

expressed alongside each other next.
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Figure 36. SDS-PAGE of K30X/pEVOL-pAZzF Expression #2 Post Ni-NTA Purification.
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Figure 37. SDS-PAGE of H134X/pEVOL-pAzF Expression Post Ni-NTA Purification.
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The re-expression of K30X with the pPEVOL-pAZzF system, resulted in both a higher yield
of 1.93 mg/L and higher specific activity of 0.103 U/mg. In contrast to the first expression, the
activity of K30X is comparable to the WT activity. This example shows that there is a high
degree of variability in yield and activity between expressions, even when conditions are the
same. In Figure 39, the H134X expression resulted in no protein present. We proceeded to then

attempt AzF incorporation at position R116.

FT IF W1 w2 w4 L El E2 E3 E4

150

100

75 w———
50 w—

37

20

15

10

Figure 38. SDS-PAGE of R116X/pEVOL-pAZzF Expression Post Ni-NTA Purification.

The R116X expression resulted in a comparable yield of 1.11 mg/L and a specific activity
of 0.160 U/mg, indicating that the integrity of R116X is retained after the mutation. After the
expression of R116X we once again repeated the expression of K30X, to have another measure

to balance the contrasting results seen in expression #1 and #2. This third K30X expression
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resulted in a yield of 1.32 mg/L and a specific activity of 0.198 U/mg, corroborating the results

found from the second expression.
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Figure 39. SDS-PAGE of K30X/pEVOL-pAZzF Expression #3 Post Ni-NTA Purification.

A DBCO-Cy5 assay was then performed on proteins that were expressed throughout the
course of the pPEVOL-pAZF portion of the project. this assay theoretically detects incorporated
AzF through an SPAAC-reaction with the DBCO portion of the molecule, which is attached to
the fluorescent dye CyS5. This dye can be visualized using a gel imager, and the protocol for this
experiment is described in the experimental section. NS3 helicase was provided by the Pezacki
lab and acts as a positive control for the assay, since it had been previously confirmed by their
group to have AzF incorporated. The negative control is ostensibly WT TG2 which should have
no possible incorporation of AzF since it is lacking the TAG mutation with no AzF was added to

the growth medium.
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Figure 40. DBCO-Cy5 Assay for WT TG2 and pEVOL-pAzF Mutants. Top, stain-free
visualization of SDS-PAGE. Bottom, Cy5 imaging of SDS-PAGE. K30X expression #3 is
characterized in this thesis but K30X expressions #4, and #5 were deemed to be redundant to
include in detail, however, they were tested in this DBCO-Cy5 assay. The time 30 minor 1 h

corresponds to how long the proteins were reacted with DBCO-CyS5.

The brightness of bands on fluorescent imaging of the SDS-PAGE should correspond
with the degree of AzF incorporation. If WT contains no AzF, it would appear that R116X also
does not contain AzF, according to the similar brightness of its fluorescent band. The bands
corresponding to the K30X expressions seem to be slightly brighter but there is a lack of
increasing brightness at 1 hour compared to 30 minutes. The positive NS3 helicase control is
quite bright and an increase in Cy5 labelling is noted at 1 h versus 30 minutes, which is also seen

with the L114X protein. The NS3 helicase appears very strongly on the gel despite its faintness
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on the unstained gel. The L114X mutant appears to be very bright but it also seems to have been
loaded at a higher concentration when compared to other proteins on the stain-free SDS-PAGE.

Considering these concerns, L114X was re-analyzed alone using DBCO-CyS5.
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Figure 41. SDS-PAGE of DBCO-CyS5 Assay for WT TG2 and L114X. Left, stain-free
imaging. Right, Cy5 imaging. NS3 represents the positive control NS3 helicase which was

provided by the Pezacki Lab and has AzF incorporated.

The L114X mutant once again showed substantial brightness, although it is hard to draw
concrete conclusions about the incorporation of AzF, due to the difference in loading of the
proteins. Proteins were calculated to be loaded onto the SDS-PAGE in equal amounts according
to their determined concentration but a large discrepancy between concentrations of proteins on
the gel is noted. Nevertheless, L114X was deemed promising enough to continue with

crosslinking assays with the 45 kDa Fibronectin fragment (45FN).
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Figure 42. SDS-PAGEs of WT and L114X with 45FN by Short and Longwave Crosslinking.
Left, shortwave crosslinking. Right, longwave crosslinking. Both were done in the absence and

presence of UV light.

This 45FN WT (present at around 45 kDa) and L114X TG2 crosslinking assay was
performed using both short wave (254 nm) and long wave (365 nm) light, according to the
protocol described in the experimental section. For successful crosslinking, the 45FN-
L114XTG2 complex should appear at around 123 kDa in the “L.114X + FN” lanes, for either
shortwave or longwave +UV portions of the gel. However, no band is seen in either shortwave or
longwave, suggesting formation of the 45FN-L114XTG2 complex did not take place.

At this point in the project, we hypothesized that the crosslinking of AzF to 45-kDa FN
may not be working for a few different reasons. Firstly, the efficiency of incorporation of AzF
may not have been high enough for sufficient mutant enzyme to be activated to react with 45FN
residues. Secondly, the residues we selected for mutation may have been too critical for the non-

covalent association between 45FN and TG2, such that mutations of these residues led to too
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much disruption for the protein-protein complex to form. Lastly, the crosslinking assay may need

to be optimized by changing incubation time, temperature, or UV exposure duration.

The first option we decided to tackle was the second one, residue selection. We chose two

new residues to mutate with the amber stop codon (TAG), A66 and F203. These residues are
adjacent to our hypothesized fibronectin binding site but are not directly implicated in its

association from site-directed mutagenesis experiments.

The mutagenesis done to create the mutated plasmids harbouring these residues is
described in the Honours thesis of Maryam Kettal and adapted from that text in this work.'%® We

expressed WT, F203X and A66X TG2 alongside each other following the standard protocol
using the pEVOL-pAZzF system.
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Figure 43. SDS-PAGE of WT/pEVOL-pAZzF Expression #2 Post Ni-NTA Purification.
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Figure 44. SDS-PAGE of A66X/pEVOL-pAZzF Expression Post Ni-NTA Purification.
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Figure 45. SDS-PAGE of F203X/pEVOL-pAzF Expression Post Ni-NTA Purification.
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The WT, A66X and F203X expressions resulted in a yield of 3.24, 1.61 and 4.30 mg/L
respectively. The F203X expression was comparable to the WT in terms of yield and activity,
with F203X having an activity of 0.060 U/mg and WT having an activity of 0.025 U/mg. The
A66X expression had a lower yield and was not active. This could be caused by the A66X
mutation disrupting the overall structure of TG2, reducing its AL5 hydrolysis activity. F230X

was selected to be advanced to DBCO-Cy5 and crosslinking experiments.

Crosslink?

Figure 46. F203X and 45FN Long Wave Crosslinking Experiment.
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Figure 47. F203X and 45FN Short Wave Crosslinking Experiment.

The initial long and short-wave crosslinking experiments for the F203X mutant were
generally inconclusive, due to the disappearance or improper loading of some bands such as the
WT in the FN + WT lanes of Figure 48, and multiple lanes in the short-wave experiment.
Nonetheless, a band was seen in the +UV portion of the long wave crosslinking gel (Figure 48)
with the F230X mutant and FN together. This band appears at approximately the correct

molecular weight expected from a crosslinked product (~123 kDa).
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Figure 48. DBCO-CyS5 Assay for F203X and WT TG2.

Figure 50 highlights a recurring issue with the DBCO-CyS5 assay, namely that the
negative control, WT TG2 should appear dim since there is no possible incorporation of AzF;
however, instead it appears bright. The NS3 positive control is also bright, as expected, but the
F203X mutant is dim. It is unclear why the F203X is showing up less brightly than the negative
control (WT).

Residues F203X and A66X were chosen for investigation to troubleshoot the lack of
45FN-L114XTG2 complex formation after the attempt at crosslinking shown in Figure 44. These
residues gave mixed results for expression, crosslinking with 45FN, and incorporation of AzF, as
evidenced by the DBCO-CyS5 assay. To continue troubleshooting these issues we decided to test
the efficiency of AzF incorporation into F203X by expressing it with and without AzF added to
the growth medium at induction. These test expressions were otherwise completed following the

general method for pPEVOL-pAzF expression, alongside a WT/pEVOL-pAzF expression.
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Figure 49. SDS-PAGE of WT/pEVOL-pAzF TG2 Expression #3 Post Ni-NTA Purification.
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Figure 50. SDS-PAGE of F203X/pEVOL-pAzF Expression with AzF Added at Induction.
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Figure 51. SDS-PAGE of F203X/pEVOL-pAzF Expression without AzF Added at

Induction.

Protein was present in all three expressions, including the control experiment where
F203X was expressed without AzF added to the induction culture. This suggests that the evolved
tRNA in the pEVOL-pAZF system is promiscuous for natural amino acids and can sometimes
incorporate them at the TAG codon in place of AzF. The F203X +AzF and -AzF proteins were

brought forward for further characterization using crosslinking and DBCO-Cy5 assays.
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Figure 52. DBCO-CyS5 Assay for F203X/pEVOL-pAZzF Expressed with AzF.

WT CWT WT F203X - F203X - F203X- A66X A66X A66X
No 30 1h NoDBCO 30min 1h NoDBCO 30min 1h
DBCO min

Figure 53. DBCO-CyS5 Assay for F203X/pEVOL-pAzF Expressed without AzF.

In these labelling experiments the proteins were pre-incubated in 8 M urea, prior to
incubation with the DBCO-CyS5 dye. This was done to denature the proteins so that tertiary
structure would not inhibit DBCO-CyS5 binding. This altered procedure was implemented after
seeing the dimness of F203X in Figure 50. It appears the F203X without AzF added to the
induction culture had less AzF incorporation due to its comparative dimness. Still, it is hard to

draw conclusions due to the bright “negative” control of WT TG2.
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Figure 54. SDS-PAGE of F203X/pEVOL-pAzF Expressed with AzF Short-Wave

Crosslinking Assay with 45FN.
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Figure 55. SDS-PAGE of F203X/pEVOL-pAzF Expressed without AzF Short-Wave

Crosslinking Assay with 45FN.

The crosslinking assay from Figures 56 and 57 led to some striking results. A band was
present at around the expected molecular weight for a crosslinked 45FN-F203XTG2 complex
(~123 kDa) in the F203X + FN (+UV) lane for the (+AzF) protein in Figure 54. This band was
not present in the (-AzF) protein seen in Figure 57. These results point towards a crosslinked
product being formed between F203X TG2 and 45FN. The crosslinking assay was re-done with
the F203X (+AzF) protein, and the resulting SDS-PAGE was transferred to a Western Blot with

His-Tag detecting antibody, as described in the experimental section.
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Figure 56. SDS-PAGE and Western Blot of Short-Wave (254 nm) F203X Crosslinking
Experiment with 45FN. Left, stain-free SDS-PAGE. Right, western blot visualized with anti-

His antibody which only detects His-tagged protein. (FN) represent the 45 kDa FN fragment.

In Figure 56, we can see a smeared band present on the western blot in the F203X + FN
lane and a faint band on the WT + FN lane. We hypothesize that the faint band in the WT lane is
caused by the dimerization of TG2, hence the molecular weight around 150 kDa. We believe the
smeared band is the F203X and fibronectin crosslinked product. This experiment was repeated

using long-wave (365 nm) instead of short-wave (254 nm) UV light.
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Figure 57. SDS-PAGE and Western Blot of Long-Wave (365 nm) F203X Crosslinking
Experiment with 45FN. Left, stain-free SDS-PAGE. Right, western blot visualized with anti-

His antibody which only detects His-tagged protein. (FN) represent the 45 kDa FN fragment.

The long-wave UV exposure compared to short-wave seems to have resulted in more
specific formation of the crosslinked product, with no WT TG2 dimer forming. It is worth noting
that these crosslinking experiments were performed with a higher wattage UV lamp, 6 watts
versus 4 watts. The addition of Western Blotting to the crosslinking assay protocol allows
visualization of low concentrations of the 45FN and F203XTG2 complex. These results show

that we have successfully created a snapshot of F203XTG2 and 45FN in complex.
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stands for below limit of quantification.

Table 4. Summary of pEVOL-pAzF Expression Concentrations, Yields and Activities. BLQ

Protein Concentration (mg/mL) | Yield (mg/L) | Activity (U/mg)
(mL)
K30X/pEVOL-pAZF #1 0.37 £0.12 (1.25) 0.84 £ 0.28 0.016 £0.014
(Fig 31)
WT/pEVOL-pAZF #1 2.29 £0.20 (0.62) 2.84£0.25 0.180 = 0.006
(Fig 32)
L114X/pEVOL-pAzF 1.46 £ 0.26 (0.61) 1.61 £0.28 0.044 £ 0.018
(Fig 33)
1195X/pEVOL-pAZF BLQ BLQ BLQ
(Fig 34)
E29X/pEVOL-pAzF BLQ BLQ BLQ
(Fig 35)
K30X/pEVOL-pAzF #2 0.82 £0.10 (1.3) 1.93 £0.24 0.103 +£0.014
(Fig 36)
H134X/pEVOL-pAzF BLQ BLQ BLQ
(Fig 37)
R116X/pEVOL-pAzF 0.40 £0.04 (1.52) 1.11 £0.11 0.160 £ 0.002
(Fig 38)
K30X/pEVOL-pAzF #3 0.63 £0.08 (1.15) 1.32 £0.17 0.198 £ 0.072
(Fig 39)
WT/pEVOL-pAZzF #2 3.38 £0.41 (0.48) 3.24 +£0.40 0.025 £ 0.003
(Fig 43)
A66X/pEVOL-pAzF 2.60 = 1.82 (0.34) 1.61 £1.12 BLQ
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(Fig 44)

F203X/pEVOL-pAzF 2.88 £0.29 (0.82) 4.30+0.43 0.060 £ 0.005

(Fig 45)

WT/pEVOL-pAzF #3 9.78 £ 1.25 (0.2) 3.91+0.50 0.023 +0.001

(Fig 49)

F203X/pEVOL-pAzF 1.26 £0.17 (2.8) 6.39+0.89 0.063 £ 0.004

+AzF

(Fig 50)

F203X/pEVOL-pAzF 1.12+0.25 (1.2) 243 +£0.55 0.043 £ 0.009

-AzF

(Fig 51)

Table 4 presents the concentrations, yields and activities from the pPEVOL-pAzF
expressions presented in this section. Overall, we were able to generally increase the yield of
protein by using this system over pDULE-pCNF, without making further changes to the
established expression protocol. Yields of K30X, L114X, R116X and WT expressions were
increased using this system. Variability between expressions, illustrated by the three
K30X/pEVOL-pAZzF expression, was noted for this system both in terms of yield and activity. It
is hard to conclude whether this is from small differences in expressions from batch to batch,
variability in the Bradford and ALS5 assays, or a different factor entirely. Variability in specific
activity is also notable in the decrease from WT/pEVOL-pAzF #1 (Figure 32) to #2 and #3
(Figures 43 and 49); the reason for this is unclear but could be due to removal of TCEP from
some protein expression buffers. TCEP can reduce azides to amines, deactivating AzF but it can

also maintain the thiol activity of TG2. We continued to use specific activity as a measure of
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protein structural integrity despite the variability by prioritizing mutant and WT comparisons
between the same batch.

AzF TG2 mutants L114X, K30X and R116X were able to be expressed while H134X,
E29X and 195X showed no protein present. Assessment of incorporation using the DBCO-Cy5
assay was generally inconclusive due to two major problems. Firstly, the negative control, WT
TG2, sometimes lit up as bright or brighter than TAG mutated proteins with AzF added to the
growth medium such as in Figure 48, 52 and 53. Additionally, loading of protein was not equal
even though calculations were done using the measured protein concentrations to try and ensure
equality as seen in Figures 40 and 41. Despite these qualms L114X showed the most promising
evidence of AzF incorporation indicated by increasing fluorescence over increasing reaction time
with DBCO-Cy5 and the overall brightest fluorescence of mutant proteins. Therefore, we
attempted a crosslinking assay with 45FN under short and longwave conditions. No crosslinked
protein-protein complex was seen in Figure 42. We hypothesized that the L114X mutation may
be too involved in the 45FN and TG2 native protein-protein association and by mutating it we
are disrupting association enough that crosslinking is impaired.

To address this concern, we attempted incorporation of AzF into positions F203 and A66,
residues thought to not be crucially involved but still in contact with 45FN according to our
alternative binding pose. AzF incorporation of these residues led to high yields for both proteins
but loss of activity in A66X. DBCO-CyS5 and crosslinking experiments with F203X were
inconclusive although a hint of a 45FN-F203XTG2 crosslinking product was seen in Figure 46.
We proceeded to assess whether AzF was being incorporated in F203X by expressing it with and

without 0.91 mM AzF added to the growth medium before induction.
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These results show that F203X is expressed even in the absence of AzF. Shown in Table
4, the yield of the F203X without AzF added before induction is lower than when AzF was added
before induction (Figure 51 versus Figure 52). This suggests that there is a mixed proportion of
AzF and endogenous protein present in the F203X expressed with AzF added before induction.
Theoretically, if AzF is not present in the solution, the tRNA coding for the amber stop codon,
TAG, would not be able to continue translation and TAG would act as a normal stop codon,
terminating protein synthesis. This, in combination with the fact that we are expressing TG2 with
a C-terminal His tag, should mean that this truncated protein does not show up in the elution
fractions post Ni-NTA- affinity chromatography. However, what we observe is full length TG2
being expressed even in the absence of AzF. This suggests that the pPEVOL-pAzF tRNA/aaRS
system is incorporating endogenous residues at the TAG location to some extent, which means
our AzF mutant could exist as a mixture of AzF-incorporated protein and TG2 with an
endogenous protein incorporated at the TAG position. Noting this revelation, we continued to
characterize the F203X protein expressed with and without AzF added through DBCO-CyS5 and
45FN crosslinking assays.

Remarkably, a band correlating to a 45FN-F203XTG2 crosslinked protein complex was
seen when F203X was expressed with AzF but not when AzF was absent (Figure 54). At this
point, we added a step to the crosslinking assay, namely the Western Blotting of His tagged
proteins, and confirmed that we created a 45FN-F203XTG2 crosslinked complex shown in
Figures 56 and 57. Additionally, we found that using longwave UV light resulted in a more
selective crosslink product being formed, without WT TG2 dimerization.

In conclusion, the pPEVOL-pAZF system increased the yields of AzF TG2 mutants

compared to the pDULE-pCNF system, and this system was used to create a 45FN-F203XTG2
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protein complex. DBCO-Cy5 assays were generally not useful for measuring AzF incorporation
and L114X mutant was not able to form a complex with 45FN, at least under stain-free SDS-
PAGE visualization. Expression of F203X TG2 with and without AzF shed light on the
promiscuity of the pPEVOL-pAzF tRNA resulting most likely in a mixture of endogenous and
mutant TG2 being created during expressions with this system. We believe this final point
deserved a closer look and spent some time troubleshooting general expression of TG2 with the

pEVOL-pAZF system, which is the focus of the next section.
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3.2.4 Troubleshooting TG2 Expression

The first troubleshooting experiment was performed to investigate the mixed expression
of endogenous and mutant enzyme that was observed with the F203X mutant using the pEVOL-
pAzF system. We performed induction of several pPEVOL-pAzF mutant plasmids at a small-scale
(5 mL) with and without 0.91 mM AzF added to the cultures. The induction cultures were lysed
using repeated freeze-thaw cycles and lysates were loaded onto an SDS-PAGE, then transferred
to a Western Blot where TG2 was revealed using an anti-His antibody. This antibody detects only

His-tagged proteins.
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Figure 58. SDS-PAGE and Western Blot of Small-Scale pEVOL-pAZzF Expression Testing
With and Without AzF Added to Expression Cultures. Gel images on the left are SDS-PAGEs
of soluble cell lysate and images on the right are Western Blots of the small-scale expressions of
mutants and WT proteins. The underlined portion on the upper right western blot is highlighting

faint TG2 bands. (-) and (+) denotes without and with 0.91 mM AzF added to cultures before
induction. The western blot was visualized using Anti-His antibodies which detect His-tagged

proteins.

The results from the small-scale expression once again highlight the fact that the TAG
mutant TG2 is being expressed even in the absence of AzF. We tried to solve this problem by
increasing the amount of evolved orthogonal tRNA synthetase pairs available for uptake of AzF
and translation corresponding to the TAG codon. This was attempted by pre-transforming

competent cells with the pEVOL-pAzF plasmid before transforming WT and mutant TAG TG2
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plasmids into the pPEVOL-pAZzF transformed competent cells before expression. We hoped this
would increase the availability of pPEVOL-pAzF plasmid and subsequently tRNA for

incorporation of AzF during expression.
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Figure 59. SDS-PAGE and Western Blot of Small-Scale Expression of Pre-transformed
pEVOL-pAzF BL21 (DE3) Cells with and without AzF Added to Expression Cultures.
These small-scale expression cultures were inoculated with colonies transformed with TG2
plasmids into competent BL21 (DE3) cells that were pre-transformed with pEVOL-pAzF
plasmid. (-) and (+) denotes without and with 0.91 mM AzF added to the induction cultures. The

western blot was visualized using Anti-His antibodies which detect His-tagged proteins.

For this experiment, we found similar results to the experiment shown in Figure 60,
namely no difference between expression with and without AzF for pre-transformed pEVOL-
pAZF cells. Another variable in controlling expression was arabinose which induces expression
of the evolved tRNA/aaRS orthogonal pair in the pEVOL-pAzF plasmid system. The next

experiment took arabinose out of the equation by not adding it to any of the induction cultures.
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Figure 60. Small-Scale Expression Testing of pEVOL-pAzF TG2 Mutants and WT with and
without AzF Added, without Arabinose. (+) and (-) denotes with and without 0.91 mM AzF
added to the induction cultures. None of the cultures had Arabinose added. It is worth noting that
the (-) WT culture also did not have 1 mM IPTG added. The western blot was visualized using

Anti-His antibodies which detect His-tagged proteins.

Similar results were seen in Figure 60 as the results from Figure 61; there is no difference
in the amount of TAG mutant TG2 expressed, with or without added AzF, including when the
inducer for the GCE machinery, arabinose, is removed.

This experiment highlighted a deeper issue, namely that similar levels of TG2 expression
were seen without 1 mM IPTG added to the (-) WT culture as other expressions. This is
troubling, since IPTG should be a major inducer for TG2 expression.

To investigate this finding more thoroughly, another expression test was completed at a
medium-scale (100 mL) with WT TG2 plasmid in BL21 (DE3) competent cells and WT TG2
with pPEVOL-pAzF in BL21 (DE3) competent cells. These expressions were either induced with

IPTG or not and TG2 was purified using Ni-NTA affinity chromatography. Samples of pooled
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elution fractions after chromatography or samples from the soluble cell lysate were visualized

using Anti-His western blotting.
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Figure 61. SDS-PAGE and Western Blot of Medium-Scale Expression of WT TG2 and

WT/pEVOL-pAzF TG2 with and without 1 mM IPTG Induction. Samples from pooled
elution fractions after Ni-NTA purification and soluble cell lysate were visualized using an SDS-
PAGE (Left) and Anti-His Western Blot (Right). Expressions were either induced with 1 mM
IPTG (+) or had nothing added to the cultures (-). The western blot was visualized using Anti-

His antibodies which detect His-tagged proteins.

These troubleshooting experiments were undertaken to assess the results discovered when
F203X was expressed with and without 0.91 mM AzF added to the culture, shown in section
3.2.3. In that experiment, F203X was observed to be expressed even in the absence of AzF, albeit
at a reduced yield. Subsequent troubleshooting experiments presented in this section illustrate a
general lack of control of TG2 expression using the Cterm-pHis-hTG2 and pEVOL-pAzF

plasmids concerning induction elements like IPTG, Arabinose and AzF.
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In Figure 58, we confirmed that multiple TAG mutant TG2 plasmids continued to express
protein even in the absence of 0.91 mM AzF. This suggests that TAG mutants are producing a
mixed population of AzF and endogenous amino acids incorporated at the TAG codon. This
could be due to promiscuity of the pPEVOL-pAzF tRNA, allowing it to bring endogenous amino
acids to the TAG codon. Theoretically, TG2 should be truncated if the TAG codon worked as
intended, where if no AzF is available for incorporation protein synthesis is stalled.

One attempt at boosting the incorporation of AzF was to increase the amount of
tRNA/aaRS present in the system by pre-transforming BL21 (DE3) cells with pPEVOL-pAzF
before transforming WT or mutant Cterm-pHis-hTG?2 into the cells for expression. We re-did the
experiment in Figure 58 with these pre-transformed cells and saw no difference in the expression
of TG2 with and without AzF, shown in Figure 59. Nonetheless, we decided to keep this change
for subsequent expressions since it is established protocol for AzF expression in other
laboratories like the Pezacki group.

Another induction element in the pPEVOL-pAZzF system is arabinose. 0.02% arabinose
had been added to the induction cultures to induce the expression of the tRNA/aaRS orthogonal
pair. We took this induction element out of the equation in small-scale expressions in Figure 60
to see if expression of WT and mutant TG2 with and without AzF would be affected. We saw no
difference in the expression levels. Now, theoretically no AzF suppressor tRNA/aaRS should be
present, since no arabinose was added, and the fact that TAG mutants were still expressed at the
same level, with and without AzF, leads us to question the effectiveness of the tRNA/aaRS pair
in previous expressions. Additionally, in this experiment no IPTG was added to the (-) WT test

expression, but TG2 expression was still seen.
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To further investigate the lack of control of IPTG on the induction of TG2, we ran an
experiment with WT TG2 and WT/pEVOL-pAzF TG2, with and without 1 mM IPTG added,
during induction at a medium scale (100 mL). We purified the expressed proteins using Ni-NTA
affinity chromatography and assessed the amount of TG2 from the pooled elution fractions and
from the soluble cell lysate in Figure 61. Surprisingly, the amount of TG2 expressed in both
samples with and without IPTG were the same. This indicates a clear lack of control of TG2
expression with IPTG using the Cterm-pHis-hTG2 expression plasmid.

We also reassessed the Sanger sequencing chromatograms for WT, A66X, F203X,
H134X, E29X, K30X, L114X, R116X and 195X Cterm-pHis-hTG2 plasmids used in the
expression alongside the pEVOL-pAZzF system for the proper mutation present at the desired
position. We also checked TAG mutant Sanger sequencing chromatograms for partial
contamination with WT codons, which may have explained the excessive readthrough of AzF
mutant expression when AzF is not added to the culture and the tRNA/aaRS is not expressed by
arabinose. We found no contamination of WT codons. We also sent WT, F203X and R116X
Cterm-pHis-hTG2 plasmids for full plasmid sequencing and found that there were no
abnormalities in the full plasmids.

Overall, these experiments led to troubling revelations over the efficacy and control of
TG2 expression both for AzF incorporation and for general expression of TG2. We confirmed
that TAG mutants are at the minimum producing a mixed population of endogenous amino acid
and AzF amino acid incorporated at TAG positions. We also confirmed that [IPTG and arabinose
induction elements have minimal control over the yield of TG2 expressed. Nonetheless, we still
achieved formation of an 45FN-F203XTG2 crosslinked complex visible by Anti-His western

blotting in Figure 57 and we wished to try one more expression system, pULTRA-pCNF, with
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the hope of improving the efficiency of AzF incorporation and subsequently the yield of 45FN-

TG2 complexes. The next section summarizes the results from expressions using this system.
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3.2.5 AzF Incorporation Using the pULTRA-pCNF System

The pULTRA-pCNF system differs from the pDULE-pCNF system by having an
inducible versus constitutive promoter. It differs from the pEVOL-pAzF system by the induction
of the evolved tRNA/aaRS orthogonal pair being induced by IPTG instead of Arabinose. This
plasmid was gifted to us by the Pezacki group. It has been used to produce AzF mutants in E.
coli.r® We aimed to try it for ourselves to see if it would increase the amount of AzF
incorporated protein produced and subsequently increase the yield of a 45FN and mutant TG2
crosslinked product.

The first mutant expressed with the pULTRA-pCNF system was the F203X mutant
alongside WT TG2 following the protocol for pULTRA-pCNF expression in the material and
methods section. This mutant was chosen due to its promising crosslinking results, as shown

above in Figure 57.
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Figure 62. SDS-PAGE of F203X/pULTRA-pCNF TG2 Expression. The wrong concentration

of running buffer was used for this SDS-PAGE which is why the protein bands look faint and
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Figure 63. SDS-PAGE of WT/pULTRA-pCNF TG2 Expression. The wrong concentration of
running buffer was used for this SDS-PAGE which is why the protein bands look faint and

misshaped.
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The TG2 bands from the SDS-PAGEs of this expression do not match the expected
molecular weight of 78 kDa, but this is most likely because of the wrong concentration of
running buffer used for running the SDS-PAGE. These proteins were still brought forward to
ALS activity testing and Bradford protein concentration measurement. The yields of the WT and
F203X were 2.92 and 3.24 mg/L respectively, which is comparable to the pEVOL-pAzF
expressions. The F230X mutant showed reduced specific activity compared to the Wild-Type,
0.015 versus 0.029 U/mg but the difference was deemed small enough to continue forward with

crosslinking and DBCO-CyS5 assays of the F203X mutant.
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Figure 64. SDS-PAGE WT/pULTRA-pCNF and F203X/pULTRA-pCNF DBCO-CyS5 Assay.
The image on the left is the SDS-PAGE visualized under the stain-free conditions while the

image on the right is visualized under Cy5 conditions.
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Protein bands had the same brightness for both WT and F203X TG2 which is a
continuation of the problem of WT TG2 not being an effective negative control for the DBCO-

Cys5 assay, due to binding of the DBCO-CyS5 dye to non AzF-incorporated proteins.
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45 kDa FN Fragment

Figure 65. Stain-Free SDS-PAGE of F203X/pULTRA-pCNF and 45FN Long-Wave
Crosslinking Assay. Lanes labelled “ice” or “RT” refer to the temperatures the 45FN and WT or

F203X proteins were incubated at during the crosslinking assay procedure.

This crosslinking assay, Figure 65, yielded the best evidence of a crosslinked product
between F203X and WT TG?2 so far, there was a bold band present only for F203X and 45FN
lanes, not in the WT TG2 lanes. Notably, the crosslinking band was visible without western
blotting necessary.

After these promising results, we expressed the R116X mutant with the pULTRA-pCNF

system alongside WT/pULTRA-pCNF.
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Figure 66. Stain-Free SDS-PAGE of F203X/pULTRA-pCNF and 45FN Long-Wave

Crosslinking Assay. Lanes labelled “ice” or “RT” refer to the temperatures the 45FN and WT or

F203X proteins were incubated at during the crosslinking assay procedure.
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Figure 67. R116X Expression with the pULTRA-pCNF System.
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The yields of both the WT and R116X proteins, 4.62 and 2.68 mg/L respectively were
both higher than expressions of these proteins using the pPEVOL-pAzF plasmid. The specific
activities were comparable at 0.017 and 0.015 U/mg respectively. For the DBCO-Cy5 assay, the

previous F203X expression as also included as an additional reference.
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Figure 68. SDS-PAGE of DBCO-Cy5 Assay with R116X/pULTRA-pCNF, F203X/pULTRA-

pCNF and WT/pULTRA-pCNF TG2 Expressions.

Once again, similar brightness was seen between the proteins making it difficult to draw
conclusions from this assay about AzF incorporation.

Previous crosslinking experiments up to this point were visualized on SDS-PAGEs
utilizing Stain-Free technology which is highly sensitive. In order to proceed to the next step,
namely in-gel tryptic digestion and MS analysis of paired residues, we consulted with Prof.
Jeffrey Smith (Carleton University), an expert collaborator in the field. They informed us that a
benchmark for measurement of sufficient protein concentration for tryptic digestion and
subsequent MS is a strong band visualized using Coomassie staining on an SDS-PAGE.

Therefore, we performed the crosslinking assay of R116X and loaded onto an SDS-PAGE which
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was subsequently stained with Coomassie blue and destained as described in the experimental

section.

-uV L +UV

WT+FN F203X+FN R116X+FN kDa R116X WT+FN F203X+FN R116X+FN

250

Figure 69. Coomassie stained SDS-PAGE of R116X/pULTRA-pCNF and F203X/pULTRA-

pPCNF and 45FN Long-Wave Crosslinking Assay.

Unfortunately, no 45FN-R116X TG2 or 45FN-F203X TG2 crosslinked complex was
visible using Coomassie staining of the SDS-PAGE. This meant the concentration of the 45FN-
F203X TG2 complex was not high enough to justify proceeding with tryptic digestion and MS,

according to the criteria established by our expert collaborator.
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Table 5. Summary of pULTRA-pCNF Expression Concentrations, Yields and Activities.

Protein Concentration Yield Activity

(mg/mL) (mL) (mg/L) (U/mg)

F203X pULTRA-pCNF | 4.57£0.16 (0.39) | 3.24+0.11 0.015 £0.003

(Fig 62)

WT pULTRA-pCNF 2.43 £0.40 (0.6) 2.92+048 | 0.029 +0.006

(Fig 63)

WT pULTRA-pCNF #2 | 3.61 +0.53 (0.64) | 4.62£0.68 | 0.017 +0.005

(Fig 66)

R116X pULTRA-pCNF | 2.95+0.51 (0.5) | 2.68+0.46 | 0.015 +0.002

(Fig 67)

Expressions using the pULTRA-pCNF system resulted in a slight increase in yield for
WT and R116X expressions when compared to the pPEVOL-pAzF system. Expressions of F203X
were slightly reduced. DBCO-Cy5 assays were still generally inconclusive based on the affinity
of the DBCO-Cy5 dye for WT TG2. We hoped that a large increase in AzF incorporation
efficiency using the new system could have led to different results with this assay.

The crosslinking assay using F203X TG2 expressed with the pULTRA-pCNF system
shown in Figure 65 led to the most promising results seen yet for formation of a 45FN-
F203XTG2 complex. The bands representing the complex are clearly visible on an SDS-PAGE
visualized using stain-free technology, previously the complex was only clearly visible when
using Anti-His antibodies on a western blot in Figures 56 and 57. This suggests that expression
with the pULTRA-pCNF system in some way, increased the formation of this complex, perhaps

through increased AzF incorporation. However, crosslinking assays of F203X and R116X
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visualized by Coomassie staining, Figures 68 and 69, did not result in clearly visible bands for
the 45FN-TG2 complex.

While the pULTRA-pCNF system increased the yield of some expressions and increased
the formation of the 45FN-F203XTG2 complex, we could not create enough to confidently

proceed to the next stage of the project.
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3.2.6 Summary of Mutations Across Expression Systems

Across the three expression systems used, five out of eight of the target residues were
obtained and further characterized using DBCO-Cy5 and Crosslinking assays. Of the original six
residues targeted based on their relevance to the TG2-FN interaction shown in previous
publications’?, H134, R116, E29, L114, 1195 and K30, only three mutant residues were
obtained in a concentration useful for further characterization. The residues L114, R116 and K30
were expressed with a yield between 0.84 and 2.68 mg/L (Tables 4 and 5) which were brought
forward for characterization. Residues 1195, H134 and E29 did not show up on the SDS-PAGE
after expression or were purified in very low yields, such as for 195 (0.16 mg/L, Table 3). Of the
residues additionally selected for mutation, F203X and A66X, both were obtained at
concentrations suitable for characterization, from 1.61-6.39 mg/L (Table 3 and Table 4).
Incorporation of non-canonical amino acids can be highly dependant on position and structure of
the amino acid being replaced, it is not surprising that some targets were not successful.

Characterization with the DBCO-CyS5 assay was inconclusive across all residues due to
issues with non-specific binding to WT TG2, perhaps to surface exposed cysteine residues. This
made it difficult to assess the rate of AzF incorporation at these positions. Furthermore, it should
be noted that mutant TG2 samples most likely contain a mixed population of endogenous and
AzF incorporated TG2 as evidenced by experiments in section 3.2.4. Crosslinking experiments
were only shown to be successful with the F203X mutant although crosslinking with Western
Blot visualization was not performed on any other of the obtained mutants. F203X forming a
crosslinked complex with 45FN points towards our alternative binding pose being viable. It is

possible that the conservative mutation from phenylalanine to AzF played a role in the ability of
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F203X to form this complex but further research is required to support both this point and our

alternative binding pose.
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3.3 Conclusion

Our objective was to incorporate the crosslinking UAA, Azido-L-Phenylalanine, using
GCE at residues thought to be important for the non-covalent association of 45FN to TG2. We
aimed to use this crosslinking residue to create a covalent complex of 45FN and TG2 and
analyze this complex through tryptic digestion and subsequent MS analysis of paired residues.
We were able to express and purify TG2 from TAG mutated plasmids for positions K30X,
R116X, L114X, F203X and A66X, alongside GCE tRNA/aaRS plasmids. We tried the
expression with different GCE plasmids, pPDULE-pCNF, pEVOL-pAzF and pULTRA-pCNF
with the goal of assessing AzF incorporation using a DBCO-Cy?5 fluorescent dye and forming a
crosslinked complex between 45FN and AzF mutant TG2 which could be digested in-gel with
trypsin and subsequently paired residues could be identified with MS.

Multiple expression systems were tested for incorporation of AzF into amber stop codon
(TAG) TG2 mutant with varying effects on the yield of protein. The pPDULE-pCNF system
resulted in overall decreased yields for both the WT and mutant proteins, compared to TG2
expression with the non-GCE Rosetta (DE3) system. The pEVOL-pAzF system showed a
dramatic increase in yield from the pDULE-pCNF system. Using this system, we were able to
obtain mutant TG2 from Cterm-pHis-hTG2 plasmids mutated at positions K30X, R116X,
L114X, F203X and A66X but not for H134X, 1195X or E29X. Expression with the pULTRA-
pCNF system increased the yield of protein for WT and R116X TG?2 but slightly decreased the
yield for F203X.

We attempted to characterize the incorporation of AzF using the DBCO-Cy5 fluorescent
labelling assay. DBCO-CyS5 should specifically react with AzF, but the results were generally

inconclusive due to non-specific labelling of WT TG2. We were able to successfully form a
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crosslinked 45FN-F203XTG2 complex using long and shortwave UV light visualized using
Anti-His antibodies, which detect His-tagged proteins (Figures 56 and 57). Longwave
crosslinking was found to more selectively form the 45FN-F203XTG2 complex. The amount of
complex formed was increased by using the pULTRA-pCNF system instead of the pPEVOL-pAzF
system as evidenced by clear bands visible using stain-free SDS-PAGE visualization (Figure 65).
We could not reach concentrations of the complex sufficient to proceed to the next stage of
tryptic digestion and MS analysis.

Some problems involving the control of TG2 expression were unveiled through
troubleshooting experiments (Section 3.2.4). Induction with and without 1 mM IPTG did not
change the amount of WT TG2 expressed (Figure 61). It was also revealed that F203X TG2 was
expressed at a significant level even when AzF was not added to the growth medium; this was
confirmed by further experiments for other mutants. Theoretically, no TAG mutant TG2 should
be expressed without AzF present, only truncated protein. This could be due to promiscuity of
the tRNA/aaRS orthogonal pair for endogenous amino acids, most likely resulting in a mixed
population of AzF and endogenous amino acid incorporation at TAG mutated positions. It is
unclear what is causing these issues, and analysis of the plasmid sequences showed no
abnormalities.

Overall, we did achieve the objective of formation of a covalent complex between F203X
TG2 and 45FN, but more work is needed to increase the concentration of this complex to a
suitable degree for tryptic digestion and MS analysis of paired residues. We recommended using
the pULTRA-pCNF expression system for AzF incorporation and either optimizing or using a

different method for detection of AzF incorporation, apart from the DBCO-CyS5 assay.
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3.4 Materials and Methods

3.4.1 Site-Directed Mutagenesis

The protocol used was identical to the one described in section 2.4.2, apart from the use of
different custom primers for TAG mutations, which are presented in the appendix. Some
plasmids specified in the results and discussion were sent for full plasmid nanopore sequencing.

(Flow Genomics, Plasmidsaurus)
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3.4.2 Protein Expression

pDULE-pCNF

Both WT and mutant TG2 Cterm-pHis-hTG2 plasmids were co-transformed into BL21 (DE3)
cells with the pPDULE-pCNF plasmid!!® (Addgene #85494) and plated on 50 ug/mL kanamycin,
10 pg/mL tetracycline LB-Agar plates. A single colony was picked and used to inoculate 2 mL of
TB in a culture tube with appropriate antibiotics. This culture tube was shaken for 7 hours at 37
°C, 250 RPM using Innova 4330 shaking incubator then used to inoculate a flask with 75 mL TB
and appropriate antibiotics which was shaken overnight (about 16 hours) at 37 °C, 250 RPM.
The next day the 75 mL culture was centrifuged at 4000 x g for 5 minutes in a Sorvall STIR
Plus-MD centrifuge at 4 °C, the pellet was resuspended with ~3.3 mL of TB with appropriate
antibiotics and ~1.67 mL of this resuspension was added to 500 mL of TB with appropriate
antibiotics. This culture was shaken at 37 °C, 250 RPM until an ODggo of 0.5-0.8 was reached.
The culture was induced with final concentrations of 1 mM IPTG, and 0.91 mM AZzF, the AzF
was dissolved in 35 mL TB, 5 mL 0.2M HCl, 10 mL MQ H20, pH 7.5 before being added to the

induction cultures. WT expressions did not have AzF added.

pEVOL-pAzF
Expressions conditions with the pPEVOL-pAzF!!! (Addgene #31186) were the same as pPDULE-

pCNF, except 34 pg/mL chloramphenicol was used in place of 10 pg/mL tetracycline. Arabinose

was added at induction at a final concentration of 0.02% (w/v).
pULTRA-pCNF
Expression conditions with the pULTRA-pCNF!? (Addgene #48215) were generally the same as

the pPDULE-pCNF, except 50 pg/mL spectinomycin was used in place of 10 pg/mL tetracycline.
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3.4.3 Protein Purification

The protocol for protein purification was identical to the one described in section 2.4.4 for all
different expression types described in section 3.4.2.

Expressions using the pULTRA-pCNF system were purified using exclusively His-Tag TG2
Lysis Buffer (50mM Na3;POs, 400 mM NaCl, 5 mM imidazole, 0.5% triton-X100, pH7.5) and all

other buffers contained no TCEP.
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3.4.4 Troubleshooting Expressions

Small-Scale Expressions

The general expression protocol for pEVOL-pAzF TG2 was scaled down to a 10-mL scale. AzF
mutant or WT TG2 were either co-transformed with pEVOL-pAzF into BL21 (DE3) cells or
transformed into BL21 (DE3) cells already containing the pPEVOL-pAzF plasmid, depending on
the experiment. Culture tubes with 2 mL TB were inoculated with a single colony and appropriate
antibiotics and grown overnight at 37 °C, 250 RPM. The next day, 9-mL cultures of TB were
inoculated with 1 mL from the pre-culture and grown at 37 °C, 250 RPM to an ODggo of 0.4-1.0.
Cultures were induced with a final concentration of 1 mM IPTG, 0.91 mM AzF and 0.02%
Arabinose depending on the conditions for each experiment described in the results and discussion.
Culture tubes were induced at 18 °C for 20 hours and shaken at 250 RPM. The next day induction
cultures were centrifuged at 4450 RPM using the Sorvall STIR Plus-MD centrifuge. And pellets
were lysed by resuspension in TG2 Lysis Buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM
TCEP, 0.5% Triton X-100, pH 8.0) and eight freeze/thaw cycles between dry ice and acetone flash
freezing and incubation in a 40 °C water bath. Samples were loaded onto an SDS-PAGE as
previously described, and His-tagged protein were detected with Anti-His antibody as described
in section 3.4.7.

Medium-Scale Expressions

WT TG2 plasmid was either transformed into regular BL21(DE3) cells or BL21 (DE3) cells pre-
transformed with pEVOL-pAzF plasmid. Overnight cultures of 5 mL TB were inoculated with
single colonies form transformations and grown overnight at 37 °C, 250 RPM. The next day 100-
mL TB cultures were inoculated with the 5-mL TB overnight cultures. These cultures were

grown at 37 °C, 250 RPM until an ODsoo of ~0.5 was reached. Flasks were either induced with a
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final concentration of 1 mM IPTG or had nothing added. These cultures were shaken overnight
at 18 °C, 250 RPM for 20 hours. Protein in each culture was purified according to section 3.4.3
up to Ni-NTA affinity chromatography after which the elution fractions were pooled and loaded
on an SDS-PAGE alongside soluble cell lysate samples. This SDS-PAGE was further transferred

to a western blot visualized with Anti-His antibody as described in in section 3.4.7.
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3.4.5 DBCO-CyS5 Assay

The DBCO-CyS5 (MilliporeSigma) assay was performed by room temperature incubation of 1
uM of WT or AzF mutant TG2 with 2 pM DBCO-CyS5 dye in a 1X PBS solution. These proteins
were allowed to react with the DBCO-Cy5 dye for either 30 minutes, or 1 hour. Negative
controls had no DBCO-CyS5 added. After incubation, samples were prepared and run on an SDS-
PAGE as previously described. SDS-PAGEs were visualized using the stain-free and Cy5
channels on the BioRad Chemidoc imager. Excess dye at the bottom of the SDS-PAGE was

removed by cutting off portions.
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3.4.6 Crosslinking Assay

The crosslinking assay with 45FN was performed by incubating 2 uM of WT or AzF mutant
protein with 4 pM of 45FN for 45 minutes on ice unless stated otherwise. Control samples were
also created with only TG2 or only 45FN. The 25 pL sample volumes were split in half and
pipetted onto a tinfoil-wrapped 96-well plate. Half of the samples were subjected to either
longwave (365 nm) or shortwave (254) UV light with a handheld UV lamp at either 6 watts or 4
watts, depending on the experiment. The other half of the samples were not exposed to UV light
but still were covered with a handheld lamp that was not turned on. Samples were prepared and
loaded onto either a stain-free SDS-PAGE or an SDS-PAGE stained with Coomassie Blue and
ran as previously described. Some crosslinking experiments were visualized with Anti-His

antibody according to a western blot protocol in section 3.4.7.
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3.4.7 Western Blotting

After running an SDS-PAGE the gel was placed in a petri dish and 10 mL of Transfer Buffer (25
mM Tris, 191 mM Glycine, 20% MeOH) was added. The gel was equilibrated for 1 hr at room
temperature. A transfer sandwich was prepared using stacked cathode, filter pad, filter paper,
SDS-PAGE, filter paper, filter pad and anode. The components were wetted with Transfer Buffer
before stacking. PVDF membrane (Millipore) was cut to match the size of the SDS-PAGE and
equilibrated with 100% methanol. The PVDF membrane was placed on top of the SDS-PAGE
before closing the transfer sandwich. Air bubbles were removed from the cassette by rolling a
glass test tube over the stacked sandwich. The transfer was done using a Mini Trans-Blot ®
Electrophoretic Transfer Cell which was filled with Transfer buffer up to the “blotting” line. A
frozen blue cooling unit was placed inside the transfer cell to prevent heat build up. The transfer
was initiated by running at 40V for 80 minutes. After the transfer was complete, it was carefully
removed from the cassette and placed into a petri dish containing 15 mL of Blocking Buffer (100
mL TBS (40 mM Tris-HCI, 150 mM NacCl, pH 7.5), 50 mg/mL powdered milk, 0.1% Tween-20)
with the side containing transferred proteins facing upward. Blocking was done overnight on a
shaker at 4 °C. After blocking was complete the blocking buffer was decanted, and the
membrane was incubated with 5 uL of 1 mg/mL HRP-conjugated His-tag antibody
(ThermoFisher) in 5 mL Blocking Buffer. Blocking buffer was carefully decanted and 10 mL of
Wash Buffer (100 mL TBS and 0.1% Tween-20) was added to the petri dish on a shaker and
shaken for 5 minutes. This step was repeated three times. Detection of the antibody was done
using the Millipore Immobilon™ Western Chemiluminescent HRP Substrate (ECL) kit. The ECL
mixture was added to the PVDF membrane and equilibrated for 30 seconds. The membrane was

imaged using Chemiluminescent detection on a BioRad Chemidoc imager.
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Chapter 4: Conclusions and Future

Perspectives

TG2’s association to 45FN was explored using two different molecular biology
techniques: 1) SDM of key residues to alanine mutants, followed by BLI to measure the impact
on the protein-protein interaction, and 2) attempts at incorporation of the crosslinking UAA
Azido-L-Phenylalanine into TG2 at key residues using GCE technology. SDM and BLI
simultaneously corroborated and challenged the impact of key residues identified by Cardoso et
al., while not supporting the alternative binding pose proposed by our group. Using this method,
more residues that have been previously implicated could be tested and residues that could have
stronger interaction based on structure could be chosen, to further confirm or refute our proposed
alternative binding pose. AzF incorporation led to the successful formation of a crosslinked
45FN-F203XTG2 complex, but the concentration was not high enough to continue forward with
tryptic digestion and MS analysis of paired residues. The incorporation of AzF into TG2 had
many issues, such as an ineffective DBCO-CyS5 labelling assay to monitor AzF incorporation,
and core issues with protein expression, such as control of IPTG induction and excessive read-
through of the TAG codon. If these issues can be addressed, crosslinking-MS studies using
UAAs could be a specific and unique tool for monitoring this protein-protein interaction.

The SDM and BLI experiments confirmed that R116 is a crucial residue for the protein-
protein interaction of 45FN and TG2 but did not indicate that K30 was crucial when removed on
its own. A three-fold increase in Kp was seen for the R116A mutation in our experiment versus

WT TG2 and 45FN compared to a 25-fold increase in Cardoso et al.’s study.?® Interestingly, no
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significant difference was found when K30A was measured even though Cardoso ef al. found a
6-fold difference with K30E. We believe our comparison is more representative of K30’s role in
the protein-protein interaction, since we are removing the positively charged side chain
completely while K30E reverses the charge. We also believe our experiment allows more
freedom for the native protein-protein interaction to occur since the N-terminal domain of TG2 is
immobilized away from the biosensor and 45FN is completely free in solution to bind.
Contrastingly, past SPR experiments were based on the use of immobilized 45FN, which may
have restricted the ability of the proteins to conform to their native non-covalent interaction.
However, this potential problem is not evident, especially since they measured a 13-fold tighter
binding affinity of to WT TG2 45FN.

We believe this method’s illumination of the TG2/45FN binding mode, and its robustness
compared to other studies holds considerable potential. More alanine mutagenesis experiments
could reveal whether the immobilization method used in BLI is more representative of the native
interaction than stochastic immobilization with SPR. There are also still many key residues that
could be studied. One example is the H134 residue, which we were not able to obtain in this
work. Cardoso et al. report a 9-fold increase with the H134A mutation on SPR and studying this
mutation using our method could both support or refute this finding while providing more
information on how the two methods compare. Other residues like E120 and T58, also studied by
Cardoso et al., are also interesting candidates.®

The alanine mutations L114A, 1195A and E29A showed no significant difference in FN
binding than the WT protein, which does not support our alternative binding pose. Choosing

residues implicated in this pose that could have more weight in a non-covalent interaction, like
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charged residues instead of hydrophobic residues leucine and isoleucine, may lead to clearer
refutation or perhaps confirmation of this binding pose.

For the second method of exploration, AzF incorporation into TG2, some progress was
made. The yield of protein produced was overall increased from the first system attempted,
pDULE-pCNEF, to the final system, pULTRA-pCNF, and a crosslinked 45FN-F203XTG2 was
convincingly formed, albeit at a low concentration. Further optimization could push the
formation of this complex into quantities suitable for MS analysis of paired residues. Perhaps the
crosslinking assay could even be scaled up under the same conditions to produce enough
complex.

There were many roadblocks with incorporation, troubleshooting these may lead to more
streamlined analysis of AzF mutants. One example of a roadblock was trying to use the DBCO-
Cys5 assay to monitor AzF incorporation into TG2. The main issue with this method is that TG2
was labelled brightly even without any AzF added to the culture. It is possible that optimizing the
efficiency of AzF incorporation itself could solve this problem by greatly increasing the relative
brightness of test compounds, but other methods could also be used. One method uses expression
of the protein of interest, in our case TG2, fused to a C-terminal fluorescent protein, which only
is expressed when full TG2 is expressed with the non-canonical amino acid.'®® The expression of
full-length TG2 could then be monitored by fluorescence, even in impure mixtures.

Besides the labelling assay there was overall trouble expressing TG2 and TG2 mutants. It
is worth mentioning that TG2 expression was carried out in the Pezacki Lab alongside
successfully purified and AzF incorporated NS3 helicase and still had quite poor results
(Supplemental Figure 3), so it is possible that these issues are protein or plasmid specific. The

big problems were a lack of IPTG induction control and also excessive read-through of the TAG
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codon, described in section 3.2.4. This lack of IPTG induction control was foreshadowed early
on during pPDULE-pCNF incorporation. When the final concentration of IPTG was increased
from 2 uM to 1 mM at induction after realization of an error, the yield of WT or mutant TG2 did
not increase.

Plasmids were thoroughly checked through Sanger and full plasmid nanopore sequencing
and no abnormalities were seen. Perhaps the Rosetta (DE3) plasmid is crucial for expression of
TG2 since it contains rare tRNAs that code for eukaryotic codons present in the TG2 gene.
Maybe codon optimization of TG2 for E. coli is necessary for AzF incorporation experiments,
since GCE machinery cannot be used in tandem with the Rosetta line.

Another consideration is residue selection, picking more conserved residues like
phenylalanine and tyrosine for AzF replacement may increase tolerance of the UAA. Perhaps this
effect contributed to the success seen with the F203X mutation. Three residues E29X, 1195X and
H134X were not able to be expressed at all using this system, maybe because of their difference
from the UAA. Excessive read-through of the TAG codon points towards issues with the
tRNA/aaRS system, suggesting promiscuity for endogenous amino acids. Perhaps using a
tRNA/aaRS system evolved from a different tRNA type and organism such as pyrrolysyl-tRNA
synthetases from Methanosarcina mazei**? could be used instead of tyrosyl-tRNA synthetases
from Methanocaldococcus jannaschii, used to derive pPEVOL-pAzF and pULTRA-pCNF
plasmids.

In conclusion, two unique methods were attempted for exploration of the 45FN/TG2
protein-protein interaction. SDM and BLI are promising techniques and the method can be easily
replicated and used to explore more key residues. AzF incorporation was optimized and so far, it

appears that the best system to use is the pULTRA-pCNF tRNA/aaRS orthogonal pair, but a
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multipronged approach would be necessary for creating a streamlined method for testing AzF
incorporation in TG2. A new assay should be attempted instead of DBCO-CyS5 due to its
selectivity problem, and core expression issues such as IPTG control would need to be resolved,
perhaps through codon optimization of TG2 for E. coli. We would recommend tackling these
issues first before trying new systems for incorporation. The current protocol for production of
the 45FN-F203X TG2 complex could then potentially be scaled up for sufficient amounts to be

created for subsequent tryptic digestion and MS analysis of paired residues.
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Appendix: Supplemental Figures and Tables
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Figure 70. Plasmid Map of Cterm-pHis-hTG2. (Addgene #100719).
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Figure 71. Plasmid Map of pDULE-pCNF. (Addgene #85494).
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Figure 72. Plasmid Map of pDULE-pCNF. (Addgene #85494).
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Figure 73. Plasmid Map of pEVOL-pAZzF. (Addgene #48215).
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Flgure 74. SDS-PAGE and Western Blot of Purlﬁcatlon of F203X/pULTRA-pCNF with and
without AzF added at induction. Left, SDS-PAGE post Ni-NTA purification. Right, Western
Blot of SDS-PAGE using anti-His antibody. Readthrough is still present of the TAG codon and

the yield is poor.
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Figure 75. ALS Activity Assay Reaction Scheme.
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Figure 76. ALS Activity Assay Curves for R116A. These curves represent the ALS5 assay
described in the experimental section done with R116A in triplicate and was used to calculate the

specific activity shown in Table 1.
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Figure 77. BLI Curves for WT TG2 and 45FN
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Figure 78. BLI Curves for R116A TG2 and 45FN
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Figure 79. BLI Curves for L114A TG2 and 45FN
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Figure 80. BLI Curves for K30A TG2 and 45FN
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Figure 81. BLI Curves for E29A TG2 and 45FN
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Figure 82. BLI Curves for I1195A TG2 and 45FN

Table 6. Forward and Reverse Primer Sequences for Alanine and TAG TG2 Mutants.

Primers were ordered from Integrated DNA Technologies.

Mutation Forward Primer Reverse Primer
K30A 5-GTGCCGAGAGGCGCTGGTGGTGC-3’ 5-AGGTCTGCCGTGTGGTGGTC-3’
L114A 5’-CCCCATCGGCGCGTATCGCCTCAGC-3° 5-GCGTTAGCCAGGGTGGTGAG-3’
R116A 5-CGGTCTGTATGCCCTCAGCCTGG-3’ 5-ATGGGGGCGTTAGCCG-3’
1195A 5’-CATCTGCCTGGCGCTTCTAGATGTCAAC-3’ 5 -TCTAGGATTCCATCTTCAAACTGC-3’
E29A 5-CCTGTGTCGGGCGAAGCTGGTG-3’ 5-TCGGCAGTGTGGTGGTCTC-3’
H134A 5’-TGTGCTGGGCGCGTTCATTTTGC-3’ 5-AAGCTAGATCCCTGGTAGCCA-3’
R116X 5-CGGTCTGTATTAGCTCAGCCTGG-3’ 5-ATGGGGGCGTTAGCCG-3’
K30X 5-GTGCCGAGAGTAGCTGGTGGTGC-3’ 5-AGGTCTGCCGTGTGGTGGTC-3’
E29X 5’-CCTGTGTCGTAGAAGCTGGTG-3’ 5-TCGGCAGTGTGGTGGTCTC-3’
1195X 5’-CATCTGCCTGTAGCTTCTAGATGTCAA-3’ 5’ TCTAGGATTCCATCTTCAAAACTGCC-3’
H134X 5 TGTGCTGGGCTAGTTCATTTTGC-3’ 5-AAGCTAGATCCTGGTAGCCAG-3’
L114X 5’-CCCCATCGGCTAGTATCGCCTCAG-3’ 5’-GCGTTAGCCAGGGTGGTGAG-3’
F203X 5’-CCAAGTAGCTGAAGAACGC-3’ 5-GGTTGACATCTAAAAAAGGATCAGGC-3’
A66X 5-CGGACCATAGCCTAGCCAGG-3’ 5-GTCACGACACTGAAGGACACTGAAGGTGAG-3’
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