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ABSTRACT

Both technological and experimental advancements in the field of biotechnology have allowed
scientists to make leaps in areas such nucleic acid, antibody, and recombinant protein technologies.
Here we focus on the use of recombinant proteins as molecular recognition motifs, wound healing
biomaterials, and agents for cell cycle pathway elucidation are discussed.

The author’s primary project is described in chapters 2 and 3, and is focused on designed
leucine-rich repeat proteins which offer increased stability, modularity, and surface area for
binding interactions. These proteins bind at least two muramyl dipeptide ligands with picomolar
to nanomolar affinity (Kd1 = 0.04 — 3.5 nM); as measured by fluorescence quenching experiments
and ITC. The longest designed repeat, CLRR8, has a Kd app Value of 1.0 nM which is comparable
to full length native NOD?2 protein. Molecular docking simulations revealed the locations of two
potential binding sites and their respective interactions. The series of proteins represents a
foundation for a high affinity and highly specific molecular recognition scaffold that has the
potential to bind a variety of ligands.

Previously the author contributed to the design of recombinant keratin proteins, and the work
in Chapter 4 builds on the original design to allow for controlled degradation in wound healing
systems. Site-directed mutagenesis was utilized to introduce these degradation sites, and modified
keratin proteins were expressed with no differences to native recombinant keratin proteins. Success
in engineering a variation of native keratin protein with no issues in expression lay the foundation

for further engineering of native keratin or other relevant proteins for improved functionality.



Chapter 5 describes steps towards producing human Aurora borealis (Bora) protein, an
important substrate in cell cycle regulation, by in vitro transcription-translation with locked Ser—
Pro analogues. This will allow for the elucidation of the active isomerization form to ensure proper
cell division. Site-directed mutagenesis successfully introduced the amber codon to relevant Ser-
Pro sites at positions 274 and 278. These mutated Bora genes along with modified ribosomes and
aminoacyl tRNA will allow for the incorporation of locked dipeptide analogues. Expression of
native Bora was carried out as a control, and appeared to express in dimeric form. The experiments
carried out in Chapter 5 describe and outline all the molecular biology work completed and to be

completed for this novel method of studying cis-trans isomerization in living cells.
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GENERAL AUDIENCE ABSTRACT

Sequencing of the human genome and the rapid development of gene editing and recombinant
DNA technologies paved the way for a massive shift in the pharmaceutical industry. The first
pharmaceutical companies in the 19" century started as fine chemicals businesses. The discovery
of penicillin introduced antibiotics, and improved synthetic techniques led to the giants we know
as big pharma today. Today, in the 21% century both computing and biotechnology has allowed for
great leaps forward in precision medicine. Biotechnology refers to the manipulation of living
organisms or their components to produce useful commercial products. In the pharmaceutical
industry this refers to genetic engineering for novel pharmaceuticals.

Here, we focus on the use of recombinant technology to create proteins for use in biomedical
applications. Recombinant proteins are proteins formed by laboratory methods of molecular
cloning. Through this technology, we are able to elucidate sequence-structure-function
relationships of proteins, and determine their specific functions. Additionally, recombinant
methods allow us to fine tune or modify the sequences of natural proteins to be more effective
scaffolds or reagents.

Chapter 3 focuses on the development of synthetic proteins for medical diagnostics. We
designed a protein scaffold, based on natural innate immunity proteins, to detect bacteria cell wall
components. Chapter 4 focuses on the engineering of keratin protein with applications in wound
healing. We introduce controlled degradation of the biomaterial for use in potential drug delivery
systems at the wound site. Chapter 5 focuses on the use of recombinant technologies aiding in the

elucidation of a regulatory protein’s function in cell division.
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CHAPTER 1

Dissertation Overview

This dissertation focuses on the use of recombinant proteins for different biomedical
applications — biosensors, biomaterials, and regulatory function elucidation. Recombinant
technologies provide a toolset that is not possible with natural proteins. This includes improved
stability, modularity, and functions.

The author’s primary project centers on the study of repeat proteins. Repeat proteins are
proteins that have repeating structural motifs. This property allows them to be useful in studies of
general protein structure-function relationships; a paradigm that has yet to be fully understood.
Chapter two reviews work done on repeat proteins as model systems for understanding protein
structure, stability, and function. The benefit of repeat proteins is highlighted, and an overview of
repeat protein length as a function of stability and function is given. I then shift the focus to a
specific type of repeat protein, leucine rich repeats, due to their unique gene architecture and
biological function in the innate immune system. Chapter 3 focuses on the design of consensus
leucine rich repeat proteins with tight binding to their biologically relevant ligand, muramyl
dipeptide (MDP). This represents the first consensus design of leucine repeat proteins that is
soluble, and has the tightest binding to MDP. Furthermore, the proposed binding sites were
modeled and potential binding interactions were identified. The recombinant proteins presented in
this chapter set the foundation for a high affinity, stable protein scaffold for use in the biosensing
of bacterial pathogens.

Recombinant proteins were also used to address limitations in natural biomaterials. Chapter
four builds on work we previously published on the recombinant expression of keratin proteins.

These expressed proteins offer benefits to natural extracted keratin proteins which often are



damaged by harsh treatment and cannot be modified for desired biomaterial properties. A
degradation site was introduced into recombinant K31 to allow for use in wound healing
applications. The modified keratin protein was expressed and purified without any noticeable
difference from the native recombinant keratin.

The use of amber codons in recombinant proteins allow for the incorporation of unnatural
amino acids; including dipeptides and dipeptide analogues. Chapter 5 uses recombinant
technology to synthesize proteins with dipeptide analogues incorporated into their sequence. Work
towards incorporation of cis-locked and trans-locked Ser—Pro analogues into recombinant Bora, a
protein involved in the early stages of mitosis, will allow us to determine which proline
isomerization state regulates the pathway. Proline isomerization is typically undeterminable in vivo
because the timescale is too fast to detect by traditional laboratory experiments. Recombinant
technologies allow for the incorporation of these locked analogues so that the role of proline
isomerization in cell cycle regulation of normal and diseased cells can be better understood.

Chapter 6 offers overall conclusions for the dissertation work, and highlights the significance
of recombinant technology in the work presented. Potential future work, and broader applications

of the work are touched upon.



CHAPTER 2
Repeat Proteins as a Model System for Understanding Protein Structure,

Stability and Function

2.1 Introduction

The field of protein science has advanced significantly since the discovery of proteins in 1838.1
Identification of the natural amino acids and the use X-ray crystallography represent two key
advancements that have allowed for improved understanding of the sequence-structure-function
relationship in proteins.? In recent years, innovations in structural biochemistry, computational
technology and experimental techniques have created an ever-growing database of protein
sequences and structures. This influx of information presents new challenges for the scientific
community to compile and make sense of all the available resources. As a result, the sequence-
structure-function relationship represents a complex paradigm that has yet to be fully understood.

Our approach focuses on using repeat proteins to better understand the complete sequence-
structure-function relationship. Repeating structural units, stabilized primarily by local contacts,
allow repeat proteins to provide a unique model to probing this relationship. Through the
manipulation of repeat protein length, we hope to gain a better understanding protein structure,

function and stability.

2.2 Protein Overview
2.2.1 Sequence, Structure, Function

Proteins play important structural and functional roles in living organisms by regulating many
reactions and processes. The protein biomacromolecule contains multiple levels of structure

(Figure 2.1). A protein’s primary structure consists of a polypeptide chain formed by a linear



sequence of amino acids. Local arrangements of the polypeptide chains lead to the formation of
secondary structures such as the alpha helix and beta sheet. The tertiary structure of a protein
represents its three-dimensional form created through weak intermolecular interactions.® In some
cases, proteins form quaternary structures in which individual protein subunits interact to form a
single multi-subunit structure. Each protein exhibits a unique sequence that corresponds to its

unique structure and therefore unique function.*

1

Amino Acids

Figure 2.1 Summary of the four levels of protein structure. Image modified from OpenStax
Biology's modification of work by the National Human Genome Research Institute.

2.2.2 Origins of Stability and Folding

The overall difference in free energy between the folded and unfolded states defines the
conformational stability of a protein (Eq. 2.1). A folded protein represents the native state while
an unfolded protein represents its denatured state. The linear polypeptide chain folds to form a
collapsed hydrophobic core in order to minimize the unfavorable interactions between the non-
polar residues and water. This is known as the hydrophobic effect. Additional van der Waals
interactions, electrostatic interactions and hydrogen bonds help stabilize these hydrophobic
residues in the interior of the protein and both contribute to an overall gain of enthalpy (Eq. 2.2).

As a protein folds it moves from a conformational random state to an ordered state which



contributes to the decrease in entropy for the folded state. For all naturally occurring proteins, the
change in Gibb’s free energy varies between 5-15 kcal-mol™.® This small free energy value
indicates the marginal stability of the folded state compared to the unfolded state.® ’ The
interactions involved in protein folding are essential to understand why proteins adopt specific

structures and how these structures affect their function.

A°=A°- A° (2.1)

A°=A" -A° (2.2)

2.2.3 Amino Acid Propensities

Physical properties of amino acids, such as charge, size, and polarity, directly affect the
secondary structure of a protein. Several scientists have studied the effects of individual residues
within the alpha helical structure of various proteins and peptides.81° Through point mutations of
each residue in the helix, they observed the overall change in stability of the protein or peptide as
a function of each amino acid in the sequence. From this, they developed a propensity scale of all
twenty natural amino acids describing the likelihood of a certain amino acid to be found in a helix.
For example, Chou et al. discovered proline’s low propensity for the alpha helix. In looking at the
structures, he concluded that proline’s pyrrolidine ring causes a disruption in hydrogen bonding
making it more likely to be bound in unstructured segments of proteins.!! Kim et al. conducted a
similar experiment to observe amino acid propensities in the beta sheet.!? Although this study did
not result in a clear propensity scale for the beta sheet, they concluded that hydrogen bonding
between the solvent exposed residues and protein interior determined beta sheet formation. The
combination of these studies illustrates how amino acid identity can be used to predict the

secondary structures of a protein.



2.3 Repeat Proteins as Model Systems
2.3.1 Globular Proteins versus Repeat Proteins

As of the year 2015, there have been 114,047 total protein structure depositions into the
Worldwide Protein Data Bank (PDB). Of these, the most common protein types include globular,
fibrous, disordered and membrane proteins. Globular proteins, unique in their high water
solubility, participate in a variety of functions such as transport, regulation and catalysis.!* For this
reason, globular proteins have served as models in understanding protein structure, function and
stability. However, recently scientists have turned to repeat proteins for a new approach to studying
this relationship.

Unlike repeat proteins, globular proteins often have complex tertiary structures. Additionally,
there is much structural variation from one protein to the next. These characteristics make globular
proteins difficult to use as tools for understanding the protein sequence-structure-function
relationship. The complex structure of globular proteins results in the phenomenon known as the
dissection problem while the structural variability is defined as the comparison problem.*
Separation of a globular protein into local chains, or dissection, has been implemented to study
protein stability. However, dissection of the protein results in loss of long-range contacts, often
leading to unfolding and aggregation.® In these cases, the protein is no longer a viable system to
study. Furthermore, the wide variety of tertiary structures that are formed by globular proteins
make it difficult to apply the general concepts learned from one protein to the next. Repeat proteins
provide a solution to both the dissection and comparison problems. Each repeat interacts only
within itself and with its adjacent repeat(s) resulting in mostly regularized, close-range contacts.
These interactions contrast the numerous long-range interactions globular proteins contain (Figure

2.2).
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Figure 2.2 Comparison of globular and repeat protein contact maps. (A) CTPR3: a designed repeat
protein containing 3.5 consensus TPR motifs and (B) FKBP12: a globular protein of 107 amino
acids.*

The contact order (CO) for a protein gives a quantitative indication of the average sequence

separation between contacting residues (Eq. 2.3).

_ 28 2.3)

In the equation, N is the total number of contacts in a protein, Asij is the number of residues
separating contacts i and j, and L is the number of residues in the protein.® 1’ For repeat proteins
the average CO is 0.05 — 0.07, equivalent to a separation of 6 — 9 residues. However, for globular
proteins the average CO is between 0.1 — 0.2, or a separation of 10 — 30 residues.*® This simple
topology created by repeat proteins also solves the comparison problem by providing a more
uniform structure to study.!* These properties of repeat protein provide new angles to

understanding protein mechanics previously complicated by globular proteins.

2.3.2 Repeat Protein Overview
Repeat proteins refer to proteins containing repeating structural motifs. The number of amino

acids in each repeat varies but usually consists of 20 — 40 residues.® Classification of repeat



proteins into their different sub-families depends on their secondary or tertiary structures, functions
or evolutionary tree. Five common repeat protein sub-families include the tetratricopeptide repeats
(TPRs), ankyrin (ANK) repeats; armadillo (ARM) repeats, HEAT repeats (named by the proteins
in which they were found: Huntington elongation factor 3, protein phosphatase 2A, yeast kinase
TOR1) and leucine-rich repeats (LRRs). Each of these families has a signature structure and

sequence motif (Figure 2.3).
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Figure 2.3 Representation of the repeat protein architecture: (A) CTPR3: a consensus designed
TPR protein (PDB 1NAO0); (B) E3_19: a designed ANK repeat protein (PDB 2BKG); (C)
YHIM3AII: a designed ARM repeat protein (PDB 4DB6); (D) Symplekin: HEAT domain of the
protein (PDB 3GS3); (E) Pocrine ribonuclease inhibitor: LRR repeat protein (PDB 2BNH). (F)
Consensus sequences of repeat proteins. (+, positively charged amino acid; o, hydrophobic amino
acid). Positions of a-helices (red cylinders) and B-strands (violet arrows) are shown above the
underlined portions of the sequences.?

Even in highlighting only five common repeat protein classes, one can see the diversity in
sequence, structure and function (Table 2.1). This is apparent through differences in number of
repeats, repeat length, secondary structure composition, and variations in cellular processes. These
local sequence contacts allow repeat proteins to form linear, elongated structures that provide

large, regular surface areas for ligand binding. Different repeat lengths, number of repeats and



types of secondary structures result in different curvatures which allow for diversity in binding

interactions.?

Table 2.1 Repeat proteins and their properties.?*23
Repeat Protein Length (a.a) No. of Repeats

TPR 34
ANK 30-34
ARM 42
HEAT 37-43

LRR 20-29

3-16

4-6

12

3-22

4-15

3-D Structure

a-a-B-hairpin

Common Functions

chaperone, cell cycle
regulation,
transcription, protein
transport complexes
cell-cell signaling,
cytoskeleton
integrity,
transcription, cell
cycle regulation,
inflammatory
response
wingless-type
(WNT) signaling
intracellular
transportation
hormone-receptor
interactions, enzyme
inhibition, cell
adhesion, cell
trafficking

In addition to their biological importance, repeat proteins may offer new insights into protein

sequence-structure-function relationships. The modularity of repeat proteins results from their

regular, linearly arrayed structures. This property of repeat proteins allows for repeat

manipulations such as dissections, insertions, deletions, rearrangements, etc. without loss of

structure. In addition, the absence of long-range contacts theoretically allows for the design of

repeat proteins of horseshoe lengths or B-barrel-like structures. This modularity makes repeat

proteins a better model for studying the sequence-structure-function relationship. Highlighted in

this section is contemporary protein design work aimed at using repeat proteins for this purpose.

2.3.3 Ising Model



Reagan and colleagues used the crystal structure of their consensus designed TPR, CTPRa8
which contains eight identical TPR repeats, to observe how contact order affects the folding of
repeat proteins.?* The one-dimensional Ising Model was applied to CTPRa8 to describe this
relationship. The Ising model, typically used as a mathematical model of ferromagnetism,
describes the phase transitions of magnetic dipole moments that can be spin up (si = +1) or spin
down (si = -1). When applied to the folding transitions of repeat proteins, each repeat corresponds
to an Ising spin (si = £1) where spin up refers to the folded state of the repeat and spin down refers
to the unfolded state of the repeat. The other parameters of the Ising model are: H, which is 1/(ksT)
where ks is the Boltzmann constant, multiplied by one-half the difference in free energy between
the folded and unfolded states of a single repeat in the absence of coupling to its neighbors and J,

which specifies the coupling between neighboring repeats (Eg. 2.4).%

= > (= s ) (2.4)

The Ising model predicts that a majority of the partially folded species will be present near the
folding transition midpoint. This means that at the midpoint a minimal number of partially
unfolded species will be present. As repeat proteins share similar overall structures, the Ising
model represents an approach that is applicable to all other repeat proteins. Furthermore, the
behavior of individual repeat stabilities may provide insight into the complexities of protein

folding.

2.3.4 Cooperativity of Folding
The folding of most proteins can be defined by a two-state model.® In this model, proteins
occupy one of two states: the folded or unfolded state. The high cooperativity of proteins often

explains the two-state model. When folding is cooperative, disruption of one interaction

10



destabilizes all other interactions lending to the all-or-nothing behavior.2Proteins with lower
cooperativity can produce stable intermediates that display partially unfolded states.

To observe the folding dynamics in repeat proteins, Reagan and colleagues used calorimetric
studies on a series of identical consensus TPR proteins varying in length from 2 — 20 repeats.?
The differential scanning calorimetry (DSC) thermograms and circular dichroism (CD) unfolding
curves illustrated that an increased number of repeats results in increased thermostability (Figure
2.4).2* Furthermore, shorter proteins display broader transition curves while longer proteins
display distinct peaks. The peak shapes indicate that longer CTPRs undergo a distinct two-state
cooperative unfolding transition while shorter CTPRs do not.?” Reagan attributed the increased
stability and cooperative behavior of longer proteins to their increased long-range interactions in
addition to stabilizing short-range contacts.?® The combination of local, intermediate and global

contacts allows for more stabilizing interactions resulting in slower rates of unfolding.
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Figure 2.4 Relationship between thermostability and number of repeats. (A) DSC thermograms of

proteins CTPRa2 to CTPRa20. (B) Top: CD curves; Bottom: Fraction unfolded vs [GuUHCI] for
CTPRa2 (m), CTPRa3 (+), CTPRa4 (A), CTPRa6 (), CTPRa8 (x), CTPRal0 (V¥ ).2* 2
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Studies by Barrick and colleagues expand on understanding the role of cooperativity in repeat
proteins.?® Insertions and/or deletions of repeats in the natural LRR protein, Yersinia outer protein
M (YopM), allowed for the study of folding pathways related to overall protein stability.*
Systematic C-terminal deletions revealed YopM’s non-uniform stability distribution. When the C-
terminal repeat of the N-B-cap, N-11, and N-6 proteins were removed, partial unfolding of several

adjacent repeats was observed (Fig 2.5).
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Figure 2.5 Effects of repeat deletion. On the (A) C-terminal (B) and internal repeats of YopM
structure.3% 32

For example, the loss of the C-terminal repeat in the full length YopM resulted in the unfolding
of the last 4 repeats. Overall, YopM displayed three levels of local stability with each region being
approximately four repeats long. Despite containing regions of local stability, YopM demonstrated
a two-state unfolding mechanism. Barrick concluded that this was a result of cooperativity between
these regions. To better understand this cooperativity, Barrick studied the effects of internal

deletion around N-11, one of the key repeats in YopM’s overall stability. Internal deletions of LRR
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11 (A11), LRR 12 (A12), LRR 11-12 (A11A12) and LRR 11-13 (A11A12A13) did not result in loss
of structure, but deletion of LRR 13 (A13) resulted in partial unfolding of the C-terminus (Figure
2.5). Furthermore, A1l and A12 demonstrated increased stabilities, demonstrating that internal
deletions can be stabilizing. To explain this phenomenon, Barrick et al. analyzed sequences similar
to YopM and concluded that sequence variation in individual repeats lead to this phenomenon.
These studies illustrate how repeat proteins can assist in dissecting the effects of local and long-

range interactions in a protein.

2.4 Protein Engineering Strategies
2.4.1 Consensus Design

The repeating structural units of repeat proteins make them the perfect model system to
investigate protein sequence, structure and function. In designing proteins to study how the
primary sequence relates to structure, consensus design is the most logical approach.3® Consensus
design uses multiple sequence alignments (MSAs) coupled with statistical analyses to aid in
protein design. The final sequence obtained from this approach is referred to as the consensus
sequence. The consensus design approach begins with the creation of a database from the domain
of interest.

The basic local alignment search tool (BLAST) determines all other similar sequences and
assists in the creation of this database (Figure 2.6).3* Obtained sequences are aligned through a
process called multiple sequence alignment (MSA) (Figure 2.6). MSA is a technique used to align
three or more biological sequences. The sequence alignment can be generated manually or by
using an existing alignment tool in databases such as protein families (Pfam) and simple modular
architecture research tool (SMART).*> 3¢ Following the MSA, one can proceed with the statistical

analyses to determine the final consensus sequence to be synthesized (Figure 2.6). The consensus
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design approach retains amino acids that appear most frequently at each position, and this leads to

improved thermodynamic stability in the designed proteins over their natural counterparts.®’: 3

domain
database

sequence A. B.
database

full length sequences database alignment
C. 1
PSI-BLAST query sequence
2.
“manual” alignment
)
- phylogenetic analysis | ___| statistical
- covariation, etc. analysis
consensus sequence

* synthesize gene

Figure 2.6 A flowchart demonstrating the process of consensus design. Path A illustrates how an
alignment is generated manually while path B illustrates an automatically created alignment. Route
C represents a different starting point of the initial data.*

The MSA generated can also be used for additional statistical analysis beyond just amino acid
conservation. For example, amino acids do not act independently of one another and can rely on
other amino acids within the sequence for additional stability. Co-variance studies address this by
calculating the probability of an amino acid occurrence at a specific position as it is correlated to
another amino acid at another specific position. From these studies, key interactions between
residues may be identified. Furthermore, the relationship between the probability of an amino acid
occurrence at a specific position and stability can be defined through a mathematical model. This
model calculates the statistical free energy by comparing the positional amino acid deviations to a
reference state (Eq. 2.5).3° Therefore, positions with low statistical free energies highlight residues

with the least deviation from the reference state and represent the hypervariable residues. This
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creates a heat map of the A values relativeto  and (Eg. 2.5). Consensus design reveals

protein sequence-structure-function relationships through the analyses that accompany this design

approach.

A= VY (/)P (2.5)

2.4.2 Structure-Based Design

Structure-based designs usually involve using computational methods to model and optimize
protein structure. Baker and colleagues have followed this approach by using a computational
method that incorporates both sequence and structural information to design stable repeat
proteins.*® This process involves entering relevant sequences into a software, such as the Rosetta
modeling suite, which utilizes available protein databases to optimize the design of a protein’s
sequence and structure. Forty percent of designs resulted in folded proteins with Tm > 57 °C.
Furthermore, three of the designed ARM repeat proteins showed the Tm as high as 95 °C compared
to average Tm = 70 °C for the natural sequences obtained from the SMART database.** With the
recent advancement in computational power, protein design databases have greatly expanded to
allow for better studies on why certain structures and sequences are more stabilizing.

Many experimental researchers use existing crystal structures to assist in protein design.
Pluickthun and colleagues used this approach in their consensus design of LRR proteins.*?* They
examined the crystal structure of a pig ribonuclease inhibitor (R1) and observed a total of 16 total
LRRs with an additional B-strand at the C-terminus. Similarly, in the analysis of the gene structure,
they observed short differing terminal amino acid stretches flanking the 15 internal LRRs.*
Pliickthun identified the extra sequences as capping motifs important in protecting the extended

hydrophobic core from solvent exposure and aggregation.*® 46
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Plickthun also used the crystal structures of the human RI to observe the interactions of buried
and exposed surface residues.*? For example, the hydrophobic amino acids at positions 2, 5, 7, 10,

12, 20 and 24 were identified to be involved in intra-repeat interactions (Figure 2.7).*
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Figure 2.7 A and B type LRRs from the human RI. (A) Residues involved in mediating intra-
repeat interactions are shown. (B) Residues involved in inter-repeat interactions are shown. (C)
Residues exposed to the surrounding solvent are shown.*?

Similar methods allowed for identification of inter-repeat interactions and solvent exposed
residues. The methods used here illustrate how knowledge of structure can assist in understanding
the interactions that allow for a more stable protein design and a deeper insight into the sequence-

structure-function relationship.

2.5 Current Research Goals

As previously discussed, repeat proteins offer a new approach to studying the protein
sequence-structure-function relationship. We are interested in understanding why the number of
repeats in repeat proteins vary. How does the number of repeats relate to the protein’s function?
These represent important questions in understanding the relationship between protein structure,
stability and function in addition to the biology of repeat proteins. Many original repeat protein
studies began by using the most common tandem repeat length in nature as the starting scaffold
for protein design.*’ For example, three repeats have been determined to be the most common

length for TPRs while ANKs usually contain five or six repeats. TPRs specifically have been
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heavily studied and the consensus designed three repeat TPR (CTPR3) identifies as the smallest
stable unit.?® Nature also reveals that TPRs are generally found in intervals of three repeats. Based
on these facts, we conclude that, for TPRs, three repeats represent the functional motif. The
Hsp70/Hsp90 organizing protein (Hop) exemplifies this conclusion. This protein contains three
TPR domains that bind the heat shock protein (Hsp) chaperones Hsp70 and Hsp90. TPR1, TPR2a
and TPR2b comprise the three TPR domains that work cooperatively to bind their targets.*®
Although this clear delineation of structure vs. function exists for TPRs, the same cannot be said
for other repeat proteins. Through the study of a series of LRRs, we hope to relate the number of
repeats and their prevalence in nature to the sequence-structure-function relationship.

The leucine-rich repeat (LRR) motif contains 20-29 amino acids and consists of 4-15 tandem
repeat arrays.*® Each LRR repeat consists of a B-strand and a-helix connected by loops. The
[-strands are mostly isolated to the concave side and the a-helices to the convex side. As the name
of this repeat protein suggests, its primary sequence contains many leucine residues. LRR repeats
participate in protein-protein interactions and other processes such as hormone-receptor
interactions, enzyme inhibition, cell adhesion and cell trafficking.*®

Nucleotide-binding oligomerization domain receptors (NLRs) represent a class of
cytoplasmic pattern recognition receptors (PRRs) that rely mainly on their LRR motif for target
recognition. LRRs from the nucleotide-binding oligomerization domain (NOD) and nucleotide-
binding oligomerization PYD-containing domain (NLRP) represent two subgroups of NLRs. In
NODs, 1 exon encodes for 28 amino acids while in NLPRs, 1 exon encodes for 57 amino acids.
NOD repeats are typically 28 residues long while NLRP repeats usually occur in tandem with an
A and B type. The A type contains 28 residues while the B type contains 29 residues for a total of

57 residues per repeat (Figure 2.8).%° NLRs present a unique approach to the sequence, structure,
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function paradigm in that their gene organization directly correlates to their amino acid sequence.*
Other repeat proteins do not display such a distinct relationship, and so NLRs represent a good

model in understanding the sequence-structure-function relationship.
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Figure 2.8 NLRs unique approach to the sequence, structure, function paradigm. (A) Subgroups
of NLRs defined by gene structure. In NODs, 1 exon encodes for 1 repeat while in NLRPs 1 exon
encodes for a total of 2 repeats. (B) and (C) Histograms depicting the frequency of tandem repeats
in NOD and NLRP proteins respectively.

Repeat proteins address the issues of studying protein stability with globular proteins. Their
unique architecture allows us to easily manipulate and study different aspects of the protein
sequence-structure-function relationship previously unavailable to us. Additionally, designed
LRRs have the potential to serve as novel scaffolds for molecular recognition.®® The natural
counterparts of the LRR proteins used here serve important roles in protein-protein interactions.
As previously discussed, the LRR domain represents the area of the protein responsible for pattern
recognition. By manipulating the number of repeats in these proteins, a variety of ligand sizes can

be targeted. In addition, by determining the hypervariable residues, one scaffold presents the
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potential to bind multiple ligands. The increased thermodynamic capabilities of these designed
proteins also assist in maintaining a stable, versatile scaffold. Because repeat proteins appear in
nature, they serve as good model systems for understanding protein structure and stability and

provide an alternative option for molecular recognition scaffolds.

19



2.6 References

1. Mulder, G. J., Ueber die Zusammensetzung einiger thierischen Substanzen. Journal fur
Praktische Chemie 1839, 16 (1), 129-152.

2. Kendrew, J. C.; Bodo, G.; Dintzis, H. M.; Parrish, R. G.; Wyckoff, H.; Phillips, D. C.,
A Three-Dimensional Model of the Myoglobin Molecule Obtained by X-Ray Analysis. Nature
1958, 181 (4610), 662-666.

3. Ross, J. L., Introduction to Experimental Biophysics: Biological Methods for Physical
Scientists. Physics Today 2012, 65 (8), 52-52.

4. Butterworth, P. J., Lehninger: principles of biochemistry (4th edn) D. L. Nelson and M. C.
Cox, W. H. Freeman & Co., New York, 1119 pp (plus 17 pp glossary), ISBN 0-7167-4339-6
(2004). Cell Biochem Funct 2005, 23 (4), 293-294.

5. Pace, C. N., Conformational stability of globular proteins. Trends in Biochemical Sciences
1990, 15 (1), 14-17.
6. Gromiha, M. M.; Selvaraj, S., Comparison between long-range interactions and contact

order in determining the folding rate of two-state proteins: application of long-range order to
folding rate prediction11Edited by P. E. Wright. J Mol Biol 2001, 310 (1), 27-32.

7. Nick Pace, C.; Scholtz, J. M.; Grimsley, G. R., Forces stabilizing proteins. FEBS Lett
2014, 588 (14), 2177-2184.

8. Pace, C. N.; Scholtz, J. M., A helix propensity scale based on experimental studies of
peptides and proteins. Biophys J 1998, 75 (1), 422-427.

9. Chakrabartty, A.; Kortemme, T.; Baldwin, R. L., Helix propensities of the amino acids
measured in alanine-based peptides without helix-stabilizing side-chain interactions. Protein Sci
1994, 3 (5), 843-852.

10.  Chou, P. Y.; Fasman, G. D., Prediction of protein conformation. Biochemistry 1974, 13
(2), 222-245.

11. Chou, P. Y.; Fasman, G. D., Conformational parameters for amino acids in helical, B-sheet,
and random coil regions calculated from proteins. Biochemistry 1974, 13 (2), 211-222.

12. Minor, D. L.; Kim, P. S., Context is a major determinant of -sheet propensity. Nature
1994, 371 (6494), 264-267.

13. Berman, H.; Henrick, K.; Nakamura, H., Announcing the worldwide Protein Data Bank.
Nat Struct Mol Biol 2003, 10 (12), 980-980.

14, Kloss, E.; Courtemanche, N.; Barrick, D., Repeat-protein folding: new insights into origins
of cooperativity, stability, and topology. Arch Biochem Biophys 2008, 469 (1), 83-99.

15. Chow, C. C.; Chow, C.; Raghunathan, V.; Huppert, T.J.; Kimball, E. B.; Cavagnero, S.,
Chain Length Dependence of Apomyoglobin Folding: Structural Evolution from Misfolded
Sheets to Native Helices. Biochemistry 2003, 42 (23), 7090-7099.

16. Main, E. R. G.; Jackson, S. E.; Regan, L., The folding and design of repeat proteins:
reaching a consensus. Curr Opin Struct Biol 2003, 13 (4), 482-489.

17.  Gromiha, M. M.; Selvaraj, S., Importance of long-range interactions in protein
folding1This article is dedicated to our teacher, Professor P.K. Ponnuswamy on the occasion of
his 60th birthday.1. Biophys Chem 1999, 77 (1), 49-68.

18. Javadi, Y.; Itzhaki, L. S., Tandem-repeat proteins: regularity plus modularity equals
design-ability. Curr Opin Struct Biol 2013, 23 (4), 622-631.

19. Matthews, J. M., Protein Dimerization and Oligomerization in Biology. Springer-Verlag
New York, 2012; p 170.

20



20. Kobe, B.; Kajava, A. V., When protein folding is simplified to protein coiling: the
continuum of solenoid protein structures. Trends in Biochemical Sciences 2000, 25 (10), 509-515.
21.  Andrade, M. A.; Perez-lratxeta, C.; Ponting, C. P., Protein Repeats: Structures, Functions,
and Evolution. J Struct Biol 2001, 134 (2), 117-131.

22.  Groves, M. R.; Barford, D., Topological characteristics of helical repeat protein. Curr Opin
Struct Biol 1999, 9 (3), 383-389.

23.  Skerra, A., Alternative non-antibody scaffolds for molecular recognition. Curr Opin
Biotechnol 2007, 18 (4), 295-304.

24. Kajander, T.; Cortajarena, A. L.; Main, E. R. G.; Mochrie, S. G. J.; Regan, L., A New
Folding Paradigm for Repeat Proteins. J Am Chem Soc 2005, 127 (29), 10188-10190.

25.  Sosnick, T. R.; Barrick, D., The folding of single domain proteins—have we reached a
consensus? Curr Opin Struct Biol 2011, 21 (1), 12-24.

26.  Cortajarena, A. L.; Regan, L., Calorimetric study of a series of designed repeat proteins:
modular structure and modular folding. Protein Sci 2011, 20 (2), 336-340.

27.  Cortajarena, A. L.; Mochrie, S. G. J.; Regan, L., Mapping the Energy Landscape of Repeat
Proteins using NMR-detected Hydrogen Exchange. J Mol Biol 2008, 379 (3), 617-626.

28. Main, E. R. G.; Stott, K.; Jackson, S. E.; Regan, L., Local and long-range stability in
tandemly arrayed tetratricopeptide repeats. Proc Natl Acad Sci USA 2005, 102 (16), 5721.

29.  Tripp, K. W.; Barrick, D., Enhancing the stability and folding rate of a repeat protein
through the addition of consensus repeats. J Mol Biol 2007, 365 (4), 1187-1200.

30.  Zweifel, M. E.; Barrick, D., Studies of the Ankyrin Repeats of the Drosophila melanogaster
Notch Receptor. 2. Solution Stability and Cooperativity of Unfolding. Biochemistry 2001, 40 (48),
14357-14367.

31. Kloss, E.; Barrick, D., C-terminal deletion of leucine-rich repeats from YopM reveals a
heterogeneous distribution of stability in a cooperatively folded protein. Protein Sci 2009, 18 (9),
1948-1960.

32. Vieux, E. F.; Barrick, D., Deletion of internal structured repeats increases the stability of a
leucine-rich repeat protein, YopM. Biophys Chem 2011, 159 (1), 152-161.

33. Forrer, P.; Binz, H. K.; Stumpp, M. T.; Plickthun, A., Consensus Design of Repeat
Proteins. Chem Bio Chem 2004, 5 (2), 183-1809.

34. Boratyn, G. M.; Camacho, C.; Cooper, P. S.; Coulouris, G.; Fong, A.; Ma, N.; Madden,
T. L.; Matten, W. T.; McGinnis, S. D.; Merezhuk, Y.; Raytselis, Y.; Sayers, E. W.; Tao, T.;
Ye, J.; Zaretskaya, I., BLAST: a more efficient report with usability improvements. Nucleic Acids
Res 2013, 41 (Web Server issue), W29-W33.

35. Finn, R. D.; Bateman, A.; Clements, J.; Coggill, P.; Eberhardt, R. Y.; Eddy, S. R.;
Heger, A.; Hetherington, K.; Holm, L.; Mistry, J.; Sonnhammer, E. L. L.; Tate, J.; Punta, M.,
Pfam: the protein families database. Nucleic Acids Res 2014, 42 (Database issue), D222-D230.
36. Letunic, I.; Doerks, T.; Bork, P., SMART: recent updates, new developments and status
in 2015. Nucleic Acids Res 2015, 43 (Database issue), D257-D260.

37.  Steipe, B.; Schiller, B.; Pliickthun, A.; Steinbacher, S., Sequence Statistics Reliably
Predict Stabilizing Mutations in a Protein Domain. J Mol Biol 1994, 240 (3), 188-192.

38.  vanden Burg, B.; Eijsink, V. G. H., Selection of mutations for increased protein stability.
Curr Opin Biotechnol 2002, 13 (4), 333-337.

39.  Magliery, T. J.; Regan, L., Beyond Consensus: Statistical Free Energies Reveal Hidden
Interactions in the Design of a TPR Motif. J Mol Biol 2004, 343 (3), 731-745.

21



40. Parmeggiani, F.; Huang, P.-S.; Vorobiev, S.; Xiao, R.; Park, K.; Caprari, S.; Su, M.;
Seetharaman, J.; Mao, L.; Janjua, H.; Montelione, G. T.; Hunt, J.; Baker, D., A General
Computational Approach for Repeat Protein Design. J Mol Biol 2015, 427 (2), 563-575.

41. Leaver-Fay, A.; Tyka, M.; Lewis, S. M.; Lange, O. F.; Thompson, J.; Jacak, R,;
Kaufman, K. W.; Renfrew, P. D.; Smith, C. A.; Sheffler, W.; Davis, I. W.; Cooper, S.; Treuille,
A.; Mandell, D. J.; Richter, F.; Ban, Y.-E. A.; Fleishman, S. J.; Corn, J. E.; Kim, D. E.; Lyskov,
S.; Berrondo, M.; Mentzer, S.; Popovi¢, Z.; Havranek, J. J.; Karanicolas, J.; Das, R.; Meiler,
J.; Kortemme, T.; Gray, J. J.; Kuhlman, B.; Baker, D.; Bradley, P., Chapter nineteen - Rosetta3:
An Object-Oriented Software Suite for the Simulation and Design of Macromolecules. In Methods
Enzymol, Johnson, M. L.; Brand, L., Eds. Academic Press: 2011; Vol. 487, pp 545-574.

42. Binz, H. K.; Stumpp, M. T.; Forrer, P.; Amstutz, P.; Plickthun, A., Designing Repeat
Proteins: Well-expressed, Soluble and Stable Proteins from Combinatorial Libraries of Consensus
Ankyrin Repeat Proteins. J Mol Biol 2003, 332 (2), 489-503.

43.  Stumpp, M. T.; Forrer, P.; Binz, H. K.; Plickthun, A., Designing Repeat Proteins:
Modular Leucine-rich Repeat Protein Libraries Based on the Mammalian Ribonuclease Inhibitor
Family. J Mol Biol 2003, 332 (2), 471-487.

44, Hofsteenge, J.; Kieffer, B.; Matthies, R.; Hemmings, B. A.; Stone, S. R., Amino acid
sequence of the ribonuclease inhibitor from porcine liver reveals the presence of leucine-rich
repeats. Biochemistry 1988, 27 (23), 8537-8544.

45, Dao, T. P.; Majumdar, A.; Barrick, D., Capping motifs stabilize the leucine-rich repeat
protein PP32 and rigidify adjacent repeats. Protein Sci 2014, 23 (6), 801-811.

46. Forrer, P.; Stumpp, M. T.; Binz, H. K.; Plickthun, A., A novel strategy to design binding
molecules harnessing the modular nature of repeat proteins. FEBS Lett 2003, 539 (1-3), 2-6.

47. Kajander, T.; Cortajarena, A. L.; Regan, L., Consensus Design as a Tool for Engineering
Repeat Proteins. In Protein Design: Methods and Applications, Guerois, R.; de la Paz, M. L., Eds.
Humana Press: Totowa, NJ, 2006; pp 151-170.

48. Carrigan, P. E.; Sikkink, L. A.; Smith, D. F.; Ramirez-Alvarado, M., Domain:domain
interactions within Hop, the Hsp70/Hsp90 organizing protein, are required for protein stability and
structure. Protein Sci 2006, 15 (3), 522-532.

49. Kobe, B.; Kajava, A. V., The leucine-rich repeat as a protein recognition motif. Curr Opin
Struct Biol 2001, 11 (6), 725-732.

50. Istomin, A. Y.; Godzik, A., Understanding diversity of human innate immunity receptors:
analysis of surface features of leucine-rich repeat domains in NLRs and TLRs. BMC Immunol
2009, 10 (1), 48.

51. Thompson, M. R.; Kaminski, J. J.; Kurt-Jones, E. A.; Fitzgerald, K. A., Pattern
recognition receptors and the innate immune response to viral infection. Viruses 2011, 3 (6), 920-
940.

22



CHAPTER 3
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3.1 Abstract

Designed protein receptors hold diagnostic and therapeutic promise. We now report the design
of four consensus leucine-rich repeat proteins (CLRR4 — 8) based on the LRR domain of
nucleotide-binding oligomerization domain (NOD)-like receptors involved in the innate immune
system. The CLRRs bind muramy! dipeptide (MDP), a bacterial cell wall component, with sub-
nanomolar affinity. At least two MDPs bind sequentially. The tight-binding Kad1 values ranged
from 0.04 to 4.5 nM, the weaker binding Kd2 values ranged from 3 to 227 nM, and the overall Kqd
app Values ranged from 1.0 to 57 nM. CLRRS, the largest and most stable designed protein, had a
Kd app value of 1.0 nM, which is the tightest MDP binding of a designed LRR to date and
comparable to full-length NOD2. This high-affinity, high-capacity binding of MDP suggests that
these small, stable CLRR scaffolds are promising candidates for future design of pathogen

biosensors.

3.2 Introduction
Innovations in structure determination, computational technology, and experimental
techniques have created a new and growing class of designed receptors that can be used as

biosensors.! Biosensors have the potential to play significant roles in medicine, agriculture, food
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safety, homeland security, and environmental monitoring.2 Traditionally, antibodies have been the
gold standard in biosensor design due to their highly specific and potent antigen binding.?
Designed protein scaffolds have been used to address the drawbacks associated with antibodies,
large size and complexity leading to difficult and expensive production.*® Scaffolds can address
these drawbacks because they are often smaller in size, have increased environmental stability,
lack cysteine residues, utilize cost-efficient bacterial overexpression methods, and can be designed
for specificity towards a wide variety of ligands.!

Repeat proteins have emerged as leading candidates in the field of alternative protein
scaffolds.! These proteins contain repeating structural motifs where the number of amino acids in
each repeat varies, usually consisting of 20 to 40 residues.” Each of the repeat protein families has
a signature structural and sequence motif. Local sequence contacts of repeat proteins allow them
to form elongated structures that provide large, regular surface areas for ligand binding. Local
sequence contacts of repeat proteins allow them to form elongated structures that provide large,
regular surface areas for ligand binding.81° To date, the tetratricopeptide repeats (TPRs),! ankyrin
(ANK) repeats,*?, armadillo (ARM) repeats,*® and leucine-rich repeats (LRRs)*4¢ have been used
in novel binding scaffolds.

Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRS) play a key role in
early detection and defense against infectious diseases, a leading cause of death worldwide." 18 A
crucial part of the innate immune system, pattern-recognition receptors (PRRs) are responsible for
the body’s non-specific defense mechanisms by recognizing pathogen-associated molecular
patterns.®-2* NLRs represent a class of cytoplasmic PRRs that rely mainly on their LRR motif for
recognition of ligands with huge chemical diversity, such as bacterial cell-wall peptidoglycans,

bacterial RNA, uric acid crystals, and viruses.!” 202223
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Unlike other repeat proteins, NLRs have a direct correlation between their gene organization
and repeat structure.?* 2 The LRR domain, formed by tandem repeats, is encoded by a specific
number of exons. The number of exons that encode a single repeat differ for the two phylogenetic
subgroups of NLRs. For one phylogenetic subgroup of NLRs, called the NOD-LRR-pyrin (NLRP)
domain, each exon encodes one central LRR (B-type) and two halves of the neighboring LRRs (a-
type).? 2% For the other subgroup of NLRs, called NODs (including NODZ2), one exon encodes for
exactly one LRR.?® This one-to-one exon-to-LRR relationship suggested the LRR as an ideal
candidate for modular scaffolds.!* Because NOD2 is a well-described receptor associated with
bacterial peptidoglycan recognition,?” 28 our consensus design focused on the NOD subgroup of
NLRs.

Based on the innate immunity NOD proteins, we have designed a series of proteins that require
only the LRR domain of NODs to bind the bacterial cell wall fragment, muramyl dipeptide (MDP),

a fragment that generates an innate immune response (Figure 3.1).14

OH

\”/HWOH Oj/OH
0 Oy 9 :
)\WN\:)L _NH,
o * H/I(
Figure 3.1 Structure of muramyl dipeptide (N-acetyl-o-D-glucosamine-D-Lac-L-Ala-D-Glu-
NH2).
The isolated LRR domain of NOD2 binds MDP with an affinity of 210 nM, while the full-length
NOD2 is 1 — 30 nM.?* 3% We now describe the design, synthesis, and characterization of a series
of proteins that each bind multiple MDPs with high affinity. Our consensus leucine-rich repeat
(CLRR) proteins are designated CLRRXx, where x represents the number of internal repeats. These
proteins bind the first MDP with picomolar to nanomolar affinities, which are the tightest binding

interactions reported to date.'# 230
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3.3 Materials and Methods
3.3.1 Consensus Design

The six genes known to encode for the NOD subfamily of NLR proteins in humans were
obtained from the HGNC database.' The gene sequence was translated to its corresponding
protein sequence and input into the NCBI protein basic local alignment search tool (BLAST) using
the blastp algorithm.®? For each translated sequence, mammalian sequences encoding for the same
protein were selected, excluding synthetic and predicted sequences. The resulting 75 protein
sequences (Figure 3.1 and Table 3.2) were manually aligned with the canonical motif of
XLXXLXLXXNXL(X)nL(x)s.22 From this alignment, the three most prevalent amino acids at each
position were counted in Excel (Figure 3.6). Amino acids at each position were further selected
for conservation of physical properties: size, hydrophobicity, polarity, charge, and the overall pl

to obtain the final consensus sequence.

3.3.2 Gene Synthesis and Cloning

A gene encoding for one internal repeat and the capping sequence containing the restriction
sites: BamHlI, Bglll, and Hindlll, was designed using Klenow technology with four overlapping
oligomers (Figure 3.2). Oligonucleotides were obtained from Integrated DNA Technologies, Inc.
(Figure 3.3). The gene was spliced into plasmid pProExHtam by ligation at the restriction sites for
BamHI and Hindll1 (Figure 3.4). The single-repeat DNA sequence was changed from Ala (A) to
Glu (E) at position 5 in the consensus sequence by PCR using the Q5® Site-Directed Mutagenesis
Kit (New England Biolabs) (Figure 3.3). Longer variations of the protein were synthesized by
digesting and ligating shorter protein genes together to form longer protein genes (Figure 3.4). The
identities of each of the genes constructed were confirmed by Sanger sequencing (Virginia Tech

Bioinformatics Institute).
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a 5 3 5 3
oligo 2 oligo4
5 3 g 3
oligo 1 oligo 3
b. 5 3’ 5 3
oligo 2 oligo4
3 5 3 5
oligo 1 oligo 3
c. 5 peennnnnnns 3 5 Pennnnnanns 3
oligo 2 oligo 4
3 mereeenans " 5 G T, + 5
Klenow 1 Klenow 2
d 5 3 5 3
3 5 3 5
\ ! J
Klenow 1
e 5 Pmssnsssnsasssnanansasnsssasnananasraaaaaans 3
Klenow 2
3 werssrsrsssssssssssssssssssrssrsssssssrnees - 5
l? cycles
DNA template
f 5 3
3 5
i add primers
g. 5 3
FF primer BB primer
3 - 5
JSE cycles
PCR product
h. v 3
3 5

Figure 3.2 Klenow extension and PCR amplification used to synthesize the single-repeat CLRR.
a. The four overlapping oligonucleotides (oligo 1 — 4) used for Klenow extension. First, the two
oligonucleotide pairs were b. annealed, then c. extended to produce d. Klenow products 1 and 2,
which were e. annealed (similar to b.) and extended for 7 cycles to create the f. DNA template. To
produce sufficient quantities of CLRR DNA, g. the forward (FF) and reverse (BB) primers (Figure
S2) were added, and a second PCR was carried out for 35 cycles to produce the h. PCR product
which is the single-repeat CLRR gene (Figure 3.3).
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Primers 5’ to 3’ direction:

oligo 1 ggatcc agcctgaaaagcctggatctgtggaacaaccagattggcgatga

oligo 2 t cgc cagcgcttccgccagcegctttcgecgcecttcatcgccaatctggttg

oligo 3 tggcggaagcgctggcgaaaaacccg agatct agcctgaaagaaatttgg
oligo 4 aagcttttagctaatggtgttgccgcgcagccaaatttctttcaggcet

FF primer cgacga ggatccagcctggatctg

BB primer gcgcgcaagcttttagctaatggt

Single-repeat DNA sequence (PCR product, Figure S3.1.):

t gtacgtcgtttcacaggaacagaccatgtcgtactaccatcaccatcaccatcacgattacga
tatcccaacgaccgaaaacctgtattttcagggcgccatgggatccagcctgaaaagcectggat
ctgtggaacaaccagattggcgatgaaggcgcgaaagcgcetggcggaagegctg gcg aaaaacc
cgagatctagcctgaaagaaatttggctgcgcggcaacaccattagctaaaagcttggctgttt
tggcggatgagagaagatt

Mutagenesis primers:
Q5SDM_11/8/2016_F ggaagcgctggagaaaaacccgagatc
Q5SDM_11/8/2016_R gccagcgctttcgegect

Figure 3.3 DNA sequences: primers used in Klenow extension and PCR amplification, PCR
product, and mutagenesis primers. Nucleotides in bold red (5°-183 to 185) were changed from gcg
(Ala) to gag (Glu) by mutagenesis.

a. Plasmid Digestion Insert Digestion
BamHI Bgli Hindll BamHI Bglll Hindlll
— 2 C — — 2 C -

1 BamHlI, Bglll 1 BamHlI, Hindlll
BamHI Bglll Hindlll BamHI Bglll Hindlll

= L =
\ Ligation /

BamH| Bgll Hindlll
— 2 | 2 c —
b.
ua RP ua R u2 R ua R ua R u2 R u2 R
Plasmid Digest -1C-|-1-|-1C-|-1-|-2C-|-2-|-3C-|-3-|-4C-|-4-|-5C-|-5-]-6C-|-6-
Insert Digest -1C- | 1C |-2C-| 2C | -2C-| 2C |-2C-| 2C |-2C-| 2C |-2C-| 2C |-2C-| 2C
Ligated Product 2C 3C 4C 5C 6C 7C 8C

2 denotes DNA Used in digestion. ® Rdenotes DNA Resulting from digestion.
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C.

50atg agc tat tat cat cat cat cat cat cat gat tat gat att ccg acc acc gaa aac ctg tat
MSYYHHHHHHDYDIPTTENLY

tt cag ggc gcg atg gga tcc agc cty aaa agc ctg gat ctg tgg aac aac cag att ggc gat
FQGA M G S S L K S L D L W N N Q | G D
gaa ggc gcg aaa gcg ctg gcg gaa gcg ctg gag aaa aac ccg aga tcc agc ctg aaa agc ctg
E G A K A L A E A L E K N P R S S L K S L
gat ctg tgg aac aac cag att ggc gat gaa ggc gcg aaa gcg ctg gcg gaa gcg ctg gag aaa
D L W N N Q | G D E G A K A L A E A L E K
aac ccg aga tcc agc ctg aaa agc ctg gat ctg tgg aac aac cag att ggc gat gaa ggc gcg
N P R S S L K S L D L W N N Q | G D E G A
aaa gcg Ctg gcg gaa gcg Ctg gag aaa aac ccg aga tcc age ctg aaa agc ctg gat ctg tgg
K A L A E A L E K N P R S S L K S L D L w
aac aac cag att ggc gat gaa ggc gcg aaa gcg ctg gcg gaa gecg ctg gag aaa aac ccg aga
N N Q | G D E G A K A L A E A L E K N P R
tct agc cty aaa gaa att tgg ctg cgc ggc aac acc att agc taa aag ctt 36

S S L K E | W L R G N T | S

Figure 3.4 The cloning strategy for CLRRs. a. Two digestions were carried out independently to
produce the plasmid and insert fragments of the desired repeat length. These fragments were
ligated together to synthesize longer repeat protein sequences. The scheme for the CLRR4 is
shown here, and similar cloning strategies were used to synthesize the CLRR5 through CLRR8
genes. b. Specific DNA used and the DNA resulting from plasmid and insert digestions. c.
Sequenced DNA (Biocomplexity Inst., Virginia Tech) and translated protein sequence, including
the 6-His tag, for CLRR4 with the active restriction enzyme sites shown in bold green, inactive

restriction enzyme sites in bold red, and amino acids added to the consensus sequence for ligation
in bold black.

3.3.3 Protein Expression and Purification

All proteins were expressed in BL21 (DE3) E. coli cells. Competent cells were purchased (New
England Biolabs) and transformed with the CLRRx-pProExHtam plasmid (1 pL in 50 pL cells)
by electroporation (1.7 kV, 1 pulse, Bio-Rad MicroPulser) at ambient temperature. Cell cultures
were grown for 16 h overnight at 37 °C in 50 mL of Luria broth (LB) media, with shaking at 180
rpm. The resulting cells were diluted 1:100 in 1 L of fresh LB media and grown under the same
conditions until an optical density of 0.6 was reached, about 3 h. Then protein expression was
induced with 0.5 mL of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and allowed to
express for 4 h. Cells were harvested by centrifugation at 5000 rpm for 15 min at 4 °C. Pelleted
cells were resuspended in lysis buffer (50 mM NazHPOas, 300 mM NacCl, 0.1% Tween 20, pH 8.0),
and stored at —80 °C. For purification, cell pellets were thawed in a 37 °C water bath for 10 min,
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and the cells were lysed using a microtip and Mison sonicator at 30% amplitude for 30 s in 10 s
pulse intervals. Protease inhibitor (1/4" tablet, Pierce™ Protease Inhibitor Mini Tablets) and
DNase I (1 pL, RNAase-free, New England Biolabs) were added and the lysed cells were
incubated on ice for 30 min. Lysed cells were centrifuged at 16,000 rpm for 30 min, and the
supernatant was collected. The collected protein supernatant was incubated on 500 pL of Ni-NTA
beads for an hour, washed with 2 x 12 mL of 30 mM imidazole wash buffer (50 mM NazHPOu,
300 mM NaCl, 0.01% Tween 20, pH 8.0), and eluted using 6 mL of 300 mM imidazole lysis

buffer. The soluble fraction contained 4-13 mg of protein per 1 L of culture after purification.

3.3.4 Gel Electrophoresis
Crude cell extracts were prepared in a 1:1 v/v ratio of SDS buffer to protein, and analyzed on
a 15% SDS-PAGE with the 212 to 6.5 kDa protein marker from New England Biolabs (Figure

3.7). Protein bands were dyed with Coomassie blue.

3.3.5 Size-Exclusion Chromatography

Proteins were further purified on an S75 Superdex 16/600 prep grade column on an
AKTAprime plus chromatography system (Figure 3.7). Proteins were filtered through a 0.22 um
filter prior to injection of 5 mL of Ni-NTA eluent. The mobile phase was 50 mM NazHPOa,
150 mM NaCl buffer pH 8.0 (PBS) at a flow rate of 1.0 mL/min. Pure proteins (100 uL) were
injected on a S75 Superdex 10/300 analytical grade column with PBS at a flow rate of 0.4 mL/min
to determine the purity and molecular weight of the proteins. Biorad gel filtration standards (1350
Da to 70,000 Da) were used to generate a calibration curve. The sizes of purified proteins were
estimated from the retention times (Table 3.1).

Table 3.1 Elution Volume and MW of Biorad Protein Standards and CLRRs.
Protein V (mL) MW (Da)
Thyroglobulin (bovine)? 6.40 670,000
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y-globulin (bovine)? 6.40 158,000

Ovalbumin (chicken) 10.37 44,000

Myoglobin (horse) 12.47 17,000

Vitamin B12 19.33 1,350

CLRR4 11.50 20,000°

CLRR5 11.02 23,300P

CLRR6 10.59 26,700P

CLRR7 10.18 30,500°

CLRR8 9.88 33,500°
2These protein standards eluted in the void volume at 6.40 mL because the column size limit was
70,000 Da.  Calculated from the Biorad standard curve witheq.: = -013 8558 9 3 & =
09588
3.3.6 Dialysis

Protein fractions collected from the preparative size-exclusion column were dialyzed serially
to complete proper folding. Proteins were dialyzed (3000 MW cut-off) at 1 h intervals, in 1L each
of decreasing urea concentrations (8.0 M, 6.0 M, 4.0 M, 2.0 M, and 0 M) with the last step done

overnight for equilibration. Dialyzed samples were stored at —4 °C for up to 3 weeks until used.

3.3.7 Mass Spectrometry

Protein molecular weights of CLRR7 and CLRR8 were confirmed using mass spectrometry.
Protein samples were diluted to 1 uM and precipitated with 4 portions of acetone (total volume ca.
1 mL) at —20 °C. Samples were vortexed and incubated for 10 min, then centrifuged at 13,000 rpm
for 10 min. The pellet was resuspended in acetonitrile:water (1:1) and filtered through a Cis resin
ZipTip (Milipore Sigma). This protein sample was mixed in a 1:1 ratio with o-cyano-4-
hydroxycinnamic acid matrix and analyzed on the ABSciex 4800 MALDI-TOF/TOF mass

spectrometry system (Figure A.5).

3.3.8 Circular Dichroism
CD spectra of protein samples (5 — 10 uM in PBS) were obtained using a Jasco J-815 CD

Spectrophotometer. Far-UV (190-250 nm) spectra were recorded at 24 °C, with 1 nm bandwidth,
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2 nm data pitch, and a data integration time of 1 s (Figure 3.8, Figure 3.10b). The average of three
accumulations was averaged to give mean residue ellipticity, [&)mmw, for each sample. For CD
thermal melting curves, samples were heated from 20 — 90 °C in 2 °C increments with 5 min
equilibration time before each measurement (Figure 3.10c). Molar ellipticity (6) was monitored at
a-helix (ca. 208 nm) and B-sheet (ca. 217 nm) minima for each protein, and the signal was
converted into fraction unfolded (Eq. 3.1):
Fracmmfomlzdg;_d% (3.1)
where & was measured at each temperature, 6k was measured at 20 °C, and éb was measured at
the highest temperature measured, where protein is fully unfolded. The denaturation curve was

generated using the Boltzman equation, by plotting the fraction unfolded vs. temperature and fit

to Eq. 3.2;

_ 1 2
ST o + 5 (3.2)

where Az is the initial fraction unfolded (0.0), Az is the final fraction unfolded (1.0), x is the fraction

unfolded at a given temperature, and xo is the halfway point (0.5).

3.3.9 Fluorescence Quenching

Protein samples (8 pM in PBS) were incubated with MDP at 0.0, 0.050, 0.10, 0.15, 0.20, 0.25,
0.50, 1.0, 2.5, 3.0, 4.0, 5.0, 7.5, 10, 30, 50, 70, 100, 200, 300, 400, 500, 600, 700, and 800 nM
(total volume 600 pL). Samples were incubated in a 96-well plate for 30 min prior to collecting
fluorescence spectra (Varian Cary Eclipse Fluorescence Spectrophotometer). Samples were
excited at 295 nm with a slit width of 10 nm, and emission was measured from 310 — 380 nm with

a slit width of 20 nm. The fluorescence signal was converted into ligand fraction bound (Eqg. 3.3):
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=92 (3.3)

where r is equal to the fraction of bound ligand, Fo is the fluorescence signal without MDP, F is
the signal at a given ligand concentration, and Fmin is the fluorescence signal at saturation. The
binding curve was generated by plotting the fraction bound vs. MDP concentration and fit to a Hill

equation (Eq. 3.4):
= (3.4)

where r is equal to the fraction of CLRRx-MDP complex, rp is fraction of CLRRx-MDP complex

at the maximum signal, Kq is the dissociation constant, and [L] is the concentration of MDP.3

3.3.10 Isothermal Calorimetry

ITC experiments were carried out using a TA Instruments NanolTC Low Volume isothermal
titration calorimeter. Protein samples were dissolved in PBS at varying concentrations determined
by Eg. 3.5:

where n is the estimated number of binding sites, [P] is the protein concentration, Kq is the binding
constant from fluorescence quenching, and the c value is the ratio of protein to ligand, which was
adjusted to be between 10 to 50 for tight binding constants to give a sigmoidal binding curve.
Samples were thoroughly degassed under vacuum for 15 min prior to measurements. Titrations
were carried out at 25 °C, stirring at 200 rpm, with 300 s between each injection. A baseline
titration was measured first to determine the heat of dilution contributed by MDP dilution. Identical
volumes (50 pL) of MDP (5 uM in PBS) were injected into PBS in the cell, and this baseline
titration was subtracted from binding measurements. MDP solution (5 uM in PBS) was titrated at
2 uL increments into each protein (50, 25, 10, and 5 uM in PBS for CLRR4, CLRR5, CLRR®6, and
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CLRRY respectively). Titration data was processed using NanoAnalyze Software v3.10.0 with the
independent model, which is described by Eq. 5, and the multiple sites model, which is described

by the Klotz equation (Eg. 3.6):

:1( AL 1+2 10 [P+ + (12 )]
1+ [1+ 1212+ +(12 )]

) (3.6)

where r is the fraction of ligand bound, n is the number of binding sites, Ka is the association
constant of each ligand, and [L] is the concentration of MDP in the sample.®* % The
thermodynamic parameters Kq and enthalpy (4H) were measured directly by ITC, and the Gibbs

free energy equation was used to obtain free energy (4G) and entropy (4S).

3.3.11 Homology Modeling of CLRR4

A homology model of CLRR4 was generated with Schrodinger-Maestro v. 2019-3% using
PDB ID: 5IRM® as a template. PDB ID: 5IRM is an x-ray crystal structure of the rabbit NOD2
protein, which is a member of the NOD-like receptor family.®” The sequence of CLRR4 had 49%
identity, 63% similarity, and an E-score of 6E-25 to the PDB ID: 5IRM template structure (Figure
3.12). After generation of the CLRR4 homology model, it was energy minimized using
Schrodinger-Maestro v. 2019-3 Prime, with default parameters and the OPLS3e force field.%® The
energy minimized CLRR4 model was then validated for structural parameters: backbone ® and
¥ angles, comparison to experimentally solved protein structures, and favorable free energy®
using the Swiss Model Structure Assessment server (Figure 3.12).%° Structure validation metrics
indicate an energetically favorable structure that was used in subsequent molecular docking

experiments.

3.3.12 Molecular Docking of MDP to CLRR4
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Molecular docking of MDP (Figure 3.1) to the CLRR4 energy-minimized structure was
performed. The MDP structure was built in ChemDraw and imported into Schrodinger-Maestro v.
2019-3% in order to correct for stereochemistry and saved as a .pdb file. Autodock Tools (v.
1.5.6)* was utilized to preprocess and create pdbqt files for CLRR4 and MDP for molecular
docking. Autodock Vina*! was used to dock MDP to the CLRR4 structure, and to dock a second
MDP to the CLRR4 structure with MDP poses previously bound. Grid box size (40 A x 48 A x 40
A) and center (38.04, 34.596, 7.679), with a 1.000 A grid space, was selected to encompass the
entire CLRR4 structure and bound ligands in the docking search space. The same grid box size
and center was used in all docking experiments. Nine poses were created per docking run. Initial
docking to CLRR4 (protein-only) revealed two areas of clustering of MDP. Pose 1 and pose 2, the
lowest energy poses in each dominant cluster observed in the above CLRR4 protein-only docking,
were selected for subsequent docking of an additional MDP ligand. The pose (pose 1 or pose 2)
and CLRR4 structure were considered the “receptor,” and an additional MDP ligand was docked
to that protein-MDP structure in order to observe a second ligand docking, as indicated by ITC
experiments. Schrodinger-Maestro’s Interaction Fingerprints tool® was used to analyze and
categorize CLRR4-MDP interactions. Script files and input files for molecular docking may be

accessed on our public Open Science Framework page at https://osf.io/82n73/.

3.4 Results and Discussion
3.4.1 Design of Consensus Leucine-Rich Repeat (CLRR) Sequence

The consensus design approach retains amino acids that appear most frequently at each
position. This approach typically leads to improved thermodynamic stability in the designed
proteins over their natural counterparts.*> “* The NOD subgroup includes NOD1-5, and class Il

major histocompatibility complex transactivator (CIITA) proteins.** Analysis of the sequences
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showed that the most common number of exon internal repeats in NOD proteins was seven (Figure

3.5).
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Figure 3.5 Stacked column graph displaying the most common number of repeats (based on gene
structure) in mammalian NOD protein families, and number of repeats for each individual protein.

Each exon codes for one B-strand and one oa-helix. Internal repeats represent the core tandem
repeats, while capping repeats contain short terminal sequences that flank the internal repeats,
protecting the extended hydrophobic core from solvent exposure and aggregation.*> 46 A typical
NOD LRR contains a series of internal repeats that have a B-sheet and an a-helix, and the last
internal repeat is capped by a B-strand at the C-terminus; they do not have an N-terminal cap.*’ %8

Six genes encoding for the human NOD proteins were obtained from the HUGO Gene
Nomenclature Committee (HGNC) database.®! Individual tandem repeats were confirmed through
the exon-intron structure, and these LRR sequences were submitted to blastp through the National
Center for Biotechnology Information (NCBI) database to find all homologous mammalian
proteins.®? This resulted in 75 NOD protein sequences containing 811 individual LRR sequences
(Table 3.2).

Table 3.2 Mammalian NOD proteins included in consensus design.
Protein (# of proteins) Gene Accession Number
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NOD1 (13)

AAH40339.1, EHH17407.1, EHH52238.1, NP_001243492.1,
AJC01625.1, BAG12313.1, EHB11938.1, AAH43670.1,
NP_001102706.1, ELW67927.1, EGW09193.1, KFO31558.1

NOD?2 (21)

CCDS10746.1, AAS89989.1, NP_001098710.1, NP_001273968.1,
BAH24204.1, AlZ94036.1, NP_001002889.1, AAS09828.1,
AAS09827.1, ELR51388.1, AHL44890.1, CAP69987.1,
AAN52938.1, ERE77543.1, AAN52936.1, AAN52936.1,
EHB15612.1, ELW61536.1, ELK15377.1, KFO37911.1,
NP_001099642.1, EPY82141.1

NOD3 (8)

NP_849172.2, ELK10726.1, ELK34664.1, ELR52378.1,
EHBO03132.1, ELW72126.1, EPQ11906.1, KFO24786.1

CITA (11)

AAU06586.1, EHH60161.1, EHH31423.1, AAM15722.1,
AAG02183.1, AAB05004.1, ELR61079.1, EHB13615.1,
ELW67635.1, KFO20984.1, ELK13517.1

NOD4 (9)

NP_115582.4, EHH31688.1, EHH60408.1, NP_001265710.1,
ELR53391.1, EHB11784.1, ELW66189.1, KFO26960.1,
NP_001028379.2

NOD5 (13)

NP_078894.2, NP_848507.2, NP_001020181.1, ELK12065.1,
EGV99100.1, NP_001095705.1, KFO31052.1, ELR55372.1,
NP_001191698.1, EHB08801.1, ELW63238.1, EPQ01773.1,
ELK34067.1

Previously, 28 proteins from both the NLRP and NOD subgroups were used in the consensus
design of CLRR2.1* The addition of 47 proteins to the original database used in the design of

CLRR2 led to significant differences in the consensus sequence.** Amino acids in the canonical

motif and hypervariable positions remained the same.

The 811 sequences obtained through the NCBI database were manually aligned to the

canonical LRR motif, XLxXLXLXxNXL(x)nL(x)s (Figure 3.6a).*° For example, each repeat of

human NOD?2 protein was aligned with the canonical motif (Figure 3.6b).
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a 1|2(3|4|(5|6|7|8|9|10({11|12|13|14|15|16|17(18|19|20|21|22|23|24|25|26|27 |28

Canonical X|Lfx|x|L|{x|L|x|x|N|x[L]x|x|x|x|x|[x]|x|L|{x|x|x|x|x]|x]|x]|x
B-sheet a-helix

b.
Repeat 1 V(C|K|/A|L|Y L|IR/ID N|IN|I|S|D|R|G|I|C|K|L|I|E|C|A|L|H|C]|E
Repeat 2 Q(L|Q|/K|L|A|/L|FIN|N|K|L|T|ID|G|C|{|A|H|S/M|A|K|L|L|A|C|R|Q
Repeat 3 M|{F|L|/A|L|R|L|GIN|/N|Y|I |T| A|A|G|A|Q|V|L|A|E|G|L|R|G|N|T
Repeat 4 S| L|IQ|F|L|G|F/IW|G|N|R|V|G|D|E|G|A|Q|A|L|A|E|A|L|G|D|H|Q
Repeat 5 S|LIR|W|L|S|L|VIG|N(N|I |G|S|V|G|A|Q|A|L|A|LM|L|A|K|N|V
Repeat 6 M|L|E|E|L|C|L|E|E|N|/H|L|/Q|D|E|G|V|[C|S|L|A|E|G|L|K|K|N|S
Repeat 7 S|L|K|I|L|IK|L|SIN|N(C|I |T|Y|L|G|A|E|A|L|L|Q|A|L|E|R|N|D
Capping T I'|L|E|VIW|/L|R|G|N|T|F|S

1 811 sequences

C.

InternalRepeat |1 (2 |3|4 (5|6 |7|8|9|10(11|12(13|14|15(16(|17(18|19(20|21|22|23|24|25|26(27|28
1st common S|L|E|E|JL|D SIN|N G(D|E|G|A|K/A|L|A|E|A|L|P|K|N|P
%frequency |4 8 2 2 R A B8 R ERZIF[FI/FIRBISZEXTIFIIFTET28 8 A
2nd common T‘IlK‘S‘HlR‘F‘QlG‘C‘SlH‘T‘AlA‘A‘V|Q|L‘Vll‘Q‘LlA‘A‘QlC‘Q
%frequency |& o T 2~ 3~ 383 3 0o 3 88338 03235 30«33 3 ~33 213
srdcommon | a|w]a| x| 1 ]s v]a[e]s]a]t]s]e[v]s[t[e]s[m[v][r]c]v]s[r[L]r
Y%frequency |8 o0 T S~ 8 n 0o v« 30 238 ~0dd 3 nwedded S dd

CappingRepeat 1|2 |3 |4 |5|6|7|8|9|10(11(12|13
1st common S| |EJE(VIWIL|W|[G|N|T|I
%frequency | 3 213 2 R R Q5 IR LA m
2nd common T‘I[I( T[I[N}M[R[S‘C[L[L‘S
%frequency & » T8 ¥ R B A8 323 AR m
3rd common Q‘H‘Q V‘L‘C‘P‘A‘T‘P‘Q‘F‘D
%frequency (O o Z1D 8 8 m» J T F 8 IR

l amino acid physical properties analysis
d.
Consensus 1|2(3|4|(5|6|7|8|9|10({11|12|13|14|15|16|17(18|19|20(21|22|23|24|25|26|27 |28

InternalRepeat | S |L|K|S|L|D|L|{W|[N|N|Q|I |G|D|E|G|A|K|A|L|A|E|A|L|E|K|N|P

CappingRepeat | S |L|K|E |l |[W|L|R|[G|N|T|I

Figure 3.6 The process of consensus design for the CLRR proteins. a. The canonical motif for
LRR. b. The LRRs of the human NOD?2 protein aligned with the canonical motif. c. The first,
second and third most common amino acids at each position from analysis of 811 repeats from 75
proteins, with their % frequency listed in the row below for internal repeats and the p-strand cap.
The first three residues of the B-strand cap are shown in grey because they are derived from the -
strand of the internal repeat sequence. d. The final CLRR consensus sequence of one repeat.
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Because the first repeats were not significantly different from the internal repeats, the N-terminal
cap was removed from the original CLRR2.2* Next, the last repeats of each protein were analyzed
separately to define the capping repeat. The C-terminal cap was shortened from 28 in the original
design to 13 residues in the current CLRR design, retaining the B-strand and eliminating the o-
helix.}* The sequences were then analyzed for the amino acid residue frequency at each position
(Figure 3.6¢). Amino acids with > 50% frequency were kept for the final consensus sequence
(Figure 3.6d).

The physical properties were optimized, first in the internal repeats, particularly positions with
a high preference for charged residues. Positions 6, 14, 15, and 22 showed high preference for
negatively charged Asp (D) or Glu (E), and positions 3, 18, and 26 showed high preference for
positively charged Lys (K), so these residues were retained (Figure 3.6c, d). Proteins tend to
aggregate and precipitate as a function of their isoelectric point (p1).%° Initially, three proteins with
Ala (A) at position 25 were designed (pl ~ 6.3),%! but they dimerized and aggregated easily. Since
a strong preference was not indicated at position 25, Ala was replaced with Glu to maintain a
suitable isoelectric point (pl < 5.5) for good protein solubility and negative net charge throughout
(Figure 3.6d).%*

The remaining hypervariable positions were assessed for preference of amino acid physical
properties, such as size, polarity, and propensity for secondary structure. We made the following
alterations to the consensus sequence. A Pro (P) was introduced at position 28 (Figure 3.6d),
because a kink in the structure before the 3-sheet was found in the LRR-domain of the ribonuclease
inhibitor (R1) crystal structure (PDB ID: 1A4Y).% Similarly, a Gly (G) was used at position 10 to
maintain a kink before the a-helix,>? and Gly (G) is the second most frequent residue at position
10 (Figure 3.6d). A Trp (W) was introduced at the hypervariable internal repeat position 5 to enable
fluorescence studies. Overall, 7 out of 28 residues of the CLRR2 internal repeat were different

39



upon redesign with the larger database to give the current CLRRs: Serl, Asp3, Trp5, Glu8, Gly10,
Glu25, and Pro28.

Four out of 13 residues in the shortened cap of the CLRRs: Leu2, Lys3, Arg8, and Thrll, were
changed from CLRR2 because these had higher frequencies in the expanded database. The 10
residues (positions 4 — 13) of the C-terminal capping repeat had higher conservation than the
internal repeats (Figure 3.6¢). Capping repeats are known to have higher levels of amino acid
conservation.*® The first three residues shown in grey in the capping repeat are derived from the
N-terminal B-strand of the internal repeats in order to connect the last a-helix with the capping -
strand that protects the hydrophobic core (Figure 3.6¢).* This analysis of amino acid conservation
and physical properties resulted in the current CLRR repeat sequence (Figure 3.6d). The consensus
repeats have on average 49% sequence identity to the rabbit NOD2 LRR (PDB ID: 5IRM).¥

Proteins with 4 to 8 internal repeats (CLRR4 — CLRR8) were chosen for synthesis and
characterization because of their similar lengths to the 7 and 5 repeat NODs, which are the first
and second most common number of repeats found in nature respectively (Figure 3.5). The CLRR4
protein has 4 full-length internal repeats, no N-terminal repeat, and a C-terminal p-strand cap.
CLRR2 also had 4 full-length repeats: two internal, plus N- and C-terminal repeats.'* Restriction
sites were added to the sequence to facilitate cloning multiple repeats. The final proteins include
Gly-Ser at the beginning of the first repeat from the BamHI restriction site, and Arg-Ser between
internal repeats from the Baglll restriction site (Figure 3.4). A Hindlll site was added to the DNA
sequence after the C-terminal capping repeat (Figure 3.4).

The computed physical and chemical parameters of the CLRR proteins studied are summarized
in Table 3.1. SEC overestimates the MW of elongated proteins.*” Because repeat proteins have an
elongated structure compared to the Biorad globular protein standards, they have been shown to

elute slightly slower, and thus give slightly higher apparent molecular mass.*” CLRRs fairly
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consistently showed an apparent MW on average 10% higher than the calculated values (Table
3.1). The € values scale with the number of Trp residues (Table 3.3). Pl decreases with the number
of repeats because each internal repeat carries one negative charge (Table 3.3).

Table 3.3 Computed physical and chemical parameters for the CLRR proteins.

Name CLRR4 CLRR5 CLRR6 CLRR7 CLRR8
Length (amino acid residues) ? 161 191 221 251 281
Molecular weight (Da) 2 17,978 21,228 24,479 27,643 30,806
Apparent MW by size-exclusion (Da)® 20,000 23,300 26,700 30,500 33,500
g at 280 nm (Mt.cm?t)ac 33,460 38,960 44,460 49,960 55,460
pl? 5.50 5.40 5.32 5.27 5.22
Net Charge ? ) —7 -8 -9 -10

2 Computed using the ExPASy ProtParam tool (web.expasy.org/protparam/), ® Size-exclusion
chromatography (SEC), ¢ ¢ = extinction coefficient.!

3.4.2 Protein Expression and Purification

Genes for the CLRRs were synthesized using Klenow extension and subsequent PCR
amplification (Figure S3.1). Genes were cloned into plasmid pProExHtam under the control of the
lac operon, and the proteins were overexpressed using E. coli BL21 (DE3) cells. CLRRs with the
expected molecular weights were observed by SDS-PAGE in both the soluble and insoluble

fractions (Figure 3.7a).

a. M 4IN b. 300 - 4CLRR4
— 4CLRR5
250+ - —— 4CLRR6
| — 4CLRR7
5 200 / ——4CLRR8
< 150 |
30kDa €
25kDa 100 \
20kDa 50

N —
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Figure 3.7 Characterization of CLRR protein expression. a. SDS-PAGE of insoluble (IN) and
soluble (S) fractions of CLRR4 (4), CLRRS5 (5) and CLRR®6 (6) alongside the protein ladder marker
(M). Only the soluble fractions were used. b. Size-exclusion chromatography of the Ni-NTA
purified proteins on S75 Superdex 16/600. The void volume was 47 mL and contains impurities.
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This was an improvement over the CLRR2 protein that was only present in the insoluble fraction
and had to be solubilized.'* Soluble fractions of the proteins were purified by Ni-NTA and size-
exclusion chromatography, and refolded by dialysis out of urea into PBS before characterization

(Figure 3.7b, Figure 3.8).
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Figure 3.8 Secondary structure by CD. Normalized CD spectra of the CLRRs, where a. the dashed
lines represent partially folded (PF) proteins at 24 °C prior to dialysis, and b. the dotted lines
represent unfolded (UF) proteins after heating to 80 °C.

The CLRR proteins were properly folded and monomeric. All proteins eluted from the
analytical size-exclusion column as single symmetric peaks (Figure 3.10a). Because repeat
proteins have an elongated structure compared to the Biorad globular protein standards, they have
been shown to elute slightly slower, and thus give slightly higher apparent molecular mass.*’
Experimental molecular mass values calculated from the standards were ca. 1.1 times higher than
the theoretical values for the molecular weight of monomeric protein (Table 3.1). MALDI-TOF
mass spectrometry of CLRR7 and CLRRS further confirmed their molecular mass and monomeric

state (Figure 3.9). Purified proteins stored at 4 °C remained stable for 2 weeks without showing

signs of aggregation, loss of structure, or loss of activity.

42



a. 4700 Linear Spec #1 MC[BP = 13752.9, 29]

100+ 13753 200

90+

80+

707

60-

50

% Intensity

40-

27464

304

20+

104

i sl o e a1 1y sl v o

o —— ok o i TR R ——— g Wil
9997.0 22039.8 34082.6 46125.4 58168.2 70211.0

Mass (m/z)
G:\..\K19_LINEAR.t2d
Acquired:
b. 4700 Linear Spec #1 MC[BP = 30704.6, 2]
100- 30728 b4
90+

80

704
15379

60

% Intensity

504

40

309

2 70211.0

Mass (m/z)

46125.4 58168.

HM\‘ \HH\\) ‘H\ \ m
7.0 22039.8 34082.6

999

CA\..\K20_LINEAR.12d
Acquired:

Figure 3.9 MALDI-TOF spectra of a. CLRR7 calc’d for [M+H]" 27,643 Da, found 27,464 Da,
calc’d for [M+2H]?* 13,821 Da, found 13,753 Da, and b. CLRRS calc’d for [M+H]* 30,806 Da,
found 30,728 Da, calc’d for [M+2H]2+ 15,403 Da, found 15,379 Da.
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3.4.3 Secondary Structure
CD spectroscopy was used to assess the secondary structure of the CLRRs. Before refolding,

CLRRs exhibited maxima in the 190-200 nm region, and minima at 205 nm and 220 nm (Figure

3.8a).
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Figure 3.10 Protein characterization. a. Analytical size-exclusion chromatography of the purified
proteins. The void volume was 6.40 mL. b. Normalized CD spectra of the CLRRs taken at 24 °C
after purification and dialysis. ¢. Thermal melting curves of CLRRs obtained by monitoring the
CD mean residue ellipticity, [f]mmw, vs temperature. Each curve was fitted to a two-state model.

The maxima near 190 nm and the minima at 205 and 220 nm indicated that the proteins were
partially folded, not random coil.>® Because the LRR motif contains both a-helical and B-sheet
regions, the signature CD signals of these secondary structures were analyzed. The minima at 205
nm instead of a typical a-helical minimum at 208 nm suggested that the proteins were not

completely folded. Therefore, the proteins were refolded with decreasing concentrations of urea
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buffer into PBS. After refolding, the minima near 205 nm were slightly red-shifted to 208 to 210
nm, while the minima at 220 nm remained the same (Figure 3.10b). The deeper minima at 208 nm
compared to the minima at 220 nm indicated that CLRRs contained slightly more a-helical content
than B-sheet content (Figure 3.10b).>® Refolded CLRRs displayed unfolding curves typical to
mixed a-helical and 3-sheet containing proteins (Figure 3.10c).

A typical NOD LRR internal repeat has an 8-residue p-strand, a 5-residue loop, a 12-residue
a-helix, and another 3-residue loop (Figure 3.6a).%° The CD spectra were analyzed using the
BeStSel tool (bestsel.elte.hu/index.php).>® For all CLRRs, the calculated o-helical content
averaged 42%, while the B-sheet content averaged 13% (Table 3.4).% The a-helical contents of
the CLRR4 — 8 are comparable to the designed Rl LRRs that were based on the mammalian RI
crystal structure (37% a-helix) .>

Table 3.4 The biophysical characteristics of the CLRR proteins.

Name CLRR4 CLRR5 CLRR6 CLRR7 CLRRS8
a-helical content (%)?2 40 44 43 38 43
[-sheet content (%)? 10 14 9 17 16
Tm (°C) 45+ 1 440 421 4420 58 +1

aComputed using BeStSel tool (bestsel.elte.hu/index.php).>3
3.4.4 Homology Model and Surface Charge

The rabbit NOD2 was chosen to model the CLRR structures (PDB ID: 5IRM).%” The CLRRs
share sequence identities of approximately 49% with the rabbit NOD2 LRR domain.®” The
homology model of CLRR4 gave a structure very similar to the LRR domain, with a -sheet on
the concave face, and a series of a-helices on the convex face (Figure 3.11a). The Ramachandran
plot showed mostly favorable backbone ® and ¥ angles (Figure 3.11b). The QMEAN structure

scores of the homology model of CLRR4 mostly align with known structural metrics (Figure 3.12).
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Figure 3.11 Structure assessment for homology model of CLRR4 created with Schrodinger Prime
using PDB ID: 5IRM as a template. a. QMEAN structure scores, b. local quality estimate per
residue, and c. comparison of model with reported, non-redundant, experimentally confirmed
structures (red star). Model has 49% identity and 63% similarity to 5IRM with Escore of 6E-25.
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Statistics show good local similarity with the target, PDB ID: 5IRM, and good fit of normalized
QMEAN square with non-redundant PDB structures and favorable geometrical properties (Figure
S3.7). The a-helical content of the model was 38%, and the 3-sheet content was 11%, in agreement
with the CD analysis using BeStSel (Table 3.2). The CD spectra and homology model confirm

that designed CLRRs retain analogous structures to native LRRs.
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Figure 3.12 Homology model of CLRR4. a. Structure of CLRR4 shown as a cartoon and colored
by QMEAN score (blue—favorable, red—outlier, Figure S7). b. Ramachandran plot with ®, ¥
coordinates. Each residue (dot) is colored by favorable (blue, 85.5%) or outliers (red, 14.5%).

Surface property mapping of the CLRR4 homology model showed ordered patterns of
alternating charged and hydrophobic patches. The convex surface shows stabilization of the a-

helices by a network of possible salt bridges on the surface (Figure 3.13a). The potential salt
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bridges are intra-helix i-to-i+4, or inter-repeat along the convex face, although some of these static
distances are too long (Figure 3.14). Near the loops at the C-termini of the helices, salt bridges are
i-to-i+1 or inter-repeat. The concave surface shows, from bottom to top, a distinct hydrophobic
patch of tryptophans (green), a negative patch of aspartates (red), a patch of serines, and a positive

patch of lysines (blue) (Figure 3.13b).

Figure 3.13 Physicochemical surface map of CLRR4. a. Convex a-helix surface map, and b.
concave [-sheet surface map. Surfaces are shown as physicochemical properties with blue
(positive charges), red (negative charges), and green (hydrophobic).

Figure 3.14 Potential stabilizing interactions of all charged residues in the a-helices on the convex
surface in the homology model of CLRR4. The protein backbone is shown as a cartoon, internal
repeats (teal) and capping repeat (dark blue). Charged side chains (teal, sticks) and distances less
than 8 A (black, dashed lines) between charged residues are shown.
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3.4.5 Folded Protein Stability
Thermal unfolding was monitored by the change in CD signal at 217 nm near the combined a-
helix and p-sheet minima. At 80 °C, loss of signal at the minima indicated transition to the

denatured state (Figure 3.8b). The normalized signal changes were plotted as a function of

temperature (Figure 3.10c). Individual unfolding curves are shown in Figure 3.15.
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Figure 3.15 Individual unfolding curves with error bars from two measurements are shown for a.
CLRR4, b. CLRRS5, ¢. CLRR6, d. CLRR7, and e. CLRRS. f. Unfolding curves for all five proteins.
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The transition temperatures (Tm) were approximately the same for CLRR4 — CLRR?7, and
significantly higher for CLRR8 (Table 3.4). The unfolding curves displayed a broader transition
than would be expected for a simple two-state unfolding mechanism. Because the CLRRs
displayed a partially folded state prior to dialysis out of urea, it is likely that folding intermediates
exist. The previously designed CLRR2 also did not follow a simple two-state unfolding
mechanism.** The CD unfolding of other a-helix and B-sheet containing repeat proteins shows that
capping repeats and internal repeats do not unfold in a concerted manner.>* %

Typically, repeat proteins show linear increases in thermal stability with length.>®-°8 Natural
repeat proteins are found in discrete intervals of repeat numbers; TPRs are found in intervals of 3
repeats, ANKs in intervals of 6 repeats,®® and ARMs in intervals of 12 repeats.’® ANKs show
increased stability in step intervals of 6 repeats rather than a linear increase in stability.*® Pliickthun
and coworkers showed a similar phenomenon where designed LRR proteins showed a step
increase in stability from 8 to 12 repeats, while the 10 repeat had the same stability as the 8
reperat.%’ We observed a Tm plateau from 47 repeats and step increase in stability at 8 repeats, so
LRRs may show the same increase in stability in intervals of 4 (Table 3.4). The 14 °C higher Tm
of CLRR8 shows that 8 repeats is a threshold for increased thermal stability (Figure 3.10c). Further
studies on shorter and longer LRR proteins, such as 2, 3, 10, 12, 16 etc. repeats, would help confirm

this step interval.

3.4.6 Fluorescence Binding to MDP

MDP is a known natural ligand for the NOD2 protein of the NLR family (Figure 3.1).28 Our
previously designed CLRR2 showed an MDP binding affinity of 2.0 pM, measured by
fluorescence quenching of the Trps on the concave surface.!* This surface is the binding site for

angiogenin on the ribonuclease inhibitor NLRP,*? so MDP was expected to bind to the concave
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surface. Each repeat of the CLRRs contains a Trp residue on the concave binding surface (Figure

3.6b) to monitor the fluorescence quenching to measure MDP binding affinity. For each CLRR,

increasing MDP concentrations gave a double binding curve (Figure 3.16).

a. CLRR4
1.0

o
o
"

Fraction Bound
o o
SN (o))

o
[N
)

o
o
n

0.0

c. CLRR6

Fraction Bound
© o o =~
>N (o)} [o:] o

o
()
h

0.1

02 03 04
[MDP] (uM)

05

06

Fraction Bound
o o o
SN (o)} (o]

o
[N
)

o
o
"

0.1

02 03
[MDP] (uM)

0.4

05

0.000 0.002 0.004 0.006 0.008 0.010

[MDP] (uM)

b. CLRR5
1.0

T 0.8

ou

m 0.6

on

= 0.4-

Frac

0.2

0.0+

00 01 02 03 04 05 06
[MDP] (uM)
d. CLRR7

o =
o O

O
[o)]
L

Freaction Bound
o
»

o
[N}
h

o
o
L

00 01 02 03 04 05 06 07 08
[MDP] (uM)
f. Compilation

1.0 -
T 0.8
g
@ 0.6
5
§ 041 ——CLRR4
g ——CLRR5
0.2 ——CLRR6
——CLRR7
0.0- ——CLRR8
0.0 01 02 03 04 05 06

[MDP] (uM)

Figure 3.16 Fluorescence quenching of Trp residues in the CLRRs is shown as a function of MDP
concentration. Individual binding curves, Ka1 and Kz fits, with error bars from 2 measurements at
each concentration are shown for: a. CLRR4, b. CLRRS5, ¢. CLRR6, d. CLRR7, and e. CLRRS. f.
Compilation of the overall apparent affinity (Kadapp) curves fitted to Eq. 4 for CLRR4 — 8 (Table

3.3).



This indicated binding of at least two MDP ligands, and the two curves were fitted
independently to Eq. 4 (Figure 3.16a-¢€). The Ka1 values ranged from 0.04 to 4.5 nM, and Kq2 values
ranged from 3.1 to 140 nM (Table 3.5). MDP-LRR affinities have not been analyzed as double
binding curves previously.'*?® When the overall data were fitted to a single curve, the apparent
binding affinities (K app) ranged from 1.0 to 57 nM (Table 3.5, Figure 3.16f). These binding
affinities are 2 to 3 orders of magnitude tighter than that of the previously reported value for
CLRR2." The Kaapp of CLRR4 (57 nM) for MDP is 35-fold tighter than CLRR2 (2.0 uM), which
has the same number of total repeats.'* The Kuapp values of CLRRS to CLRRS are tighter than that
of the full-length NOD2 protein measured by surface plasmon resonance (SPR) (1-30 nM).?®

Table 3.5 Binding affinities of CLRRs for MDP.

Method Ka (NM) CLRR4  CLRR5 CLRR6 CLRR7 CLRRS
K 004+001 03+02 11405 45+13 0.060.02
E}I‘S’gescence Kz 140423  211+10 227+40 50+2  3.1+05
K app 57+20  29+10 46+11 65+05  1.0+0.2
K 12+02 29+04 49+02 03+02 ND?
ITC MDP Kz 176+7  123+34  64+3 24+90 ND?
K app 105 + 58 ND? ND? ND? ND?

IND = not determined.

The CLRRs have on average a sequence identity of 49% to the NOD2 protein (Figure 3.11).
Although the CLRRs have fewer internal repeats than the rabbit NOD2, which shows 10 internal
repeats in the crystal structure (PDB ID: 5IRM),> this series of designed proteins preserved the
necessary biophysical properties for a highly successful binding scaffold. The Kd1 values for
CLRR4 (0.04 = 0.01 nM) and CLRRS (0.06 + 0.02 nM) protein represent the tightest binding

LRRs for MDP reported to date.

3.4.7 ITC Binding of CLRRs to MDP
Isothermal titration calorimetry (ITC) was used to measure the number of MDP binding sites

on the CLRRs. The number of binding sites (n) was calculated from the best fit of the ITC data for
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CLRR4 to independent and multiple binding site isotherms (Eg. 3.5 and 3.6), which gave identical
n values of 2.0 £ 0.1 (Table 3.6, Figure 3.17).
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Figure 3.17 ITC data fit for CLRR4 using NanoAnalyze: a. independent binding model, and b.
multiple binding model. Bottom left inlet shows RAW ITC measurements (Raw Heat Rate, pcal-

st vs Time, s1), and upper right inlet shows calculated results.
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For CLRR5 — 7, ITC data could not be fit to an independent isotherm, and n values from the

multiple binding site isotherms were either not whole numbers, or had high error values (Table

3.6, Figure 3.18).
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c. CLRRY
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Figure 3.18 ITC data fit to the NanoAnalyze multiple binding model for a. CLRR5, b. CLRRS,

and c. CLRR7. Bottom left inlet shows RAW ITC trace (Raw Heat Rate, pcal-s™ vs Time, s74),
and upper right inlet shows calculated results.

If receptors contain multiple binding sites with different environments, an independent binding
model is known to give poor fits. The multiple binding site model is also inherently poor at
estimating the number of binding sites accurately beyond an n value of 2. If receptors contain three
or more binding sites with complex binding mechanisms, such as sequential or cooperative
binding, the multiple binding site model gives poor fits.®!

Table 3.6 Number of ligands (n), measured AH, calculated —7AS and AG values from ITC. T =
298 K. Confidence level of fits 95%. Errors for AH values are given in Figure S3.10-A.11.

Model Protein fit n kH(kJ/mol)  ¢Ck{ (kJ/mol) kD (kJ/mol)
Independent CLRR4 Kd app 20+0.1 250 -290 -40
CLRR4 Ky1 20+0.1 114 -164 =50
CLRR4 K2 914 -200 161 -39
CLRR5 Ky1 0.8+0.1 52 -100 -48
Multiple CLRR5 Kg2 3t4 -44 5 -39
Binding CLRR6 Ki1 0.3+0.1 18 —65 -47
CLRR6 Ky2 1+6 -113 72 -41
CLRR7 Ka1 0.2+0.0 -3 =51 -54
CLRR7 Kq2 035 -116 72 -44
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The thermodynamic quantities, enthalpy change (AH) and entropy change (AS), determine the
overall binding free energies (AG) and are the driving factors in protein-ligand binding. The total
binding entropy is described by Eq. 3.7:

A=A + A +A (3.7)
where ASsorv 1s the solvent entropy change, AScon 1s the conformational energy change, and
ASrotirans is the rotational/translational entropy change.®* The thermodynamic parameters for the
interaction between CLRR4 and MDP indicate that binding is strongly entropically driven (Table
3.4). For Kaapp and Ka1 of CLRR4, the large AS value observed suggests that the first binding
interaction is governed by favorable solvent release (ASson) at the binding site, which overcomes
unfavorable changes associated with  conformational restriction  (ASconf), and
rotational/translational degrees of freedom (ASror/rans). The uncertainty in the data for CLRRS —
CLRR7 is large, and should be considered when interpreting the enthalpy and entropy breakdown.
However, for all five of the CLRRs, the trends are clear that all of the stronger Ka: affinities are
entropically driven, and all of the weaker Ka> affinities are enthalpically driven (Table 3.4). The
average of 10 kJ/mol more negative AG value for K4 than Ka2 suggests that multiple MDPs bind

sequentially to the CLRRs binding sites (Table 3.6).

3.4.8 Modeling of Multiple MDP Binding Sites

Molecular docking simulations were performed to determine if CLRR4 was binding
independently or sequentially. A single MDP molecule was docked flexibly to CLRR4 with the
binding site unbiased; the nine lowest energy structures were saved. MDP docked in only two
locations—site 1 is on the loops connecting the a-helices and p-strands below the tryptophans (5/9
times), and site 2 is on the B-sheet concave surface (4/9 times) (Figure 3.19). The docking energy

was —26 kJ/mol for pose 1, and it was —23 kJ/mol for pose 2. While site 2 is the expected binding
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site on the concave surface of the B-sheet, site 1 was unexpected. This result of two binding sites

for CLRR4 is consistent with the results found by fluorescence and ITC data (Table 3.6).

a. 7\ b.

Figure 3.19 MDP independently docked to homology model of CLRR4. The protein backbone is
shown as a cartoon colored as, internal repeats (teal) and p-strand cap (dark blue), with Trp side
chains (brick red) shown. a. All nine poses (wheat) clustered in poses analogous to either pose 1
(5/9) or pose 2 (4/9). b. MDP docked with lowest energy poses at sites 1 and 2 of CLRR4 with
docking energies of —26 kJ/mol for pose 1 (orange) and —23 kJ/mol for pose 2 (deep purple).

To model sequential binding of MDP, pose 1 and pose 2 were each fixed individually to CLRR4,
and a second MDP was docked to this complex (Figure 3.20-3.21). The model shows two binding
pockets below (site 1) and above (site 2) the tryptophan residues, as in the initial independent
docking (Figure 3.8). The two poses are separated by a wall of tryptophans, and they do not interact
directly with either pose. Site 1 is a trough formed by the bottom loop side chains of hydrophilic
Asn, GIn, and Thr residues (Figure 3.23). The bottom of the trough is formed by the backbones of
Asn, GIn, and Gly residues (Figure 3.23). Site 2 is formed by electrostatic side chains of Lys and
Asp, hydrophilic Ser, and backbones of Lys and Ser residues (Figure 3.23). The complete list of
interacting residues is given in Table 3.7. When each pose was fixed in its binding site first and a
second MDP was docked, the second MDP with the lowest energy bound in the empty site, not in

a new site (Figure 3.22a).
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Figure 3.20 MDP docked to CLRR4 with pose 1 (orange) fixed prior to docking a second MDP.
a. All nine poses (pink) from docking. b. Lowest energy pose 2’ (pink) of second MDP with a
docking energy of —21 kJ/mol. Protein colors are the same as in Figure S11.

Figure 3.21 MDP docked to CLRR4 with pose 2 (deep purple) fixed prior to docking a second
MDP. a. All poses (tan) from docking. b. Lowest energy pose 1’ (tan) of second MDP with a
docking energy of —26 kJ/mol. Protein colors are the same as in Figure S11.
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Figure 3.22 Final MDP poses docked to CLRR4. a. Superposition of pose 2 (deep purple) with
final pose 2’ (pink), and pose 1 (orange) with pose 1’ (tan). b. All-atom superposition of the lowest
energy pose 1 (orange) and pose 2” (pink) with RMSD 3.9 A, indicating that the poses bind to the
two sites in different conformations. Protein colors are the same as in Figure S11.

We hypothesize that the docking of two MDPs fixed individually indicates that MDP binds in pose
1 first, because it docks with lower energy, which facilitates the binding of MDP in pose 2°, which

is in the same binding site as the independently docked pose 2 (Figure 3.22b, Figure 3.23).

Figure 3.23 Model of CLRR4 with two MDPs bound. The protein backbone is shown as a cartoon,
colored as internal repeats (teal) and 3-strand cap (dark blue), with Trp residues (brick red) forming
a hydrophobic patch between the two binding sites. Pose 2’ (pink) was docked to the complex with
pose 1 (orange) already fixed to the homology model of CLRR4. The side chains of residues
interacting with each MDP are shown (teal and dark blue).

58



The molecular modeling results indicate two sequential binding sites. The interaction interfaces
found provide a theoretical model for the binding modes of MDP to the CLRRs. These results also
confirm the modeling of MDP binding to the LRR region of full-length NOD2 in previous work.*

This model provides a foundation for future redesign of our scaffolds to bind other ligands.

Table 3.7 Protein residues forming the binding sites for poses 1 and 2.

Hydrophilic / Hydrophaobic /

Electrostatic H-Bonding Aromatic Backbone
Asn39, 69, 99 Asn39, 69, 70, 99, 100
Pose 1 none GInl11,41,71,101 none GIn101
Thr131 Gly129
, Lys33, 63, 93, 123 Lys33, 63
Pose 2 Asp36, 66,96 o 346494 none Ser64, 94

3.5 Conclusions

Consensus design of the CLRRs generated a series of stable, folded proteins ranging in length
from 4- to 8-repeats. The longest repeat protein receptor, CLRR8, had a 1.0 nM binding affinity
for the biologically relevant glycopeptide, MDP. This represents a 2000-fold increase in binding
affinity over our previous CLRR2,* and also the tightest binding interaction between a NOD2
protein and MDP.28 Molecular docking to a homology model showed two very distinct binding
sites for the two MDP ligands bound to CLRR4, and the two MDP ligands bound CLRR4
sequentially. This series of CLRRs bind MDP with high affinity and high capacity.

The nature of repeat proteins allowed us to design this scaffold efficiently, while maintaining
the stability and affinity of their larger protein counterparts. Increased stability of designed proteins
facilitates the development of a biosensor. Because repeat proteins are modular and present a large
surface area for binding interactions, this protein lays the foundations for a scaffold with the
potential for specificity towards a variety of ligands. Different repeat lengths, number of repeats,
secondary structure, and modification of individual residues allow for the design of diversity in
ligand specificity.®1° The protein scaffold can be engineered with substitutions at hypervariable
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positions, and different repeat lengths to tailor a specific binding interaction. Together, these

qualities make our scaffold attractive for future molecular recognition motifs.

3.6 Addendum: Additional Experiments Supporting the Development of CLRRs

The work presented here was built upon the original design of the 2" generation CLRR4
developed by Parker et. al.** Extension of beyond 5 internal repeats of the 2" generation CLRRs
resulted in protein in the soluble fraction as opposed to previously insoluble protein that was
refolded. However, these proteins appeared to unfavorably dimerize. Subsequent 2.5" generation
CLRRs, which included extra B-strand at the C-terminus, exhibited similar solubility and
oligomerization. The database of NOD proteins used in consensus design was updated, and a
completely new consensus sequence was designed to give the 4" generation of CLRRs. The N-
terminus cap was removed in the design, and the C-terminus cap was shortened to a 10 a.a. B-
strand. These proteins were found primarily in the insoluble fraction, and thus a single-point
mutation was introduced to lower the overall pl of the protein. These proteins are 4.5" generation
of CLRRs, and the proteins referenced in Chapter 3 of this dissertation. All genes were confirmed
via Sanger sequencing (Virginia Tech Bioinformatics Institute). The biophysical properties of all
generations of CLRR proteins are summarized in Table A3.1.

Table A3.1 Biophysical properties of all generations of CLRR proteins.

Nomenclature M.W (Da) pl Net Charge

N1C 12923 5.32 -6

N2Cc 16079 5.38 -6

N3c 19234 5.43 -6

N4C 22390 5.47 -6

2" Generation N5C 25545 5.50 —6
N6C 28701 5.53 -6

N7C 31856 5.56 -6

N8C 35012 5.59 -6

N10C 41323 5.63 -6

2.5 Generation N5CB 26658 5.36 —7
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Figure A3.1 Protein sequences for all generation of CLRRs: a. 2" generation, b. 2.5" generation
(N5CB), c. 2.5" generation (N6p), d. 4™ generation, and e. 4.5"" generation. Colors are as follows:
red for N-terminal cap, green for internal repeat, blue for C-terminal cap, and purple for C-terminal

B-strand cap.

a. oligo1l
oligo 2
oligo 3
oligo 4
FF
BB

b. oligo 1
oligo 2
FF
BB

cccgggagcattctggaaatttggctgcagggcaacctgatt agcccgga
cgcgctgctcageacctgegcttcttccgggcetaatcaggttgecctgea
agaagcgcaggtgctgagcagcgcggatccgegectgctggaaatttgge
aagcttttagccaatggtgttgccctgcagccaaatttccagcaggcegeggatc
cgacgacccgggagcattctggaa

gcgcgcaagcttttagccaatggt

cccggggaaatttggctgcagggcaacaccatt
aagcttttagccaatggtgttgccctgcag
cgacga cccggggaaatttggcetg
gcgcgcaagcttttagccaatggt

Figure A3.2 Primers used to generate Cp and B fragments for 2.5" generation CLRRs. All primers
5’ to 3’ direction. a. N5SCp primers. b. N6 primers.
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Scheme A3.1 Cloning strategy for extension of 2" generation CLRRs. The scheme for the N6C
is shown here, and similar cloning strategies were used to synthesize the N5C through N10C genes.

BamHI Nhel Avrll Xmal Hindlll
Plasmid PproEx_Htam —{ N 3 (o —
Avrll and Xmal/ Digestion \ Nhel and Xmal
BamHI Nhel Avrll  Xmal Hindlll Nhel Avrll Xmal
— N 3 C — — 3 —
\ Ligation /
BamHI Nhel Avrll Xmal Hindlll
— N | 3 | 3 C —
M |

Cut plasmid

" N6C ~ 672bp

O-O

Figure A3.3 Confirmation of successful ligation for 2" generation CLRRs. 1% agarose gels are
shown with the correct length of N6C CLRR gene insert.

63



M FT W1 W2 W3 E1 E2 E3 E4 ES5

a. Marker Soluble Insoluble b-

34.6kDa

34.6kDa
27.0kDa
20.0kDa

27.0kDa

20.0kDa

14.3kDa

Figure A3.4 Representative protein expression levels for 2" generation CLRRs. a. SDS-PAGE
analysis of insoluble (IN) and soluble (S) fractions of N6C. b. SDS-PAGE analysis of flow-
through (FT), washes (W1-W3), and elutions (E1-E5) of N6C soluble fraction following Ni-NTA
affinity chromatography.

200bp
CB

insert
100bp

Figure A3.5 Confirmation of successful synthesis of C-terminus cap for 2.5"" generation CLRRs.
1% agarose gels are shown with the correct length of Cp gene insert.
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Scheme A3.2 Cloning strategy for 2.5" generation of CLRRs. The scheme for the N5CB is
shown here, and similar cloning strategies were used to synthesize N6 genes.

BamH]I Nhel Avrll Xmal Hindlll

V

— N 5 |

Avrll and Xmal \ Digestion

BamHI Nhel Avrll  Xmal Hindlll Xmal Hindlll
— N 5 c c | B —
\ Ligation /
BamHI Nhel Avrll Xmal Hindlll
— N 5 c | B —

a. b.
34.6kDa
34.6kDa
27.0kDa
27.0kDa
20.0kDa
20.0kDa

Figure A3.6 Representative protein expression levels for 2.5 generation CLRRs. a. SDS-PAGE
analysis of insoluble (IN) and soluble (S) fractions of N6C. b. SDS-PAGE analysis of flow-
through (FT), washes (W1-W3), and elutions (E1-E5) of N5Cp soluble fraction following Ni-

NTA affinity chromatography.
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Biorad Protein Standards
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60.00
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80.00

1.35kDa

100.00

120.00

N6C

245.00

195.00
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£

= 9500
<

45.00

-5.00
0.00 20.00 40.00 60.00 80.00 100.00 120.00

V (mL)
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25.00
20.00
215,00
— 10.00
<
5.00
0.00
.5.000.00 20.00 40.00 60.00 80.00 100.00 120.00
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Figure A3.7 Representative SEC data for 2" generation and 2.5"" generation CLRRs. Both of
these generations saw proteins eluting with the void volume indicating oligomerization. N6C and
N5Cp are shown with expected molecular weights of 28,701 kDa and 26,658 kDa respectively.

500bp

1kbp

5C —— 6C'—

Figure A3.8 Confirmation of successful ligation for 4.5 generation CLRRs. 1% agarose gels are
shown with the correct length of 5C’ and 6C° CLRR gene insert.
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CHAPTER 4

Protein Engineering of Keratin Biopolymers for Regenerative Medicine

4.1 Introduction

Natural biomaterials present unique solutions in the field of regenerative medicine. This
interdisciplinary field of engineering and life sciences aims to restore or completely recreate
normal function in diseased cells, tissues, or organs.! Traditionally natural grafts and synthetic
materials have been used for these applications. Natural grafts, autologous or allogenic, are the
preferred treatment. However, both come with complications such as risk of disease transfer,
immune system rejection, or donor site morbidity.? Synthetic materials, such as polymers and
metals, have been used to attempt to solve the issues with natural grafts. Their success has been
limited due to difficulties in fine-tuning chemical properties and biocompatibility.® Natural
biomaterials, specifically recombinant protein biomaterials, aim to address drawbacks with both
natural grafts and synthetic materials. Their advantage lies in their natural biocompatibility,
combined with their enhanced tunability towards surface modifications and different properties.*

Natural protein-based biomaterials consist of materials such as collagen, elastin, fibronectin,
laminin, fibrin, silk, vitronectin, and keratin.®> Of these, keratin-based biomaterials show the most
promise due to their inherent ability to self-assemble.® " The ability to reconstitute the network of
keratin fibers allows for a solid structural foundation. Furthermore, keratin proteins contain cell-
binding motifs to aid in cell adhesion, and are proposed to be involved in the regulatory functions
of cell growth.® ® These additional characteristics of natural keratin proteins show why these
materials are promising in the field of regenerative medicine. These materials have had

applications wound healing, tissue engineering, and nerve regeneration.'%*3
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Although natural keratin biomaterials have been successful clinically, they must undergo an
extensive extraction process that involves harsh solvents and significant sample treatment. This
often leads to protein damage and unwanted by-products that host immune systems may reject.*
Furthermore, they lack the ability to be further modified for tunability and functionalization.
Recombinant protein biomaterials offer the oppurtunity to build on the success of natural keratin
biomaterials through genetic engineering techniques. Selective mutations, insertions, substitutions,
and deletions in the DNA sequence allow for specific and precise control of the structure and
function of the desired biomaterials.

Previously we have cloned, expressed, and purified functional recombinant keratin proteins,
K31 and K81.% These materials retained the ability heterodimerize into higher order structures,
and surprisingly, they were able to homodimerize into fibers — something that was previously
unseen in keratin proteins. The new discovery of homopolymers opened up an avenue for
recombinant keratin biomaterials from a single keratin protein without its dimerization partner. To
build on this discovery, we proposed engineering the K31 sequence to incorporate functional cell-
binding motifs to aid in cellular attachment and addition of degradation sites to facilitate controlled
degradation of the keratin biomaterial. Here, we focus on the work involving the incorporation of

matrix metallopeptidase (MMP) enzyme degradation sites into recombinant K31.

4.2 Materials and Methods
4.2.1 Megaprimer Site-Directed Mutagenesis

The gene corresponding to the K31 gene was synthesized by GENEWIZ (Plainfield, NJ). The
amino acid sequence for the protein was reverse translated using the Sequence Manipulation Suite
(https://www.bioinformatics.org/sms2/rev_trans.html) to its corresponding DNA sequence;

optimized for E. coli codon usage (Figure 4.1).

72



atgtcgtactaccatcaccatcaccatcacgattacgatatcccaacgaccgaaaacctgtattt
tcagggcgccatgggatccatgccgtataacttttgcctgccgagcectgagcetgecgeaccage t
gcagcagccgcccgtgegtgccgecgagcetgecatagetgcaccctgecgggegegtgcaacatt
ccggcgaacgtgagcaactgcaactggttttgcgaaggcagctttaacggcagcgaaaaagaaac
catgcagtttctgaacgatcgcctggcgagctatctggaaaaagtgcgecagctggaacgegata
acgcggaactggaaaacctgattcgcgaacgcagccagcagcaggaaccgctgcetgtgec cgagc
tatcagagctattttaaaaccattgaagaactgcagcagaaaattctgtgcaccaaaagcgaaaa
cgcgcgectggtggtgcagattgataacgcgaaactggeggeggatgattttcgcaccaaatatce
agaccgaactgagcctgcgccagctggtggaaagcegat cctgeccggectggtcgg cattctggat
gaactgaccctgtgcaaaagcgatctggaagcgcaggtggaaagectgaaagaaga actgctgtg
cctgaaaagcaaccatgaacaggaagtgaacaccctgcgetgecagetgggegatecgectgaacg
tgcaagtggatgcggcgecgaccgtggatctgaaccgegtgctgaaccgeccgecgaagtggaacag
tggtttaccacccagaccgaagaactgaacaaacaggtggtgagcagcagcgaacagctgcagge
ggaaattattgaactgcgccgcaccgtgaacgcgctggaaattgaactgcag gcgcagcataacc
tgcgcgatagcctggaaaacaccctgaccgaaagcgaagcegcegctatagcagecagcetgagecag
gtgcagagcctgattaccaacgtggaaagccagctggcggaaattcgcagegatctggaacgceca
gaaccaggaatatcaggtgctgctggatgtgcgecgegegcectggaatgcgaaattaacacctatc
gcagcctgctggaaagcgaagattgcaacctgccgagcaacccgtgeg cgaccaccaacgcgtgc
agcaaaccgattggcccgtgcctgagcaacccgtgcaccagctgegtgccgecggegecgtgeac
ccegtgegegecgegeccgegctgeggeccgtgcaacagctttgtgege

Figure 4.1 Confirmed DNA sequence for K31-DS via Sanger sequencing. Cleavage site P3 to P3’
is bolded in red.

The sequence was modified to include restriction site BamHI at the 5° end and Hindll at the 3’
end. The desired gene was digested from plasmid puc57 using BamHI and Hindll enzymes, and
subsequently ligated into plasmid pProExHtam, which contains a T7 promoter, N-terminal
histidine affinity tag, and ampicillin resistance gene. To incorporate a degradation site into the K31
gene, the MEGAWHOP technique was utilized.'® Three primers were designed to facilitate the
two-step polymerase chain reaction (PCR)-mediated site-directed mutagenesis (Table 4.1).

Table 4.1 Programmed PCR Steps for MEGAWHOP Technique.

Step Temperature Time # of Cycles
Initial Denaturation 98 °C 1 min
Denaturation 98 °C 30s
Primer Annealing 62 °C 30s 35 cycles
Extension 72 °C 15s/5min?
Final Extension 72 °C 5 min
Hold 4°C 0

a8Extension time was 15 s for first PCR reaction and 5 min for the second PCR reaction.
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A standard primer (primer #1) was paired with a mutagenic primer (mutant primer) to create a
megaprimer product containing the mutation at the designed degradation site (Figure 4.2). This
megaprimer product was used as a primer paired with another standard primer (primer #2) in a
second PCR (Scheme 4.1). All PCR reactions were carried out in 25 uL mixtures containing 1x
Master Mix (NEB, Ipswich, MA), 0.5 uM forward primer, 0.5 uM reverse primer, 1 — 25 ng
template DNA, and nuclease-free water. Following PCR, reaction mixtures were treated with 1 uL
of Dpnl for 2 hr at 37 °C, deactivated for 20 min at 80 °C, and cleaned up using the QIAGEN PCR
cleanup kit (Germantown, MD). The first PCR product was gel-purified using QIAGEN gel
extraction kit, and then subsequently used in the second PCR reaction. The second PCR products
were ligated into the pProExHtam plasmid and transformed into NEB 10-f electrocompetent cells
(NEB, Ipswich, MA). The K31 genes containing the mutation with an introduced degradation site

is denoted as K31-DS (Figure 4.3).

Scheme 4.1 Site-directed mutagenesis by MEGAWHOP cloning.

primer 1
E—
——ef—
mutart primer
" * =~ PCR
FCR-1 -
.‘_
primer 2
= i ™ PCR-2
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All enzymes were purchased from NEB. Gene sequences for the K31-DS were confirmed by
Sanger Sequencing at the Biocomplexity Institute of Virginia Tech (Blacksburg, VA). Oligomer,

DNA, and protein sequences are provided below (Figure 4.2, Figure 4.3)

primer 1 cgacgaggatccatgacctgcgge
primer 2 gcgcgcaagcttttagcgcacaaa
mutant primer cagttcatccagaatgccgaccaggccggcaggatcgctttccaccag

Figure 4.2 Primers used to introduce degradation site into K31. All primers 5’ to 3’ direction.

a.

MSYYHHHHHHDYDIPTTENLYFQGAMGSMPYNFCLPSLSCRTSCSSRPCVPPSCHSCTLPGACNI
PANVSNCNWFCEGSFNGSEKETMQFLNDRLASYLEKVRQLERDNAELENLIRERSQQQEPLLCPS
YQSYFKTIEELQQKILCTKSENARLVVQIDNAKLAADDFRTKYQTELSLRQLWESIRRILD
ELTLCKSDLEAQVESLKEELLCLKSNHEQEVNTLRCQLGDRLNVEVDAAPTVDLNRSINET
EALVETNRREVEQWFTTQTEELNKQVVSSSEQLQAEIIELRRTVNALEIELQAQHNLRDSLENTL
TESEARYSSQLSQVQSLITNVESQLAEIRSDLERQNQEYQVLLDVRARLECEINTYRSLLESEDC
NLPSNPCATTNACSKPIGPCLSNPCTSCVPPAPCTPCAPRPRCGPCNSFVR

b.

MSYYHHHHHHDYDIPTTENLYFQGAMGSMPYNFCLPSLSCRTSCSSRPCVPPSCHSCTLPGACNI
PANVSNCNWFCEGSFNGSEKETMQFLNDRLASYLEKVRQLERDNAELENLIRERSQQQEPLLCPS
YQSYFKTIEELQQKILCTKSENARLVVQIDNAKLAADDFRTKYQTELSLRQLVESD/ALD
ELTLCKSDLEAQVESLKEELLCLKSNHEQEVNTLRCQLGDRLNVEVDAAPTVDLNRVLNETRSQY
EALVETNRREVEQWFTTQTEELNKQVVSSSEQLQAEIIELRRTVNALEIELQAQHNLROSLEN
TESEARYSSQLSQVQSLITNVESQLAEIRSDLERQNQEYQVLLDVRARLECEINTYRSLLESEDC
NLPSNPCATTNACSKPIGPCLSNPCTSCVPPAPCTPCAPRPRCGPCNSFVR

Figure 4.3 Protein sequences for a. K31 and b. K31-DS. Cleavage site P3 to P3’ is bolded in red.

4.2.2 Protein Expression and Purification

Recombinant K31-DS was expressed in BL21 (DE3) E. coli cells. Competent cells were
purchased (NEB) and transformed with the pProExHtam plasmid (1 pL in 50 pL cells) by
electroporation (1.7 kV, 1 pulse, Bio-Rad MicroPulser) at ambient temperature. Cell cultures were
grown for 16 h overnight at 37 °C in 50 mL of Luria broth (LB) medium, with shaking at 180 rpm.
The resulting cells were diluted 1:100 in 1 L of fresh LB media and grown under the same
conditions until an optical density of 0.6 was reached, about 6 h. Then protein expression was

induced with 1 mL of 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) and allowed to express
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for 4 h. Cells were harvested by centrifugation at 5000 rpm for 15 min at 4 °C. Pelleted cells were
resuspended in lysis buffer (50 mM Tris-HCI, 300 mM NacCl, 1% Tween 20, pH 8.0), and stored
at —80 °C.

Inclusion body purification was used to extract and purify K31-DS.1" Cell pellets were thawed
in a 37 °C water bath for 10 min, and treated with 10 mg/mL of lysozyme for 30 min. Following
this, 10 mM MgClz, 1 mM MnClz, and 10 pg/mL of DNase | (NEB) were added and allowed to
incubate for an additional 30 min. Detergent buffer (20 mM Tris-HCI, 200 mM NaCl, 1% Triton
X-100, 8 M urea, 2 mM EDTA, pH 8.0) was added in a 1:1 v/v ratio, mixed well, and centrifuged
at 5000 rpm for 15 min. The supernatant was removed, an additional 25 mL of detergent buffer
was added, mixed well, and centrifuged again. This step was repeated until a tight pellet of
inclusion bodies was observed. Extraction buffer (10 mM Tris-HCI, 2 mM EDTA, 8 M urea, 10
mM BME, and 1 protease inhibitor tablet (Pierce™ Protease Inhibitor Mini Tablets), pH 8.0) was
added to resuspend the inclusion body pellet. This sample was centrifuged at 16,000 rpm for 1 h,

and the supernatant was collected for further purification.

4.2.3 Gel Electrophoresis

PCR and ligation products were run on a 1% agarose gel treated with ethdium bromide, and
analyzed against the 1 kb and 100bp DNA markers from NEB. Gels were visualized on a Gel
Logic 112 (Bruker BioSpin).

Fractions from Ni-NTA affinity chromatography were prepared in a 1:1 v/v ratio of SDS buffer
1x (62.5 mM Tris-HCI pH 6.8, 2.5% SDS, 0.002% Bromophenol blue, 10% glycerol, 1 mM DTT)
to protein, and analyzed on a 10% SDS-PAGE with the 212 to 6.5 kDa protein marker from NEB.

Protein bands were stained with Coomassie blue.
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4.2.4 Dialysis

K31-DS was dialyzed serially out of elution buffer to obtain soluble protein. Proteins were
dialyzed (3000 MW cut-off) at 3 h intervals, in 1L of buffer (50 mM Na2HPOa4, 75 mM NacCl, 5
mM DTT, pH 8.0) each of decreasing urea concentrations (8.0 M, 6.0 M, 4.0 M, 2.0 M, and 0 M)

with the last step done overnight for equilibration.

4.3 Results and Discussion
4.3.1 Design of K31-DS Sequence with Degradation Site

MMPs are metalloproteinases that are capable of degrading extracellular matrix proteins,
including keratin.® These enzymes are present in both acute and chronic wounds and play a role
in regulating the degradation of extracellular matrix to promote wound re-epithelialization.
Different MMPs are confined to specific locations in the wound and stages of wound repair; with

MMPs 1, 3, and 9 being the major regulators during wound healing (Table 4.2).

Table 4.2 Characteristics of select MMPs. Copied from Caley et. al.*®

Member Substrates Role in Wound Healing

promotes human keratinocyte migration on

collagen I, I1, 111, VII, and o .
MMP-1 X a0arecan: serpins: fibrillar collagen; expressed by keratinocytes
(collagenase-1) alp;ha%?macr(;glot?ulir;' at their trailing membrane edge during wound

healing; overexpression in keratinocytes

Kallikrein; chymase delays reepithelialization

MMP-8 collagen I, 11, and 11, cleaves collagens, predominant collagenase in
(collagenase-2) aggrecan; serpins; 2-MG healing wounds
collagen I, 11, 111, 1V, IX, X,

and XIV; gelatin;
fibronectin; laminin;
tenascin; aggrecan; fibrillin;

MMP-13
(collagenase-13)

promotes reepithelialization indirectly by
affecting wound contraction

serpins
gelatin; collagen I, IV, V,
MMP-2 VI, and X; laminin; accelerates cell migration
(gelatinase A) aggrecan; fibronectin;
tenascin
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gelatin; collagen I, 111, 1V, expressed by keratinocytes at the leading

MMP-9 .

. V and VII; aggrecan; edge of the wound; promotes cell migration
(gelatinase B) R e .

elastin; fibrillin and reepithelialization except in cornea
collagen 1V, V, IX, and X; expressed by keratinocytes at the proximal

MMP-3 fibronectin; elastin; gelatin; proliferating population that supplies the
(stromelysin —1)  aggrecan; nidogen; fibrillin;  leading edge during wound healing; affects

E-cadherin wound contraction

The combined function and role in wound healing of these MMPs made them an attractive enzyme
degradation site to incorporate in our recombinant keratin biomaterials. Naturally, keratin proteins
are not degradable. This presents a challenge in wound healing application due to the presence of
a permanent disruptive material and complications in drug delivery systems. The incorporation of
an MMP degradation site in K31 allows for controlled degradation of the keratin biomaterial in a
manner that is complimentary to the rate of healing in the body. This site also allows for targeted

drug delivery to the location of interest followed by natural degradation of the material.

MMP P3 P2 P1 t MQ
1 P L N L
2 P A G L
3 P A G L
8 P L G L
9 P L G L
13 P A G L

Figure 4.4 Cleavage site sequences for top cleavage activity of different MMPs. Recreated with
data from Eckhard et. al.®

The knowledge of the specific MMPs involved in wound healing was combined with work found
in the literature profiling the specificity of the active site in the MMP family. Eckhard et. al.
identified > 4300 cleavage sites to create a family-wide MMP portrayal of the active site.'®
Previously identified MMPs involved in wound healing, MMPs 1, 2, 3, 8, 9, and 13, were evaluated

for consensus at positions P3 to P3’, where the position number refers to the number of amino
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acids away from the cleavage site between P1 and P1’ (denoted P1|P1’). There were clear
preferences for at positions P3 Pro (P), P2 Ala (A), P1 Gly (G) or Asn (N), P1’ Leu (L), P2’ Val
(V), and P3’ Ala or Gly (Figure 4.4). When the cleavage sites were evaluated for top cleavage
activity, there was preference for at positions P3 Pro, P2 Ala or Leu, P1 Gly, and P1’ Leu
respectively (Figure 4.4). Taking both of these factors into consideration, the final sequence from
P3 to P3” of PAG|LVG was selected (Figure 4.5). The native K31 sequence was searched for the
P1|P1’ cleavage sequence of G|L we wanted to retain and one position was found at *°Gly|Leu.

Site-directed mutagenesis was utilized to introduce the necessary mutations at P3, P2, P2’ and P3’

(Figure 4.5)
P3 P2 P1 P1’ t HQ t 0oQ
. ATT AAC CGC CGC
Original I N GGC CTG R R
) CCT GCC GTC GGC
Mutation P A G L v G

Figure 4.5 Selected mutations to incorporate a degradation site in K31. DNA sequences (top row)
and protein sequences (bottom row) are shown from position 3 (P3) to position 3’ (P3’) where the
cleavage site is between P1 and P1°. The gray shaded area represents existing sequences that were
not changed.

A novel site-directed mutagenesis technique, MEGAWHOP cloning, was implemented to make
the necessary multiple mutations to create the K31 with the engineered degradation site (K31-
DS).1* MEGAWHOP technology successfully produced PCR product #1 of expected size (Figure
4.6), and the subsequent PCR reaction yielding the K31-DS insert in pProExHtam plasmid was
confirmed via Sanger sequencing at the Biocomplexity Institute of Virginia Tech (Blacksburg,

VA).
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M M PCR

500

200

Figure 4.6 PCR product #1 visualized by gel electrophoresis. Expected size was 500-600 bp.

4.3.2 Protein Expression and Purification

K31-DS was expressed and purified from the inclusion bodies under the same conditions as
K31. Following Ni-NTA affinity chromatography, SDS-PAGE analysis verified the nearly
complete isolation of K31-DS with the expected molecular weight (Figure 4.7). Comparison of
the elution fractions to the molecular weight standards shows a single protein band corresponding
to the Expasy Protparam tool’s expected molecular weight of 50 kDa. Yields of K31-DS (18 mg/L)
were comparable to K31 (20 mg/L).%® Dialysis to remove denaturant and reducing agent resulted
in a soluble protein without its K81 pair, as previously reported for K31.1° These analyses indicated
that the introduction of the degradation site does not affect the expression or purification of K31-

DS compared to the unmodified K31.

M FT W1 W2 W3 E1 E2 E3 E4 E5

66.4kDa

55.6kDa

y - -
42.7kDa

B

Figure 4.7 Purified K31-DS following Ni-NTA purification. 20% SDS-PAGE analysis of flow-
through (FT), washes (W1-W3), and elutions (E1-E5) of K31-DS soluble fraction following Ni-
NTA affinity chromatography.
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4.4 Conclusions

Previous work on successful E. coli production of recombinant keratins in combination with
the protein engineering of K31 described here displays the power of recombinant technology in
adding tunability and specific functionality to biomaterials based on natural proteins. Introduction
of an MMP cleavage site into recombinant K31 did not show any difference in expression levels
or purification compared the unmutated recombinant K31. Overexpression of MMPs in the wound
healing process makes K31-DS an ideal candidate a drug delivery system that will degrade on its
own to allow successful delivery of the drug of the interest. Studies of K31-DS’s degradation
properties in vitro would further support the improved functionality of recombinant keratin

biomaterials.
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CHAPTER 5
A Method to Insert Locked cis- And trans-Proline Analogues in Full-Length

Proteins

5.1 Introduction

Protein phosphorylation is common post-translational modification that is important in many
cellular regulatory mechanisms. This reversible mechanism is carried out by protein kinases which
add phosphate groups (PO4+*) to the side chains of several amino acids, which are removed by
phosphatases.! The most common amino acids to undergo this event are serine (Ser), threonine
(Thr), tyrosine (Tyr), and histidine (His); of which serine (Ser) is the most common.! 2 Protein
phosphorylation events on phosphorylated serine (pSer) or threonine (pThr) residues preceding
proline (Pro) add a second layer of regulation to various cellular processes.® Proline allows
conformational changes to proteins through its unique structure where it’s side chain is connected
to the protein backbone nitrogen twice, forming a pyrrolidine ring. Unlike other amino acids which
exist almost exclusively in the trans form, proline can also exist in the cis form and can undergo
cis—trans isomerization. The isomerization of these pSer/pThr—Pro motifs play roles in cell cycle
regulation. Inhibition or abnormal activity of the phosphorylation, isomerization or
dephosphorylation of these sites have been linked to Alzheimer’s disease, cancer, and diabetes.*®

The prolyl isomerase Pinl, important in cell cycle regulation, has strong substrate specificity
for isomerizing pSer/pThr—Pro bonds.” Pin1 is responsible for catalyzing the isomerization to elicit
a stereochemical change. This reaction occurs spontaneously at physiological temperatures, and
occurs on the psec timescale, which is 10%—fold faster than the background thermal isomerization
rate.® This timescale makes it difficult to study the role of proline isomerization in living cells. To

overcome this challenge, here we present a method to insert locked cis- and trans-Pro analogues
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into full-length proteins. Protein aurora borealis (Bora), an important cell cycle regulation protein,
is used as a proof-of-principle concept case for this method. The work presented here will allow
for a broadly applicable process for studying proline isomerization in living cells to elucidate
important cellular processes.

Aurora A (AurA) is a kinase responsible for regulating centrosome maturation and separation
during the G2/M phase transition that ultimately leads to mitotic spindle formation.® It is involved
in different cascades simultaneously such as the AurA—polo-like kinase (PIk1) Bora cascade,
AurA-Plk1 centrosomal protein 192 (CEP192) cascade, and AurA-targeting protein for Xklp2
(TPX2) cascade.” 1% In the AurA—PIk1 Bora cascade, Bora is a substrate which relies on Pin1 for

proper mitotic entry (Figure 5.1).
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Figure 5.1 AurA-PIk1 Bora cascade during the G2/M transition of the cell cycle. Phosphorylated
sites are indicated by gold dots on the respective proteins.
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In this positive loop cascade, Bora is phosphorylated by cyclin-dependent kinase 1 (CDK1)-cyclin
B (CycB) on S252 which allows for it to form a complex with AurA.*2 Bora is then phosphorylated
at S274 and S278 by GSK3p (Figure 5.1).2 This allows the AurA-Bora complex to phosphorylate
PIk1 at T210, and activates PIk1 to perform various mitotic functions, including centrosome
maturation and separation.” It also inhibits and activates Weel, Myt1, and Cdc25C which are in
constant feedback loops with the CDK1-CycB complex.!* Plk1 is also responsible for
phosphorylating Pin1 on S65 and activating it for isomerization of Bora at pS274 and pS278.1> 16
Without Pinl isomerization of these phosphorylated sites to their active conformation, Bora is
unable to translocate to the cytoplasm and be degraded by BTrCP; necessary for proper mitotic
entry (Figure 5.1).1* Upon disassembly of the AurA-Bora complex, AurA forms a complex with
its very important cofactor, TPX2. Together, they play roles in the chromatin-driven spindle
microtubule formation. Overexpression of the AurA and TPX2 has been observed in colorectal,
pancreatic, and gastric cancers.® These cancers exhibit multipolar spindle formation as opposed to

the bipolar spindle formation normally found in healthy cells (Figure 5.2).

Bipolar

Multipolar

Figure 5.2 Colorectal cancer cells (HT-29) with microsatellite instability. A cell with normal
bipolar spindle formation is shown in the top row, and a cell with irregular multipolar spindle
formation is shown in the bottom row. From left to right staining shows a-tubulin, CREST, and
the two superimposed.t’
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By incorporating cis- and trans-locked Ser—Pro analogues in full-length Bora, we will provide a
way to study the role of Pinl and determine which conformation is the active Bora conformation
in spindle formation. Because the AurA—Bora cascade works simultaneously with the AurA-
CEP192 and AurA-TPX2 cascades, we hypothesize that the active conformation will show proper

bipolar spindle formation while, the inactive conformation will result in multipolar spindle

formation.
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Figure 5.3 Native Ser-Pro and analogues. (1) Ser-trans-Pro, (2) Ser-cis-Pro, (3) Ser-
w[(E)CH=C]-Pro, (4) Ser-y[(Z)CH=C]-Pro.

Combined advancements in molecular biology techniques and synthetic methods will allow us
to incorporate cis- and trans-locked Ser—Pro and pSer—Pro analogues into full-length Bora protein
using in vitro protein synthesis. Native Ser—Pro, that exists in cis (1) and trans (2) conformations,
was synthesized using known methods*®, and our group has previously developed a robust, multi-
step synthesis of cis- (3) and trans-locked (4) Ser—Pro analogues (Figure 5.3).1%2! Because the
Pinl isomerization of Bora in complex with AurA must occur after kinase phosphorylation by

GSK3p, we will also develop methods to synthesize non-hydrolyzable analogues of the native

87



pSer-cis (5) and -trans (6) -Pro conformations: difluoromethyl-phosphonlylated Ser—Pro cis- (7)

and trans-locked (8) analogues (Figure 5.4).22

o)
o=||=—o'
}
<)
"
0
o}
(5)
o
O=F|’—O_
F
F
‘Hj\u
of

(7)

Figure 5.4 Native pSer—Pro and analogues. (5) pSer-trans-Pro, (6) pSer-cis-Pro, (7) pSer-
w[(E)CH=C]-Pro, and (8) pSer-y/(Z)CH=C]-Pro.

These dipeptide analogues mimic the double-bond character of the amide bond, and lock the cis
or trans conformation into the structure so that isomerization does not occur.?’ To incorporate
these dipeptide analogues into full-length proteins, in vitro transcription-translation will be
utilized. The Schulz and Hecht labs previously developed methods to insert unnatural amino acids
and dipeptide analogues into proteins without the need for total chemical synthesis.?®>® The Hecht
dipeptide ribosome method will be utilized to incorporate our Ser—Pro analogues and test the
locked isomers in live cells. This will allow us to study which is the active conformation for Bora

to ensure proper cell cycle regulation.

5.2 Materials and Methods
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5.2.1 Gene Design and Cloning

The gene sequence corresponding to the full-length protein Aurora borealis (UniProtKB:
B5LMG6) was synthesized by GENEWIZ (Plainfield, NJ). The amino acid sequence for the
protein  was  reverse translated using the  Sequence  Manipulation  Suite
(https://www.bioinformatics.org/sms2 /rev_trans.html) from its corresponding DNA sequence,

and optimized for E. coli codon usage (Figure 5.5).

catatg gcgggccgccatgattggetggtggegcataaaccgegegegctggtgggeccgegeca
gcgcggcagceggcegaactgaaaagcectgtgectgagcetggaaactggegtggecgecggaactge
cgggcgtgggcaccggeggctttgtgctgtatgcgecgtttagectgtgcgegatgggegatgtg
aaagaaagcaaaatgcagattaccccggaaaccccgggecgcattccggtgctgaacc cgtttga
aagcccgagcgattatagcaacctgcatgaacagaccctggcgageccgagcegtgtttaaaagea
ccaaactgccgaccccgggcaaatttcgctggagcattgatcagctggeggtgattaacceggtg
gaaattgatccggaagatattcatcgccaggcgctgtatctgagccatagccgceattgataaaga
tgtggaagataaacgccagaaagcgattgaagaattttttaccaaagatgtgat tgtgccgagec
cgtggaccgatcatgaaggcaaacagctgagccagtgccatagcagcaaatgcaccaacattaac
agcgatagcccggtgggcaaaaaactgaccattcatagcgaaaaaagcgatgcggegtgccagac
cctgctgagectgecggtggattttaacctggaaaacattctgggcgattattttcgcgeggatg
aatttgcggatcagagcccgggcaacctgagcagcagcagectgcgecge aaactgtttctggat
ggcaacggcagcattagcgatagcctgccgagegegageccgggeageccgceatageggegtgea
gaccagcctggaaatgttttatagcattgatctgagcccggtgaaatgccgcagceccgetgcaga
ccccgagceagceggcecagtttagcagcageccgattcaggcgagcgcgaaaaaatatagectggge
agcattaccagcccgagcccgattage agcccg accttt  agcccg attgaatttcagattggcga
aaccccgctgagcgaacagcgcaaatttaccgtgcatagcccggatgcgagcageggceaccaaca
gcaacggcattaccaacccgtgcattcgcagcccgtatattgatggctgcagcccgattaaaaac
tggagcccgatgcgectgcagatgtatagcggcggeacccagtatcgcaccagegtgattcagat
tccgtttaccctggaaacccagggcgaagatgaagaagataa agaaaacattccgagcaccgatg
tgagcagcccggcegatggatgcggegggcattcatctgcgecagtttagcaacgaagcgagceacce
catggcacccatctggtggtgaccgcgatgagcegtgacccagaaccagagcagcgcgagcgaaaa
agaactggcgctgctgcaggatgtggaacgcgaaaaagataacaacaccgtggatatggttgatce
cgattgaaattgcggatgaaaccacctggattaaagaa ccggtggataacggceagcctgecgatg
accgattttgtgagcggcattgcgtttagcattgaaaacagccacatgtgcatgagcccgetgge
ggaaagcagcgtgattccgtgcgaaagcagcaacattcagatggatagcggctataacacccaga
actgcggcagcaacattatggataccgtgggcgcggaaagctattgcaaagaaagcgatgcgeag

acctgcgaagtggaaagcaaaagccaggcgttta acatgaaacaggatcataccacccagcgctg
ctggatgaaaaccgcgagcccgtttcagtgcagcagceccgtaa ggatcc

Figure 5.5 Gene sequence of Bora_FL ordered from GENEWIZ. Restriction enzymes are bolded
in black, and the two proposed mutation sites are bolded in red.

The sequence was modified to include restriction site Ndel at the 5’ end and BamHI at the 3 end.

Existing Ndel and BamHI sites in the optimized sequence were removed by changing the codons
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to the next highest frequency E. coli codons for the same amino acids (Val: M¥GTG® to
1486GTT488 and His: °CAT® to 1486CAC*E). The Iyophilized GENEWIZ product was spun
briefly to ensure contents were at the bottom of the tube, resuspended in 50 pL of high purity
water, vortexed briefly, chilled on ice for 5 min, then vortexed again. The product was then
transformed into NEB 10-§ electrocompetent cells (New England Bioloabs, Ipswich, MA). The
desired gene was digested from plasmid puc57 using Ndel and BamHI enzymes using CutSmart
Buffer (NEB), and subsequently ligated into plasmid pET-16b (Sigma Millipore), which contains
a T7 promoter, N-terminal 10-His affinity tag, factor Xa protease cleavage site to remove the His-

tag, and ampicillin resistance gene (Figure 5.6). This gene is denoted as Bora_FL (Figure 5.7).

3kb

5kb §

300bp
3kb

2kb

Figure 5.6 1% agarose gels (run at 125V) displaying double digestion (Ndel and BamHI) products.
a. Digestion of puc57 plasmid containing Bora_FL sequence. Band 1 corresponds to cut pUC57
plasmid, band 2 corresponds to cut Bora_FL insert, band 3 corresponds to unwanted cleavage. b.
Digestion of empty pET16b plasmid. Band 4 corresponds to cut pET16b plasmid. Bands 2 and 4
were excised as indicated by white boxes.

a.
atg gcgggccgecatgattggetggtg gcgcataaaccgcegegegetggtgggeccgegecageg
cggcagcggcgaactgaaaagcctgtgectgagcetggaaactggegtggecgecggaactgecgg
gcgtgggcaccggeggctttgtgetgtatgcgecgtttagectgtgecgegatgggegatgtgaaa
gaaagcaaaatgcagattaccccggaaaccccgggcecgcattccggtgctgaaccegtttgaaag

90



cccgagcgattatagcaacctge atgaacagaccctggcgagcccgagcgtgtttaaaagcacca
aactgccgaccccgggcaaatttcgctggagcattgatcagetggeggtgattaacccggtggaa
attgatccggaagatattcatcgccaggcgctgtatctgagccatageccgcattgataaagatgt
ggaagataaacgccagaaagcgattgaagaattttttaccaaagatgtgattgtgccgageccgt
ggaccgatcatgaaggcaa  acagctgagccagtgccatagcagcaaatgcaccaacattaacage
gatagcccggtgggcaaaaaactgaccattcatagcgaaaaaagcgatgcggcegtgccagaccct
gctgagcectgecggtggattttaacctggaaaacattctgggcegattattttcgcgcggatgaat
ttgcggatcagagcccgggcaacctgagcagcagcagcctgcgecgcaaactgtttctggatgge
aacggcagcattagc  gatagcctgccgagcgcgageccgggeageccgceatageggegtgcagac
cagcctggaaatgttttatagcattgatctgagcccggtgaaatgccgeageccgcetgcagacce
cgagcagcggccagtttagcagcagcccgattcaggcgagcgcgaaaaaatatagectgggeage
attaccagcccgagcccgattage agcccg accttt  agcccg attgaatttcagattggcgaaac
cccgetgagecg  aacagcgcaaatttaccgtgcatageccggatgcgagcagcggceaccaacagea
acggcattaccaacccgtgcattcgcagcccgtatattgatggctgcagcccgattaaaaactgg
agcccgatgcgcectgcagatgtatagcggcggeacccagtatcgcaccagegtgattcagattce
gtttaccctggaaacccagggcgaagatgaagaagataaagaaaacattccgagcaccgatgtga
gcagccc ggcgatggatgcggegggcattcatctgcgecagtttagcaacgaagcgagceacccat
ggcacccatctggtggtgaccgcgatgagegtgacccagaaccagagcagcgcgagcgaaaaaga
actggcgctgctgcaggatgtggaacgcgaaaaagataacaacaccgtggatatggttgatccga
ttgaaattgcggatgaaaccacctggattaaagaaccggtggataacggcagcctgccgatgacc

gat tttgtgagcggcattgcgtttagcattgaaaacagccacatgtgcatgagceccgetggegga
aagcagcgtgattccgtgcgaaagcagcaacattcagatggatagcggcetataacacccagaact
gcggcagcaacattatggataccgtgggcgcggaaagctattgcaaagaaagcgatgcgcagacce
tgcgaagtggaaagcaaaagccaggcgtttaacatgaaacaggatcataccacccagcgctgct g
gatgaaaaccgcgagcccgtttcagtgcagcagcccg

b.
MAGRHDWLVAHKPRALVGPRQRGSGELKSLCLSWKLAWPPELPGVGTGGFVLYAPFSLCAMGDVK
ESKMQITPETPGRIPVLNPFESPSDYSNLHEQTLASPSVFKSTKLPTPGKFRWSIDQLAVINPVE
IDPEDIHRQALYLSHSRIDKDVEDKRQKAIEEFFTKDVIVPSPWTDHEGKQLSQCHSSKCTNINS
DSPVGKKLTIHSEKSDAACQTLLSLPVDFNLENILGDYFRADEFADQSPGNLSSSSERREBL
NGSISDSLPSASPGSPHSGVQTSLEMFYSIDLSPVKCRSPLQTPSSGQFSSSPIQASAKKYSLGS
ITSPSPIS SPTFSPIEFQIGETPLSEQRKFTVHSPDASSGTNSNGITNPCIRSPYIDGCSPIKNW
SPMRLOQMYSGGTQYRTSVIQIPFTLETQGEDEEDKENIPSTDVSSPAMDAAGIHLRQFSNEASTH
GTHLVVTAMSVTQNQSSASEKELALLQDVEREKDNNTVDMVDPIEIADETTVIIKEBYPMT
DFVSGIAFSIENSHMCMSPLAESSVIPCESSNIQMDSGYNTQNCGSNIMDTVGAESYCKESDAQT
CEVESKSQAFNMKQDHTTQRCWMKTASPFQCSSPS

Figure 5.7 Sequence of Bora_FL confirmed via Sanger sequencing: a. DNA sequence and b.
protein sequence. The 2*Ser—Pro and ?"8Ser—Pro sites are bolded in red.

Site-directed mutagenesis was utilized to incorporate an amber (TAG) codon at the 2"4Ser—Pro
site by polymerase chain reaction (PCR). Forward and reverse oligomers for the site were

synthesized by Integrated DNA Technologies (IDT, Coralville, I1A) (Fig 5.8).

a.

primer 1 cgacgaggatccatgacctgcggc

primer 2 cagttcatccagaatgccgaccaggccggcaggatcgctttccaccag
b.
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primer 1 gcgcgeggatecttacgggcetget
mutant primer ccgagcccgattagcagcccgaccttttagattgaatttcagatt

Figure 5.8 Primers used for site-directed mutagenesis of the a. 2*Ser—Pro and b. 28Ser—Pro sites.

Site-directed mutagenesis was carried out in 25 uL reactions containing 2 Master Mix (NEB,
Ipswich, MA), 0.5 uM forward primer (1.25 uL of 10 uM stock), 0.5 uM reverse primer (1.25 pL
of 10 uM stock), 1 — 25 ng template DNA, and nuclease-free water. The Eppendorf Mastercycler

was programmed for the PCR reaction using steps outlined in Table 5.1.

Table 5.1 Programmed PCR Steps for Site-Directed Mutagenesis of 2"4Ser—Pro Site

Step Temperature Time # of Cycles
Initial Denaturation 98 °C 30s
Denaturation 98 °C 10s
Primer Annealing 63 °C 30s 25x%
Extension 72 °C 5 min
Final Extension 72 °C 2 min
Hold 4°C Hold

Following PCR, reaction tubes were treated with 1 uL of Dpnl for 3 hr at 37 °C, deactivated for
20 min at 80 °C, purified using the NEB PCR cleanup kit (Ipswich, MA), and transformed into
NEB 10-B electrocompetent cells from NEB (Ipswich, MA). The gene containing the mutated

2145er—Pro is denoted as Bora_274_TAG (Figure 5.9).

a.
atg gcgggccgccatgattggctggtggegeataaaccgegegegcetggtgggeccgegecageg
cggcagcggcgaactgaaaagcctgtgcctgagcetggaaactggegtggecgecggaactgecgg
gcgtgggcaccggeggctttgtgetgtatgecgecegtttagectg tgcgcgatgggegatgtgaaa
gaaagcaaaatgcagattaccccggaaaccccgggcecgcattccggtgctgaaccegtttgaaag
cccgagcgattatagcaacctgcatgaacagaccctggegageccgagegtgtttaaaagcacca
aactgccgaccccgggcaaatttcgctggagcattgatcagetggeggtgattaacccggtggaa
attgatccggaagatattcatcgccaggcgctgtatctga gccatagccgcattgataaagatgt
ggaagataaacgccagaaagcgattgaagaattttttaccaaagatgtgattgtgccgagcccgt
ggaccgatcatgaaggcaaacagctgagccagtgccatagcagcaaatgcaccaacattaacage
gatagcccggtgggcaaaaaactgaccattcatagcgaaaaaagcgatgcggegtgccagaccct
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gctgagcctgecggtggattttaacctggaaaacat tctgggcgattattttcgcgeggatgaat
ttgcggatcagagcccgggcaacctgagcagcagcagcectgcgecgcaaactgtttctggatgge
aacggcagcattagcgatagcctgccgagcgcegageccgggcageccgcatageggegtgcagac
cagcctggaaatgttttatagcattgatctgagcccggtgaaatgccgecageccgcetgcagacce
cgagcagcggccagtttagcagcagceccgatt caggcgagcgcgaaaaaatatagectgggeage
attaccagcccgagcccgattagc tag accttt agcccg attgaatttcagattggcgaaacccc
gctgagcgaacagcgcaaatttaccgtgcatagcccggatgcgagcagcggceaccaacagcaacg
gcattaccaacccgtgcattcgcagcccgtatattgatggctgcageccgattaaaaactggage
ccgatgcgcctgcagatgtatagcggeg gcacccagtatcgcaccagcgtgattcagattccgtt
taccctggaaacccagggcgaagatgaagaagataaagaaaacattccgagcaccgatgtgagea
gcccggcegatggatgcggegggcattcatctgecgecagtttagcaacgaagcgagceacccatgge
acccatctggtggtgaccgcgatgagcgtgacccagaaccagagcagcgcgagcgaaaaagaact
ggcgctgctgcaggatgtggaacg cgaaaaagataacaacaccgtggatatggttgatccgattg
aaattgcggatgaaaccacctggattaaagaaccggtggataacggcagcctgccgatgaccgat
tttgtgagcggcattgcgtttagcattgaaaacagccacatgtgcatgagceccgetggcggaaag
cagcgtgattccgtgcgaaagcagcaacattcagatggatagcggctataacacccagaactgeg
gcagcaacattatggatacc gtgggcgcggaaagctattgcaaagaaagcgatgcgcagacctge
gaagtggaaagcaaaagccaggcgtttaacatgaaacaggatcataccacccagcgctgctggat
gaaaaccgcgagcccgtttcagtgcagcagcccg

b.
MAGRHDWLVAHKPRALVGPRQRGSGELKSLCLSWKLAWPPELPGVGTGGFVLYAPFSLCAMGDVK
ESKMQITPETPGRIPVLNPFESPSDYSNLHEQTLASPSVAKFITPGKFRWSIDQLAVINPVE
IDPEDIHRQALYLSHSRIDKDVEDKRQKAIEEFFTKDVIVPSPWTDHEGKQLSQCHSSKCTNINS
DSPVGKKLTIHSEKSDAACQTLLSLPVDFNLENILGDYFRADEFADQSPGNLSSSSLRRKLFLDG
NGSISDSLPSASPGSPHSGVQTSLEMFYSIDLSPVKCRSPLQTPSSGQFSSSPIQASAKKYSLGS
ITSPSPIS _TFSPIEFQIGETPLSEQRKFTVHSPDASSGISNGITNPCIRSPYIDGCSPIKNWS
PMRLOMYSGGTQYRTSVIQIPFTLETQGEDEEDKENIPSTDVSSPAMDAAGIHLRQFSNEASTHG
THLVVTAMSVTQNQSSASEKELALLQDVEREKDNNTVDMVDPIEIADETTWIKEPVDNGSLPMTD
FVSGIAFSIENSHMCMSPLAESSVIPCESSNIQMDSGYNTQNCGSNIMDTVGAESYCKESDAQTC
EVESKSQAFNMKQDHTTQRCWMKTASPFQCSSPS

Figure 5.9 Sequence of Bora_274_ TAG confirmed via Sanger sequencing: a. DNA sequence and
b. protein sequence. The 2"4Ser—Pro and 2’8Ser—Pro sites are bolded in red, and the tag site in the
protein sequence is indicated by an underscore: .

MEGAWHOP cloning was utilized to incorporate an amber (TAG) codon at the 28Ser—Pro
site.?® Two primers were designed to facilitate the two-step PCR-mediated site-directed

mutagenesis (Table 5.2).

Table 5.2 Programmed PCR Steps for MEGAWHOP Cloning of 2/8Ser—Pro Site

Step Temperature Time # of Cycles
Initial Denaturation 98 °C 30s
Denaturation 98 °C 10s
Primer Annealing 70 °C 30s 30x / 25%2
Extension 72°C 15s/5 min®
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Final Extension 72 °C 2 min
Hold 4°C 0
®Number of cycles was 30x for first PCR reaction and 25x for the second PCR reaction.
PExtension time was 15 s for first PCR reaction and 5 min for the second PCR reaction.

A standard primer (primer #1) was paired with a mutagenic primer (mutant primer) to create a
megaprimer product containing the mutation which is the 2’8Ser—Pro site (Figure 5.10). This
megaprimer was used as a primer in a second PCR. (Scheme 5.1) Primer #1 and the mutant primer
for the site were synthesized by (IDT, Coralville, IA) (Figure S.4b). All PCR reactions were carried
out in 25 puL mixtures containing 2x Master Mix (NEB, Ipswich, MA), 0.5 uM forward primer,
0.5 uM reverse primer, 1 — 25 ng template DNA, and nuclease-free water. The first PCR product
was gel-purified using QIAGEN (Germantown, MD) gel extraction kit, and then subsequently
used in the second PCR reaction. Following the second PCR, reaction mixtures were treated with
1 uL of Dpnl for 3 hr at 37 °C, deactivated for 20 min at 80 °C, cleaned up using the NEB PCR
cleanup kit (Ipswich, MA), and transformed into NEB 10-f electrocompetent cells (NEB, Ipswich,

MA).
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M M PCR #1

2kb
1kb

500bp
300bp

100bp

Figure 5.10 1% agarose gels (run at 125V) displaying PCR #1 products. Expected size was 882
bp which corresponds to band 2. Bands 1, 2, and 3 were excised for use in PCR #2.

Scheme 5.1 Site-directed mutagenesis by MEGAWHOP technique.

Mutant Primer

Template Plasmid

—

Primer #1

1. PCR
¥ 2. GelExtraction

PCR Product #1

PCR Product 1

Template Plasmid

1. PCR
2. Digest with Dpnl

PCR Product #2

The genes containing the mutated 2’8Ser—Pro is denoted as Bora_278 TAG (Figure S5.7).
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a.
atg gcgggccgccatgattggcetggtggegeataaaccgegcegegcetggtgggeccgegecageg
cggcagcggcgaactgaaaagcctgtgectgagcetggaaactggegtggecgecggaactgecgg
gcgtgggcaccggeggctttgtgetgtatgecgecegtttagectgtgcgegatgggegatgtgaaa
gaaagcaaaatgcagattaccccggaaaccccgggcecgcattccggtgctgaaccegtttgaaa g
cccgagcgattatagcaacctgcatgaacagaccctggcgagceccgagcegtgtttaaaagcacca
aactgccgaccccgggcaaatttcgctggagcattgatcagetggeggtgattaacceggtggaa
attgatccggaagatattcatcgccaggcgctgtatctgagccatageccgcattgataaagatgt
ggaagataaacgccagaaagcgattgaagaattttttaccaaagatgtgattgtgccgag ccegt
ggaccgatcatgaaggcaaacagctgagccagtgccatagcagcaaatgcaccaacattaacage
gatagcccggtgggcaaaaaactgaccattcatagcgaaaaaagcgatgcggcegtgccagaccct
gctgagcectgecggtggattttaacctggaaaacattctgggegattattttcgcgcggatgaat
ttgcggatcagagcccgggcaacctgagcagcagcagcectgcgecgcaaactgttt ctggatggc
aacggcagcattagcgatagcctgccgagcgcegageccgggcageccgcatageggegtgcagac
cagcctggaaatgttttatagcattgatctgagcccggtgaaatgccgecageccgcetgcagacce
cgagcagcggccagtttagcagcagcccgattcaggcgagcgcgaaaaaatatagectgggeage
attaccagcccgagcccgattage agcccg accttt  tag attgaatttcaga  ttggcgaaacccc
gctgagcgaacagcgcaaatttaccgtgcatagcccggatgcgagcageggceaccaacagcaacg
gcattaccaacccgtgcattcgcagcccgtatattgatggctgcagceccgattaaaaactggage
ccgatgcgcctgcagatgtatagcggcggceacccagtatcgcaccagcegtgattcagattcegtt
taccctggaaacccagggcgaagatgaagaagataaagaaaacattcc gagcaccgatgtgagca
gcccggcegatggatgcggegggcattcatctgecgecagtttagcaacgaagcgagcacccatgge
acccatctggtggtgaccgcgatgagcgtgacccagaaccagagcagcgcgagcgaaaaagaact
ggcgctgctgcaggatgtggaacgcgaaaaagataacaacaccgtggatatggttgatccgattg
aaattgcggatgaaaccacctggattaaagaaccggtggataac ggcagcctgccgatgaccgat
tttgtgagcggcattgcgtttagcattgaaaacagccacatgtgcatgagcccgetggcggaaag
cagcgtgattccgtgcgaaagcagcaacattcagatggatagcggctataacacccagaactgceg
gcagcaacattatggataccgtgggcgcggaaagctattgcaaagaaagcgatgcgcagacctge
gaagtggaaagcaaaagccaggcgtttaacatgaaacagg atcataccacccagcgctgctggat
gaaaaccgcgagcccgtttcagtgcagcagcccg

b.
MAGRHDWLVAHKPRALVGPRQRGSGELKSLCLSWKLAWPPELPGVGTGGFVLYAPESLCAMGDVK
ESKMQITPETPGRIPVLNPFESPSDYSNLHEQTLASPSVFKSTKLPTPGKFRWSIDQLAVINPVE
IDPEDIHRQALYLSHSRIDKDVEDKRQKAIEEFFTKDVIVPSPWTDHEGKQLSQCHSSKSTNI
DSPVGKKLTIHSEKSDAACQTLLSLPVDFNLENILGDYFRADEFADQSPGNLSSSSLRRKLFLDG
NGSISDSLPSASPGSPHSGVQTSLEMFYSIDLSPVKCRSPLQTPSSGQFSSSPIQASAKKYSLGS
ITSPSPIS SPTF_IEFQIGETPLSEQRKFTVHSPDASSGTNSNGITNPCIRSPYIDGCSPIKNWS
PMRLQMYSGGTQYRTSVIQIPFTLETQGEDEEDKENIPSTDVSSPAMDAAGIH
THLVVTAMSVTQNQSSASEKELALLQDVEREKDNNTVDMVDPIEIADETTWIKEPVDNGSLPMTD
FVSGIAFSIENSHMCMSPLAESSVIPCESSNIQMDSGYNTQNCGSNIMDTVGAESYCKESDAQTC
EVESKSQAFNMKQDHTTQRCWMKTASPFQCSSPS

Figure 5.11 Sequence of Bora 278 TAG confirmed via Sanger sequencing: a. DNA sequence
and b. protein sequence. The 2"*Ser—Pro and 2"8Ser—Pro sites are bolded in red, and the tag site
in the protein sequence is indicated by an underscore: .

All enzymes were purchased from NEB. Gene sequences for the Bora_FL, Bora_274 TAG,

and Bora_278 TAG were confirmed by Sanger Sequencing at the Biocomplexity Institute of
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Virginia Tech (Blacksburg, VA). Oligomer, DNA, and protein sequences are provided (Figure 5.8,

Figure 5.8, and Figure 5.11).

5.2.2 Protein Expression of Native Bora

All proteins were expressed in BL21 (DE3) E. coli competent cells. These cells were purchased
(NEB) and transformed with the Bora FL-pET-16b plasmid (1 pL in 50 pL cells) by
electroporation (1.7 kV, 1 pulse, Bio-Rad MicroPulser) at ambient temperature. Cell cultures were
grown for 16 h overnight at 37 °C in 50 mL of Luria broth (LB) media containing 100 pug/mL of
ampicillin, with shaking at 180 rpm. The resulting cells were diluted 1:100 in 1 L of fresh LB
media and grown under the same conditions until an optical density of 0.6 was reached, about 3 h.
Then protein expression was induced with 1 mL of 1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and allowed to express for 16 h at 17 °C. Cells were harvested by centrifugation at 5000
rpm for 15 min at 4 °C. Pelleted cells were resuspended in lysis buffer (5 mL of 50 mM NazHPOu,
300 mM NaCl, 0.1% Tween 20, pH 8.0), and stored at —80 °C. For purification, cell pellets were
thawed in a 37 °C water bath for 10 min, and the cells were lysed using a microtip and Mison
sonicator at 30% amplitude for 30 s in 10 s pulse intervals. Protease inhibitor (1/4" tablet, Pierce™
Protease Inhibitor Mini Tablets) and DNase I (1 uL., RNAase-free, NEB) were added and the lysed
cells were incubated on ice for 30 min. Lysed cells were centrifuged at 16,000 rpm for 30 min, and
the supernatant was removed by pipet. The collected protein supernatant was incubated with 500
uL of Ni-NTA beads for an hour, washed with 2 x 12 mL of 30 mM imidazole wash buffer (50
mM NazHPO4, 300 mM NacCl, 0.01% Tween 20, pH 8.0) in a 30 mL plastic, and eluted using 4 x
1.5 mL of 300 mM imidazole lysis buffer. The soluble fraction contained 0.5 mg of protein per 1

L of culture after purification, and was stored in 20% glycerol at —80 °C.
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5.2.3 Gel Electrophoresis

PCR and ligation products were run on a 1-2% agarose gel treated with ethdium bromide, and
analyzed against the 1 kb and 100bp DNA markers (NEB, Ipswich, MA). Gels were visualized by
UV light on a Gel Logic 112 (Bruker BioSpin).

Fractions from Ni-NTA affinity chromatography were prepared in a 1:1 v/v ratio of SDS buffer
to protein, added to 1 mM (dithiothreitol) DTT and analyzed on a 20% SDS-PAGE with the 200
to 10 kDa protein marker (NEB, Ipswich, MA). Protein bands were stained with Coomassie blue
(1 g/L of Coomassie Brilliant Blue, 50% v/v methanol, 10% glacial acetic acid) for 1 min in the

microwave, and destained (40% v/v methanol, 10% glacial acetic acid) overnight.

5.2.4 Size-Exclusion Chromatography

Proteins were further purified on an S200 Superdex 10/300 prep grade column on an
AKTAprime plus chromatography system. Proteins were filtered through a 0.22 pm filter prior to
injection of 5 mL of Ni-NTA elution fractions. The mobile phase was 50 mM NazHPO4, 150 mM
NaCl buffer pH 8.0 (PBS) at a flow rate of 1.0 mL/min. Pure proteins (100 pL) were injected on a
S200 Superdex 5/150 analytical grade column with PBS containing 5 mM DTT at a flow rate of
0.5 mL/min to determine the purity and molecular weight of the proteins. Biorad gel filtration
standards (1350 Da to 70,000 Da) were used to generate a calibration curve. The sizes of purified

proteins were estimated from the retention times (Table 5.3).

Table 5.3 Elution Volume and MW of Biorad Protein Standards and Bora_FL.

Protein V (mL) MW (Da)
Thyroglobulin (bovine)? 8.34 670,000
y-globulin (bovine) 12.91 158,000
Ovalbumin (chicken) 15.16 44,000
Myoglobin (horse) 16.69 17,000
Vitamin B12 19.88 1,350
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Bora_FL Peak 2 13.15 83,800°
&This protein standard eluted in the void volume at 8.34 mL because the column size limit was
600,000 Da. ° Calculated from the Biorad standard curve with eq.: =-02265%
79016=09459

5.3 Results and Discussion
5.3.1 Design of Native and Modified Bora Genes

The human Bora transcript (ENST00000390667.11) has 12 exons, 11 which are translated.
However, this first 125 amino acids in the first exon’s untranslated region has been suggested to
contain the sequence that mediates nuclear import. This is important since Bora is nuclear at
interphase, but it is exported from the nucleus at prophase. For this reason, the gene for full-length
Bora including exonl (UniProtKB: B5LMG6) was chosen over Bora excluding exonl
(UniProtkKB: Q6PGQ7) for our synthesized gene. Two variants of the native full-length Bora,
denoted Bora_FL, were created to introduce an amber (TAG) codon at the two phosphorylation
sites on Bora, 2’#Ser—Pro and 2’®SerPro. These variants were constructed using site-directed
mutagenesis for the 2"4Ser—Pro, and MEGAWHOP technology for the 28SerPro sites mutants, and

are denoted as Bora_274 TAG and Bora_278 TAG.

5.3.2 Expression and Characterization of Bora_FL

Native full-length Bora, Bora_FL, was expressed by traditional protein expression methods to
be characterized for use as a control. Bora was found in the soluble fraction as expected, and
purified via Ni-NTA affinity chromatography. Gel imaging of the eluted fraction indicated two
major bands; with the lower band at ~ 70 kDa and the higher band at ~ 120 kDa (Figure 5.12). We
concluded that these bands may correspond to Bora monomer (calc. 70 kDa) and dimer (140 kDa),
and the addition of higher concentration of dithiothreitol (DTT) would result in reduction of all

disulfide bonds and singular band at ~ 70 kDa.
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MIN FT W1W2 E1 E2 E3 E4 E5

100 kDa
85 kDa

60 kDa

Figure 5.12 Purified Bora_FL following Ni-NTA purification. 20% SDS-PAGE analysis of flow-
through (FT), washes (W1-W3), and elutions (E1-E3) of Bora_FL soluble fractions treated with
1 mM DTT following Ni-NTA affinity chromatography.

To understand this phenomena further, elutions one to three were further purified via size-
exclusion chromatography (Figure 5.13). Two peaks were observed for Bora_FL at 60 mL and 66
mL which corresponded to ~160 kDa and ~86 kDA respectively. This further supported the results
found from gel electrophoresis that Bora may be expressed in monomeric and dimeric form. When
the second peak corresponding to 86 kDA was run on a smaller analytical size-exclusion column
(Figure 5.6b), a single peak was observed at 13.2 mL. This elution peak corresponds to a molecular
weight of 84 kDa based on protein standards. Because Bora_FL contains 15 cysteine residues in
its sequence, it is highly like that higher order structures and dimerization can occur through the
formation of disulfide bonds. This combined with the crystal structure of Bora being unknown
could explain the slightly higher molecular weights observed from size-exclusion
chromatography. Additionally, the columns used had a range of 10 — 600 kDa, so the precision
and accuracy of these experimental molecular weight determinations are not high. Further studies
on DTT concentration will aid in determining if Bora can be purified and remain stable as a

monomer.
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Figure 5.13 Purified Bora_FL run on size-exclusion chromatography (SEC). a. Bora_FL run on
preparative grade column displaying 2 unresolved peaks near the expected molecular weight. b.
Bora_FL peak 2 from prep column run on analytical grade column displaying a singular peak at
~80 kDa.

5.4 Conclusion and Future Works

The plasmids containing Bora_FL, Bora_274 TAG, and Bora_278 TAG were successfully
synthesized and will be used to produce native Bora, Bora with 2’#Ser—Pro analogues, and Bora
with 2’8Ser—Pro analogues respectively. This will be done using in-vitro transcription translation
(Figure 5.14). Several components such as the suppressor tRNA-Con, aminoacyl tRNAcua Con,
and the S-30 extract from cells with modified ribosomes would need to be prepared. The
suppressor tRNA-Cow is a truncated version of the 74-nt tRNA that is missing the 3’- terminal
cytidine and adenosine molecules and contains an anticodon complementary to the TAG codon
introduced into our genes. This suppressor tRNA-Con will be coupled with Ser—Pro and the cis-
and trans- locked analogues that have been coupled at the 3’- site of 5’-O-phosphoryl-2'-
deoxycytidylyl-(3" — 5’) adenosine (pdCpA) with T4 RNA ligase. This will allow for the
introduction of our dipeptide analogues into the Bora protein. Lastly, the S-30 extract from cells

with modified ribosomes optimized for the inclusion of dipeptide analogues will be prepared.

101



Together, these components will allow for small-scale production of Bora proteins containing our

Ser—Pro analogues using the in-vitro transcription-translation system (Figure 5.7).
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Figure 5.14 Process of in-vitro transcription translation. The process is shown for Bora_274 TAG,
but an identical process will be carried out for Bora 278 TAG with each of three inserts: native
Ser-Pro, cis-locked Ser-Pro, and trans-locked Ser-Pro. Image modified from OpenStax.

These modified Bora proteins will be characterized for inclusion of the dipeptide analogues
through trypsin digest followed by LC-MS/MS analysis. The CD spectra for these modified Boras
will be compared to native Bora to ensure that proteins have folded properly, and their activities
will be confirmed through in vitro AurA kinase assays with synthetic PIk1 and ATP substrates,
and *P or LC-M/MS detection of phosphorylated products.?® ?° Once we have confirmed that the
modified Bora proteins retain their structure and function, they will be injected into live cells at
the G2—M phase and the mitotic process will be observed to determine which Ser—Pro

conformation. Similar studies will be applied to phosphonoSer—Pro locked analogues in Bora and
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phosphorylation sites on the TPX2 protein. This work will set the foundation to studying important

isomerization events in living biological systems.

5.5 Protocols
e All of the following protocols were planned by the author, and requested by her advisor, Dr.
Etzkorn. Due to COVID-19, there was an unexpected interruption to ongoing work.
e All manipulations with RNA will be performed with RNase-free sterile, high purity waters and
buffers. RNA preparations will be precipitated with cold, 200 proof ethanol.
5.5.1 Preparation of Abbreviated tRNA-CoH
Plasmid pYRNAS, which encodes the yeast suppressor tRNAP"cua, was obtained from the
Hecht lab and will be prepared according to their protocol.?® This plasmid is linearized by digesting
with 120 units of Fokl at 37 °C for 4 h. Following digestion, the reaction mixture is treated with
phenol-chloroform, and precipitated with 0.1 vol of 3 M NaOAc, pH 5.3 and 3 vol of ethanol. The
T7 RiboMAX™ Express Large Scale RNA Production System (Promega) is used to carry out the
transcription reaction, and the resulting tRNA-Con transcript is precipitated using 0.1 vol of 3 M
NaOAc, pH 5.3 and 3 vol of cold, 200 proof ethanol. The pellet is then washed with 70% ethanol,
air-dried, and re-dissolved in 3 mL of 0.1 M NaOAc, pH 5.3. This solution is applied to 400 uL of
DEAE-sepharose-CL-6B resin, washed with 1200 uL of 3 M NaOAc, pH 5.3, then with decreasing
concentrations (0.1 M, 0.2 M, 0.3M, 0.4M, 0.5M, 0.6M, and 0.7M) of 600 uL of NaCl, precipitated
by addition of 900 L of isopropanol to each elution fraction, incubated at 0 °C for 4 h for 20 min,

centrifuged (15,000 x g) at 4 °C for 4 h for 25 min, washed with 70% ethanol, air-dried, dissolved

in 50 — 100 pL of RNase-free water, and stored at —80 °C until needed.

5.5.2 Preparation of Aminoacyl tRNAcua
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The aminoacyl-tRNAcua will be activated following established protocols.®® 3! Ser—Pro
dipeptides or dipeptide analogues were coupled to pdCpA, then ligated to tRNA with T4 ligase
(Scheme 5.2).

Scheme 5.2 Synthesis of protected and activated Ser—Pro for chemical misacylation.
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The reaction is carried out in 100 uL mixture in 100 mM Na Hepes buffer, pH 7.5 containing 1.0
mM ATP, 15 mM MgCI, 0.5 Az unit of 3°(N-pentenoyl-Ser(pentenoyl)-Pro)-pdCpA, 15%
DMSO, and 100 units of T4 RNA ligase (NEB). The reaction is incubated at 37 °C for 1.5 h,
deactivated by the addition of 0.1 vol of 3 M NaOAc, pH 5.2, and precipitated with 3 vol of cold,
200 proof ethanol. N-pentenoyl-protected aminoacyl-tRNAcua is then deprotected with 5 mM
aqueous Iz at 25 °C for 15 min. The deprotected product is adjusted to 0.3 M NaOAc, precipitated
with 3 vol of cold, 200 proof ethanol, and collected via centrifugation. The resulting pellet is

washed with 70% ethanol, air-dried and dissolved in 20 uL of RNase free water.

5.5.3 Preparation of S-30 Extracts from Cells with Modified Ribosomes

All S-30 extracts are to be expressed in BL21 (DE3) E. coli cells. Competent cells were
purchased (NEB) and are transformed with the 010326R6 32 or 040329  plasmids (1 pL in 50 pL
cells) by electroporation (1.7 kV, 1 pulse, Bio-Rad MicroPulser) at ambient temperature. One
colony is picked from the agar plate and transferred to 3 mL of LB media with 100 ug/mL of

ampicillin and 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cell cultures are to be
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grown for 3 —6 h at 37 °C with shaking at 180 rpm until an optical density of 0.15— 0.3 is reached.
The resulting cells are diluted to an optical density of 0.01 in LB media with 100 pug/mL of
ampicillin, 1 mM IPTG, and 3 pg/mL of erythromycin (to selectively enhance the modified
ribosomes) then grown at 37 °C with shaking for 16 h. Cells are harvested by centrifugation at
5000 rpm for 10 min at 4 °C. Pelleted cells are washed three times with 1.27 mL of S-30 buffer,
(1 mM Tris-OAc, pH 8.2, containing 1.4 mM Mg(OAc)z2, 6 mM KOAc and 0.1 mM DTT) with
0.5 mL/L of B-mercaptoethanol (BME), per 1 g of cells. Following this 0.3 mL of pre-incubation
mixture, (0.29 M Tris, pH 8.2, containing 9 mM Mg(OAc)2, 13 mM ATP, 84 mM phosphoenol
pyruvate, 4.4 mM DTT, and 5 uM amino acids mixture), 15 units of pyruvate kinase, and 10 pg of
lysozyme are added per 1 mL of cell suspension. This incubation mixture is frozen at —80 °C for
30 min, then melted at 37 °C for 30 min twice to allow ribosome folding and assembly. Ethylene
glycol tetraacetic acid (EGTA) is to be added to a final concentration of 2.5 mM, and cells are
incubated at 37 °C for 30 min. CaCl: is added to a final concentration of 2.5 mM, mixed, and
frozen at —80 °C for 30 min. This frozen mixture is centrifuged (15,000 x g) at 4 °C for 1 h and

the supernatant is stored at —80 °C until needed.

5.5.4 In-Vitro Transcription Translation

Reactions will be carried out in 12-1200 pL of incubation mixture containing 0.4 pL/uL of S-
30 extract, 100 ng/uL of Bora plasmid (concentration determined via Nano drop), 35 mM Tris
acetate, pH 7.4, 190 mM potassium glutamate, 30 mM ammonium acetate, 2 mM DTT, 0.2mg/mL
of total E. coli tRNA (concentration determined via Nano drop), 0.8 ug/uL of suppressor tRNA
(for Bora_274 _TAG and Bora_278_TAG), 3.5% PEG 6000, 20 ug/mL folinic acid, 20 mM ATP
and GTP, 5 mM CTP and UTP, 100 uM amino acids mixture (Promega), 0.5 pCi/uL of *S-

methionine (for gel imaging purposes only), and 1 pg/mL of rifampicin. Reactions will be carried
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out at 37 °C for 1 h (small scale 12 uL reactions) or 1.5 h (large scale 1200 uL reactions), and
deactivated by chilling on ice. Protein purification will be performed as described in section 5.
Protein sequence will be characterized by trypsin digestion, peptide sequence by LC-MS/MS.*?,
and protein concentration will be determined via Nano drop using extinction coefficient values

from ExPaSy ProtParam tool.3*
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CHAPTER 6

Conclusions

Both technological and experimental advancements in the field of biotechnology have allowed
scientists to make leaps in areas such nucleic acid, antibody, and recombinant protein technologies.
In 2019, 66% of top venture capital companies were investing in these three technologies, and
these technologies accounted for 56% of all their pipeline assets. Together these technologies have
applications in biosensing, biomaterials, drug delivery systems, and other therapeutic treatments.
Here we focused on three different applications for recombinant technologies in this dissertation.
As raw computing power continues to evolve at lightning pace, bioinformatics will have an ever-
growing database of genomic data that can be used to better create recombinant technologies;
especially in the field of consensus design where more sequences can lead to better analyses and
designs.

The designed consensus leucine-rich repeat proteins presented here represent a great
advancement in the design of recombinant repeat proteins. Previous attempts to solubilize and
create scaffolds with such tight affinity have not been reported. Further work on this scaffold could
improve on both thermal stability and affinity towards bacterial pathogens. These scaffolds,
because they are modular by nature, could also be tuned towards a variety of ligands. The potential
of these scaffolds can be seen in designed ankyrin repeat proteins (DARPins) by Molecular
Partners which are currently in multiple clinical trials for various therapeutic areas. In addition to
having fine-tuned specificity, DARPins are able to be linked to other DARPins which adds
functionality. Because our leucine-repeat proteins are designed based on innate immune receptors,

they may provide treatment to therapeutic areas that DARPins do not.

109



The engineering of recombinant keratin biomaterials addressed drawbacks associated with the
extraction of natural human kertain proteins from hair, a method that is harsh and produces by-
products. Selected mutation of keratin 31 (K31) led to the incorporation of controlled enzymatic
degradation sites associated with wound healing. These proteins were expressed without any
difference to native recombinant keratin protein. Future work on these keratin biomaterials with
engineered degradation site include ensuring that fiber formation remains intact, and that the
enzymatic degradation site work as intended. With these qualities, keratin biomaterials may be
suitable for injection in in vivo studies to determine potential use as drug delivery systems in wound
healing applications. Previous keratin biomaterials have shown improved therapeutic properties in
areas such as nerve regeneration and wound healing, but are expensive to produce from natural
sources such as hair and cannot be improved. Recombinant keratin materials is a very promising
field to combine natural biomaterials with modified sequences for controlled degradation and
improved cellular adhesion in therapeutic areas of interest.

Native recombinant human Bora proteins were expressed successfully in E. coli host systems.
As described in this dissertation this project remains in progress and will involve the in vitro
transcription translation of human Bora proteins engineered with Ser—Pro dipeptide analogues at
biologically relevant sites. These proteins will be characterized and studied to ensure that structure
and function of mutated Bora protein is comparable to that of native Bora protein. Following this,
these mutated Bora proteins will be microinjected into live cells undergoing G2—M transition to
elucidate which is the active conformation of Bora. This will be apparent through bipolar spindle
formation as opposed to multipolar spindle formation often found in cancerous cells.

Future work may include incorporation of phosphonoSer—Pro locked analogues into Bora,

similar studies on protein TPX2, and other proteins that are known to undergo isomerization in
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key biological events. The proof-of-principle concept presented here with the Bora protein, will
provide a method to study the activities of Pinl in vitro that were previously not possible. In doing
so, key conformations important to diseases such as cancer, Alzheimer’s, diabetes, or other
diseases affected by the cell cycle may be targetable by the correct conformations in recombinant
technologies.

Combined, the work here addresses the fields of biosensing, biomaterials, and therapeutic
pathway elucidation. Future work on these recombinant proteins have applications as
biotechnology assets, drug delivery systems, or anti-cancer agents. Recombinant technology allow
for expanded protein design beyond what nature provides; offering increased stability, capabilities,

and tunability.

111



