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ABSTRACT OF THE DISSERTATION

Recombinant Collagen Variants
for the Production of Mechanically and Biofunctionally Tunable Hydrogels

By
Richard A. Que
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2016
Professor Szu-Wen Wang, Co-Chair

Professor Nancy Da Silva, Co-Chair

As the most abundant protein in humans, collagen has been utilized as a tissue
engineering scaffold. However, it exhibits the same limitations as other natural substrates,
such as the inability to decouple the modulation of mechanical and biofunctional properties.
The properties of the cell microenvironment guide cell fate, making it advantageous to
modulate the properties of the microenvironment. In this work, we employed a modular
collagen platform to produce recombinant collagen variants with prescribed functionalities
to independently tune the properties of collagen. Collagen variants with two to eight non-
native cysteines were synthesized to form hydrogels of varying stiffness while holding
protein and functional site concentration constant. The variants were characterized by
circular dichroism and found to be triple-helical with melting temperatures near 37°C.
Hydrogel gelation characteristics and stiffness were measured through microrheology and
bulk rheology. Non-native cysteines were also utilized as specific covalent anchoring sites
for TGF-$3, which induced myofibroblast differentiation of fibroblasts that were cultured on

these substrates.

XiX



We also manipulated integrin-binding sites, which are known to affect cell fate. Using
a collagen variant with its integrin-binding sites removed, we tested the effects of the a2f31
integrin-binding sequence GFOGER from collagen I. By introducing GFOGER at up to four
locations throughout the polymer, we demonstrated that the location at which GFOGER was
introduced affected cellular adhesion. One location resulted in 39% of the cells adhered
compared to native collagen III, while other locations along the polymer restored native
levels of cellular adhesion. This variation hints at the importance of local context on the
functionality of the inserted bioactive sequences and that additional modulation of
properties can be achieved by placing the functional sequences at different locations
throughout the polymer. Furthermore, modulation of cellular adhesion levels was achieved
through mixing collagen substrates at different ratios.

We also demonstrated that the modular collagen platform also allows for the mixing-
and-matching of fragments with distinct functionalities. Non-native cysteines and GFOGER
were introduced within the same collagen protein to test the effect of GFOGER sites in 3D
culture. NHLFs were successfully encapsulated within collagen-variant hydrogels. NHLFs
remained spherical when encapsulated with a non-cell adhesion supporting collagen variant,
while introduction of GFOGER into this variant resulted in NHLFs invading the gel. This
research demonstrates the ability to produce full-length collagen variants with customizable
functionalities to tune hydrogel stiffness and integrin-binding site presentation for potential

tissue engineering applications such as vascularization.
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Chapter 1: Introduction



1.1 Introduction

Collagen is a naturally occurring protein, and cells have the ability to degrade and remodel it
as necessary [1]. As collagen is a major protein in the ECM, its function is to provide mechanical
support for cells and it is widely used in tissue engineering applications. Defects in collagen can lead
to dysfunctional connective tissues, such as in a severe form of Ehlers-Danlos syndrome where the
body synthesizes a defective form of collagen 11l leading to brittle blood vessels and life-threatening

health problems [2].

1.1.1 Properties of collagen

Collagen is a fibrous protein which provides structural support for resident cells and is a
major component of the extracellular matrix (ECM). It is composed of three monomers which coil to
form a triple helix with an end-to-end length of approximately 300 nm and diameter of approximately
1 nm (Figure 1.1) [3,4]. The triple-helical region of collagen is mainly composed of the repeated motif
of Gly-X-Y, where X is typically proline, and Y is typically hydroxyproline [5]. The glycines are packed
within the center of the helix while the prolines and hydroxyprolines help stabilize the protein
through hydrogen bonding [6]. It is important to note that the post translational modification of
proline to hydroxyproline is necessary to increase the thermostability of the collagen [7]. The
thermostability of the collagen triple-helix is important, as the triple-helical structure provides
resistance to most proteases, and is necessary for self-assembly into fibrils and for cellular adhesion
[8-10].

~300 nm

BSSSSSSSSSESDE

Figure 1-1: Triple-helical collagen. Collagen is composed of three identical monomers which coil
to form a triple helix. The end to end length is approximately 300 nm.

Due to its abundance in the natural cell scaffold within humans as well as its natural cell

binding capabilities, collagen has been utilized as a cell scaffold for tissue engineering purposes and



provides a strong base for the production of a customizable scaffold [11,12]. Within the extracellular
matrix (ECM), collagen provides structural support for cells to adhere and migrate [13]. It has also
been shown that the integrin binding site GFOGER from collagen I has pro-vasculogenic properties
[14].

1.1.2 Angiogenesis and vasculogenesis

Angiogenesis and vasculogenesis, the formation of new vasculature from existing vasculature
and de novo, respectively, play a significant role in morphogenesis, wound healing, and tumor
formation [15]. Angiogenesis is broken up into a series of steps including migration, proliferation,
alignment, tubule formation, branching, and anastomosis [16-18]. The process occurs in response to
two sets of extracellular signals: soluble factors and ECM signals.

The intricate processes of angiogenesis and vasculogenesis are pushed forward by the
presence of growth factors. Several growth factors have been implicated in promoting angiogenesis,
with vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) being two
potent factors [17,19,20]. VEGF induces endothelial cell proliferation, promotes cell migration, and
inhibits apoptosis [19]. bFGF is a potent mitogen leading to the migration and invasion of endothelial
cells to form tubules [20]. Both VEGF and bFGF can induce vasculogenesis in vivo [19,21].

It has been shown that in addition to soluble factors, ECM proteins also affect angiogenesis.
ECM proteins contain ligands which can bind to integrin receptors to promote adhesion,
differentiation, and migration [14,22]. Substrate stiffness has also been shown to affect angiogenesis.
Within flexible gels, the vascular networks formed were thin and dense with many sprouting cells
and small vacuoles formed from single cells. Within ridged gels, deeper networks were formed (>30
pum) with multicellular lumens [23]. Another study showed that with increasing rigidity and integrin

binding site concentration, total tube length increases [24].



1.1.3 Natural vs synthetic materials for tissue engineering scaffolds

Various materials have been utilized to produce tissue engineering scaffolds, ranging from
natural to synthetic, each of which has their advantages and disadvantages. Synthetic materials,
unlike natural materials, have the advantage of being highly tunable. Stiffness can be easily modified
by incorporating crosslinking reagents. Peptides can be incorporated within the synthetic matrix to
provide biofunctionality [25-28]. Peptides containing MMP cleavage sites or hydrolysable linkers
can be added to modulate degradation rate [26]. Cell binding capability can be added through the
integration of RGD or GFOGER peptides, and growth factors can be conjugated to modulate cells
[24,26,28]. Others have incorporated collagen-based peptides within these synthetic scaffolds [27].
Although synthetic materials such as PEG provide a blank slate, allowing for complete control of the
number of cell binding sites and degradation sites, this approach is limited by our understanding of
the complex interactions between cells and their ECM [29].

Natural materials, such as collagen and fibrin, are biocompatible, degradable into non-toxic
products, and contain innate cell adhesion sites and cell signaling capabilities. Natural materials
interact better than synthetic materials with cells and can also enhance cell performance [29,30].
However, one drawback of natural materials is availability. Cadavers can be utilized, but they are also
limited in supply [31]. The use of other mammals can solve issues of availability; however, the health
risks increase with the use of allogenic or xenogenic sources. Materials from these sources would
increase the risk of transmitting pathogens to the recipient as not all pathogens are able to be
detected and removed [32,33].
1.1.3.1 Tuning the properties of natural scaffolds

Regardless of the source, natural materials have batch-to-batch variation and are not easily
tunable mechanically [34]. Cells are modulated by the stiffness of their substrate environment which
can help determine the physical properties of the resulting repaired tissue [35]. Scaffold stiffness

can be increased using various methods of crosslinking [36-38]. Crosslinking limits the accessibility



of degradation sites, thereby decreasing degradation rate. Unfortunately, some crosslinking reagents
can affect proliferation and biosynthesis. Glutaraldeyde introduces cytotoxic aldehyde molecules,
and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) introduces cytotoxic carbodiimide;
even after extensive washing, these toxic components cannot be removed completely [36]. Although
crosslinking provides a method to modulate substrate stiffness, it does not allow for increases in
degradation rate. Furthermore, decreasing degradation rate by crosslinking cannot be decoupled
from the stiffness of the scaffold.

Growth factors can also be introduced onto natural scaffolds utilizing adsorption or covalent
attachment. EDC can be used to covalently link the carboxyl group on growth factors to amines in
the scaffold [39]. As previously mentioned, the use of EDC is cytotoxic, and it can additionally allow
growth factors to covalently link to one another instead of to the scaffold. To get around this issue,
sulfhydryls can be introduced to the scaffold using Traut’s reagent which binds to primary amines
[12]. Growth factors can then be conjugated to the scaffold’s introduced sulfhydryls using sulfo-SMCC
[12] (Figure 1-2). As many proteins do not contain exposed sulfhydryls, utilizing this method would
limit the dimerization of the growth factor. However, the locations of the introduced sulfthydryls
cannot be controlled completely using this strategy due to the abundance of lysine within proteins.
Both natural and synthetic scaffolds have their advantages and disadvantages. Thus, a scaffold which

provides the advantages of both natural and synthetic materials would be ideal.
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Figure 1-2: Schematic for immobilization of growth factors to collagen with SMCC. Growth
factors are maleimide activated by reacting with SMCC. Sulfthydryls are introduced into collagen
through reaction with Traut’s reagent which reacts with primary amines. The maleimide activated

growth factors can then react with the introduced sulfhydryls to covalently link the growth factors
to collagen.

1.1.4 Modular collagen platform

Our lab (Chan et al. [40]) published methods to produce recombinant human collagen III de
novo utilizing engineered Saccharomyces cerevisiae as a host, which can be used to address the issues
of sourcing, inhomogeneity, and tuning of mechanical and biofunctional properties. The synthesis of
a full-length gene encoding collagen is challenging, due to the dual requirement of repetitive amino
acid sequences interspaced with unique sequences. By utilizing the degeneracy of the genetic code,
oligonucleotide sequences were optimized to have a melting temperature of correct hybridization
higher than the melting temperature of any incorrect hybridization [41]. These oligonucleotides can
then be assembled by polymerase chain reaction (PCR) to form the collagen gene [42] (Figure 1-3).
Oligonucleotides are PCR assembled into primary fragments. Primary fragments are PCR assembled
into secondary fragments. Finally, secondary fragments are PCR assembled into the full-length gene.
By changing the oligonucleotides used to assemble the gene, collagen variants containing specific

mutations can be produced.
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Figure 1-3: Schematic of modular collagen assembly. The collagen gene is divided into three
sections, front (orange), middle (green), and back (blue). The middle region codes for the triple-
helical section of collagen. The sections were split into overlapping oligonucleotides with lengths of
approximately 60 nucleotides. The oligonucleotides were then assembled by PCR into primary
fragments of approximately 300 bases. Primary fragments were assembled by PCR into secondary
fragments. And secondary fragments were assembled by PCR into the full-length gene.

Hydroxylation of proline is necessary for the thermostability of the triple helix of collagen. To
provide the proper hydroxylation of the collagen polymers, S. cerevisiae was engineered to express
human prolyl-4-hydroxylase. Two copies of prolyl-4-hydroxylase a and 8 subunits under the GAL1
promoter were integrated into the chromosomes of BY4741ATRP1 (MATa his3A1 leuZAQ met15A0
ura3A0 trp1::KanMX) to produce BYa2p2 [43]. This yeast system provides for the expression of
recombinant collagen with triple-helical thermostability near physiological [44].

This modular collagen system provided a bottom up approach to generating a full-length
collagen III gene with the potential to produce custom tailored collagen with precise control of
functional sequences. Thus, the collagen molecules can be modified at the DNA level. Recombinant

collagen variants were produced in yeast, utilizing the methods outlined in Chan et al. [40], by

combining the advantages of natural collagen with the customizability of synthetic scaffolds.



1.2 Motivation and Objectives

The knowledge and materials to control cellular behaviors is critical for endeavors in tissue
engineering. It is known that cells respond to stimuli from their surroundings and that the ECM can
guide cell fate [45]. ECM stiffness has been shown to have an effect on differentiation [46], while
covalent conjugation of growth factors can increase the potency of the growth factors effect on cells
[47]. Functional peptide sequences from ECM proteins have also been shown to help guide cellular
processes towards desired phenotypes. Therefore, it is advantageous to produce an ECM which can
be custom tailored with the required properties to direct cells towards the required phenotypes.
Others have addressed this by utilizing short synthetic peptides and polymers [14,24,26,48], but,

the context in which the short peptides are presented may have additional implications.

Utilizing this modular collagen system developed by our research group as a base, my
research aimed to synthesize and investigate collagen variants which can be utilized as a
customizable ECM for teasing out the contributions of individual ECM properties on cell fate

processes. My Ph.D. work had three specific objectives:

(1) To construct and characterize recombinant collagen variants with varying numbers of
non-native cysteines to serve as specific immobilization sites. These sites were used to
immobilize growth factors and for cross-linking to control hydrogel stiffness.

(2) To construct and characterize recombinant collagen variants with varying numbers of
the integrin binding site GFOGER. These variants included a non-cell supporting variant
of collagen and variants with non-native GFOGER introduced to test the functionality of
GFOGER in the context of full length collagen.

(3) To construct and characterize recombinant collagen variants combining both non-

native cysteines and GFOGER to test the functionality of GFOGER in 3D cell cultures.
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Chapter 2: Expanding Functionality of Recombinant Human Collagen

Through Engineered Non-Native Cysteines

Adapted with permission from R. Que, A. Mohraz, N.A. Da Silva, S.-W. Wang, Expanding
Functionality of Recombinant Human Collagen Through Engineered Non-Native Cysteines,

Biomacromolecules. 15 (2014) 3540-3549. d0i:10.1021/bm500735d. Copyright 2014 American
Chemical Society.
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2.1 Introduction

The environment that a cell inhabits plays a major role in determining cell fate. Mechanical
properties, degradation characteristics, cell-interaction sites, and signaling factor densities of the
extracellular matrix (ECM) environment have been shown to modulate proliferation, migration, and
differentiation of the residing cells [1-4]. Therefore, major components of the ECM, such as the
protein collagen are natural departure points for engineering cell substrates and microenvironments
in tissue engineering and regenerative medicine. Ideally, biomimetic materials would have the
additional advantage over native ECM materials of being amenable to independent control over
properties such as protein concentrations, mechanical properties, and densities of cell-interaction
sites [3]. Furthermore, engineered materials would not suffer from the typical concerns for materials
from animal sources (e.g., batch-to-batch variability, immunogenicity, pathogen transmission) [5-7].
Examples of peptides or polymers used as artificial matrices have included hyaluronic acid,
fibrinogen, elastin, and the entirely synthetic polymer polyethylene glycol [8-12], but none of the
peptides are as prevalent in native ECM as the protein collagen.

However, despite collagen being the major component of the ECM, and despite the
corresponding high interest to engineer it, efforts to produce collagen synthetically as a matrix
backbone have been complicated by challenging issues[13,14]. Collagen’s glycine-X-Y tripeptide
repeating sequence, together with the unique sequences embedded within the tripeptide repeats
required for cell interaction sites, and the large overall number of amino acids, result in difficulties
in generating an encoding synthetic gene due to a high propensity for oligonucleotide
mishybridizations [15]. Furthermore, prolines in the Y position must be post-translationally
hydroxylated for sufficient thermostability of the collagen triple helix [16]. These difficulties have

limited most collagen-mimetic materials to short peptides [13,17-21] or repeating collagen-like

domains [22].
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Our research group has developed a bottom-up strategy to produce full-length, hydroxylated
recombinant collagen III with the native human sequence (rCol) or with alternatively-defined
sequences. Collagen III, one of the fibular collagens, is located in elastic tissues such as the skin and
vasculature as well as other tissues alongside collagen I [23,24]. Itis a homotrimer, expressed from
a single gene, reducing the number of genes requiring modification to introduce non-native elements
into the resulting protein. To overcome the mishybridization problem between oligonucleotides
during gene synthesis, the DNA sequence was optimized utilizing an algorithm that considered the
degeneracy of the genetic code and oligonucleotide hybridization melting temperatures [15]. Gene
synthesis was then performed in modules via PCR assembly. The protein is produced in
Saccharomyces cerevisiae that has been genetically engineered with the ability to hydroxylate
prolines in the correct positions within collagen [25]. This strategy provides complete control of the
amino acid sequence and allows for the tailoring of sequence, location, and frequency of functional
sites within the protein. Our previous work has shown that recombinant human collagen III
produced by this platform yields stable triple-helical collagen with correct structure, and this
collagen interacts favorably with mammalian cells [25].

In this study, we examined the feasibility of using our platform to fabricate custom-designed
collagen variants. We introduced non-native elements into the human collagen III scaffold, and then
probed the structural effects and the functionality of these modified sites. Varying numbers of
cysteines (Cys), which are not present in the triple-helical regions of any fibrillar collagen, were
inserted at specific sites to be used as crosslinking or attachment sites for bioactive proteins.
Although lysines are often used to chemically functionalize collagen from native sources, there are
38 lysines present in the triple-helical region of collagen III [26], resulting in difficulty in controlling
the location and quantity of any lysine-based reactions. In contrast, the exact numbers and locations

of Cys sites can be precisely controlled using our platform.
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We then examined whether the specifically-designed collagens are functional for crosslinking
and attachment of bioactive molecules. The sulfhydryl group on Cys is available for reacting with
maleimide to form a thioether linkage. One advantage of this approach is to avoid the cytotoxicity of
crosslinking lysine amines using either glutaraldehyde or N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC) [27,28]. Furthermore, the use of lysines as crosslinking or attachment sites
may alter ligand availability as they are contained in binding sequences [29]. These collagen cysteine
variants allow for the formation of crosslinked collagen hydrogels with the potential of decoupling
stiffness from collagen concentration through the control of cysteine density, and thus crosslinking
density, per collagen. To examine the feasibility of modulating cell fate through differentiation of
fibroblasts to myofibroblasts [30-32], we immobilized transforming growth factor beta 1 (TGF-f)
onto the non-native Cys residues of recombinant collagen variants.

The results of our study demonstrate the ability to produce recombinant collagen with
tunable physical and biological properties. Triple helical collagens with precise numbers of cysteines
were produced using novel modular genes. The collagens successfully formed hydrogels via
crosslinking, and promoted the differentiation of fibroblasts to myofibrolasts through covalently

tethered growth factors.

2.2 Materials and Methods

2.2.1 Cells and reagents

Escherichia coli DH5a was purchased from Strategene (La Jolla, CA). Restriction
endonucleases, DNAse I, and RNase Ir were acquired from New England Biolabs (Ipswitch, MA).
Phenylmethanesulfonyl fluoride (PMSF), tris(2-carboxyethyl)phosphine (TCEP), bovine serum
albumin (BSA), galactose, 40 kDa MWCO desalting columns, methyl-PEG24-NHS [ms(PEG)24], and

succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (SMCC) were obtained from
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Thermo Fisher (Waltham, MA). Pepsin was purchased from MP Biomedicals (Santa Ana, CA). TGF-
1 was obtained from R&D Systems (Minneapolis, MN). The crosslinking reagent 20 kDa 4-arm PEG
maleimide was purchased from NANOCS (Boston, MA). Acrylamide solution was acquired from Bio-
Rad (Hercules, CA). Native collagen proteins used as controls were obtained from Millipore (Billerica,
MA). Dulbecco’s modified Eagle’s medium (DMEM), CelLytic M, and monocolonal antibodies against
a-smooth muscle actin were purchased from Sigma (St. Louis, MO). Fetal bovine serum (FBS),
penicillin, streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Alexa Fluor 532 C5 maleimide (AF532), and secondary antibody alkaline phosphatase conjugated
anti-mouse IgG antibodies were obtained from Life Technologies (Carlsbad, CA). Casamino acids,
yeast nitrogen base, and tissue culture plates were purchased from BD Biosciences (Franklin Lakes,
NJ). NIH/3T3 mouse fibroblast cells and HT-1080 human fibrosarcoma cells were obtained from
ATCC (Manassas, VA). Cells were maintained in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37 °C and 5% CO..
2.2.2 Fabrication of genes encoding collagen variants

Full length collagen-mimetic proteins were fabricated using the modular gene assembly
strategy described in Chan et al. to produce recombinant human collagen [15]. The triple-helical
region of collagen, for which the gene has been conventionally difficult to assemble, was divided into
12 modules to facilitate synthesis and sequence design. By utilizing the degeneracy of the genetic
code, oligonucleotide sequences were optimized to yield higher melting temperatures for correct
hybridizations than for incorrect hybridizations [33]. These oligonucleotides were assembled into
12 primary fragments by polymerase chain reaction (PCR). These primary fragments were then PCR-
assembled into secondary fragments, and the secondary fragments were PCR-assembled into the full
length gene. We showed that this process enables the fabrication of genes encoding the amino acid
sequence of human collagen III (which is defined here as "baseline" collagen, rCol) and variants of
collagen with desired modulated sequences [15].
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To produce genes coding for collagen containing varying numbers of non-native cysteines
(Cys), site-directed mutagenesis (SDM) was performed on eight of the twelve primary fragments of
the baseline collagen gene to build a library of primary fragments containing one Cys per fragment
(see Figure 2-1). Complementary mutagenic primers used in SDM were designed to change an amino
acid of similar size to cysteine in the X or Y position of the Gly-X-Y tripeptide near the center of each
primary fragment (Table 2-1). This assisted the assembly of primary fragments with and without
these non-native cysteines. The mutagenesis procedure was based on protocols described

previously [15].

A rCol (Baseline)
PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF8 PF10 PF11__ PF12

rCol-2C
. . |
rCol-4C

I I . N
rCol-8C

B Variant|Amino Acid Location Number of Cysteines

rCol none

rCol-2C|285 (PF4), 731 (PF7)

rCol-4C|42 (PF1), 224 (PF3), 803 (PF10), 984 (PF12)

rCol-8C|42 (PF1), 224 (PF3), 285 (PF4), 465 (PF6), 748(PF8), 803 (PF10), 888 (PF11), 984 (PF12)

Figure 2-1: Summary of recombinant collagen variants containing non-native cysteines (Cys)
in the triple helical domain. (A) Variants were produced containing 2 to 8 Cys (yellow) spread
throughout the triple helical domain. Green regions denote native amino acid sequences of human
collagen III. "PF" indicates the primary fragment (one of 12 modules used in gene synthesis). (B)
Collagen variants with the respective amino acid site number of the introduced cysteines.
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Table 2-1: List of oligonucleotides used to introduce non-native cysteines for each primary
fragment.

Primary Oligonucleotides sequences (5' = 3'; forward and reverse strands)

fragment

number

PF1 CACCTGGTGAGCCCGGACAATGTGGTCCAAGTGGTCCTCCTGGTC
GACCAGGAGGACCACTTGGACCACATTGTCCGGGCTCACCAGGTG,

PF2 CCGTGGTAATGATGGTGCTAGAGGATGTGACGGACAACCTGGCCCACCTGGAC
GTCCAGGTGGGCCAGGTTGTCCGTCACATCCTCTAGCACCATCATTACCACGG

PF3 CGGTCCACCCGGAATTAACGGTTGTCCAGGAGGTAAAGGCGAAATGGGTCCT
AGGACCCATTTCGCCTTTACCTCCTGGACAACCGTTAATTCCGGGTGGACCG

PF4 GACCAAGGGGAGAACGTGGAGAATGTGGCATACCCGGAGTACCCGGTGCTAAAG
CTTTAGCACCGGGTACTCCGGGTATGCCACATTCTCCACGTTCTCCCCTTGGTC

PF5 GACCAAGGGGAGAACGTGGAGAATGTGGCATACCCGGAGTACCCGGTGCTAAAG
CTTTAGCACCGGGTACTCCGGGTATGCCACATTCTCCACGTTCTCCCCTTGGTC

PF6 CAGGTGGAGACAAAGGTGATTGTGGACCACCTGGACCCCAAGGATTGC
GCAATCCTTGGGGTCCAGGTGGTCCACAATCACCTTTGTCTCCACCTG

PF7 CAAAAGGTGATAAGGGTGAACCTGGTTGTCCTGGCGCAGACGGTGTTCCCGG
CCGGGAACACCGTCTGCGCCAGGACAACCAGGTTCACCCTTATCACCTTTTG

PF8 CCAGGAATTGCTGGCCCAAGGGGTTGTCCAGGTGAAAGGGGAGAAACAGG
CCTGTTTCTCCCCTTTCACCTGGACAACCCCTTGGGCCAGCAATTCCTGG

PF9 CAAAAGGTGATAAGGGTGAACCTGGTTGTCCTGGCGCAGACGGTGTTCCCGG
CAAAAGGTGATAAGGGTGAACCTGGTTGTCCTGGCGCAGACGGTGTTCCCGG

PF10 CAGGCATGCCAGGTCCTAGGGGCTGTCCAGGTCCACAAGGCGTTAAAG
CTTTAACGCCTTGTGGACCTGGACAGCCCCTAGGACCTGGCATGCCTG

PF11 GGTCCTTGTGGACCAGCCGGCAAATCTGGTGATAGAGGAGAGTCAGGTC
GACCTGACTCTCCTCTATCACCAGATTTGCCGGCTGGTCCACAAGGACC

PF12 GACCAAGCGGACCACCTGGTAAATGTGGAACTTCTGGTCATCCAGGTCC
GGACCTGGATGACCAGAAGTTCCACATTTACCAGGTGGTCCGCTTGGTC

2.2.2.1 Primary fragments

For each baseline primary fragment in a final volume of 50 pL, 50 ng of plasmid DNA
containing the primary fragment was mixed with 300 nM of each mutagenic primer, 200 pM dNTPs,
2.5U PfuUltrall and 1x PfuUltrall reaction buffer. The mixture was cycled in a thermocycler with the
following program: 10 minutes at 95 °C, followed by 16 cycles of 20 seconds at 95 °C, 30 seconds at
55 °C, 1 minute at 72 °C. The sample was incubated with 20 U of Dpnl for 2 hours. The product band
of expected size was extracted from an agarose gel, ligated into the pCR-Bluntll TOPO vector
(Invitrogen), transformed into Escherichia coli DH5a (Stratagene), and plated on LB-Kan. DNA from

colonies were sequenced to screen for mutations.

2.2.2.2 Secondary fragments
Primary fragments with and without cysteines were mixed-and-matched to assemble

secondary fragments with cysteines in the desired locations by mixing 2 nM of each primary fragment
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with 200 nM of each secondary fragment primer, 200 uM dNTPs, 1.5U PfuUltrall, and 1x PfuUltrall
reaction buffer in a final volume of 50 pL. The mixture was cycled in a thermocycler with the following
program: 10 minutes at 95 °C, followed by 16 cycles of 20 seconds at 95 °C, 30 seconds at 68 °C, 45
seconds at 72 °C, and a final step of 5 minutes at 72 °C. The sample was run on an agarose gel and the
product band of expected size was extracted and ligated into the pCR-Bluntll TOPO vector
(Invitrogen), transformed into Escherichia coli DH5a, and plated on LB-Kan. DNA from colonies were

sequenced to screen for the correct sequence.

2.2.2.3 Full length collagen genes

Genes encoding collagen variants were assembled from the secondary fragments by mixing
2 nM of each secondary fragment with 200 nM of each cloning primer, 200 uM dNTPs, 1 mM MgSQO.,,
1 U KOD Hot Start DNA Polymerase (EMD Millipore) and 1x KOD reaction buffer in a final volume of
50 pL. The mixture was cycled in a thermocycler with the following program: 10 minutes at 95 °C,
followed by 16 cycles of 20 seconds at 95 °C, 30 seconds at 68 °C, 1.25 minutes at 72 °C, and a final
step of 5 minutes at 72 °C. The product band was extracted from an agarose gel, ligated into the pCR-
BluntIl TOPO vector, transformed into E. coli DH5a, and plated on LB-Kan. Colonies were sequenced
to screen for the correct sequence. Full-length collagen variant genes were then transferred to the
CEN/ARS plasmid as previously described [34] to generate plasmids YCpMCOL-2C, YCpMCOL-4C,
and YCpMCOL-8C, which contain 2, 4, and 8 non-native cysteines, respectively. Figure 2-1
summarizes the collagen variants and their corresponding Cys mutations that are encoded by these
genes.
2.2.3 Protein expression and purification

Full length recombinant biomimetic collagens were expressed in S. cerevisiae BYa232, which
was engineered to contain two integrated copies each of the human prolyl-4-hydroxylase a-subunit
and -subunit genes to achieve hydroxylation of prolines in the collagen biopolymers [25]. BYa2[32

was transformed with plasmids YCpMCOL-2C, YCpMCOL-4C, and YCpMCOL-8C to express collagen
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containing 2 Cys [named rCol-2C(1)], 4 Cys [rCol-4C(1)], and 8 Cys [rCol-8C(1)], respectively. In this
manuscript, these mutants will be abbreviated as rCol-2C, rCol-4C, and rCol-8C.

To express the recombinant collagen, the yeast were cultured in selective media as previously
described [25], resuspended to 0.1 g/L in ice-cold buffer containing 0.1 M Tris-HCl, 0.4 M NaCl, 2
U/ml DNase, 1 U/ml RNase, and 1 mM PMSF (pH 7.5), and mechanically lysed using a French press
cell disruptor (Thermo Fisher). EDTA and TCEP were added to the solutions to 1 mM each, and the
solutions were incubated for 1 hour at 4 °C. The pH was lowered to 2, and the samples were digested
with pepsin at a concentration of 0.2 mg/ml for 12 hours at 4 °C, conditions which degrade
endogenous yeast proteins while leaving hydroxylated triple-helical collagen intact. The digested
lysate was cleared by centrifugation. Protein was precipitated from the cleared supernatant by
adding acetic acid (AcOH) and NaCl to 0.5 M and 3M, respectively, and centrifuged. The precipitate
was dissolved in 0.1 N HCI, the solution was raised to pH 7.4 with 200 mM Tris-HCI (pH 8.6), and
TCEP was added to 1 mM. After incubation at 4 °C for 1 hour, the collagen was precipitated by adding
NaCl to 3 M. The pellet was dissolved in 0.1 N HCI and dialyzed against 0.05 M AcOH. Protein
concentration was determined by BCA assay (Pierce, Rockford, IL) using bovine collagen type IlII as
a standard. SDS-PAGE confirmed size and purity of proteins.

2.2.4 Characterization of recombinant collagen variants
2.2.4.1 Circular dichroism.

To determine the structure and melting temperatures of the collagen variants, circular
dichroism (CD) spectroscopy was performed using a Jasco J-810 spectropolarimeter [35]. The
purified recombinant collagen samples (100 - 300 pg/ml) in 50 mM AcOH were placed in a 1 mm
quartz cell and scanned at 10 nm/minute. To determine the apparent melting temperature (Tw), the
temperature was increased at a rate of 1 °C/minute while measuring ellipticity at 221 nm. The molar
ellipticity vs. temperature was fit to the Gibbs-Helmholtz equation [36]. Apparent Tw values are
reported as mean * standard deviation and are replicates of at least 3 independent measurements.
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2.2.4.2 Cellular adhesion.

To assess whether the introduced cysteines affected cell adhesion, an adhesion assay was
performed as previously described with the recombinant collagens and controls (human collagen III;
BSA) [25]. Briefly, wells in non-tissue culture treated 96-well plates were coated with 40 uL of 20
pg/mL protein in phosphate buffered saline (PBS, pH 7.4) overnight at 4 °C, and then blocked with
1% BSA in DMEM for 1 hour at room temperature (RT, approximately 22 °C). To verify that
comparable amounts of protein were deposited between different samples, an alkaline phosphatase
assay was performed as previously described [25]. HT-1080 cells were seeded at 1.5 x 105 cells/cm?2
in FBS-free DMEM supplemented with 0.1% BSA and incubated at 30 °C for 4 hours. Cells were
washed with DMEM, incubated with DMEM + 10% FBS for 1 hour at 37 °C, and imaged. To quantify
the relative number of cells adhered, an MTT assay was used; we incubated cells with 12 mM MTT in
DMEM at 37 °C for 2 hours, and lysed cells by incubating with 70 pL of 20% w/v sodium dodecyl
sulfate, 2 mM HCI, 400 mM AcOH in dimethylformamide/water (50:50 v/v) overnight at 37 °C.
Absorbance at 570 nm was measured using a SpectraMax M2 plate reader (Molecular Devices,

Sunnyvale, CA).
2.2.5 Functionalization of collagen through non-native cysteines (Cys)

2.2.5.1 Conjugation of non-native cysteines with fluorescent markers

To determine the degree of accessibility and chemical functionality of the non-native Cys, the
thiol side groups of the Cys were labeled with AF532. Recombinant collagen (1 mg/ml) was
incubated with TCEP at a ratio of 2.5 TCEP to 1 cysteine in 50 mM phosphate buffer (pH 7) for 30
minutes at RT, and was then reacted with AF532 for 2 hours at RT. As a control, native human
collagen was treated with TCEP and AF532 under the same conditions. Unreacted AF532 was
removed with a 40 kD desalting column and absorbance of the samples was measured at 532 nm.
The amount of AF532 within each sample was determined by a standard curve for free AF532. The

non-specific binding of AF532 to the native collagen control was subtracted as the background.
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2.2.5.2 Crosslinking of non-native cysteines to generate collagen hydrogels

The buffer of the different variants of purified collagen proteins (1 mg/ml) was exchanged
into 50 mM HEPES (pH 5). TCEP was then added at a ratio of 2.5 TCEP to 1 cysteine and incubated
at RT for 30 minutes to reduce any existing disulfide bonds. A 20 kDa, four-arm PEG crosslinker,
derivatized with maleimide, was added and mixed. Gel formation was characterized by rheological
measurements as described below.
2.2.5.3 Conjugation of non-native cysteines with growth factor

To examine the effect on cell growth of an immobilized growth factor, TGF-3 was attached to
rCol-4C. TGF-f was activated with maleimide by reacting it with SMCC (80 SMCC to 1 TGF-§) at RT
for 30 minutes, and excess SMCC was removed using a desalting column. Non-tissue culture treated
6-well plates were incubated overnight at 4 °C with 20 pg/mL rCol-4C in PBS. Maleimide-activated
TGF-B (50 ng in 1 ml PBS) was reacted with the surface-adsorbed rCol-4C for 2 hours at 4 °C. Wells
were washed with PBS and incubated with DMEM + 1% BSA for 1 hour at RT. These surfaces were

then used for subsequent cellular assays.

2.2.6 Characterization of crosslinked hydrogels

2.2.6.1 Passive microrheology

To monitor the formation of a hydrogel from rCol-4C, we used passive multiple particle
tracking microrheology [37]. Amine-functionalized polystyrene fluorescent tracer particles of 1 um
diameter were PEGylated with ms(PEG)24 to reduce microparticle aggregation. Samples containing
collagen protein mixed with crosslinker (at a 1 maleimide to 1 Cys ratio) were prepared as described
above at a volume of approximately 10 pL. Fluorescent tracer particles were immediately mixed into
the sample after the addition of crosslinker, pipetted between a microscope slide and coverslip
separated by 70 pm, and sealed (Norland optical adhesive 81, Norland Products, Cranbury, NJ).
Passive microrheology was performed using an Axio Observer inverted microscope (Carl Zeiss
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Microimaging, Inc., Jena, Germany) attached to a Vt-Eye confocal scanner (VisiTech International,
Sunderland, UK). Images were taken at 16 fps for 5 minutes every hour with a 20x (numerical
aperture = 0.4) objective and 2x digital zoom. Samples were monitored over time at RT and the mean
square displacement (MSD) of particles was measured by tracking particle centers of mass [38].
Following the method initially outlined by Larsen and Furst, we scaled each individual MSD curve to
construct pre-gel and post-gel master curves, and identified the gel point as the transition time
between the two curves [39]. To determine the upper limit of elastic modulus measureable with our
passive microrheology setup, a control sample of 20% polyacrylamide was prepared from 30%
acrylamide/bis-acrylamide (29:1) in a final concentration of 375 mM Tris (pH 8.8), 0.1% w/v APS,
0.1% v/v TEMED.
2.2.6.2 Bulk rheology

To confirm the formation of a crosslinked hydrogel using a secondary method and to
determine bulk viscoelastic properties of the crosslinked samples, bulk rheology was performed on
a stress-controlled rheometer (Anton Paar MCR 301, Graz, Austria) equipped with a 25 mm parallel
plate geometry and Peltier temperature control system. Samples containing 2 mg/ml collagen mixed
with crosslinker (at a 2 maleimide to 1 Cys ratio) were prepared as described above, substituting PBS
for HEPES, at a volume of approximately 150 puL and immediately loaded onto the rheometer. A
solvent trap filled with ddH,O was utilized to provide a humidified environment and prevent
evaporation from the gel. Oscillatory measurements were performed at a strain of y = 0.01 and
frequency of f = 1 Hz, with a gap height of 200 um at 22.5 °C. The storage (G’) and loss (G”) moduli
were recorded over time until G’ showed no change over several hours. A frequency sweep was
subsequently performed from f= 0.01 to 100 Hz, with all other settings remaining the same.
2.2.7 Cell response assay to growth factors immobilized on engineered collagen substrates

We explored the ability to modulate cellular activity through covalently immobilizing growth

factors to recombinant collagen variants. Fibroblast differentiation into myofibroblasts was
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evaluated by detection of a smooth muscle actin («aSMA) via Western blot [40]. Collagen surfaces
(rCol, rCol-4C, and native human collagen) incubated with maleimide-functionalized TGF-f in 6-well
plates were prepared as described in section 2.5. NIH/3T3 cells were seeded at a density of 6.3 x 104
cells per cm2in DMEM + 10% FBS and incubated at 30 °C and 5% CO; for 6 hours to allow cells to
adhere. Wells were washed with PBS, and media was replaced with DMEM + 0.1% FBS. For the
controls, collagens that were not mixed with maleimide-functionalized TGF-3 were adsorbed to the
surfaces, and soluble TGF-$ (not maleimide-functionalized) was added to the cell culture media to a
final solution concentration of 5 ng/mL (positive controls) and 0 ng/mL (negative controls),
respectively. Cells were incubated at 30 °C, 5% CO; for 48 hours then lysed with CelLytic M. Cell
lysate was analyzed by Western blot using anti-aSMA primary antibodies raised in mouse and
alkaline phosphatase-conjugated rabbit anti-mouse secondary antibodies. Intensities of bands were
quantified using Image ] software and normalized to the respective positive control (the collagen
variant mixed with 5 ng/ml soluble TGF- ) within each blot. Intensity results are reported as mean
+ standard deviation and are replicates of 4 independent experiments.
2.2.8 Statistical analysis

For cell adhesion, results are reported as mean # standard deviation of at least 3 independent
experiments. Statistical significance was determined using the software program R[41]. We used
one-way analysis of variance (ANOVA) followed by the Bonferroni post-test to evaluate pairwise

comparisons.

2.3 Results

2.3.1 Fabrication and expression of cysteine-containing collagen variants
Non-native Cys codons were successfully introduced into primary gene fragments through
site-directed mutagenesis, and these gene fragment modules were utilized to assemble the genes

encoding full-length collagen variants (Figure 2-1). Using these genes, the collagen-based proteins
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rCol-2(C, rCol-4C, and rCol-8C, with 2, 4, and 8 Cys per collagen, respectively (corresponding to 6, 12,
and 24 Cys per triple-helical polymeric strand), were successfully expressed and purified from
engineered yeast strain BYa2p2. Approximately 0.5 mg purified protein was recovered per L of
culture for rCol-2C and rCol-4C and 0.05 mg purified protein was recovered per L of culture for rCol-
8C. SDS-PAGE analysis showed that the purified rCol-2C and rCol-4C are the expected size, which is
consistent with the rCol control (baseline; recombinant human collagen III) and the hCol control
(native human collagen III) (Figure 2-2). These proteins are also as pure and pepsin-resistant as the
rCol baseline human collagen. Although rCol-8C was expressed in yeast, purification yields were
inconsistent and suggested disulfide crosslinking of the Cys thiols. Therefore, subsequent

investigations focused primarily on rCol-2C and rCol-4C.

Figure 2-2: SDS-PAGE of purified collagens and cysteine variants of collagen. Lanes: (1) native
human collagen III (hCol); (2) recombinant human collagen III (rCol); (3) recombinant collagen with
2 Cys (rCol-2C); (4) recombinant collagen with 4 Cys (rCol-4C); (5) molecular weight standard (M).
The purified recombinant collagens are comparable in size and purity to native human collagen III.

2.3.2 Confirmation of structure, thermostability, and cell adhesion capability

The structure of the recombinant collagen variants was examined by CD. Variants rCol-2C
and rCol-4C were both confirmed to be triple helical, with the characteristic CD spectra exhibiting a
positive peak at 221 nm and negative peak at 198 nm (Figures 2-3A & 2-3B). The thermostability of

the triple helix of rCol-2C and rCol-4C were interrogated by CD temperature scans, and yielded
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apparent melting temperatures (Tm) 0f 35.9 + 0.1 °C for rCol-2C and 37.2 £ 0.5 °C for rCol-4C (Figures
2-3A & 2-3B, insets). Although these values are lower than the apparent Tr, 0of 39.1 £ 0.1 °C for native
human collagen IlI, the Tr, for rCol-4C is higher than that of recombinant baseline collagen (rCol, T
=35.8+0.5°C) [25].
We examined whether the introduction of Cys would affect cellular adhesion to the collagen variants.
Human collagen III, bovine serum albumin (BSA), rCol, rCol-2C, and rCol-4C were deposited onto
surfaces of 96-well plates. Surface protein densities were verified to be equivalent by an ALP-
streptavidin-biotin assay. At these experimental conditions, HT-1080 cells adhered to and spread on
rCol-2C and rCol-4C substrates at comparable levels as on rCol (baseline) and human collagen III
(Figure 2-4A). In contrast, cells did not adhere to the BSA negative control. These observations were
also supported by the quantitative results of the MTT assay (Figure 2-4B) (n=3). Cell viability of cells
seeded on any of the collagen surfaces were not significantly different from one another, while cell
viability of cells seeded on all of the collagen surfaces were significantly different from cells seeded
on surfaces coated with BSA (p<0.001, ANOVA). Thus, cell adhesion onto recombinant collagen is not
inhibited by the introduction of non-native cysteines.

Characterization of rCol-2C and rCol-4C shows that the structure, stability, and cellular
adhesion to these variants are similar to those of rCol and to each other. Therefore, we selected the
recombinant collagen with the greater number of changes from the baseline, rCol-4C, as the

representative variant for subsequent functional characterization.
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Figure 2-3: Representative circular dichroism (CD) data for Cys variants of recombinant
collagen. (A) CD wavelength spectra and thermostability scan (inset) for rCol-2C. (B) CD wavelength
spectra and thermostability scan (inset) for rCol-4C. Both variants display the characteristic peaks
for triple helical collagen and apparent melting temperatures of 35.9 + 0.1 °C (for rCol-2C) and 37.2
+ 0.5 °C (for rCol-4C).
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Figure 2-4: Cell adhesion assays. (A) Images of HT-1080 cells, seeded at 30 °C, on surfaces
adsorbed with native human collagen III (hCol IlI, positive control), bovine serum albumin (BSA,
negative control), baseline recombinant human collagen (rCol), rCol-2C, and rCol-4C. (B) MTT assay
to evaluate the relative number of viable cells on these substrates. Cells are able to bind to
recombinant collagen containing non-native cysteines.
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2.3.3 Accessibility and functionality of non-native cysteines

2.3.3.1 Cysteine reactions with small molecules

To determine the accessibility and functionality of Cys within our collagen variants, we mixed rCol-
4C with a dye molecule that can couple to the Cys thiols. Our results demonstrate that the Cys within
rCol-4C is solvent accessible and chemically reactive. The conjugation ratio was determined to be
3.1 + 0.2 molecules of AF532 to 1 collagen monomer for the given reaction conditions. This

corresponds to approximately 77% of the cysteines being labeled.

2.3.3.2 Formation of crosslinked collagen hydrogels and evaluation by microrheology

To examine whether Cys could be crosslinked for hydrogel formation, rCol-4C was reacted
with a maleimide-functionalized PEG crosslinker. Using passive microrheology, we observed that
this protein and crosslinker mixture gradually progresses from a viscoelastic liquid to a viscoelastic
solid. Tracer particles were tracked over time and the particle MSDs were calculated at various time
points. Each MSD curve was scaled utilizing time cure superposition to form the pre-gel and post-gel
master curves shown in Figure 2-5 [39]. The MSD of the tracer particles initially progressed over
time from a slope of near 1 (diffusive dynamics indicative of a liquid-like viscous medium) to the gel
point with a slope near 0.5 [42]. The post-gel master curve shows that samples continued to evolve
as the slope of the MSD plot decreases to near 0 (localized dynamics indicative of a solid-like elastic
medium) after approximately 50 h. At this point, particles became arrested at the upper limit of
stiffness (evaluated here as G’ or storage/elastic modulus) distinguishable by our microrheology
setup; using a 20% poly-acrylamide gel as a standard, this maximum stiffness was determined to be
close to 0.3 Pa. Time to gelation varied from approximately 30 to 70 hours for identical experimental
conditions, demonstrating the kinetics of gelation can vary between replicates. However, the
consistent decrease of the MSD slope over time to nearly zero indicates the formation of a crosslinked
matrix. The viscoelastic properties of the samples were further evaluated by conventional bulk
rheology (see results below). As expected, the recombinant baseline collagen control (no Cys) mixed
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with crosslinker demonstrated only diffusive behavior with slope near unity in the MSD plot and did
not exhibit signatures of gelation up to 15 hours; beyond that timepoint, aggregation of

microparticles prevented further measurements.
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Figure 2-5: Representative pre-gel and post-gel master curves of crosslinked rCol-4C. Gelation
of rCol-4C, crosslinked with maleimide-functionalized PEG, was tracked with passive multiple
particle tracking microrheology. Scaled mean squared displacement (MSD) is on the vertical axis and
scaled time is on the horizontal axis. Each individual MSD curve taken at different times during
gelation is shifted to account for changes in MSD and the relaxation time as crosslinks percolate
through the sample. Data shows this sample transitioned from a viscoelastic liquid to a viscoelastic
solid over time, with gel point time at approximately 29 hours.

2.3.3.3 Formation of crosslinked collagen hydrogels and evaluation by bulk rheology.

After detecting gelation through microrheology, the viscoelastic properties of hydrogels
formed from the collagen variants were independently characterized using a conventional rheometer
until the storage (G’) and loss (G”) moduli remained unchanged over several hours (Figure 2-6A & 2-
6B). Samples initially showed more viscous than elastic behavior (G” > G’), but over time became
more solid-like (G’ > G”). The rCol-2C and rCol-4C samples reached the gel point (defined here as the
time to reach G’ = G”), at approximately 2.6 + 0.4 h and 1.1 + 0.1 h, respectively. G’ values plateaued
near 5-10 Pa for rCol-4C after approximately 11.5 * 1.4 h (Figure 2-6A). For rCol-2C, G' was 3-4 Pa
after approximately 7.6 + 0.6 h (Figure 2-6B). At this point, the storage and loss moduli remained

relatively independent of frequency (Figure 2-6C & 2-6D); this is characteristic of viscoelastic solids
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and gel-like materials [43,44]. Recombinant collagen without the introduced non-native cysteines
(rCol) was also tested under the same crosslinking conditions as used for rCol-2C and rCol-4C. The
sample remained more viscous than elastic (G” > G’) over the testing period, never reaching the gel

point.  Collectively, these observations support the formation of a collagen gel through Cys

crosslinking.
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Figure 2-6: Representative oscillatory rheology data of crosslinked rCol-4C and rCol-2C. (A)
Time sweep of rCol-4C. (B) Time sweep of rCol-2C. Storage modulus G' (closed symbols) and loss
modulus G" (open symbols) over time shows transition from liquid-like to solid-like material. (C)
Frequency sweep of rCol-4C. (D) Frequency sweep of rCol-2C. Storage modulus G' (closed symbols)
is greater than the loss modulus G" (open symbols) over all frequencies measured for the final solid-

like material.

2.3.4 Cellular response to biomimetic collagen conjugated with TGF-f3

To investigate the feasibility of modulating cellular activity through the covalent conjugation
of growth factors, collagen-coated surfaces were reacted with maleimide-activated TGF-f, and
NIH/3T3 cells incubated on the coated surfaces were assayed by Western blot for expression of

aSMA. The myofibroblast marker, aSMA, was detected in all samples to varying degrees. As expected,
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the control samples with 5 ng/ml TGF-f in solution (positive controls) exhibited the highest amounts
of aSMA, while the samples without TGF-f3 (negative controls) contained the lowest amounts of aSMA
(Figure 2-7). Importantly, we observed that the band intensity of rCol-4C with TGF--maleimide was
1.8 £ 0.1 times the intensity of rCol (no Cys) with TGF-B-maleimide, highlighting the effect of

covalently immobilizing TGF-f to the Cys collagen variant for promoting myofibroblast

differentiation.
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Figure 2-7: Representative anti-aSMA Western blot of NIH/3T3 cells seeded on different
collagen substrates. Lanes: (M) Molecular weight markers; (hCol) Native human collagen; (rCol)
Baseline recombinant human collagen; (rCol-4C) Recombinant collagen with four Cys per
collagen. The first group was treated with maleimide-activated TGF- and washed with PBS, the
second group was treated with TGF-f in solution as a positive control, and the third group was
treated with PBS-alone as a negative control.

2.4 Discussion

The requirements of the Gly-X-Y peptide repetition, together with the need for unique local
sequences embedded within the repeats for cell-recognition sites and a relatively large protein
length, makes the collagen gene difficult to synthesize via de novo strategies. This synthesis challenge
poses a great hurdle to tailoring collagen’s protein properties (e.g., tuning scaffold stiffness to guide
cell fate or reduce compliance mismatch) to better suit bioengineering applications. Our modular
collagen platform is able to address these challenges to yield prescribed, full-length collagen variants.
By introducing mutations into the nucleotide sequence of primary fragments, genes encoding
different numbers of non-native cysteines were produced by mixing-and-matching primary
fragments for PCR assembly. The successful assembly of full-length collagen genes with multiple

non-native functional mutations demonstrates the flexibility of the modular collagen platform. If
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significant changes to the nucleotide sequence are desired, the method of site directed mutagenesis
may not suffice, and optimization of the DNA sequence for the desired amino acid sequence and
assembly of primary fragments from oligonucleotides may be necessary [15].

The introduction of four non-native cysteines per molecule, placed in the X or Y position of
the Gly-X-Y repeat, did not affect the formation of full-length triple helical collagen. Although rCol-
4C has an approximate 2 °C lower apparent T than the value for native human collagen 1], it is
approximately 1.5 °C higher than that for recombinant baseline collagen III (rCol) [25]. Furthermore,
rCol-2C retains a similar Tn, as rCol. Thus cell studies were performed at 30 °C, below the collagens
Tm. Our yeast expression system has genetically introduced human prolyl-4-hydroxylase to
hydroxylate the prolines in collagen. Without the hydroxylase enzymes, the resulting collagen was
too unstable to enable purification. The lower apparent Ty, of collagen produced by the recombinant
yeast system, compared to native human collagen, may be due to differences in proline hydroxylation
[25] or lysine hydroxylation, the latter of which increases collagen stability by promoting
intramolecular crosslinking between collagen [45,46]. Interestingly, we consistently observe that
collagen variants with four Cys yield higher T, values than recombinant rCol without Cys, potentially
due to stabilization from low levels of disulfide crosslinking. The thermostability of our recombinant
collagen variants may limit their use to temperatures below 37 °C at this time. To address these
stability questions, we are currently investigating strategies to increase thermostability, including
strain engineering (e.g., increasing intracellular ratios of proline hydroxylase to collagen in the yeast)
or substrate engineering (e.g., methods to stabilize collagen on solid substrates).

We showed that the introduced cysteines can function as unique and specific crosslinking or
attachment sites. Our examination of protein sequences did not identify any cysteines embedded in
the triple-helical regions of any collagen from native mammalian sources. Thus, introduction of Cys
into the polymeric chain through genetic engineering allows for unique control over the location and

the number of the chemically-functional thiols in each collagen molecule. Previous studies have
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introduced sulfhydryls to collagen using Trauts reagent, which reacts with primary amines [47];
however this strategy does not enable control over the number or locations of reactive sites. This
lack of control could potentially lead to heterogeneity of crosslinks or immobilized factors, resulting
in heterogeneous local properties (e.g., irregular porosity or mechanics, local gradients of growth
factor) within the scaffold.

Passive multiparticle microrheology confirmed that our Cys in rCol-4C can be crosslinked to
form hydrogels; the material transitioned from a liquid-like to a solid-like character over time as the
crosslinking reaction of introduced cysteines with malemide-functionalized PEG proceeded. The
resulting collagen reached stiffness values that exceeded the upper sensitivity limit of our passive
microrheology setup. Therefore, to gain additional information regarding the viscoelastic properties,
we utilized traditional oscillatory rheology. Gelation was also observed, and differences in gel point
times between microrheology and bulk rheology may be related to the differences in experimental
protocols needed to perform the respective techniques (e.g, pH, presence of PEGylated
microparticles), the size of the sample, and variations obtained from probing local versus bulk
regions. Particle aggregation that occurred when monitoring rCol samples may have been due to salt
bridging between charges on the microparticles and collagen.

One key advantage of using passive microrheology over traditional bulk rheological
measurements for artificial ECM studies is the usage of very small sample sizes; however, as our
current study has also shown, passive microrheology is limited in the range of measurable
parameters, because tracer particle movements are solely driven by thermal energy. A possible
alternative technique is active microrheology, which utilizes an external force (e.g., optical or
magnetic) to move tracer particles within the material. Active microrheology also requires only small
sample quantities, yet potentially provides access to a broader range of measurable rheological

parameters compared to passive microrheology [48].
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The storage moduli measured for our crosslinked samples were comparable to those of
collagen gels of the same concentration formed through fibril formation [49,50]. Utilizing the
equation Go = vkT, we can roughly estimate the distance between crosslinks for our hydrogels [51].
The calculated distances between crosslinks are 100 to 110 nm for rCol-2C and 70 to 90 nm for rCol-
4C. These numbers are close to the calculated average distance between the introduced non-native
cysteines within each collagen strand (approximately 120 nm and 90 nm for rCol-2C and rCol-4C,
respectively). Although the storage modulus or stiffness of the formed gel was relatively low for
typical tissue engineering applications, experimental conditions such as the protein concentration,
crosslinking ratios, and the length of the crosslinkers could be optimized to obtain the desired
viscoelastic properties. For example, studies with recombinant elastin utilize the relatively high
concentration of 100 mg/mL to obtain desired mechanical properties [8]. Another study utilizing
high molecular weight heparin displayed how varying crosslinker length as well as crosslinker ratios
can modulate hydrogel stiffness [42].

We have also shown the ability of the introduced Cys thiols to function as anchoring sites for
biofunctional molecules. Tethering of growth factors or other biologically-active molecules increases
the number and type of tunable parameters in artificial ECM scaffolds. We demonstrated that
collagen variants with TGF-f3 attached to non-native cysteines induced aSMA expression of NIH/3T3
fibroblasts to a greater degree than collagen without the cysteines, supporting a greater extent of
myofibroblast differentiation. Other bioactive molecules, such as antibodies for cell capture [47] or
VEGF to promote vascularization [52], could be utilized in lieu of TGF-B to customize the cellular
microenvironment.

One limiting constraint of using native ECM sources is the inability to independently control
parameters such as protein concentrations, mechanical properties, and densities of cell-reactive sites

within collagen [53]. Our platform enables such decoupling in the context of collagen, allowing the
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determination of the degree to which concentration of collagen, cell signaling site densities, or
stiffness of the substrate modulates specific cell behavior. Other hydrogel systems exist that enable
this decoupling, but are comprised primarily of the less-abundant ECM proteins (e.g, elastin [54]) or
synthetic polymers (e.g., PEG [9]). Furthermore, collagen mimetic peptides are short (10 nm vs 300
nm), thus, reducing versatility[55]. Though advances have enabled collagen mimetic peptides to
form fibers of 3 to 4 um in length[56], they have not been shown to support cellular activity, nor have
the functional sites of collagen been introduced. These alternative strategies rely on identifying
specific cell-ECM interactions to engineer the respective known functions. In contrast, our platform
utilizes the entire full-length sequence of collagen, which may include uncharacterized functionality

and be beneficial for clinical applications.

2.5 Conclusions

In this study, we successfully produced full-length recombinant collagen variants containing
non-native cysteines. We demonstrated the functionality of these engineered Cys residues by
utilizing them for crosslinking into hydrogels and for growth factor immobilization. The introduction
of two or four non-native Cys per collagen monomer (6 or 12 per trimer, respectively) resulted in
stable triple helices and supported cell adhesion, both at comparable degrees relative to recombinant
collagen without Cys. Thus, this recombinant collagen platform produced unique, specifically-
prescribed mutants of collagen-mimetic biopolymers, demonstrating proof-of-concept to introduce

non-native functional properties into a physiologically-important biopolymer.
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Chapter 3: Tuning Cellular Interaction through Introduction and

Removal of Integrin Binding Sites

Parts of this chapter are reprinted from Biomaterials, Vol 53, Richard A. Que, Sam Wei Polly Chan,
Abeer M. Jabaiah, Richard H. Lathrop, Nancy A. Da Silva, Szu-Wen Wang, Tuning cellular response
by modular design of bioactive domains in collagen, 309-317, 2015, with permission from Elsevier
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3.1 Introduction

The importance of the microenvironment in cellular development, self-renewal, and
differentiation has propelled efforts to create biomimetic materials that can direct cellular response
for therapeutic applications and regenerative medicine. Characteristics of the local extracellular
matrix (ECM), including nanoscale architecture, mechanical properties, cell-interaction site
presentation, and degradation rates, have been shown to regulate cellular behavior [1-3]. However,
limitations of using naturally-derived ECM components have included the inability to decouple such
properties for independent assessment [2], and the use of animal sources, which give materials that
are often poorly-defined and immunogenic in clinical applications [4, 5]. To address these
limitations, strategies to generate cell-responsive synthetic materials have included the chimeric
integration of bioactive ECM sites into synthetic peptides or polymers (e.g., polyethylene glycol,
hyaluronic acid) [6-8] and the use of recombinant systems for molecular-level control (e.g., elastin)
[9].

Given that > 90% of natural ECM tissue and approximately 30% of all mammalian proteins
comprise the protein collagen [10, 11], it follows that collagen is extensively used in regenerative
medicine investigations as a scaffold on which to grow cells. However, current tissue engineering
efforts rely on "off-the-shelf" native collagen obtained from animal sources, such as bovine collagen
or Matrigel, so there is little or no control over molecular-level parameters, such as protein sequence,
cell-collagen interactions, and residual bioactive impurities [8]. Furthermore, a synthetic bottom-up
approach has been elusive, due to the difficulties in generating synthetic genes encoding the (glycine-
X-Y)n backbone of collagen and the stringent need to post-translationally hydroxylate prolines in the
Y-position for stability [12]. Consequently, synthesis of collagen-mimetic material has primarily
focused on peptides [13-17], unhydroxylated collagen-like polymers from bacteria [18, 19], or
tandem repeating collagen domains [20].

Our research group has developed a platform for creating recombinant human collagen III in
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which we can specifically tailor the identity, location, and frequency of functional sites within the
biopolymer [12, 21]. Collagen III was selected as the molecular scaffold because it is a homotrimer;
experimentally, this requires only one gene to be synthesized with no need to separate the
heterotrimeric populations of product. Synthetic genes encoding the collagen-mimetic biopolymers
are fabricated from oligonucleotides in which DNA sequences are optimized for gene assembly and
yeast expression using a biocomputational strategy. This optimization is necessary to minimize the
mishybridization propensities due to the repetitive glycine-X-Y amino acid sequences and G-C rich
sequences [12]. Twelve gene modules (primary fragments, PF) were designed which span the entire
triple-helical region of collagen III, and the baseline DNA modules encode for the human amino acid
protein sequence. The protein is synthesized in a recombinant Saccharomyces cerevisiae yeast
system that has been genetically altered to express human a- and 3-prolyl hydroxylase, which impart
stability to the collagen triple-helix by post-translational hydroxylation [22]. In this investigation,
we demonstrate the modularity of this platform and its ability to create defined, non-native variants
of human collagen III in the context of integrin binding sites.

Integrins are the primary receptors that mediate cell adhesion and mechanical interactions
with the extracellular matrix and are important in processes such as cell adhesion, migration, and
differentiation [23, 24]. Modulation of the cellular adhesion motif concentration has led to
modulation of the robustness of vasculogenesis, neuronal differentiation, and neurite extension [25,
26]. Genetic mutations in these receptors can result in pathologies such as tumor growth and
metastasis, muscular dystrophy, and thrombosis [24]. While biomaterials engineering has focused
on manipulating the fibronectin-based sequence RGD [7], only approximately one-third of all
integrins bind to this sequence [24]. Thus, there is untapped potential to engage alternative integrins
for biomaterials design, thereby expanding the potential to modulate alternative types of cells and
their corresponding processes.

In this investigation, multiple native integrin binding sites were removed from the natural
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amino acid sequence of collagen 11l [27, 28], and a site from collagen I but nonexistent in collagen III
(GFOGER) [29] was introduced at various locations and frequencies. Prior examples of biomaterials
engineering with GFOGER have been limited to short peptides, which are able to support cellular
adhesion, promote osteoblast-specific gene expression and vascularization [13, 15], but do not
present the peptides in native context. Our bottom-up, modular strategy enables the re-design of
full-length collagen at the molecular level to tailor collagen for tuning cellular microenvironments
and response. This alternative strategy could expand the level of control over cellular behavior in

therapeutics and regenerative medicine.

3.2 Materials and methods

3.2.1 Materials

E. coli strain DH5a (Zymo Research) was used for plasmid maintenance and amplification.
Haploid S. cerevisiae strain BYa22 [22] was used to express the collagen baseline and all mutants.
TOPO vector used to hold PCR generated gene fragments, fetal bovine serum (FBS), penicillin, and
streptomycin were purchased from Life Technologies. Restriction enzymes, DNA ligase, DNase and
RNase were from New England Biolabs. KOD Hot Start DNA Polymerase, human collagen III, bovine
collagen I, anti-integrin a2 (MAB1950Z), and anti-integrin 1 (MAB2253Z) were purchased from
EMD Millipore. PfuUltra Il DNA polymerase was from Agilent Technologies. DNA fragments were
purified using ZymoClean Gel DNA Recovery Kit (Zymo Research) after gel electrophoresis.
Phenylmethylsulfonyl fluoride (PMSF) and BCA assay were from Pierce. Pepsin and phosphate buffer
saline (PBS) were from MP Biomedicals. Human collagen I, bovine collagen IlI, and calcein-AM were
purchased from BD Bioscience. Streptavidin-alkaline phosphatase was purchased from GE
Healthcare. All E. coli and yeast growth media were from Difco. DMEM, dibutyryl cyclic AMP (cAMP),
mouse anti-MAP2 (M9942), rabbit anti-GFAP (G9269), and monoclonal anti-vinculin antibodies were
purchased from Sigma. Epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and
platelet-derived growth factor (PDGF) were purchased from PeproTech. Rabbit anti-Ki67 (KI67P-
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CE) was purchased from Leica Biosystems. Mouse anti-phosphohistone H3 (9706S) was purchased
from Cell Signaling Technologies. Unless otherwise noted, all other chemicals were purchased from

Fisher Scientific.
3.2.2 Construction of genes encoding collagen-mimetic mutants

3.2.2.1 Integrin binding site removal and insertions.

Our goal was to develop collagen substrates with varying frequencies, locations, and
combinations of a2f31 binding sites and to examine their structure, stability, and biological effect on
interacting cells. We used our modular human collagen gene, which has been described elsewhere
[12], as the underlying backbone upon which desired variants were made. The design of full-length
human collagen III includes twelve gene modules (or "primary fragments”, PF), which span and
encode for the entire triple-helical region (See Figure 1 for "Baseline" collagen, rCol) and additionally
includes the N- and C-terminal propeptides and telopeptides. These ends were included to promote
correct triple-helical formation. Presence of the triple-helix initiating C-propeptide was confirmed by
Western blot after protein expression.

Mutants of human collagen were designed as described in Figure 3-1 and Table 3-1. One of
these variants included a collagen (rCol-0G) with the native a21 binding sites removed (GROGER,
GAOGER, GLOGEN, GLKGEN, and GMOGER hexamer motifs [27, 28]) and replaced with a non-binding
sequence. To identify a replacement non-binding hexameric sequence, we calculated the
thermodynamic melting temperatures (Tm) for oligonucleotides encoding an exhaustive list of
hexamer peptides to identify sequences that would minimally interfere with PCR-based gene
synthesis. The top-ten hexamer candidates were then cross-checked with their respective Toolkit
Il peptides [28] to determine the sequences likely to yield a well-defined, thermostable triple helix
with low cellular binding. This analysis yielded the non-binding hexamer GSPGGK, which replaced
the native a2f31 binding sites. Although the melting temperature of short peptides is lower when

glycines are introduced into the X-position of Gly-X-Y [30], work by Raynal et al. reported that the
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region with the native GSPGGK site had a Tr, which was approximately average for all the 27-mer
peptides spanning the entire triple helical region of collagen III [28]. Therefore, we did not expect
the introduction of this sequence to be disruptive to the overall melting temperature of rCol-0G.

An integrin binding site from collagen I (GFOGER [29]) was systematically introduced into
the rCol-0G scaffold. To preserve the immediate local context and stability of the GFOGER sequence,
we included the three native flanking amino acids on both sides of the collagen I sequence. Therefore,
to create the GFOGER variants, the amino acid sequence GER-GFOGER-GVQ was substituted for
twelve amino acids in each of the respective replacement sites within the rCol-0G scaffold. Three
factors went into the selection of the new locations for introducing the non-native GFOGER
sequences. The first criterion was to choose primary fragments (PF) that yielded relatively uniform
spacing between the GFOGERs. Secondly, the proximity to the center of the selected PFs was
preferred, since mutagenesis in locations close to the fragment edges would overlap with the
adjacent fragment and require additional oligonucleotide and PCR fragment synthesis. Finally, we
favored regions that minimized the number of amino acid changes between the native and GFOGER
sequences. For example, the GFOGER of PF1 was introduced into the same location as the native
GROGER sequence.
3.2.2.2 Mutagenesis of primary fragments in collagen variants

For introducing GFOGER sequences into PFs 1, 4, 8, and 11, we used previously described
strategies of either PCR-assembly using oligonucleotides encoding the PF1 [12] or site-directed
mutagenesis using PF 4, 8, and 11 for rCol-0G as the template DNA. Oligonucleotide sequences are
listed in Tables A3-1 (for PCR assembly of rCol-0G and rCol-1G-1) and A3-2 (for mutagenesis of PF 4,
8, 11). After defining the amino acid sequences of the different variants (Table 3-1), the DNA
sequences were optimized by a computational algorithm to favor correct hybridizations between
synthetic oligonucleotides for PCR assembly and to disrupt incorrect hybridizations, and for

expression in S. cerevisiae [12, 31].
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Figure 3-1: Summary of recombinant collagen variants containing integrin-binding sites in
the triple helical domain. Variants were produced by removing all native integrin sites from
human collagen III (rCol-0G) and systematically introducing non-native integrin-binding sites
(GFOGER) in different frequencies and locations. Green regions denote amino acid sequences
native to human collagen IlI, blue regions are those where native integrin sites have been replaced
with non-binding sites, and yellow regions indicate non-native GFOGER site from collagen I. "PF"
indicates the primary fragment of the triple-helical region (one of 12 modules used in gene
synthesis). The N- and C-propeptide regions are not pictured; while they are expressed, they are
removed during purification.

Table 3-1: Summary of recombinant collagen variants and native human collagen controls.
Listed are the abbreviated name of the variant and the number and location of GFOGER integrin
binding sites. Primary fragment (PF) indicates the region in which the GFOGER sequence is located.

Name of Number of Description of collagen variant

collagen GFOGER sites

hCol I 1 Human collagen I from native source; 1 native GFOGER site

hCol III -- Human collagen III from native source (no GFOGER, but contains
GROGER, GAOGER, GLOGEN, GLKGEN, and GMOGER binding
sites)

rCol -- Human collagen Il amino acid sequence (no GFOGER, but
contains GROGER, GAOGER, GLOGEN, GLKGEN, and GMOGER
binding sites)

rCol-0G 0 Human collagen III with GROGER, GAOGER, GLOGEN, GLKGEN,
and GMOGER integrin binding hexamers replaced with non-
binding GSPGGK

rCol-1G-1 1 rCol-0G with GFOGER in PF1

rCol-1G-8 1 rCol-0G with GFOGER in PF8

rCol-1G-11 1 rCol-0G with GFOGER in PF11

rCol-2G-1,4 2 rCol-0G with GFOGERs in PF1 and PF4

rCol-2G-1,8 2 rCol-0G with GFOGERs in PF1 and PF8

rCol-2G-8,11 2 rCol-0G with GFOGERs in PF8 and PF11

rCol-4G 4 rCol-0G with GFOGERs in PF1, PF4, PF8, and PF11
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For rCol-0G, the PFs containing the non-binding hexamer GSPGGK (replacing the native
hexameric integrin binding sites) were PCR assembled from oligonucleotides using previously-
described conditions [12]. To introduce the non-native GFOGER sequences into PFs, we used
previously-described strategies of PCR-assembly using oligonucleotides for encoding GFOGER into
PF1 [12] and site-directed mutagenesis using PFs 4, 8, and 11 for rCol-0G as the template DNA [32].
Mutagenesis primers were designed based on Liu et al. [32] which allows for the relatively large
length of the mutation. Mutation primers were designed to overlap only on their 5’ ends, centered to
span across the mutation site, and designed to have higher annealing temperatures for the non-
overlapping region than the overlapping region. The mutagenesis was performed in a reaction of 1
UM mutation primer pairs mixed with 10 ng of their respective DNA template, 2.5 U of PfuUltra II
DNA polymerase, 200 uM dNTPs, and 1x PfuUltra II reaction buffer in a final volume of 50 pL. PCR
was performed with 5 min at 95°C followed by 12 cycles of 1 min at 95°C, 1 min at 55 - 65°C, and 2
min at 72°C, followed by 1 min at 50 - 60°C, and 10 min at 72°C. Methylated template DNA was
digested with 20 U Dpnl for 2 hr at 37°C, gel purified, and transformed into Escherichia coli DH5a.
Colonies with plasmids containing the desired PF sequences were identified. The PFs containing the
mutated sequences were ligated into pCR-BluntII-TOPO vectors, and the correct final sequences were
confirmed by DNA sequencing (Genewiz). The correct final sequences for PFs were confirmed by
DNA sequencing.
3.2.2.3 Fabrication of genes encoding full-length collagen variants

Full-length genes were assembled based on our previously-reported methods [12, 21], in
which secondary fragments were PCR-assembled from PFs, and full-length genes for collagen
variants were assembled from the secondary fragments. Full-length collagen mutants containing 1
to 4 introduced GFOGER sites, with the rCol-0G as the underlying background scaffold, were

assembled from primary fragments following protocols detailed in Chan et al. [12].
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PFs were amplified by PCR by combining 200 nM of each oligo flanking each primary
fragment, 50 ng of PF template DNA, 2.5 U of PfuUltra Il DNA polymerase, 200 uM dNTPs, and 1x
PfuUltra II reaction buffer in a final volume of 50 pL. Reactions were performed using a 10 min at
95°C followed by 25 cycles of 20 s at 95°C, 30 s at 62°C, and 15 s at 72°C, followed by 5 min at 72°C.
PCR product was then gel purified for use in assembly of secondary fragments.

To assemble secondary fragments, 2 nM of each required primary fragment was mixed
together with 200 nM each oligo flanking each secondary fragment, 2.5 U of PfuUltra II DNA
polymerase, 200 uM dNTPs, and 1x PfuUltra II reaction buffer in a final volume of 50 pL. Reactions
were performed using a 10 min denaturing step at 95°C, followed by 30 cycles of 20 s at 95°C, 30 s at
68°C, and 45 s at 72°C, followed by 5 min at 72°C. Reaction product was agarose gel purified and
ligated into pCR-BluntII-TOPO vectors. Colonies with plasmids containing the correct sequence were
identified by DNA sequencing.

Secondary fragments were amplified by PCR by combining 200 nM of each oligo flanking each
secondary fragment, 50 ng of secondary fragment template DNA, 2.5 U of PfuUltra Il DNA polymerase,
200 uM dNTPs, 1 x PfuUltra II reaction buffer in a final volume of 50 puL. PCR was performed using a
10 min denaturing step at 95°C followed by 25 cycles of 20 s at 95°C, 30 s at 62°C, and 45 s at 72°C,
followed by 5 min at 72°C. PCR product was then gel purified for use in assembly of full length
collagen.

To assemble full length collagen mutants, 2 nM of each secondary fragment was mixed
together with 200 nM primers containing a Pmel site upstream of the gene and a Notl site
downstream. Full length collagen genes were assembled using 2.5 U of PfuUltra Il DNA polymerase,
200 uM dNTPs, and 1x PfuUltra II reaction buffer in a final volume of 50 pL. Reactions were
performed using a 10 min denaturing step at 95°C followed by 30 cycles of 20 s at 95°C, 30 s at 68°C,
and 1.5 min at 72°C, followed by 5 min at 72°C. The reaction product was agarose gel purified and

ligated into pCR-BluntIll-TOPO vectors. Full-length collagen genes with GFOGER mutations were
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excised with Pmel and Notl and ligated into the CEN/ARS plasmid. Final sequences for the collagen

variants were confirmed by DNA sequencing.

3.2.3 Expression and purification of recombinant collagen variants

Expression and purification were performed using previously-described protocols as a
departure point [21, 22]. The full-length collagen genes were cloned in the CEN/ARS plasmid and
transformed in S. cerevisiae strain BYa232 in which we had integrated two copies each of a- and 3-
prolyl hydroxylase genes into the genome [22]. Selective SDC(A) and SGC(A) media contain casamino
acids (5 g/L), yeast nitrogen base without amino acids (6.7 g/L), adenine sulfate (20 mg/L), and
glucose (20 g/L, in SDC(A)) or galactose (20 g/L, in SGC(A)), respectively. Cells were inoculated from
stock cells, grown overnightin 16 x 125 mm culture tubes containing 5 mL SDC(A) medium, and used
to inoculate (1% v/v) 2.8 L Fernbach flasks containing 1 L of SGC(A) induction medium. The yeast
were cultivated at 250 rpm and 30°C (Series 25, New Brunswick), and ODsoo was monitored. The
cells were harvested at an ODego of 2.5 to 3.5 during late exponential phase by centrifugation at 4000
xg, and then frozen at -80°C.

To purify the collagen product from yeast, the yeast cells were thawed and resuspended at
0.1-0.2 g wet cell/mL in cold Tris-buffered saline (TBS, 100 mM Tris, 400 mM NaCl, pH 7.4) with 1
mM PMSF, 2 U/mL DNase, and 1 U/mL RNase. The cells were lysed in a pre-cooled French Press
(Thermo Scientific) using 25000 psi for two cycles. Ethylenediaminetetraacetic acid (EDTA; 2 mM)
was added to the lysate on ice and hydrochloric acid was added to lower the pH to 2. Pepsin (20
mg/mLin 0.1M HCI) was added to a final concentration of 0.2 mg/mL and the solution was incubated
at 4°C overnight to digest the background protein and collagen propeptides, leaving the triple-helical
component intact. The supernatant was collected by ultracentrifugation (Optima LE8OK, Beckman)
for 30 min at 70,000 x g and 4°C, and all subsequent steps were performed on ice or in the cold room.
Glacial acetic acid was added to a final concentration of 0.5 M and NaCl was added to a final

concentration of 3 M with stirring. Precipitated protein was collected by ultracentrifugation for 30
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min at 70,000 xg and 4°C, and resuspended in cold 0.1 N HCl. The pH of the resuspension was raised
to 7.4 with 200 mM Tris pH 8.6, and NaCl solution was added to a final concentration of 3 M.
Precipitated protein was collected by ultracentrifugation again and resuspended in cold 0.1 N HCL
Protein solutions were dialyzed against 50 mM acetic acid. Concentration of collagen protein was
determined using BCA assay, with bovine collagen type III (BD Biosciences) as a standard. Typical

yields ranged from 300 - 500 pg of purified protein per L of culture.

3.2.4 Stability and structural analysis

Confirmation of triple-helix formation and thermostability were performed via circular
dichroism (CD), and atomic force microscopy was used to image proteins and measure structural
characteristics. These methods are based on previously published methods [21, 22].

CD scans were performed on a spectropolarimeter equipped with a Peltier temperature
controller (Jasco). The protein samples (collagen variants and native collagen controls) in 50 mM
AcOH were scanned between 190-260 nm at 10°C at a scanning speed of 50 nm/min in 0.1 cm path
length quartz cells. For thermal unfolding, we monitored the ellipticity at 221 nm from 15 to 65°C at
a heating rate of 1°C/min. The apparent melting temperature (Tw) was defined as the temperature
at which 50% of the protein is unfolded. This was determined by fitting the experimental thermal
profile to a thermodynamic model via a multi-parameter, non-linear regression using the Levenberg-
Marquardt algorithm within MATLAB [33, 34]. CD wavelength scans were performed on at least 3
independent batches of protein, and T, measurements were performed on at least 2 independent
batches.

AFM was used to characterize the structure of the recombinant collagen variants. Freshly
cleaved mica surfaces were incubated with 1 ng/ul of protein in 0.5 M acetic acid for 3 min at room
temperature. Surfaces were then washed with ddH:0, dried with nitrogen, and imaged with AFM.

AFM imaging was performed in air with a Bruker MultiMode 8 instrument in PeakForce

Tapping mode. Tips were ScanAsyst-Air-HR probes with a resonance frequency of 130 kHz, nominal
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tip radius of 2 nm, and spring constant of 0.3 N/m. AFM images were obtained with scan speeds of
1.95 or 3.91 Hz and rendered with background slopes corrected using NanoScope software. The
length and height of each collagen strand was estimated using the “section” function of NanoScope
Analysis. Measurements are reported as mean * standard deviation of at least 8 independent

polymer strands from at least 2 different images.
3.2.5 Cell adhesion on collagen substrates

3.2.5.1 Substrate deposition and cell adhesion imaging

HT-1080 cells were grown in DMEM (with 10% FBS, 100 units/ml penicillin, and 100 pug/ml
streptomycin) and subcultured every 3 days. Cells were trypsinized, washed, and resuspended in
DMEM (with 0.1% BSA) before seeding onto the protein-adsorbed surfaces. To prepare these
surfaces, 20 pg/mL native and recombinant collagens (in PBS) were incubated on 96-well non-tissue
culture treated polystyrene plates (Corning) for 24 h at 4°C. Our prior investigations showed that
protein adsorption onto non-tissue culture treated wells was saturated when surfaces were
incubated with 210 pg/ml collagen [22]. Relative surface protein concentrations were quantified as
described in SI.

Protein solutions were removed, and surfaces were incubated with DMEM with 0.5% BSA for
1 h. HT-1080 cells suspended in DMEM containing 0.1% BSA were then seeded at 3.15 x 10*
cells/cm? on the protein-adsorbed surfaces and incubated for 4 h at 30°C. The wells were washed
with serum-free DMEM and imaged (Olympus IX-51). To quantify cell spreading, we measured cell
areas. The boundaries for individual cells were manually defined using Image ] (v 1.48), and the areas
from fifty adherent cells (N=50) on each substrate were used to obtain statistical information.
3.2.5.2 Quantifying number of cells adhered to surfaces

HT-1080 cells were incubated on the different protein-adsorbed surfaces for 4 h at 30°C. To
remove non-specifically bound cells, wells were filled with DMEM containing 0.1% BSA, and the plate

was sealed with Microseal tape (Bio-Rad). The plates were inverted, centrifuged at 900 x g, and
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washed with PBS. Adhered cells were incubated with 4 uM of calcein-AM (in PBS and 0.1% BSA) at
37°C for 1 h. Solutions were removed, and cells were lysed with CelLytic M (Sigma). Fluorescence

was measured at 494/517 nm (Ex/Em) (SpectraMax M2) and normalized to values for hCol I.

3.2.5.3 Cellular adhesion modulation assays

To evaluate whether modulation of adhesion could be achieved through mixtures of binding
and non-binding variants, native hCol I, rCol-1G-8, and rCol-4G were diluted with rCol-0G, yielding
solutions containing 0.3 to 20 pg/ml of the GFOGER-containing collagen, but with 20 pg/ml total
protein concentration. As described above, protein mixtures were adsorbed and incubated with cells,

and cell adhesion was quantified.

3.2.5.4 Integrin inhibition assays

We examined the specificity of HT1080 cell binding via a2f31 integrins to the collagen
substrates. HT-1080 cells were resuspended in DMEM supplemented with 0.1% BSA at 3.15 x 104
cells/cm2.  Anti-al, anti-a2, anti-a3, anti-f1, or non-specific IgG antibodies (at 10 pg/mL) were
incubated with the cell suspension for 15 min at 37°C. These cell/antibody solutions were incubated
with collagen-adsorbed surfaces for 4 h at 30°C. Cells were quantified with calcein-AM as described
above.

We examined the specificity of human neural stem/progenitor cell (hNSPC) binding via a1,
a2, a3, and 1 integrins to collagen substrates. HNSPCs were resuspended in hNSPC basal media
(DMEM/F12, 20% BIT 9500 (bovine serum albumin, insulin, and transferrin), 1 %
penicillin/streptomycin/amphotericin) supplemented with 40 ng/mL of bFGF, EGF, and PDGF. Anti-
al, anti-a2, anti-a3, anti-B1, or non-specific IgG antibodies (at 20 pg/mL) were incubated with the
cell suspension for 15 min at 37°C. Cells were seeded onto collagen-adsorbed surfaces at 3.15 x 104
cells/cm? and incubated for 24 h at 37°C. Cells were washed with MEM thrice and incubated with 4
UM calcein-AM in PBS for 1 h. Cells were lysed with Cellytic M and fluorescence was read at 494 /517

excitation/emission.
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3.2.5.5 Quantification of focal adhesion complexes

To investigate the effect of varying integrin binding sites within collagen substrates on the
formation of focal adhesion complexes, we measured the relative amount of vinculin based on a
previous protocol [35]. Wells of a non-tissue culture treated 6-well plate were coated with collagen-
variant proteins. HT-1080 cells were seeded at 6.3 x 104 cells/cm? in DMEM supplemented with 10
% FBS and incubated for 4 h at 30°C. The solution was gently removed and replaced with DPBS, and
bound integrins were crosslinked with 1 mM DTSSP in PBS for 30 min. Unreacted DTSSP was
quenched with 50 mM Tris-HCI in DPBS for 5 min. Uncrosslinked cellular components were
extracted with 0.1% SDS in DPBS supplemented with 1 mM PMSF for 5 min. Wells were gently
washed with DPBS, and crosslinked proteins were released by the addition of 50 mM DTT and 0.1%
SDS in DPBS (without Ca?+ and Mg?+) at 37°C for 30 min. Vinculin was detected through Western blot
using monoclonal anti-vinculin antibodies. Band intensities were quantified using Image] and
normalized to the hCol [ band intensity for each experiment. Statistical analysis was performed on

three independent experiments (N=3).

3.2.6 Human NSPC proliferation and differentiation

We examined the ability for hNSPCs seeded on collagen adsorbed surfaces to support
differentiation into astrocytes and neurons. Non-tissue culture treated surfaces were coated with
collagen at 20 pg/mL for 24 h at 4°C or 20 pg/mL of laminin at 37°C for 24 h. hNSPCs in hNSPC basal
media supplemented with 40 ng/mL of bFGF, EGF, and PDGF were seeded at 3.15 x 104 cells/cm? and
incubated at 37°C. Media was changed every other day. On day 1, wells for proliferation were fixed,
stained and imaged as described below. On day 4 media was exchanged for differentiation media
(96% Neurobasal, 2% B-27, 1% GlutaMax, and 1% penicillin/streptomycin, with 20 ng/mL brain-
derived neurotrophic factor, 20 ng/mL glial-derived nerotrophic factor, and 0.5 pM dibutyryl cyclic
AMP). Cells were incubated for 14 days, refreshing media every other day, then fixed, stained and

imaged as described below.
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3.2.6.1 Immunostaining.

Cells were fixed with 4% paraformaldehyde for 10 min as described previously [36]. Fixed
cells were treated with 0.3% Triton X-100 in PBS for 5 min and blocked for 1 h with 5% BSA in PBS.
Cells were incubated with primary antibody in 1% BSA in PBS overnight at 4°C. For differentiation
experiments, neurons were stained with 1:200 mouse anti-MAP2, and astrocytes were stained with
1:200 rabbit anti-GFAP. For proliferation experiments, cells were stained with 1:500 rabbit anti-Ki67
to indicate cells not in Go, and cells undergoing mitosis were stained with 1:200 mouse anti-
phosphohistone H3. Cells were washed thrice with PBS for 5 min then incubated with secondary
antibodies, donkey anti-mouse 488 (A21202) and donkey anti-rabbit 555 (A31572) at 1:200 dilution
in 1% BSA in PBS at room temperature for 2 h protected from light. Cells were washed thrice with
PBS and counterstained with 1:500 Hoechst 33342 in PBS. Wells were covered with VECTASHIELD
(Vector Labs) and imaged with a Nikon Eclipse Ti microscope with a 20X objective.
3.2.6.2 Quantification of proliferation

To quantify the proliferation rate of hNSPCs on the various protein substrates, Image ] was
utilized. Total cell number was counted using Hoechst labeled nuclei. Few cells were labeled with
anti-phosphohistone H3 that were also labeled with anti-Ki67, so only cells labeled with anti-Ki67
were utilized to determine the number of proliferating cells. Proliferating percentage was defined as

(# of nuclei Ki67 positive) / (total number of nuclei).

3.2.7 Statistical analyses

For cell adhesion and focal adhesion quantification assays, statistical analyses were
performed using at least three independent experiments. Each independent cell adhesion and
antibody inhibition experiment contained at least three replicates (total N=9); cell area analyses
contained at least 50 cells (N=50). Statistical significance was determined using the software
program R [37]. We performed a one-way, analysis of variance (ANOVA) analysis, followed by

Tukey’s HSD post-test comparison. Data is reported as mean + standard error of the mean (S.E.M.)
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unless otherwise stated, and values were considered statistically significant when p-values were <

0.05.

3.3 Results and Discussion

3.3.1 Design strategy and synthesis of collagen genes encoding different combinations of
non-native integrin binding sites.

To examine the feasibility of introducing non-native cell-responsive sites in a collagen
scaffold and to study their respective bioactive properties, we designed a set of collagen variants
containing the collagen I GFOGER o231 integrin binding sequence in different locations, frequencies,
and combinations within a collagen III scaffold (summarized in Table 3-1, Figure 3-1). The gene
synthesis for this set of collagen variants was performed using our modular human collagen III gene,
described previously [12, 22], coding for the biopolymer backbone.

Since collagen III naturally exhibits strong adhesion to cells, it was necessary first to design a
full-length collagen variant in which native integrin interaction sites were removed to serve as a non-
binding scaffold. Studies have identified the main o231 integrin binding amino acid sequences in
human collagen III to be the peptide hexamers GROGER, GAOGER, GLOGEN, GLKGEN, and GMOGER
[27, 28] (single amino acid-abbreviations used). Based on the overlap between calculated optimized
oligonucleotide melting temperatures (Tm) for hexameric sequences in gene synthesis [12], together
with experimentally-determined triple helical sequences that are both thermostable and exhibit
minimal cell adhesion properties [28], we identified the hexameric sequence GSPGGK to replace each
of the five native integrin binding sites in collagen III. This yielded the DNA encoding the protein
sequences for the collagen variant "rCol-0G," and this gene assembled correctly as confirmed by DNA
sequencing.

The integrin binding sequence GFOGER was then introduced into the rCol-0G scaffold in

primary fragments 1, 4, 8, and 11. GFOGER (Gly-Phe-Hyp-Gly-Glu-Arg) is found once within natural
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collagen I but never in collagen 111, and it is specifically recognized by a11, «a231, 1081, and a11B1
integrins [24, 29]. As with rCol-0G, all genes encoding these variants correctly assembled,
demonstrating the modularity of the optimized collagen III gene and the ability to fabricate the genes
encoding both single-GFOGER variants and those with a combination of GFOGER sites (Table 3-1 and
Figure 3-1). These full-length genes were then placed into the yeast expression system for
expression, purification, and characterization of each collagen variant.

3.3.2 The collagen scaffold was tolerant of numerous changes while retaining triple-helical
architecture.

All collagen variants were successfully expressed and purified (Figure A3-1). Circular
dichroism (CD) showed that all variants yielded spectra similar to data for rCol [22], and results
confirmed their triple-helical structure (Figure 3-2; Figure A3-2). Figure 3-2a shows that the variant
with the maximum number of changes (rCol-4G) still remains triple-helical. The linear, triple-helical
structure is confirmed by AFM imaging (Figure 3-2c¢). Height measurements through the centers of
single polymeric strands yielded 1.1 + 0.3 nm, 0.9 + 0.2 nm, and 0.9 # 0.2 nm for rCol-0G, rCol-4G, and
the hCol III control, respectively, consistent with previously-reported values for collagen assembled
in a triple helix [22, 38].

Thermostability scans were performed to determine apparent melting temperatures Tm
(Figure 3-2b), and results for all variants are summarized in Table 3-2. Recombinant collagen III
(with native human collagen IIl sequence; rCol) gave an average Tm of 35.8 + 0.5°C, and all
recombinant GFOGER variants yielded comparable Ty, values. We note that all of the recombinant
proteins consistently yielded T values approximately 3.5°C lower than human collagen from native
tissue sources. This slightly lower stability has also been observed for fibrillar-type collagens
expressed in other S. cerevisiae systems [39] and is likely due to the heterologous expression in yeast
[12, 22]. Because yeast does not natively hydroxylate proline, which imparts stability to collagen, we

have designed the strain to contain two copies of the a- and (3-prolyl hydroxylase genes integrated
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into the yeast genome (BYa2(32), with the collagen gene placed on a CEN/ARS plasmid (YCpMCOL)
to facilitate variant manipulation [12, 22]. The resulting proline hydroxylation level of our yeast
system using amino acid analysis yields 31.1 + 2.4%, lower than the 45 * 1.4% measured for native
hCol II. Ongoing investigations continue to optimize the yeast expression system further to increase

hydroxylation levels and thermostability of the collagen trimer.
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Figure 3-2: Structural characterization of collagen variant with 4 GFOGER sites introduced
into a non-binding collagen scaffold (rCol-4G) and controls. (a) Representative circular
dichroism (CD) wavelength spectra for rCol-4G. (b) Representative thermostability scan measuring
ellipticity at 221 nm vs. temperature for rCol-4G. (c) Representative AFM images for native human
collagen III (hCol III), recombinant human collagen (rCol), and rCol-4G. Scanned areas are 1 um x 1
pm.

59



Table 3-2: Apparent melting temperature (Tn) of recombinant collagen baseline and
mutants (from N=2 independent batches) and human collagen controls.

Collagen variant Twm (°C)

human collagen III (native source) 39.1+0.1
human collagen I (native source) 40.8+ 0.1
rCol (human collagen III; recombinant source) | 35.8 + 0.5
rCol-0G 35305
rCol-1G-1 35.6+0.3
rCol-1G-8 354 +0.1
rCol-1G-11 35.8+0.4
rCol-2G-1,4 35.8+0.5
rCol-2G-1,8 35.7+0.3
rCol-2G-8,11 36.1+0.4
rCol-4G 35.6 0.8

The high tolerance for mutations in the collagen scaffold shows the robustness of the modular
platform and the scaffold's structural backbone. The trimeric assembly and thermostability results
were not obvious a priori, as these variants contained significantly more amino acid changes than
had been reported previously. For example, rCol-0G and rCol-4G contained 19 and 40 amino acid
changes from the native human collagen IIl sequence, respectively. In contrast, the maximum
number of designed mutations (of which we are aware) was five amino acids in a localized cluster
[40], and even single amino acid changes in the Gly-position of fibrillar collagen can cause severe
phenotypes [41]. This demonstrates that the collagen backbone can indeed serve as an underlying
scaffold for modular assembly, as long as the Gly-X-Y sequence pattern is retained and the sequence
motifs that are substituted into the scaffold form stable trimers.

The retention of triple-helical structure after bioactive site incorporation is particularly
important for the functional properties of the collagen-mimetic polymer, since integrin receptors for
collagen simultaneously interact with multiple strands within intact triple-helical collagen [42]. This
result also suggests that prior challenges to create extensively-mutated collagen in vitro was likely
due to limitations of recombinant DNA technology, rather than the inherent triple-helical stability of
collagen variants, and codon optimization for gene synthesis was necessary to minimize
oligonucleotide mishybridizations [12]. It is unlikely that these triple-helical recombinant collagens
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will form higher-order structures, such as fibrils. Telopeptides are necessary for fibril assembly [43],
and our purification protocol uses pepsin to remove endogenous yeast proteins, which likely also
cleaves the telopeptide region. Alternative avenues to produce collagen variants with intact
telopeptides are currently being explored. Although fibril assembly to obtain higher-order three-
dimensional structures is an important aspect of collagen's use as a tissue engineering hydrogel
scaffold, hydrogel formation can also be accomplished with other strategies, such as utilizing

introduced non-native cysteines [21].

3.3.3 Cellular adhesion to collagen Il is abrogated upon removal of integrin binding sites.

Differences between the adhesion of HT-1080 cells to the variants of collagen were observed
in cell microscopy images (Figures 3-3a - 3-31), and relative cell numbers were quantified by calcein-
AM (Figure 3-3m). As expected, cells adhered to native human collagen I and III controls from tissue
sources (Figures 3-3], 3-3k), but did not attach to bovine serum albumin (BSA) (Figure 3-3a). The
baseline recombinant collagen (rCol), produced in yeast and comprising the same amino acid
sequence as native human collagen 111, bound as many cells as the native collagens (p > 0.05) (Figure
3-3j). Accessible surface concentrations of collagens were confirmed to be at saturated and
comparable levels between all samples, so any observed differences in cell binding are due to
molecular-level differences in the collagen substrates rather than surface protein concentrations
(Figure A3-4).

Replacement of the five integrin sites from collagen III [27, 28] with the non-binding
sequence GSPGGK [28] yielded the variant rCol-0G, on which no adhesion of HT-1080 cells was
observed (Figure 3-3b). Since this collagen variant remained triple-helical and showed no loss of
stability relative to the recombinant baseline protein (Figure A3-2 and Table 3-2), the lack of cell
adhesion is specific to the loss of interactions between the integrin receptors on the cell surface and
the hexameric peptide sequences within collagen. The variant rCol-0G, therefore, can serve as a non-

binding collagen III scaffold, allowing for the evaluation of introduced integrin binding sites.
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Figure 3-3: Adhesion of HT-1080 cells to collagen and collagen-mimetic substrates. (a-1)
Representative cell images for adhesion to collagen variants and controls. Scale bar = 100 um.
Substrates are: (a) bovine serum albumin (BSA); (b) rCol-0G; (c) rCol-1G-1; (d) rCol-1G-8; (e) rCol-
1G-11; (f) rCol-2G-1,4; (g) rCol-2G-1,8; (h) rCol-2G-8,11; (i) rCol-4G; (j) recombinant human
collagen III (rCol); (k) native human collagen III (hCol III); and (1) native human collagen I (hCol I).
(m) Fluorescence measurements quantifying the relative number of cells adhered to collagen
substrates using a calcein-AM assay. Values are normalized to average for hCol I. Cell adhesion on
BSA and rCol-0G are significantly lower than on all other variants (p < 0.001), and the adhesion on
rCol-1G-1 is also significantly different than all other groups (p < 0.001). Comparisons between
substrates showing high adhesion (substrates shown in panels 3d through 31) indicate no
significant differences (p > 0.05). ***p < 0.001. Mean * S.E.M. (n) Fluorescence measurements
quantifying the relative number of cells on surfaces coated with solutions of 0.3 - 20 pg/ml binding
collagen (rCol-1G-8, rCol-4G, and hCol I) diluted in non-binding collagen (rCol-0G). Total protein
concentrations (binding + non-binding collagens) are 20 pg/ml. Fluorescence values are
normalized to average for 20 pg/ml hCol I. Mean + S.E.M.
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3.3.4 Introduction of the collagen I integrin binding site (GFOGER) at different frequencies
and locations altered cellular adhesion.

Crystal structures of a GFOGER-containing peptide bound by o231 integrin showed that
integrin interacts with two of the three triple-helical collagen strands [42, 44], thereby confirming
that the triple-helical tertiary structure of collagen is critical for recognition. We observed that the
introduction of only a single GFOGER motif into the ~1000-amino acid triple-helical region of the
rCol-0G backbone recovered cellular adhesion (Figures 3-3c - 3-3e). Interestingly, we observed a
marked difference in adhesion, depending on the location of the GFOGER placement site. Single-
GFOGER substitutions, placed in primary fragment (PF) 8 or 11 (rCol-1G-8; rCol-1G-11) increased
the number of adhered cells to values similar to those for native human collagen I and III (Figure 3-
3m), and differences between cell spreading areas (per cell) for these two variants and native human
collagen I and IIl were not significant (p > 0.05). Taken together, this demonstrates similar cell
numbers and quality of attachment. That a single hexamer sequence from collagen I can promote
this degree of adhesion was surprising, considering that native collagens contain not only one but
multiple integrin binding sites. In contrast, cell adhesion to collagen with a single-GFOGER
introduced into PF1 (rCol-1G-1) was weaker than on other GFOGER-containing collagen substrates
(rCol, rCol-1G-8, rCol-1G-11, rCol-2G variants, rCol-4G) and native controls, with only approximately
one-third the number of cells attached to the rCol-1G-1 substrate (Figure 3-3m). Furthermore, cells
on rCol-1G-1 did not spread as well as on the other surfaces (Figure 3-3c), with the average surface
area per cell on rCol-1G-1 being 50% and 54% of areas on hCol I and hCol I, respectively (p < 0.001).

The marked difference in binding between the rCol-1G mutation locations (in PF 1, 8, or 11)
demonstrates the importance of the local collagen context for integrin-binding interactions. The
results of the AFM analysis (Figure 3-2d) support a possible mechanism for this difference. Although
images show that all recombinant collagens are linear and triple-helical, the apparent lengths for the

imaged GFOGER mutants (224 * 12 nm for rCol-0G, 210 + 21 nm for rCol-1G-1, and 235 * 27 nm for
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rCol-4G) were 10% shorter than for the controls (256 + 10 nm for native hCol IIl and 251 + 13 nm
for rCol). Closer examination of individual GFOGER-variant trimers indicate that one end of the
trimeric polymer often has a greater height or aggregate for a length ranging approximately 15-30
nm. This suggests that the decreased overall length could be due to one end of the GFOGER-collagens
folding back on itself. If the folding propensity is in the N-terminus, then this could occlude GFOGER
binding in PF1. Our data does not support the alternative scenario of proteolytic truncation; SDS-
PAGE analysis shows all collagens in this investigation exhibit comparable molecular weights (Figure
A3-1). Furthermore, trimer misalignment as a mechanism for decreased adhesion in rCol-1G-1 is
also unlikely, since the N-and C-terminal propeptide domains are expressed and therefore present to
promote correct triple-helical assembly before their cleavage during purification.

3.3.5 Modulation of adhesion could be achieved by mixing different ratios of the binding and
non-binding variants.

Binding variants rCol-1G-8 and rCol-4G were diluted with rCol-0G, producing various
concentrations of the GFOGER-containing proteins while keeping total protein amount at 20 pg/ml.
We observed that the number of adhered cells could be tuned as rCol-1G-8 or rCol-4G was increased
between 0.3 and 20 ug/ml (Figure 3-3n). Variant rCol-4G, containing four GFOGERs, did not
significantly bind additional cells over the collagen with only one GFOGER (rCol-1G-8), hinting that
the distance between GFOGER sites (intra-trimeric vs. inter-trimeric GFOGERs) may also be as

important as the number of sites.

3.3.6 Inhibition of cell adhesion by anti-a2 and anti-f1 integrin antibodies.

We examined the subunit specificity of integrin-based cell adherence to GFOGER. Integrins
that bind to collagens are al11, a2f31, a10f1, and al1f1 [24, 29], with the most broadly expressed
and well-studied being alf1l and aZ2f1 which are involved in biological functions that include
immunity, angiogenesis, and matrix remodeling [45]. In HT-1080 cells, the primary integrin that
binds to triple-helical collagen (including the GFOGER sequence) is a2f31 [15, 46]. We therefore
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evaluated the specificity of cell binding to our GFOGER variants by inhibiting interactions with the
a2 and 1 subunits using antibodies.

Antibodies for the 31 subunit strongly inhibited cell adhesion to all modular-GFOGER
substrates (Figure 3-4). All of the native human collagen controls and recombinant collagen variants
containing GFOGER sites exhibited a significant decrease in cell adhesion when cells were first
incubated with an antibody specific for the 1 subunit, relative to media-alone. Overall, cell adhesion
was reduced by an average 86% with anti-f1 antibody for the variants which had demonstrated
binding. This result is consistent with investigations showing that all collagen-binding integrins
contain the 1 subunit [24].

Incubation of cells with a2-binding antibodies only partially inhibited cell adhesion to the
GFOGER-containing substrates, with an average 38% decrease for the variants that showed binding
without inhibition, and the degree of inhibition varied with the underlying substrate. Incubation of
cells with antibody concentrations higher than that of 10 pg/ml yielded no additional decrease in
cellular adhesion. In rCol-1G-1, which exhibited weaker binding compared to native collagens, the
a2 antibody inhibited nearly all binding. However, for variants demonstrating stronger binding (e.g.,
rCol-2G-8,11; rCol-4G), cell binding was not significantly inhibited by anti-a2, suggesting that the
increased number of GFOGER sites can sufficiently bind to non-a21 collagen-binding integrins (e.g.,
alp1, a10B1, a11B1). This partial inhibition agrees with prior results for native collagen I [15] and

is consistent with a231 being the primary, but not sole, integrin receptor expressed by HT-1080 cells.
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Figure 3-4: Cell adhesion after inhibition of binding to a2 and 1 integrin subunits. HT-1080
cells were incubated with no antibodies (media alone), non-specific IgG, anti-a2 IgG, and anti-f31
IgG prior to incubation with different collagen substrates. Data quantifies the relative number of
cells adhered using a calcein-AM assay. Fluorescence values are normalized to average for hCol |
with no antibodies. A significant decrease in adhesion due to anti-a2 antibody, relative to media-
only conditions, is observed for hCol I, hCol IlI, rCol, rCol-1G-8, rCol-2G-1,8 (p < 0.001) and rCol-1G-
1, rCol-1G-11 (p < 0.01). A significant decrease in adhesion due to anti-31 antibody, relative to
media-only conditions, is observed for hCol I, hCol III, rCol, rCol-1G-1, rCol-1G-8, rCol-1G-11, rCol-
2G-1,4,rCol-2G-1,8, rCol-2G-8,11, and rCol-4G (p < 0.001). Significant differences between a2- and
B1-subunit antibody inhibition for a given substrate are observed for hCol I, hCol III, rCol-1G-8,
rCol-1G-11, rCol-2G-1,4, rCol-2G-1,8, rCol-2G-8,11 (p < 0.001) and rCol-4G (p < 0.01). Mean + S.E.M.

For studies utilizing short GFOGER-peptide substrates, however, the addition of a2-binding
antibodies to cells completely blocked all cell binding [15, 47]. This apparent discrepancy suggests
the importance of the full-length collagen in its native structure for integrin-mediated adhesion. This
importance of the context of epitope presentation is also supported by prior work in which 30 times
more copies of GFOGER was needed when the motif was surface-adsorbed and displayed in a peptide
than when presented in full-length collagen I (by molar concentrations) [47]. While other
recognition sites such as GLOGER and GASGER in collagen I have also been reported as binding to
a2B1 integrin [48], each site only occurs once in human collagen I [49] and at similar or weaker
binding than GFOGER [27]. Therefore, their presence alone does not account for the significantly
higher binding of full-length collagen I relative to a GFOGER-peptide, and suggests that the full

structure of collagen in presenting the sequence plays a significant role in cell adhesion.
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One possible explanation for the increased adhesion to full-length collagen relative to peptide
may be that collagen provides numerous binding domains for other cell surface receptors, some of
which support cooperative and synergistic interactions with integrin-mediated effects [21]. For
example, several discoidin domain receptor (DDR) binding domains have been identified in human
collagen III near the integrin binding domains [21], and DDRs have been shown to enhance integrin-
mediated cell adhesion [50]. Such effects are not recapitulated in systems that use only GFOGER
peptides. Synergy between neighboring sequences has been reported in other protein systems. For
example, cell binding to the RGD motif from fibronectin is significantly increased when presented
concurrently with fibronectin's PHSRN peptide sequence in native spatial context [51, 52].
Furthermore, different integrin binding specificities are elicited for linear RGD and RGD-PHSRN
peptides. Understanding the mechanisms of synergistic epitope effects can be important for
regulating cell proliferation and differentiation [21, 52, 53].

Another factor which could potentially contribute to the observed increased binding to full-
length collagen is the accessibility of the binding motifs. Immobilization of a GFOGER peptide
utilizing a PEO linker required approximately three times less peptide than peptide adsorbed to the
surface (for the same number of cells adhered), suggesting that increased accessibility of GFOGER
due to the linker could be important for adhesion [47]. We may also be seeing this effect for full
length collagen if only short regions of the collagen are required for adsorption to the surface. The
total increased adhesion is likely a combination of multiple effects which includes both site

accessibility and synergistic receptor interactions.

3.3.7 The number of focal adhesion complexes is modulated by GFOGER-collagen substrates.

We examined the presence of vinculin, which is present in focal adhesion complexes, in cells
seeded on varying collagen substrates [54, 55]. Our results demonstrate that the number of GFOGER
sites on an external substrate can affect intracellular processes (Figure 3-5). In Western blot analysis,

the average vinculin band intensity for rCol-4G is greater than those for all other samples and
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controls, with cells seeded on rCol-4G exhibiting approximately 56% higher levels of vinculin than
on the native hCol I. Furthermore, cells incubated with the collagen variant containing no integrin
binding sites (rCol-0G) shows significantly less vinculin than with hCol I, with intensities averaging
only 4% of native and close to that of the negative BSA control. The values for variant rCol-1G-1
averaged an intermediate intensity that was 12% of hCol I. These results are consistent with the cell
adhesion data and show the potential to manipulate intracellular biochemical activity through

integrin binding sites in the underlying substrates [13].

da T
= (O] O Q)
- - < N3 bl
§ 8 § 3 = 3
o < o (2 (2 Q
b *
2_I 1
_é\ ek
P e
o —
£
o 7P
=
©
E0_5 I
D:O _ - T
: = < -
5] = %] 8 0] g
d 3 » 2 2 3
< E e B Q
Q

Figure 3-5: Western blot analyses for vinculin in focal adhesion complexes. (a) Representative
Western blot. (b) Band intensities, with values normalized to hCol I in each independent
experiment. Intensity for rCol-4G is greater than those for all other samples and controls (with p =
0.018 compared to hCol I). *p < 0.05, ***p < 0.001. Mean * S.E.M.

3.3.8 HNSPCs adhesion is 31 mediated but not a2 mediated

Previous tests utilized the HT1080 human fibrosarcoma cell line. In order to test a more
clinically relevant cell line, we investigated the effects of GFOGER on hNSPCs. Initial tests showed
adhesion of hNSPCs to collagen I and III (Figure 3-6b,c). We also tested adhesion onto collagen
variants containing 0 to 4 GFOGER sites. Little to no adhesion was observed on rCol-0G with the cells
adopting circular morphology (Figure 3-6h). On variants containing GFOGER sites, adhesion was

observed with cells spreading across the surface (Figure 3-6b,i). GFOGER is often mentioned as an
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a2 1 integrin binding motif; however, RNAseq and flow cytometry data showed low a2 integrin
transcript number or expression (<2% cells displayed a2 integrin) [56, 57]. HNSPCs express high
numbers of 31, a3 and a7 integrin which are laminin and fibronectin binding [57]. Integrin a331 has
also been implicated with collagen I binding; however, the amino acid sequence which it recognizes
has not been determined [23, 58]. To determine which integrins were responsible for adhesion, we
incubated the hNSPCs with antibodies to block specific integrins before seeding the cells onto the
protein coated surfaces.

Adhesion of hNSPCs to collagen was inhibited by B1 integrin blocking antibodies (Figure 3-
6e, f, j-1). Cells incubated with anti-integrin 31 antibodies were unable to adhere to human collagen I
and II1, rCol, and its GFOGER variants. Adhesion of hNSPCs to laminin was not inhibited (Figure 3-6d)
as adhesion could be achieved through binding of 4 integrin [57, 58].

After determining that hNSPCs are adhering to the collagens through (1 integrin, we
continued to test a integrin blocking antibodies to determine which heterodimer pairs were
responsible for adhesion. Adhesion of hNSPCs to collagen surfaces was not inhibited by a2, a3, nor
a7 integrin blocking antibodies. Incubation of al integrin blocking antibodies reduced cell binding
to collagen surfaces compared to a no treatment control (Figure 3-6k). The integrin binding motif
GFOGER is normally represented as a high affinity a231 integrin binding site, but, al 1 is also able
to bind to this sequence. It was surprising to see that incubation of hNSPCs with anti-integrin a3
antibodies did not reduce adhesion as a31 integrin was previously identified as a collagen I binding
pair and both integrins are highly expressed on hNSPCs [57-59]. Furthermore, previously published
flow cytometry data showed that less than 2% of the hNSPCs displayed integrin a1 or a2 [57]. We
observed much greater than 2% adhesion of hNSPCs to the surfaces compared to laminin and

fibronectin although there were significantly less cells bound to the collagen surfaces.
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Figure 3-6: Adhesion of hNSPCs onto collagen variants and controls. HNSPCs adhered to (a)
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3.3.9 HNSPC proliferation and differentiation on collagen with varying GFOGER

With the verification that hANSPCs were able to adhere to the collagen surfaces and to further
investigate the effects of GFOGER on adhered cells, we quantified the ability of hNSPCs to proliferate
and differentiate on the GFOGER variants. Cells that are not in the Go phase of the cell cycle express
Ki67 while Phospohohistone H3 (PH3) is present when cells are undergoing mitosis. Ki67 is a nuclear
protein which is associated with cellular proliferation [60]. Phosphorylation of histone H3, is tightly
correlated with chromosome condensation during mitosis [61]. We observed similar percentages of
proliferating cells on the collagen surfaces as with laminin control (Figure 3-7). As observed during
the adhesion assays, less cells were adhered to the collagen surfaces. However, the fact that the same
percentage of cells were proliferating shows that the cells that are able to adhere are viable and able
to proliferate similarly to laminin. The collagen surfaces were also able to support differentiation of
hNSPCs to neurons and astrocytes as cells were stained with neuronal marker MAP2 and astrocyte
marker GFAP (Figure 3-8). The support of differentiation is a critical attribute of any hNSPC

substrate.
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Figure 3-7: Proliferation of hNSPCs on collagen variants and controls. HNSPCs were cultured
in proliferation media for 1 day and stained to assess proliferation using the marker Ki67 (red). Cell
nuclei were stained with Hoechst (blue). Cells differentiated into both lineages for all surfaces. Cells
did appear more clumped on collagen surfaces compared to laminin. Scale bar is 100 um.
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Figure 3-8: Differentiation of hNSPCs on collagen variants and controls. HNSPCs were cultured
in differentiation media for 14 days and stained to assess differentiation into neurons using the
markers MAP2 (red) and into astrocytes using the marker GFAP (green). Cell nuclei were stained
with Hoechst (blue). Cells differentiated into both lineages for all surfaces. Cells did appear more
clumped on collagen surfaces compared to laminin. Scale bar is 100 pm.

3.4 Conclusion

In this study, we used a bottom-up, modular strategy that enabled systematic placement of
integrin binding sites in full-length collagen and allowed for the complete control of the number and
location of these sites. Using the biopolymers created from this strategy, we found that the insertion
of only a single GFOGER site into a non-binding collagen variant was sufficient to restore full cellular
adhesion. However, the location of the introduced site affected the degree of recovered adhesion and
hints at the importance of epitope context. Cellular activity could also be modulated by mixing
distinctly different collagen variants at tunable ratios. Adhesion, proliferation, and differentiation of
hNSPCs on the collagen variants was also achievable, making it a potential substrate for hNSPCs. All
variants were shown to be triple-helical, linear polymers, comparable to native human collagen. This
investigation shows that one can re-design native collagen at the molecular level to tailor collagen-

mimetic materials for manipulating cellular microenvironments and biochemical responses.
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4 1 Introduction

In Chapter 3, we demonstrated the ability to introduce the integrin binding motif GFOGER
from collagen I into a non-cell adhering collagen III [1]. However, the study was performed only in a
two-dimensional context on stiff polystyrene. Most cells natively exist within a three-dimensional
environment, and constricting their growth to two-dimensions provides unnatural geometric cues.

Petersen et al. showed that nonmalignant and malignant cells were phenotypically similar in
2D; however, in 3D the nonmalignant cells became growth-arrested organized structures while
malignant cells formed disorganized cellular masses [2]. Studies comparing 2D and 3D studies
highlight the benefits of 3D models such as providing more physiological distribution of mechanical
inputs and cell signaling [3,4]. Endothelial cells when cultured in 2D, are able to migrate, proliferate,
and form cordlike structures. However, in 3D cultures, they assemble to form lumen which better
demonstrates properties necessary for vasculogenesis in vivo [5]. In order to test the effects of
GFOGER in a 3D model, we combined the functionality of non-native cysteines and GFOGER into
recombinant collagen.

The hexameric peptide sequence GFOGER is implicated as necessary in the formation of
vasculature in vitro on collagen I gels in 2D [6]. Blocking of a2 integrin, of which GFOGER is a high
affinity binding motif, with function-blocking antibodies reduced lumen formation in collagen gels
[7]. Further studies utilizing short triple-helical peptides have shown that hydrogels modified with
GFOGER peptide leads to larger vascular volumes and number of vessels when compared to RGD
functionalized hydrogels without the presence of vascular endothelial growth factor (VEGF) [8].
RGD-functionalized hydrogels containing VEGF yielded vascular volumes similar to those of VEGF-
free GFOGER-functionalized hydrogels while VEGF-containing GFOGER-functionalized gels yielded
significantly higher vascular volume. However, this study utilized GFOGER in the context of short
peptides. Compared against GFOGER in the context of short peptides, significantly less GFOGER in

the context of full-length collagen, was necessary to provide full adhesion [1] (Chapter 3). With this
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in mind, we were interested to test whether GFOGER in the context of full-length collagen would

result in similar or more robust vascularization in 3D.

4.2 Materials and Methods

4.2.1 Cells and reagents

Escherichia coli DH5a was purchased from Strategene. Restriction endonucleases, DNase I,
and RNase Irwas acquired from New England Biolabs. Human collagen I, pepsin, and calcein-AM was
purchased from BD Biosciences. Dulbecco’s modified Eagles’s medium (DMEM), and CelLytic M was
purchased from Sigma-Aldrich. TOPO vector used to hold PCR generated gene fragments, fetal bovine
serum (FBS), and ethidium homodimer-1 were purchased from Life Technologies. KOD Hot Start
DNA Polymerase, human collagen III, and bovine collagen I were purchased from EMD Millipore.
PfuUltra Il DNA polymerase was purchased from Agilent Technologies. 20kDa 4-arm PEG maleimide
was acquired from NANOCS. Acrylamide solution and microseal B was obtained from Bio-Rad.
HT1080 cells were obtained from ATCC. Thiolated hyaluronic acid(HA), and Extralink® PEGDA
acquired from ESI BIO was a generous gift from Lisa Flanagan (University of California, Irvine). NHLF
cells, and EGM-2 media from Lonza and ECFC-ECs were a generous gift from Christopher Hughes

(University of California, Irvine). All other reagents were purchased from Thermo-Fisher.

4.2.2 Construction of cysteine-GFOGER collagen variants

Full-length cysteine-GFOGER collagen variants were constructed using the previously
described modular gene assembly strategy [1,9]. Variants were designed utilizing the rCol-0G, rCol-
1G-8, and rCol-4G DNA sequences as backbones while introducing non-native cysteines in the same
locations as in rCol-4C (Figure 4-1). Non-native cysteines were introduced into GFOGER variants via
site directed mutagenesis utilizing primary fragments (PFs) and secondary fragments (SFs) within

TOPO holding vectors as the templates. The oligonucleotides for mutagenesis to introduce non-native
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cysteines into PFs 1, 3, 10, and 12 (Table 4-1) were designed to change an amino acid of similar size
to cysteine in the X or Y position of the Gly-X-Y tripeptide repeat. 300 nM mutation primer pairs were
mixed with 50 ng of their respective DNA template, 2.5 U of PfuUltra Il DNA polymerase, 200 pM
dNTPs, and 1x PfuUltra I reaction buffer in a final volume of 50 puL. PCR was performed with 5 min
at 95°C followed by 12 cycles of 20 s at 95°C, 30 s at 55°C, and 2 min at 72°C, followed by 10 min at
72°C when using PFs as the template. When using SFs as the template, extension time was increased
to 2.5 min. Methylated template DNA was digested with 20 U Dpnl for 2 h at 37°C, and transformed
into Escherichia coli DH5a. Colonies with plasmids containing the desired PF sequences were

confirmed by DNA sequencing (Genewiz).

rCol (Baseline)

PF1 PF2 PF3  PF4 PF5 PF6 PF7  PF8 PF9  PF10  PF11__ PF12
rCol-4C0G

5§ ______________________§ N
rCol-4C1G-8

[N B | [ S N Y I SO R B
Col-4C4G

Figure 4-1: Schematic of cysteine-GFOGER variants. Green denotes native hCol III amino acid
sequence. Yellow denotes non-native cysteines. Red denotes replacement of integrin binding
sequences with non-binding GSPGGK sequences. Purple denotes introduced integrin binding
GFOGER sequences. Introduced cysteine locations were chosen to span the length of the triple-helical
region of the variants while avoiding integrin binding sites and the MMP cleavage sequence. GFOGER
locations were chosen to replace removed binding sites as well as locations with similar sequence
homology.

PFs were amplified by PCR by combining 200 nM of each oligo flanking each primary
fragment, 50 ng of PF template DNA, 2.5 U of PfuUltra I DNA polymerase, 200 uM dNTPs, and 1x
PfuUltra II reaction buffer in a final volume of 50 pL. Reactions were performed using a 10 min
denaturing step at 95°C followed by 25 cycles of 20 s at 95°C, 30 s at 62°C, and 15 s at 72°C, followed

by 5 min at 72°C. PCR product was then gel purified for use in assembly of secondary fragments.
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Table 4-1: List of oligonucleotides used to introduce non-native cysteines for primary
fragment.

Primary fragment | Oligonucleotides sequences (5' = 3'; forward and reverse strands)

number

PF1 CACCTGGTGAGCCCGGACAATGTGGTCCAAGTGGTCCTCCTGGTC
GACCAGGAGGACCACTTGGACCACATTGTCCGGGCTCACCAGGTG

PF3 CGGTCCACCCGGAATTAACGGTTGTCCAGGAGGTAAAGGCGAAATGGGTCCT
AGGACCCATTTCGCCTTTACCTCCTGGACAACCGTTAATTCCGGGTGGACCG

PF10 CAGGCATGCCAGGTCCTAGGGGCTGTCCAGGTCCACAAGGCGTTAAAG
CTTTAACGCCTTGTGGACCTGGACAGCCCCTAGGACCTGGCATGCCTG

PF12 GACCAAGCGGACCACCTGGTAAATGTGGAACTTCTGGTCATCCAGGTCC
GGACCTGGATGACCAGAAGTTCCACATTTACCAGGTGGTCCGCTTGGTC

To assemble secondary fragments, 2 nM of each required primary fragment was mixed
together with 200 nM each oligo flanking each secondary fragment, 2.5 U of PfuUltra II DNA
polymerase, 200 uM dNTPs, and 1x PfuUltra II reaction buffer in a final volume of 50 pL. Reactions
were performed using a 10 min denaturing step at 95°C, followed by 30 cycles of 20 s at 95°C, 30 s at
68°C, and 45 s at 72°C, followed by 5 min at 72°C. Reaction product was agarose gel purified and
ligated into pCR-BluntII-TOPO vectors. Colonies with plasmids containing the correct sequence were

identified by DNA sequencing.

Secondary fragments were amplified by PCR by combining 200 nM of each oligo flanking each
secondary fragment, 50 ng of secondary fragment template DNA, 2.5 U of PfuUltra Il DNA polymerase,
200 uM dNTPs, 1 x PfuUltra II reaction buffer in a final volume of 50 uL. PCR was performed using a
10 min denaturing step at 95°C followed by 25 cycles of 20 s at 95°C, 30 s at 62°C, and 45 s at 72°C,
followed by 5 min at 72°C. PCR product was then gel purified for use in assembly of full length

collagen.

To assemble full length collagen mutants, 2 nM of each secondary fragment was mixed
together with 200 nM primers flanking the full length gene and containing a Pmel site upstream of
the gene and a Notl site downstream. Full length collagen genes were assembled using 2.5 U of
PfuUltra Il DNA polymerase, 200 uM dNTPs, and 1x PfuUltra II reaction buffer in a final volume of 50
pL. Reactions were performed using a 10 min denaturing step at 95°C followed by 30 cycles of 20 s

at 95°C, 30 s at 68°C, and 1.5 min at 72°C, followed by 5 min at 72°C. The reaction product was
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agarose gel purified and ligated into pCR-Bluntll-TOPO vectors. Full-length collagen genes (for
variants with GFOGER mutations and introduced cysteines) were excised with Pmel and Notl and
ligated into the CEN/ARS plasmid. Final sequences for the collagen variants were confirmed by DNA
sequencing.
4.2.3 Expression and purification of collagen variants

Full length recombinant biomimetic collagens were expressed in S. cerevisiae BYa232, which
was engineered to contain two copies each of the human prolyl-4-hydroxylase a-subunit and 3-
subunit genes to achieve hydroxylation of prolines in the collagen biopolymers [10]. The full-length
collagen variant genes were cloned into CEN/ARS plasmids and transformed into BYa2[32. Selective
SDC(A) and SGC(A) media contain casamino acids (5 g/L), yeast nitrogen base without amino acids
(6.7 g/L), adenine sulfate (20 mg/L), and glucose (20 g/L, in SDC(A)) or galactose (20 g/L, in SGC(A)),
respectively. Cells were inoculated from -80°C stock cells, grown overnight in 16 x 125 mm culture
tubes containing 5 mL SDC(A) medium, and used to inoculate (1% v/v) 2.8 L Fernbach flasks
containing 1 L of SGC(A) induction medium. The yeast cells were cultivated at 250 rpm and 30°C
(Series 25, New Brunswick), and ODsoo was monitored. The cells were harvested at an ODego of 2.5
to 3.5 during late exponential phase by centrifugation at 4000 x g, and then frozen at -80°C.

To purify the collagen product from yeast, the yeast cells were thawed and resuspended at
0.1-0.2 g wet cell/mL in cold Tris-buffered saline (TBS, 100 mM Tris, 400 mM NaCl, pH 7.4) with 1
mM PMSF, 2 U/mL DNase, and 1 U/mL RNase. The cells were lysed in a pre-cooled French Press
using 25000 psi for two cycles. Ethylenediaminetetraacetic acid (EDTA) and TCEP were added to the
lysate to 2 mM and 5 mM final concentration, respectively, and HCI was added to lower the pH to 2.
Pepsin (20 mg/mL in 0.1M HCI) was added to a final concentration of 0.2 mg/mL and the solution
was incubated at 4°C overnight to digest the background protein and collagen propeptides, leaving
the triple-helical component intact. The supernatant was collected by ultracentrifugation (Optima

LE80K, Beckman) for 30 min at 100,000 x g and 4°C, and all subsequent steps were performed on ice
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or in the cold room. Glacial acetic acid was added to a final concentration of 0.5 M, and NaCl was
added to a final concentration of 3 M with stirring. Precipitated protein was collected by
ultracentrifugation for 30 min at 70,000 x g and 4°C, and resuspended in cold 0.1 N HCl. The pH of
the resuspension was raised to 7.4 with 200 mM Tris pH 8.6, TCEP was added to 5 mM, and 5 M NaCl
solution was added to a final concentration of 3 M. Precipitated protein was collected by
ultracentrifugation and resuspended in cold 0.1 N HCl. Protein solutions were dialyzed against 50
mM acetic acid (AcOH). Concentration of collagen protein was determined using BCA assay, with
bovine collagen type III (BD Biosciences) as a standard. Typical yields ranged from 300 - 500 ug of
purified protein per liter of culture.
4.2.4 Characterization of cysteine-GFOGER collagen variants

Triple-helix formation and thermostability were confirmed via circular dichroism (CD). CD
scans were performed on a spectropolarimeter (Jasco J-810) equipped with a Peltier temperature
controller. The protein samples (collagen variants and native collagen controls) in 50 mM AcOH were
scanned between 190-260 nm at 10°C at a scanning speed of 50 nm/min in 0.1 cm path length quartz
cells. Three scans were averaged to produce a single reading. For thermal unfolding, we monitored
the ellipticity at 221 nm from 25 to 55°C at a heating rate of 1°C/min. The apparent melting
temperature (Tm) was defined as the temperature at which 50% of the protein is unfolded. This was
determined by fitting the experimental thermal profile to a thermodynamic model via a multi-
parameter, non-linear regression using the Levenberg-Marquardt algorithm within MATLAB [11,12].
CD wavelength scans were performed on at least 3 independent batches of protein, and Twm
measurements were performed on at least 2 independent batches.
4.2.5 Cellular adhesion assay

HT-1080 cells were grown in DMEM (with 10% FBS, 100 units/mL penicillin, and 100 pg/mL
streptomycin) and subcultured every 3 days. Cells were trypsinized, washed, and resuspended in

DMEM (with 0.1% BSA) before seeding onto the protein-adsorbed surfaces. To prepare these
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surfaces, 20 ug/mL native and recombinant collagens (in DPBS) were incubated on 96-well non-
tissue culture treated polystyrene plates for 24 h at 4°C.

HT-1080 cells were incubated on the different protein-adsorbed surfaces for 4 h at 37°C. To
remove non-specifically bound cells, wells were filled with DMEM containing 0.1% BSA, and the plate
was sealed with microseal B adhesive. The plates were inverted, centrifuged at 914 x g for 40 min,
and washed with DPBS. Adhered cells were incubated with 4 uM of calcein-AM (in DPBS and 0.1%
BSA) at 37°C for 1 h. Solutions were removed, and cells were lysed with CelLytic M. Fluorescence

was measured at 494/517 nm (Ex/Em) and normalized to values for hCol I.

4.2.6 Microwell fabrication

Microwells were formed from slabs of PDMS adhered to 1 mm thick glass coverslips to allow
for confocal fluorescent imaging. Slygard 184 was mixed at a 10 to 1 ratio and was cast in a dish to
form a slab with a thickness of ~3 mm. The solution was degassed and allowed to cure at RT
overnight and baked for 1 h at 80°C. A 2 mm biopsy punch was used to punch holes through the slab.
The PDMS slab and the glass coverslips were treated in a plasma cleaner for 1.5 min and the

coverslips were pressed onto the PDMS to form the bottom of the wells.

4.2.7 Cellular encapsulation

Cysteine-GFOGER variant protein was incubated with 10 times molar excess TCEP for 30 min
at RT. 10x DPBS was added to the mixture to bring it to 1x DPBS and pH was adjusted to 7. As a
control, bovine collagen I was also treated in the same fashion. NHLFs were suspended in the protein
mixture at a concentration of 5 x 105 cells per mL and 4 arm PEG-Maleimide 20 kDa crosslinker was
added to the solution at a 2 maleimide (Mal) to 1 cysteine ratio. The mixture was incubated at RT for
5 min, deposited into wells and allowed to cure for 1 h at 30°C. Constructs were overlaid with DMEM

and incubated at 30°C in a humidified incubator with 5% CO; for 5 days. Cells were stained with
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calcein-AM and ethidium homodimer-1 to mark living and dead cells respectively and imaged with a

fluorescent microscope.

4.2.8 Vasculogenesis assay

Cysteine-GFOGER variant protein was incubated with 10 times molar excess TCEP for 30 min
at RT. Concentrated DPBS was added to 1x final concentration and pH was adjusted to 7. The protein
was mixed with hyaluronic acid (HA) (for experiments which called for HA) and a co-culture of NHLFs
and ECFC-ECs (ratio of cells was varied between 1:1 and 1:2) were suspended in the protein mixture
at a concentration of 5 x 104 to 1 x 106 cells per mL. NHLFs were included to remodel the matrix and
release the growth factors necessary for the ECFC-ECs to form tubules. To crosslink the hydrogel, 4-
arm PEG-maleimide 20 kDa in DPBS was added to the solution at a 2 maleimide to 1 cysteine ratio,
or Extralink® PEGDA was added at a 4:1 vol/vol ratio. The mixture was incubated at RT for 5 min,
deposited into wells and allowed to cure for 20 min. As a control, fibrin was also mixed with similar
concentration of TCEP and cells, and gelation of the mixture was induced by addition of thrombin.
Constructs were overlaid with EGM2 media and incubated at 37°C in a humidified incubator with 5%

CO; for up to 7 days.

4.3 Results and Discussion

4.3.1 Cysteine-GFOGER variants were successfully produced

In Chapters 2 and 3, each variant we produced contained only a single functional sequence
introduced into the “baseline” collagen gene or its non-cell adhesion supporting variant. In this study,
we were successfully able to assemble variant genes containing a mixture of two functional
sequences (non-native cysteine and GFOGER). Cysteines were introduced at locations which avoided
reported integrin binding sites and the MMP recognition site. Variants were successfully assembled
by mixing-and-matching PFs and SFs containing the desired functionality (Figure 4-1) to produce

genes encoding for full length collagen with the specified functionalities at specific locations.
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The genes were transferred to our yeast expression system and cysteine-GFOGER variants
were successfully expressed and purified (Figure 4-2a) at levels equivalent to rCol. CD spectra for all
variants indicated that the triple-helical structure was preserved and equivalent to rCol.
Thermostability scans indicated that the triple helixes of cysteine-GFOGER variants were not

statistically significantly different from rCol (Figure 4-2b-e) with apparent melting temperatures at
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Figure 4-2: Characterization of cysteine-GFOGER variants. (a) SDS-PAGE of purified variants.
Molecular weights are given in kDa. All variants are monodisperse in size and similar to that of hCol
[II running at ~ 150 kDa. Represenative CD wavelength and temperature sweeps of rCol (b), rCol-
4C4G (c), rCol-4C1G-8 (d), and rCol-4COG (e) respectively. All variants display triple-helical CD
spectra as well as sharp melting curves characteristic of triple-helical collagen. Variants have
apparent melting temperatures similar to that of rCol. Values were an average of at least 2
independent measurements from independent purifications.

4.3.2 Non-native cysteines do not contribute to cellular adhesion

In Chapter 2, we showed that cellular adhesion to cysteine containing variants was not
disrupted by the non-native cysteines [13]. However, it does not discount the chance that the non-
native cysteines affected cellular adhesion positively, perhaps through disulfide bond formation. The
variant rCol-4COG, which is built off of the non-cell adhesion supporting rCol-0G, would allow testing
of this possibility. The 2D adhesion assay showed minimal HT1080 cellular adhesion to rCol-4C0G,

similar to that of BSA (Figure 4-3). This result demonstrates that the non-native cysteines did not
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increase cellular adhesion and the rCol-4C0G variant would be usable as a non-cell binding control

for 3D cell encapsulation assays.
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Figure 4-3: HT1080 adhesion assay. Proteins were adsorbed onto non-tissue culture treated
polystyrene. HT1080 adhesion was assessed by staining and measurement of calcein-AM. Values
were normalized to hCol I. Variant rCol-4C0G displayed levels of cell adhesion similar to BSA while
variants with introduced GFOGER displayed levels similar to that of hCol I. No statistically significant
differences were detected between cell supporting variants. (Data is from 3 independent
experiments of 3 wells in each experiment. **** denotes p < 0.0001)

4.3.3 Cell adhesion functionality of introduced GFOGER sequences in 2D are not affected by

addition of non-native cysteines

To verify that the introduced non-native cysteines did not disrupt the functionality of the
GFOGER sequences, the HT1080 cell adhesion assay was also performed on rCol-4C1G-8 and rCol-
4C4G. Both variants were capable of supporting similar numbers of cells at levels comparable to hCol
I and hCol III substrates (Figure 4-3). It can be noted that both rCol-4G and rCol-4C4G exhibited
higher cell binding numbers than hCol III, rCol-1G-8 and rCol-4C1G-8, though not significantly
different (see Chapter 3 for rCol-4G data). These results verified that the non-native cysteines did not

significantly affect cell binding to the variants in 2D.
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4.3.4 NHLFs spread in hydrogels comprised of rCol-4C1G and rCol-4C4G but not in rCol-4C0G

In Chapter 3, we showed that in 2D, we could modulate cellular adhesion through the
introduction of integrin binding sites into a non-cell adhesion supporting variant rCol-0G [1].
However, most cells do not naturally exist in 2D. In Chapter 2, we showed the ability to introduce
non-native cysteines into rCol and to form 3D hydrogels, although we did not show the ability to
encapsulate cells within them [13]. With the production of the cysteine-GFOGER variants, we
combined the functionalities of both the non-native cysteines to produce hydrogels which allows for
the testing of the effects of GFOGER within the context of full length collagen on cells in a more
physiologically relevant 3D environment.

Within gels of all cysteine-GFOGER variants, the NHLFs were successfully encapsulated.
NHLFs were utilized as they would be co-cultured with ECs in subsequent testing for the effects of
GFOGER on vasculogenesis. NHLFs were confirmed as viable after 5 days using a live/dead calcein-
AM/ethidium homodimer-1 assay (Figure 4-4). Calcein-AM is a cell permeant dye which is non-
fluorescent until the acetoxoymethyl ester is hydrolyzed by intracellular esterases. Therefore,
calcein-AM only labels cells that are viable [14]. Few cells stained positive with ethidium homodimer-
1, which stains the DNA of dead or dying cells but is membrane-impermeable to live cells. Cells within
rCol-4COG, while still viable, retained a spherical morphology. This result was expected as the
encapsulated cells would have no adhesion sites with the removal of the integrin binding sites.
However, cells within hydrogels formed from rCol-4C1G and rCol-4C4G were able to elongate. These
results are consistent with the results of our 2D assay in which cells did not adhere to rCol-4C0G, but
were able to adhere to both rCol-4C1G and rCol-4C4G. This also verifies that the crosslinking of the
collagen variants through the non-native cysteines does not disrupt the functionality of introduced
GFOGER sites. The results demonstrate the ability to combine multiple non-native functionalities

within the same collagen variant.
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Figure 4-4: Live/dead staining of NHLF encapsulated in collagen variants. NHLFs were
incubated with calcein-AM to label live (green) and ethidium homodimer-1 to label dead (red) cells.
(a,b) NHLF cells encapsulated in rCol-4COG. (c,d) NHLF cells encapsulated in rCol-4C1G-8. (e,f) NHLF
cells encapsulated in rCol-4C4G. Cells remained rounded in rCol-4COG while elongating and
spreading within the rCol-4C1G-8 and rCol-4C4G gels. Scale bars are 250 pm.

4.3.5 Cysteine-GFOGER variant hydrogels with encapsulated cells do not hold shape at 37°C
For the experiment in the previous section, the NHLFs were incubated at 30°C. However, the

human body has a temperature closer to 37°C. When the vasculogenesis experiments were
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performed in which NHLFs and ECs were co-cultured, at 37°C in 384 well plate format, the gels did
not appear to hold its shape. After the addition of media, the gels would regularly break apart
completely or into smaller fragments. The cells, which were not encapsulated within gel, would settle
to the bottom of the wells. Switching format from 384-well plates to microwells allowed for the gels
to survive the initial addition of media. However, after 24 hours the gels were found to be significantly
contracted (Figure 4-5b). These gel clumps had high cell densities, making imaging of the cells within
the gels difficult. Therefore we could not conclude on the effect of GFOGER concentration on
vasculogenesis. In an attempt to address this contraction, we introduced hyaluronic acid to provide

additional structural support.

4.3.6 Addition of hyaluronic acid did not inhibit gel contraction

Hyaluronic acid (HA), also known as hyaluronan, is a glycosaminoglycan found within all
tissues of vertebrates. Within the ECM, HA acts as a stabilizer and regulates cell motility [15,16]. We
hypothesized that it would provide additional support to prevent the contraction of the gels. HA
would also act as a blank slate in terms of cell adhesion [17], allowing for the testing of GFOGER as
the only integrin binding domain initially within the gels. The HA was thoilated, allowing it to be
crosslinked to the collagen variants using a 4-arm PEG-maleimide crosslinker [17]. The
concentration of HA utilized was 6 mg/mL, which has been previously utilized to form hydrogels by
the Flanagan Lab (unpublished data). However, the results we observed were similar to gels without
HA in the microwell format (Figure 4-5c). The gels with encapsulated ECs and NHLFs would contract
within 5 days, sometimes as soon as overnight, which made imaging of formed tubules difficult. It is
important to note that, within some replicate hydrogels, the cells remained spherical and the
hydrogels did not contract, while the cells would elongate within gels which contracted. Hydrogels
made only of HA yielded ECs and NHLF cells which remained spherical; this was expected, as it was
reported that fibroblasts do not attach to HA-only gels [17]. These gels did not collapse, though they

were only tested at lower cell concentrations (Figure 4-5d). Collagen-HA gels were not tested in the
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384 well format nor at temperatures other than 37°C. Due to the concentration of the stock HA,

higher concentrations could not be tested.

a b C

Figure 4-5: Fluorescent image of ECFC-ECs encapsulated in fibrin, collagen, collagen/HA, and
HA gels. Endothelial cells transfected to express green fluorescent protein were seeded into gels at
a 1:1 ratio with NHLFs (unlabeled) and incubated for 5 days. (a) Endothelial cells migrate and form
tubules in fibrin gel. (b) Endothelial cells appear to spread within the rCol-4C4G hydrogel; however,
the gel contracts. (c) Endothelial cells still appear to spread within the rCol-4C4G/HA hydrogel;
however, the gel continues to contract. (d) In HA-only gels the cells remained spherical. (e) Reduction
of cell concentration led to hydrogels in which the cells remained spherical. Scale bar is 250 pm.

4.3.7 Reduction of cell concentration stopped gel contraction, but also inhibited ECFC-EC
spreading

Cell seeding density and the ratio of NHLFs to ECs seeded were varied to reduce the
contraction of the gels by the encapsulated cells. We hypothesized that by reducing the number of
cells, the amount of force exerted on the gels by the cells would also be reduced. Fibroblasts attempt
to remodel the ECM through the release of MMPs as well as contraction [18,19]. By reducing the
number of cells by a factor of 10 while keeping ratio constant at 1:1, we were able to reduce the
frequency of gel contraction. However, the ECs did not appear to spread in these gels (Figure 4-5e).

This may be due to the inability of the cells to sense one another at such low densities. At such low
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densities, the NHLFs may not be secreting enough growth factors to induce tubule formation.
However, higher seeding densities led to gel contraction. The ECs remained viable within the gels as
the intensity of the fluorescent tag remained strong, indicating the cells were alive and expressing
protein.

Another explanation for the inability of cells to spread could be the possibility of recombinant
collagen partially denaturing at 37°C. Previous studies have shown that the triple-helical
conformation is necessary for integrin binding to GFOGER. However, if protein denaturation was the
cause, we would have expected it to also occur at the higher seeding densities as well. At higher cell
concentrations, cells were still able to extend throughout the gels. Gelatin, which is formed by the
denaturation of collagen, could hypothetically provide the adhesion sites. This in theory would
provide the adhesion sites for the cells to invade the gels. However, we are not aware of previous
studies which use gelatin to form gels at concentrations lower than 10% w/v. This is more than 10
times higher than the concentrations used in our study. Therefore, at our current concentrations,
collagen, or denatured collagen, may not provide enough integrin binding sites at the concentrations
used here.

The fact that the cells did not appear to invade in hydrogels which did not contract could be
hinting at the minimum integrin binding site concentrations necessary for cell invasion. It is possible
that at the concentrations utilized, there was insufficient integrin binding sites for the cells to bind.
However, once the gels contracted, the concentration of integrin binding sites would increase and
the cells would display elongated morphologies. Additional experiments would be required to find
specific conditions (protein and cell concentrations, crosslinking ratios, or gelation parameters) that

would allow for cell spreading while retaining the gel’s structural integrity.

94



4.4 Conclusions

In this study, we further expanded the functionality of the modular collagen system by
demonstrating the ability to combine two different functionalities, non-native cysteines and GFOGER
sequences, into a single collagen variant. We then utilized both functionalities by using the cysteines
for crosslinking and GFOGER sequences for cellular adhesion. This combination allowed the testing
of introduced functionality within the context of triple-helical collagen in a 3-dimensional context,
more closely mimicking the in vivo environment. We attempted to assess the effect of GFOGER on
vasculogenesis through the use of ECFC-ECs co-cultured with NHLFs. However, we were unable to
produce reliable results, as the gels tended to contract, making imaging of any tubules very difficult.
Further optimization of parameters of the vasculogenesis assay is necessary before conclusive

results are possible.
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5.1 Conclusions

The aim of this research was to produce collagen variants which can be utilized to produce a
customizable ECM. Utilizing native ECM components makes decoupling of properties, such as
stiffness and functional site concentration, difficult. To modulate the stiffness of native ECM protein
hydrogels, typically the concentration of the proteins used is modified. However, modifying the
protein concentration also changes the concentration of functional sites within the hydrogel, which
makes it impossible to separate the effects of stiffness from the concentration of these functional
sites. The production of collagen variants containing different numbers of non-native cysteines
allowed for the formulation of collagen hydrogels of varying stiffness while holding the concentration
of protein constant, decoupling the properties of stiffness and functional site concentrations. The
recombinant collagen was tolerant of significant changes throughout the length of the triple-helical
region with mutations of up to 44 amino acids in rCol-4C4G, while retaining triple-helical
conformation and thermostability near physiological temperature. The non-native cysteines also

functioned as sites for specific covalent conjugation of growth factors.

Modulation of cellular adhesion was achieved through the introduction of the integrin
binding sequence GFOGER to the non-cell supporting collagen variant rCol-0G, which had the top
a2B1 binding sequences removed. The modular collagen platform allows for precise control of the
number and location of bioactive sites. The location of the introduced GFOGER within the triple-
helical region had an effect on the adhesion capability of the variant, with rCol-1G supporting
approximately 30% of the cells that rCol-4G supported. This reduced adhesion showed the
importance that the location of the introduced functionality within the polymer can have.
Introduction of GFOGER sequences could potentially be replaced by alternative functional peptide

sequences to modulate other cellular processes.
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A strength of the modular collagen platform is the ability to mix-and-match fragments
together when assembling the full-length gene. The previous examples utilized mixing together
fragments containing one type of functionality. However, multiple functionalities were also
introduced into the same collagen variant at defined locations and quantities to control distinct
properties of the resultant hydrogels. By combining non-native cysteines and GFOGER sequences, the
functionality of GFOGER within the context of full length collagen was examined in three-dimensional
cell culture conditions. As expected, encapsulated normal human lung fibroblasts did not spread in
the hydrogels formed with collagen variants that had native a2f1 binding sequences removed, while
introduction of even a single GFOGER allowed for the cells to spread within the matrix. Hydrogels
contracted when cultured at 37°C, which obfuscated any potential tubule formation within the gels.
Overall, this research demonstrated the ability to produce a library of collagen variants with

functionalities at varying locations to produce a customizable ECM to guide cell fate.

5.2 Future Directions

We were successfully able to culture cells in 3D within collagen variant hydrogels. However,
encapsulation of cells within collagen variants exhibited challenges of gel contraction and
reproducibility. This may be due to the low stiffness and protein concentrations of the hydrogels
formed. Hydrogels formed at concentrations of 4 mg/mL yielded gels with stiffness of approximately
50 Pa. Other studies utilizing hydrogels at stiffness within this range did not yield significant tubule
formation [1]. To increase hydrogel stiffness, variants containing additional cysteines (> 4) could be
produced. However, one major limitation is the overall amount of collagen produced and the
purification of these variants. Other studies utilizing recombinant elastin have used concentrations
upwards of 100 mg/mL [2]. With our current protein expression and purification protocols, these
concentrations would require at least 20 L of yeast culture to produce 100 pl of 100 mg/mL protein.
Therefore, future directions should include the optimization of the protein expression system and/or

development of a more scalable purification procedure.
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By switching expression of cultures from shake flasks to larger volume bioreactors, the time
requirement for growing larger volumes would be reduced. At the moment we can grow up to 8 L of
culture at a time, requiring multiple rounds of expression for greater than 8 L of culture. However,
the next bottleneck arises quickly in the purification pipeline. At the current time, the rate limiting
steps of purification are cell lysis utilizing the French press and centrifugation of cell lysate. The
French press can process approximately 6 g of wet cell pellet per hour. With each L of culture yielding
6 g, processing 20 L would require 20 h. A new method to lyse the cell pellets would need to be
investigated. Larger capacity centrifuges would also be necessary to process the increased volume of

cell lysate. Both of these solutions may require large capital investments.

An alternative strategy to improve the collagen yields necessary would be to increase the
amount of collagen expressed on a per cell basis. For the studies in this thesis, we utilized the GAL1
promoter for the expression of the recombinant collagen gene as well as the hydroxylase genes. It is
possible that further strain engineering or optimizing expression conditions would increase yield.
Production of recombinant collagen in Pichia pastoris has been reported as high as 1.5 g/L, though
this is likely due to growing cultures to much higher densities (>500 g/L wet cell weight) rather than
higher protein expression per cell [3]. These yields would still be approximately 30 times higher per

wet cell weight than our current system.

Although the stiffness of hydrogels formed in this thesis may be low for vasculogenesis
assays, the stiffness range may work well for neural applications. Brain tissue have moduli of ~300-
500 Pa [4,5]. Neurons have also been shown to thrive on softer substrates of ~ 50-350 Pa [6].
Furthermore, the concentration of the integrin binding motif RGD has been shown to have an effect
on neural differentiation [7]. [t may be possible that the effects on differentiation may also occur with
modulations of GFOGER concentrations. Initial tests to encapsulate human neural stem/progenitor

cells proved elusive with the gels not holding shape when media was applied. However, with higher
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yields or reduced hydrogel volume requirements, additional gelation conditions can be tested in
future studies. Our group has previously synthesized collagen variants containing the pentapeptide
IKVAV from laminin [8]. IKVAV has been shown affect neurite extension, migration, and neural stem
cell differentiation [9,10]. With the successful encapsulation of neural stem/progenitor cells, it would
be possible to test the effects of GFOGER or other functional peptide sequences such as IKVAV within
the context of collagen in 3D. This could perhaps yield substrates that can be further used for neural

repair applications such as spinal cord injury.

Within this work, we investigated the use of non-native cysteines to form and control
hydrogel stiffness, as well as to immobilize growth factors. We also investigated the ability to
modulate integrin binding motifs. Another aspect of the ECM which has been shown to direct cell fate
is degradation rate. Vascular invasion has been observed to increase with increasing concentration
of MMP sensitive substrates within hydrogels [11]. Our research group has also produced variants in
which the number and location of MMP sensitive sequences across the polymer is varied from zero
to 3 [12]. One future direction would be to further test the effects of MMP sequences within the
context of collagen on vasculogenesis or other cell fate processes. It is possible to introduce other
bioactive sequences in our modular collagen system and test their functionality within the context of
full length collagen. The fact that the introduction of IKVAV, which disrupts the Gly-X-Y tripeptide
repeat, did not destabilize the collagen triple-helix opens the door to test other functional sequences
that don’t natively appear in collagen. Combining multiple bioactive sequences could result in a

highly tunable cellular microenvironment.

Another aspect which was not investigated within this thesis was the ability to form fibrils
utilizing recombinant collagen variants. Hydrogels formed from native collagen are formed by the
assembly of collagen proteins into fibrils. In fact, it has been shown that neurite outgrowth orients

itself along collagen fibers [13]. An initial test to induce fibril formation of rCol yielded the formation
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of elongated structures. Testing of additional salt and pH conditions will be necessary to find the
proper parameters to form fibrils. Changes to the purification procedure may also be needed. The
telopeptides flanking the collagen triple-helical domain are involved in fibril formation [14,15].
Pepsin digestion of yeast background proteins and the collagen pro-peptides may need to be
controlled or removed to ensure the integrity of the telopeptides. Previous groups have successfully
imaged microfibril formation from recombinant collagen produced in P. pastoris which had been
pepsin treated [16]. Therefore, it should be possible to achieve this with our system. With the
formation of fibrils, PEG crosslinkers to form hydrogels from our collagen variants would no longer
be required. Fibril formed hydrogels would better mimic those formed by native collagen and

provide additional properties to modulate, such as fibril diameter, to control cell fate.
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Appendix A: Supplementary Figures

Parts of this chapter are reprinted from Biomaterials, Vol 53, Richard A. Que, Sam Wei Polly Chan,
Abeer M. Jabaiah, Richard H. Lathrop, Nancy A. Da Silva, Szu-Wen Wang, Tuning cellular response
by modular design of bioactive domains in collagen, 309-317, 2015, with permission from Elsevier
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Figure A3-1: SDS-PAGE of purified recombinant collagen mutants and native (commercial)

human collagen III. Single distinct bands of the recombinant proteins show purity, with bands
running at the same molecular weight as the hCIII controls.
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Figure A3-2: CD spectra of recombinant collagen variants confirm triple-helical structure of
each mutant. Spectra are of variants (a) rCol; (b) rCol-0G; (c) rCol-1G-1; (d) rCol-1G-8; (e) rCol-
1G-11; (f) rCol-2G-1,4; (g) rCol-2G-1,8; (h) rCol-2G-8,11; and (i) rCol-4G.
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Figure A3-3: Representative first derivative spectrum of recombinant collagen variant rCol-
4G. The melting temperatures (Tm) obtained using first derivative analysis also yields 35.6 + 0.8°C
for rCol-4G, which is equivalent to the results from the method described by Greenfield [34].
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Figure A3-4: An alkaline phosphatase assay was used to assess the amount of surface-
adsorbed collagen on the surface of the polystyrene plates [22]. Data confirm that all variants
were present at saturation levels and at amounts comparable to one another. Data are reported as
average and standard deviation (N=3).
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Figure A3-5: Alternate plot of fluorescence measurements quantifying the relative number
of cells on surfaces coated with solutions of 0.3 - 20 pg/ml binding collagen (rCol-1G-8, rCol-
4G, and hCol I) diluted in non-binding collagen (rCol-0G). Total protein concentrations
(binding + non-binding collagens) are 20 pg/ml. Fluorescence values are normalized to average for
20 pg/ml hCol I. Mean = S.E.-M
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ang Sequence AR#

Native 1 MMSFVQKGSWLLLALLHPTITLAQQEAVEGGCSHLGQS YADRDVWKPEPCQICVCDSGSV &0
rCol-0G
rCol-4G
Native 61 LCDDIICDDQELDCPNPEI PFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRN 120
rCol-0G
rCol-4G
Hative 121 GDPGIPGQPGS PGSPGPPGICESCPTGPONY SPQYDSYDVKSGVAVGGLAGY PGPAGPPG 180
rCol-0G
rCol-4G

[PF 11
Native 181 PPGPPGTSGHPGS PGS PGYQGPPGEPGOAGPSGPPGPPGATGPSGPAGKDGESGRPGRPG 240
rCol-0G 5
rCol-4G ER F
Native 241 ERGLPGPPGIKGPAGI PGFPGMKGHRGE DGRNGEKGETGAPGLKGENGLEGENGAPGPMG 300
rCol-0G GK SP GK 8§ GK
rCol-4G vQ SP GK 5 GK
Native 301 PRGAPGERGRPGLPGARGARGNDGARGS DGQPGPPGPPGTAGF PGSPGAKGEVGPAGSPG 360
rCol-0G 8 GK
rCol-4G s GK
Hative 361 SNGAPGQRGEPGPQGHAGAQGPPGPPGINGS PGGKGEMGPAGT PGAPGLMGARGPPGPAG 420
rCol-0G
rCol-4G

[PF 4]
Native 421 ANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGT PGVPGAKGEDGKDGSEGEPGANGLEG 480
rCol-0G
rCol-4G ER
Native 481 ARGERGAPGFRGPAGPNGI PGEKGPAGERGAPGPAGPRGARGEPGRDGVEGGPGMRGMPG 540
rCol-0G
rCol-4G FP Vg
Native 541 SPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGOPGVMGF PGPKGNDGAPGKNGERGGPG €00

601 GPGPQGPPGKNGETGPQGP PGPTGPGEDKGDTGPPGPQGLQGLPGTGGPPGENGKPGEPG 660
Native 661 PKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGEPGPEGGKGARGE PGPPGARG 720
rCol-0G 5 GK
rCol-4G 5 GK
Native 721 TPGLOGMPGERGGLGS PGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG 780
rCol-0G 5 GK
rCol-4G s GK

[BF 71
Native 781 EGGAPGLPGIAGPRGS PGERGETGPPGPAGF PGAPGONGEPGGKGERGAPGEKGEGGPPG 840
R FP v
Native 841 VAGPPGGSGPAGPPGPOGVKGERGS PGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPG 300
rcol-0G
rCol-4G
Hative a01 KDGEPPGPAGNTGAPGS PGVSGPKGDAG)PGEKGS PGARGPPGAPGPLGIAGITGARGLAG 960
rCol-0G
rcol-4G
Hative 961 PPGMPGPRGS PGPQGVKGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDG 1020
rCol-0G
rCol-4G
[PF 11]

Native 1021 LPGRDGSPGGKGDRGENGS PGAPGAPGHEGPPGPVGPAGKSGDRGESGPAGPAGAPGPAG 1080
rCol-0G
rCol-4G ER FP E VQ
Hative 1081 SRGAPGPQGPRGDEGETGERGAAGIKGHRGF PGNPGAPGSPGPAGONGALGSPGPAGPRG 1140
rCol-0G
rCol-4G
Hative 1141 PVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGE PGHPGQPGPPGPPGAPGPCCGGY 1200
rCol-0G
rCol-4G
Native 1201 GARATAGIGGEKAGGFAPYYGDEPMDFKINTDE IMTSLKSVNGQIESLISPDGSRENPAR 1260
rCol-0G
rCol-4G
Native 1261 NCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGETCISANPLNVERKHWWTDSS 1320
rCol-0G
rcol-4G
Hative 1321 AEKKHVWFGESMDGGEQF SYGNPELPEDVLDVQLAFLELLS SRASQNITYHCKNS IAYMD 1380
rCol-0G
rCol-4G
Hative 1381 QASGNVKKALKLMGSNEGEFKAEGNSKETY TVLEDGCTKHTGEWSKTVEFEYRTRKAVRLP 1440
rCol-0G
rCol-4G
Native 1441 IVDIAPYDIGGPDQEFGVDVGPVCFL 1467
rCol-0G
rCol-4G

Figure A3-6: Amino acid sequences of native human collagen (top line) and collagen variants
rCol-0G and rCol-4G. Changes to the collagen sequence is shown below the native sequence.
Removal of native integrin binding sites in rCol-0G are in PF 1, 2, 6, and 7. Introduction of GFOGER
sitesarein PF 1,4, 8,and 11.
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Table A3-1: Oligonucleotides used in synthesis of genes encoding the triple-helical region of
collagen variants rCol-0G and rCol-1G-1. Refer to Chan et al. [12] for sequences encoding rCol
and the N- and C- termini.

a. Oligonucleotides used for primary fragment 1 of rCol-0G:

Oligo #

Sequence

5'-CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGT-3'

5'-ACCAGCGGGACCTGGATAACCAGCTAGCCCACCAACAGCAACACCAGATTTGACGTCGTA-3'

5'-GGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACA-3'

5'-TGGTGAACCGGGTGAGCCAGGATGTCCAGATGTACCTGGTGGACCAGGCGGTCCGGGAGG-3'

5'-TCTGGACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACA-3'

5'-TGGCGGACCAGGAGGACCACTTGGACCAGCTTGTCCGGGCTCACCAGGTGGACCTTGATAACC-3'

5'-AGCTGGTCCAAGTGGTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTA-3'

5'-GGACTCCCTGGTCTACCAGATTCACCATCCTTACCGGCTGGACCAGATGGACCGATAGCTCC-3'

||| D] WIN| =

5'-AGGATGGTGAATCTGGTAGACCAGGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGA-3'

[uny
(=)

5'-AAAACCTGGTATTCCCGCAGGGCCTTTTATTCCAGGTGGACCTGGCAAGCCTTTGCCGCCT-3'

[y
[y

5'-ATAAAAGGCCCTGCGGGAATACCAGGTTTTCCTGGCATGAAAGGTCACAGAGGTTTTGATGGT-3'

[N
[\

5'-AGCACCAGTTTCACCCTTTTCGCCATTTCTACCATCAAAACCTCTGTGACCTTTCATGCCAGG-3

b. Oligonucleotides used for primary fragment 2 of rCol-0G:

Oligo #

Sequence

5'-ATAAAAGGCCCTGCGGGAATACCAGGTTTTCCTGGCATGAAAGGTCACAGAGGTTTTGATGGT-3'

5'-AGCACCAGTTTCACCCTTTTCGCCATTTCTACCATCAAAACCTCTGTGACCTTTCATGCCAGG-3

5'-AGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCGCCAGGTGGTAAGGGTTCGCCAGGA-3'

5'-TGGACCCATTGGGCCTGGAGCTCCCTTTCCTCCTGGCGAACCCTTACCACCTGGCGATCCAGG-3'

5'-GGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCGGTAAAGGTAGACCTGGT-3'

5'-ATTACCACGGGCACCGGCTGCTCCTGGCAAACCAGGTCTACCTTTACCGCCTGGTGAACCCCT-3'

5'-TTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGGACAACCTGGC-3'

5'-AAAGCCAGCTGTTCCAGGTGGTCCAGGTGGGCCAGGTTGTCCGTCAGATCCTCTAGCACCATC-3'

O[S |[W|IN]| =

5'-CCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGG-3'

=
(=)

5'-AGCACCATTTGAACCGGGTGAACCTGCTGGACCAACTTCACCTTTGGCGCCGGGACTGCCAGG-3'

c. Oligonucleotides used for primary fragment 3 of rCol-0G:

Oligo #

Sequence

5'-CCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGG-3'

5'-AGCACCATTTGAACCGGGTGAACCTGCTGGACCAACTTCACCTTTGGCGCCGGGACTGCCAGG-3'

5'-TCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGG-3'

5'-GGACCGGGAGGACCTTGAGCACCAGCATGACCCTGAGGTCCGGGTTCTCCCCTTTGTCCAGG-3'

5'-GTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAA-3'

5'-CACCAGGTATTCCGGCAGGACCCATTTCGCCTTTACCTCCTGGGCTACCGTTAATTCCGGGT-3'

5'-GGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCT-3'

5'-GACCTGGAGCACCGTTAGCTCCAGCTGGACCAGGAGGGCCTCTCGCACCCATTAAGCCTGGAG-3'

O| X[ I[N UT| DW=

5'-GGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAA-3'

—_
o

5'-TCCCCTTGGTCCGGGTTCGCCTTTAGCACCATTCTTTCCTGGTTCACCGGCTCCACCTCTTA-3'
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d. Oligonucleotides used for primary fragment 4 of rCol-0G:

Oligo #

Sequence

5'-GGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAA-3'

5'-TCCCCTTGGTCCGGGTTCGCCTTTAGCACCATTCTTTCCTGGTTCACCGGCTCCACCTCTTA-3'

5'-TGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATACCCGGAGTAC-3'

5'-CCATCTTTGCCATCCTCACCTTTAGCACCGGGTACTCCGGGTATGCCGGCTTCTCCACGTTC-3'

5'-CCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAATGGATTG-3'

5'-CAGGAGCTCCTCTTTCGCCTGCAGCACCAGGCAATCCATTAGCCCCAGGCTCACCAGGGGAA-3'

5'-CCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATGGAATA-3'

5'-CTCTTTCACCTGCTGGGCCTTTTTCACCTGGTATTCCATTTGGTCCTGCGGGTCCTCTGAATC-3'

O| X[ I[N |UT| D] W[ =

5'-CCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGAGC-3'

[N
(=)

5'-TGGAACTCCATCTCTGCCGGGTTCTCCTGCTGCTCCACGTGGTCCGGCCGGTCCGGGCGCAC-3'

e. Oligonucleotides used for primary fragment 5 of rCol-0G:

Oligo #

Sequence

5'-CCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGAGC-3'

5'-TGGAACTCCATCTCTGCCGGGTTCTCCTGCTGCTCCACGTGGTCCGGCCGGTCCGGGCGCAC-3'

5'-AGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTT-3'

5'-GGTTTACCATCAGATCCAGGACCACCTGGCGAACCTGGCATACCTCTCATTCCTGGACCTCC-3'

5'-CGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGC-3'

5'-TTGGTCCTGAGGGGCCAGGAGGACCGGGTCTGCCTGACTCACCTTGGCTTCCCGGTGGACCG-3'

5'-AGACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGC-3'

5'-TTTTACCAGGTGCGCCATCGTTGCCTTTTGGGCCAGGAAAGCCCATAACTCCTGGTTGACCCC-3'

O| 0[]V DW=

5'-CCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGG-3'

[uny
(=)

5'-TTCACCATTCTTTCCAGGAGGTCCTTGTGGGCCGGGACCACCGGGTCCGCCTCTTTCACCAT-3'

f. Oligonucleotides used for primary fragment 6 of rCol-0G:

Oligo #

Sequence

5'-CCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGG-3'

5'-TTCACCATTCTTTCCAGGAGGTCCTTGTGGGCCGGGACCACCGGGTCCGCCTCTTTCACCAT-3'

5'-CCCACAAGGACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAG-3'

5'-GGTCCGGTATCACCTTTGTCTCCACCTGGACCTGTTGGGCCGGGTGGCCCTTGTGGTCCTGT-3'

5'-GTCCAGGTGGAGACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCT-3'

5'-TACCATTCTCTCCGGGAGGTCCTCCTGTACCAGGTAGTCCTTGCAATCCTTGGGGTCCAGGT-3'

5'-GGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCT-3'

5'-CACCTTTTCCACCCGGAGCTCCTGGAGCTCCAGCATCACCTTTTGGACCAGGTTCACCTGGTT-3'

O| 0[] U DW=

5'-GGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAAAAGGTCCACC-3'

—_
o

5'-TCCTCTCAATCCTGGTGCTCCTGCCAAACCTGGTGGACCTTTTCCACCAGGACTACCTGCAT-3'
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g. Oligonucleotides used for primary fragment 7 of rCol-0G:

Oligo #

Sequence

5'-GGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAAAAGGTCCACC-3'

5'-TCCTCTCAATCCTGGTGCTCCTGCCAAACCTGGTGGACCTTTTCCACCAGGACTACCTGCAT-3'

5'-AGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTA-3'

5'-CCAGGAGGACCAGGTGGTCCTGCAGCTCCTTTACCTCCTTCGGGACCAGGTGGACCAGCTCC-3'

5'-AAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCG-3'

5'-CGGGTGAACCCAAACCGCCTTTGCCACCAGGCGAACCTTGCAAACCTGGAGTCCCGGCAGCA-3'

5'-CCTGGTGGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGT-3'

5'-CATCTTTACCGGGAACACCGTCTGCGCCAGGACCACCAGGTTCACCCTTATCACCTTTTGGTC-3'

O| X[ I[N |UT| D] W[ =

5'-CCTGGCGCAGACGGTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACC-3'

[N
(=)

5'-TTTATCACCAGGCTGACCTGCGGGTCCGGGAGGTCCAATTGGTCCAGTTGGTCCTCTGGGAC-3'

h. Oligonucleotides used for primary fragment 8 of rCol-0G:

Oligo #

Sequence

5'-CCTGGCGCAGACGGTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACC-3'

5'-TTTATCACCAGGCTGACCTGCGGGTCCGGGAGGTCCAATTGGTCCAGTTGGTCCTCTGGGAC-3'

5'-TCCCGGACCCGCAGGTCAGCCTGGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAA-3'

5'-CTTTCACCTGGACTACCCCTTGGGCCAGCAATTCCTGGTAATCCGGGTGCACCACCTTCACC-3'

5'-TTGCTGGCCCAAGGGGTAGTCCAGGTGAAAGGGGAGAAACAGGTCCACCAGGCCCAGCTGGA-3'

5'-GCTCACCATTTTGTCCAGGGGCACCTGGGAATCCAGCTGGGCCTGGTGGACCTGTTTCTCCC-3'

5'-TTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGTAAAGGTGAAAGAGGGGCTCCAGGC-3'

5'-CAACTCCTGGTGGTCCACCCTCTCCTTTTTCGCCTGGAGCCCCTCTTTCACCTTTACCACCAG-3'

O| X[ I[N |UT| D | W[ =

5'-GAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTTCCGGACCAGCAGG-3'

[N
(=)

5'-TTCTCCTTTAACACCCTGGGGACCCGGAGGTCCTGCTGGTCCGGAACCTCCTGGTGGACCTG-3'

i. Oligonucleotides used for primary fragment 9 of rCol-0G:

Oligo #

Sequence

5'-GAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTTCCGGACCAGCAGG-3'

5'-TTCTCCTTTAACACCCTGGGGACCCGGAGGTCCTGCTGGTCCGGAACCTCCTGGTGGACCTG-3'

5'-ACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAGCCGCTG-3'

5'-GGTCCTGGCAATCCCCTAGCTCCTGGAAAACCAGCGGCTCCTGGACCTCCAGGAGAACCTCT-3'

5'-GTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCC-3'

5'-GGACCGTCTTTACCAGGAGATCCAGAAGGACCGGGTGGTCCAGGATTACCATTAGATCCGGGC-3'

5'-GGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCG-3'

5'-TCTCCCTTTGGTCCAGATACACCGGGTGAACCCGGTGCACCAGTATTTCCCGCCGGTCCAGGT-3'

O| 0[] U DW=

5'-GGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCA-3'

—_
o

5'-GCCTGGTGCGCCGGGCGGACCCTGAGCTCCTGGTGAACCTTTTTCACCGGGTTGACCAGCA-3'
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j- Oligonucleotides used for primary fragment 10 of rCol-0G:

Oligo #

Sequence

5'-GGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCA-3'

5'-GCCTGGTGCGCCGGGCGGACCCTGAGCTCCTGGTGAACCTTTTTCACCGGGTTGACCAGCA-3'

5'-GGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGG-3'

5'-ACCTGGCATGCCTGGCGGTCCAGCCAAGCCCCTAGCACCAGTAATTCCAGCTATTCCCAACGG-3'

5'-GGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAA-3'

5'-ACCATTAGCACCTGGTTTTCCTGACTCGCCTTTAACGCCTTGTGGACCTGGACTGCCCCTAGG-3'

5'-GGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTCCGCCTGGGCCTCAG-3'

5'-ACCAGCAGTACCAGCCAATCCAGGCAAACCCTGAGGCCCAGGCGGACCTCTTTCTCCCGATAA-3'

O| X[ I[N |UT| D] W[ =

5'-GGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAATCCCGGTTCTGAT-3'

[N
(=)

5'-ACCAGGGGATCCGTCCCTGCCGGGTAATCCATCAGAACCGGGATTACCATCTCTACCTGGCTC-3'

k. Oligonucleotides used for primary fragment 11 of rCol-0G:

Oligo #

Sequence

5'-GGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAATCCCGGTTCTGAT-3'

5'-ACCAGGGGATCCGTCCCTGCCGGGTAATCCATCAGAACCGGGATTACCATCTCTACCTGGCTC-3'

5'-GGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAAATGGTTCCCCA-3'

5'-TCCCGGATGCCCTGGAGCACCGGGAGCACCTGGGGAACCATTTTCACCTCTATCTCCCTTGCC-3'

5'-GGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGGCAAATC-3'

5'-ACCTGCAGGACCTGACTCTCCTCTATCACCAGATTTGCCGGCTGGTCCTACAGGACCGGGAGG-3'

5'-TGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCT-3'

5'-ACCTCTAGGGCCTTGGGGACCTGGTGCACCCCTAGATCCGGCGGGGCCAGGAGCTCCTGCGGG-3'

O| X[ I[N |UT| D | W[ =

5'-AGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCT-3'

[N
(=)

5'-ACCTGGAAAGCCTCTATGACCTTTAATGCCCGCAGCACCTCTCTCACCTGTTTCACCCTTGTC-3'

1. Oligonucleotides used for primary fragment 12 of rCol-0G:

Oligo #

Sequence

5'-AGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCT-3'

5'-ACCTGGAAAGCCTCTATGACCTTTAATGCCCGCAGCACCTCTCTCACCTGTTTCACCCTTGTC-3'

5'-GCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCA-3'

5'-GCCAGGACTACCAATAGCACCTTGTTGACCAGCTGGTCCAGGACTACCAGGTGCACCAGGATT-3'

5'-GCTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCA-3'

5'-ACCAGAAGTTCCATCTTTACCAGGTGGTCCGCTTGGTCCAACTGGTCCACGAGGACCTGCAGG-3'

5'-AGCGGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCA-3'

5'-ACCTTCAGAGCCTCTTTCTCCTCTATTGCCCCTTGGTCCAGGAGGACCTATTGGACCTGGATG-3'

O[N] |[WIN] =

5'-AGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCT-3'

=
=)

5'-ACAGGGCCCCGGAGCACCTGGTGGTCCAGGAGGTCCTGGCTGTCCTGGATGACCAGGGCT-3'

—_
—_

5'-CCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCT-3'

—_
N

5'-GAATCCACCAGCTTTTTCACCGCCGATGCCAGCAATAGCAGCAGCACCAACACCACCACA-3'
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m. Oligonucleotides used for primary fragment 1 of rCol-1G-1:

Oligo # | Sequence

5'-CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGT-3'

5'-ACCAGCGGGACCTGGATAACCAGCTAGCCCACCAACAGCAACACCAGATTTGACGTCGTA-3'

5'-GGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACA-3'

5'-TGGTGAACCGGGTGAGCCAGGATGTCCAGATGTACCTGGTGGACCAGGCGGTCCGGGAGG-3'

5'-TCTGGACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACA-3'

5'-TGGCGGACCAGGAGGACCACTTGGACCAGCTTGTCCGGGCTCACCAGGTGGACCTTGATAACC-3'

5'-AGCTGGTCCAAGTGGTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTA-3'

5'-GGAAAGCCTCTTTCGCCAGATTCACCATCCTTACCGGCTGGACCAGATGGACCGATAGCTCC-3'

OO0 | N[ W|IN| -

5'-AGGATGGTGAATCTGGCGAAAGAGGCTTTCCTGGTGAAAGAGGTGTTCAGGGTCCACCTGGA-3'

[N
(=)

5'-AAAACCTGGTATTCCCGCAGGGCCTTTTATTCCAGGTGGACCCTGAACACCTCTTTCACCA-3'

[E
[E

5'-ATAAAAGGCCCTGCGGGAATACCAGGTTTTCCTGGCATGAAAGGTCACAGAGGTTTTGATGGT-3'

Uy
N

5'-AGCACCAGTTTCACCCTTTTCGCCATTTCTACCATCAAAACCTCTGTGACCTTTCATGCCAGG-3'
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Table A3-2: Primers used in site-directed mutagenesis of the collagen variants.

Mutation Primers

Primary
Sequence

Fragment

5'- GTTTTCCAGGAGAAAGAGGCGTTCAGGGATTCAGAGGACCCGCAGGACCAAATGGAATAC -3'
PF4G

5'- CCTCTTTCTCCTGGAAAACCCCTCTCACCATTAGCCCCAGGCTCACCAGGGGAACCATC -3'

5'- GTTTTCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTG -3'
PF8G

5'- CGTTCACCGGGAAAACCTCTTTCTCCATTTTGTCCAGGGGCACCTGGGAATCCAGCTGGG -3

5'- CGTGGCTTTCCAGGAGAGAGAGGTGTTCAAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGC -3
PF11G

5'- CTCTCTCCTGGAAAGCCACGTTCGCCTACAGGACCGGGAGGTCCCGGATGCCCTGGAGC
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A.2 Collagen Variant DNA and Protein Sequences
A.2.1 Cysteine Variant DNA Sequences

A.2.1.1 rCol-2C DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGTTTA
AAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGGTGCTCCAGGAG
AGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAATGTGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAA
CGTGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGG
TAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAG
AGAGAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTTGTCCTGGCGCAGACGG
TGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTG
GTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAG
GGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGTA
AAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGG
TTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAG
CCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGT
CCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCGG
TGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCG
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GCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCA
GGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTAT
CGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGA
GATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTG
AAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGGC
AAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGG
TGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAA
GGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTAT
TGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACTT
CTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAG
CCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTG
GTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCC
ATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGT
TGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAA
TTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTA
ACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGAT
AGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTA
ATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCG
CAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAAGG
CATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACTGT
TCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGAAG
GCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTG
ATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.1.2 rCol-4C DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAtgTGGTCCAAGTGG
TCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAG
GCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGTTTAA
AAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGGTGCTCCAGGAGA
GAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGGA
CAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGG
TCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTG
GTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTtGtCCAGGAGGTAAAGGCGAAATGGGTCCTGCCG
GAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCA
GGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAAC
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GTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGA
GCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGAC
CAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCA
GGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCCTCC
TGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCGCAC
CTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGA
AACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTGGAC
CCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACCTGG
TCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGT
GGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTA
AAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAG
AGAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTG
TTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGT
GATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAGGG
GAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGTAAA
GGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTT
CCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAGCC
GCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGTCC
TTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCGGTG
TATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGC
GCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGG
TCCTAGGGGCtGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGG
GAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGA
TGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAA
AATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGGCAA
ATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGGTG
CACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAAGG
TCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTATTG
GTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAtgTGGAACTTCTG
GTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCC
TGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTG
CTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATG
GACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGA
TTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTA
AAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACA
TGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGATAGT
TCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTAATC
CAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCGCAG
AATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAAGGCAT
TAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACTGTTCT
GGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGAAGGCT
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GTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATG
TTGGTCCGGTTTGTTTCTTGtaa

A.2.1.3 rCol-6C DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAtgTGGTCCAAGTGG
TCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAG
GCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGTTTAA
AAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGGTGCTCCAGGAGA
GAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGGA
CAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGG
TCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTG
GTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTtGtCCAGGAGGTAAAGGCGAAATGGGTCCTGCCG
GAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCA
GGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAAC
GTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGA
GCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGAC
CAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCA
GGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCCTCC
TGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCGCAC
CTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGA
AACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATtgtGGACCACCTGGACC
CCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGT
CCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTG
GTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAA
AGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGA
GAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGT
TCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTG
ATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTtGTCCAGGTGAAAGGGGA
GAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGTAAAGG
TGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTTCC
GGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAGCCGC
TGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGTCCTT
CTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTA
TCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGC
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ACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTC
CTAGGGGCtGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGA
GAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATG
GTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAAA
TGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGGCAAAT
CTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGGTGCA
CCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAAGGTC
ATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTATTGGT
AGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAtgTGGAACTTCTGGT
CATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTG
GTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCT
GCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGA
CTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATT
TCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAA
ATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACATG
GAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGATAGTTC
TGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTAATCCA
GAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCGCAGA
ATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAAGGCATT
AAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACTGTTCTG
GAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTG
TGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGT
TGGTCCGGTTTGTTTCTTGtaa

A.2.1.4 rCol-8C DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAtgTGGTCCAAGTGG
TCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAG
GCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGTTTAA
AAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGGTGCTCCAGGAGA
GAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGGA
CAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGG
TCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTG
GTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTtGtCCAGGAGGTAAAGGCGAAATGGGTCCTGCCG
GAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCA
GGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAAC
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GTGGAGAAtgtGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAG
CCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACC
AAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGA
GCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCAG
GTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCCTCCT
GGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCGCACC
TGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGAA
ACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATtgtGGACCACCTGGACCC
CAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTC
CAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGG
TCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAA
GGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAG
AGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTC
CCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGAT
AAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTtGTCCAGGTGAAAGGGGAG
AAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGTAAAGGT
GAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTTCCG
GACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAGCCGCT
GGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGTCCTTC
TGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTAT
CTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCA
CCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCC
TAGGGGCtGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAG
AAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGT
AATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAAATG
GTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTtgtGGACCAGCCGGCAAATCTGG
TGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGGTGCACCAG
GTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAAGGTCATAG
AGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTATTGGTAGTC
CTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAtgTGGAACTTCTGGTCATC
CAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCA
TCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTG
CTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTT
AAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCAC
CCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCC
GGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACATGGAAA
CTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGATAGTTCTGCT
GAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTAATCCAGAAT
TGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCGCAGAATATA
ACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAAGGCATTAAAGT
TGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACTGTTCTGGAGGA
TGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGA
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TTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCC
GGTTTGTTTCTTGtaa

A.2.2 Cysteine Variant Protein Sequences

A.2.2.1 rCol-2C Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGLKGENGL
PGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGECGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGCPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.2.2 rCol-4C Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGLKGENGL
PGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDK
GEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGP
AGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSG
PKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGER
GPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
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PAGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.2.3 rCol-6C Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGLKGENGL
PGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDCGPPGPQGL
QGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGAA
GPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKGE
GGAPGLPGIAGPRGCPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPAG
PPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGPK
GDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGERGP
PGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGDR
GESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGP
AGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAG
IGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWV
DPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPED
VLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTK
HTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.2.4 rCol-8C Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGLKGENGL
PGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGECGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDCGPPGPQGL
QGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGAA
GPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKGE
GGAPGLPGIAGPRGCPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPAG
PPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGPK
GDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGERGP
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PGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPCGPAGKSGDR
GESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGP
AGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAG
IGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWV
DPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPED
VLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTK
HTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.3 GFOGER Variant DNA Sequences

A.2.3.1 rCol-0G DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
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GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGT
AAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAG
GTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGA
GCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGG
TCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCC
GGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCC
AGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTA
TCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAG
AGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGT
GAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGG
CAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGG
GTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAA
AGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTA
TTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACT
TCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTT
GGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCC
CATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCG
TTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGA
ATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGT
AACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTG
ATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGG
TAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGT
CGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAA
GGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACT
GTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGA
AGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGT
TGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.2 rCol-1G-1 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGCGAAAGA
GGCTTTCCTGGTGAAAGAGGTGTTCAGGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
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CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGT
AAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAG
GTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGA
GCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGG
TCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCC
GGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCC
AGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTA
TCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAG
AGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGT
GAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGG
CAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGG
GTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAA
AGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTA
TTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACT
TCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTT
GGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCC
CATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCG
TTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGA
ATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGT
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AACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTG
ATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGG
TAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGT
CGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAA
GGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACT
GTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGA
AGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGT
TGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.3 rCol-1G-8 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
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GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTT
TCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGA
GGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGG
AGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCG
GTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCC
GGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGC
CCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATG
CCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTT
TATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGT
AGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAG
GTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCC
GGCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAG
GGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATT
AAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGC
TATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAA
CTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGG
TAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTG
TTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGA
GCCCATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAA
TCGTTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCC
CGAATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTC
TGTAACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGAC
TGATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTAC
GGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGC
GTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAG
AAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATA
CTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAG
GAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGG
GTTGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.4 rCol-1G-11 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
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GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGT
AAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAG
GTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGA
GCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGG
TCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCC
GGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCC
AGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTA
TCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAG
AGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGT
GAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGCGAACGTGG
CTTTCCAGGAGAGAGAGGTGTTCAAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGG
GTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAA
AGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTA
TTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACT
TCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTT
GGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCC
CATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCG
TTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGA
ATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGT
AACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTG
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ATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGG
TAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGT
CGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAA
GGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACT
GTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGA
AGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGT
TGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.5 rCol-2G-1,4 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGGGAAAGA
GGTTTCCCTGGTGAAAGGGGTGTTCAGGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGTGAGAGGGGTTTTCCAGGAGAAAGAGGCGTTCAGGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGT
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AAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAG
GTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGA
GCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGG
TCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCC
GGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCC
AGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTA
TCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAG
AGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGT
GAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGG
CAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGG
GTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAA
AGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTA
TTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACT
TCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTT
GGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCC
CATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCG
TTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGA
ATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGT
AACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTG
ATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGG
TAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGT
CGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAA
GGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACT
GTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGA
AGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGT
TGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.6 rCol-2G-1,8 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGGGAAAGA
GGTTTCCCTGGTGAAAGGGGTGTTCAGGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
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ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTT
TCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGA
GGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGG
AGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCG
GTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCC
GGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGC
CCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATG
CCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTT
TATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGT
AGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAG
GTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCC
GGCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAG
GGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATT
AAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGC
TATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAA
CTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGG
TAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTG
TTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGA
GCCCATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAA
TCGTTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCC
CGAATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTC
TGTAACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGAC
TGATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTAC
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GGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGC
GTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAG
AAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATA
CTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAG
GAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGG
GTTGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.7 rCol-2G-8,11 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTT
TCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGA
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GGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGG
AGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCG
GTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCC
GGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGC
CCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATG
CCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTT
TATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGT
AGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAG
GTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGCGAACGT
GGCTTTCCAGGAGAGAGAGGTGTTCAAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAG
GGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATT
AAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGC
TATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAA
CTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGG
TAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTG
TTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGA
GCCCATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAA
TCGTTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCC
CGAATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTC
TGTAACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGAC
TGATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTAC
GGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGC
GTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAG
AAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATA
CTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAG
GAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGG
GTTGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.3.8 rCol-4G DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGGGAAAGA
GGTTTCCCTGGTGAAAGGGGTGTTCAGGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
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GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGTGAGAGGGGTTTTCCAGGAGAAAGAGGCGTTCAGGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTT
TCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGA
GGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGG
AGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCG
GTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCC
GGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGC
CCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATG
CCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTT
TATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGT
AGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAG
GTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGCGAACGT
GGCTTTCCAGGAGAGAGAGGTGTTCAAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAG
GGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATT
AAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGC
TATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAA
CTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGG
TAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTG
TTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGA
GCCCATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAA
TCGTTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCC
CGAATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTC
TGTAACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGAC
TGATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTAC
GGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGC
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GTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAG
AAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATA
CTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAG
GAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGG
GTTGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.4 GFOGER Variant Protein Sequences

A.2.4.1 rCol-0G Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.2 rCol-1G-1 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGERGFPGERGVQGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
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KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.3 rCol-1G-8 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGERGFPGERGVQGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.4 rCol-1G-11 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
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EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGERGFPGER
GVQGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGP
AGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAG
IGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWV
DPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPED
VLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTK
HTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.5 rCol-2G-1,4 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGERGFPGERGVQGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGERGFPGERGVQGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.6 rCol-2G-1,8 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGERGFPGERGVQGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
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A.2.4.7 rCol-2G-8,11 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGERGFPGERGVQGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGERGFPGER
GVQGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGP
AGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAG
IGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWV
DPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPED
VLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTK
HTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.4.8 rCol-4G Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSGPPGP
PGAIGPSGPAGKDGESGERGFPGERGVQGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGERGFPGERGVQGFRGPAGPNGIP
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A.2.5 Cysteine-GFOGER Variant DNA Sequences

A.2.5.1 rCol-4C0G DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAATGTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTTGTCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
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TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTGGT
AAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAG
GTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGA
GCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGG
TCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCC
GGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCC
AGGTCCTAGGGGCTGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTA
TCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAG
AGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGT
GAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGG
CAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGG
GTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAA
AGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTA
TTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAATGTGGAACT
TCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTT
GGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCC
CATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCG
TTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGA
ATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGT
AACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTG
ATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGG
TAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGT
CGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAA
GGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACT
GTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGA
AGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGT
TGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.5.2 rCol-4C1G-8 DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
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TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAATGTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCA
GGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTTGTCCAGGAGGTAAAGGCGAAATGGGTCCTGC
CGGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTC
CAGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGA
ACGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAG
GACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACG
TGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCG
CCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCC
TCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCG
CACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGG
TGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTG
GACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACC
TGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGA
AAAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAG
GTAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGT
GGCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACG
GTGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCT
GGTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTT
TCCCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGA
GGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGG
AGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCG
GTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCC
GGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGC
CCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATG
CCAGGTCCTAGGGGCTGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTT
TATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGT
AGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAG
GTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCC
GGCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAG
GGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATT
AAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGC
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TATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAATGTGGAA
CTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGG
TAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTG
TTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGA
GCCCATGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAA
TCGTTGATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCC
CGAATTAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTC
TGTAACATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGAC
TGATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTAC
GGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGC
GTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAG
AAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATA
CTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAG
GAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGG
GTTGATGTTGGTCCGGTTTGTTTCTTGtaa

A.2.5.3 rCol-4C4G DNA Sequence
ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTTGGCCCA
GCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGATGTTTGGAAGCCA
GAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACATTATTTGTGACGATCAGG
AGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTGTTTGTCCGCAACCGCCCACTGCT
CCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAAGGTGATCCGGGGCCACCAGGCATACCAGG
TAGAAATGGTGACCCAGGAATACCCGGACAGCCAGGTTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTG
AGTCTTGTCCAACTGGACCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCT
GTTGGTGGGCTAGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGG
ACATCCTGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAATGTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGCGAAAGA
GGCTTCCCTGGTGAAAGAGGTGTTCAGGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCC
TGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGGATCG
CCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGGTTCACCAGGCG
GTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGCTAGAGGATCTGACGG
ACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTG
GTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCT
GGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGGTtGtCCAGGAGGTAAAGGCGAAATGGGTCCTGCC
GGAATACCTGGTGCTCCAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCC
AGGTCTAAGAGGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAA
CGTGGAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTG
AGCCTGGGGCTAATGGTGAGAGGGGTTTTCCAGGAGAAAGAGGCGTTCAGGGATTCAGAGGACCCGCAGG
ACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGT
GGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGC
CAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGGTCCT
CCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCAACGATGGCGC
ACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGT
GAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACAAAGGTGATACCGGACCACCTGG
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ACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCCGGAGAGAATGGTAAACCAGGTGAACCT
GGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAA
AAGGTCCACCAGGTTTGGCAGGAGCACCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGG
TAAAGGAGCTGCAGGACCACCTGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGTG
GCAAAGGCGGTTTGGGTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGG
TGTTCCCGGTAAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTG
GTGATAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAG
GGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGAGAAAGAGGTTTTC
CCGGTGAACGTGGGGTACAAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGG
TTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAG
CCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGT
CCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCGG
TGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCG
GCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCA
GGTCCTAGGGGCtGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATC
GGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGA
GATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTG
AAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGCGAACGTGGC
TTTCCAGGAGAGAGAGGTGTTCAAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGG
TGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAA
GGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTAT
TGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAtgTGGAACTTC
TGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTAGC
CCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGG
TGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCA
TGGACTTTAAGATTAATACGGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTT
GATTTCACCCGATGGTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAAT
TAAAATCCGGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAA
CATGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGATA
GTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTAA
TCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCGC
AGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAAGAAGGC
ATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTCACCTATACTGTT
CTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCGAATACAGAACGAGGAAGG
CTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGA
TGTTGGTCCGGTTTGTTTCTTGtaa

A.2.6 Cysteine-GFOGER Variant Protein Sequences

A.2.6.1 rCol-4C0G Protein Sequence

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
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PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.6.2 rCol-4C1G-8 Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGERGFPGERGVQGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGD
RGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPG
PAGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIA
GIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYW
VDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPE
DVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCT
KHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL

A.2.6.3 rCol-4C4G Protein Sequence
MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDIICDDQEL
DCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSPGSPGPPGICESCP
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TGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQCGPSGPPGP
PGAIGPSGPAGKDGESGERGFPGERGVQGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETGAPGSPGGKGS
PGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGFPGSPGAKGEVGPAGSP
GSNGAPGQRGEPGPQGHAGAQGPPGPPGINGCPGGKGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRG
GAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGEPGANGERGFPGERGVQGFRGPAGPNGIP
GEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSG
PRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQG
LQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGA
AGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGERGFPGERGVQGEKGEGGPPGVAGPPGGSGPA
GPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGP
KGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGCPGPQGVKGESGKPGANGLSGERG
PPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPGAPGAPGHPGPPGPVGERGFPGER
GVQGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGP
AGPRGPVGPSGPPGKCGTSGHPGPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAG
IGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWV
DPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPED
VLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTK
HTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL
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Protocol: Collagen Expression

A.

14.
15.
16.

Prepare SDC(A):

Al Suspend in ddH:0: 2% w/v Dextrose 0.5% w/v Casamino Acids, 0.5% w/v
Ammonium Sulfate, 0.17% w/v Yeast Nitrogen Base w/o Amino Acids & Ammonium
Sulfate, 0.01% w/v Adenine Hemisulfate

A2 Sterile Filter (0.22 um)

Prepare SGC(A):

B.1 Suspend in ddH:0: 2% w/v Dextrose 0.5% w/v Casamino Acids, 0.5% w/v
Ammonium Sulfate, 0.17% w/v Yeast Nitrogen Base w/o Amino Acids & Ammonium
Sulfate, 0.01% w/v Adenine Hemisulfate, 0.02% Ascorbic Acid

B.2 Sterile Filter (0.22 pm)

Innoculate overnight culture; 5 mL of SDC(A) with a single colony.

Incubate overnight culture at 30 °C, 250 RPM overnight (~16 h)

Innoculate expansion culture; 11 mL of SDC(A) with overnight culture to bring to final ODego
of 0.25

Incubate expansion culture at 30 °C, 250 RPM until ODggo of 1 (~4 h)

Innoculate expression culture; 1 L of SGC(A) with 10 mL of expansion culture

Incubate expression culture at 30 °C, 250 RPM for 24 hours

Add 1 mL of sterile 20% Ascorbic acid to expression culture

Incubate expression culture at 30 °C, 250 RPM until ODggo of 3 (~16 h)

Transfer expression culture to 500 mL bottles

. Centrifuge in Beckman Alegra-25R at 5500 RPM, 4 °C, Acceleration 9, Deceleration 1 for 10

minutes

. Decant supernatant
. Resuspend pellet in 40 ddH-O0, transfer to pre-weighed 50 mL conical tube
. Centrifuge in Beckman Alegra-25R at 5500 RPM, 4 °C, Acceleration 9, Deceleration 9 for 5

minutes

Decant supernatant, aspirate all liquid

Weight tube with pellet to determine pellet weight
Freeze pellet in -80 °C freezer for at least 2 hours

Comments or other information:

Prewarm all media to reduce incubation time required to reach proper OD
If expansion culture passes ODggo of 2 restart expression protocol
Decant solution immediately after centrifugation.
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Protocol: Collagen Purification

A. Buffers / Solutions
a. Breaking Buffer (100 mM Tris, 400 mM NaCl)
i. Tris base (F.W.121.14)
ii. Sodium Chloride (F.W. 58.44)
iii. 6 NHCltopH?7.
iv. ddeO
b. 0.2 M PMSF
i. Phenylmethanesulfonylfluoride (F.W. 174.19)
ii. 100% Isopropano
» NOTE: Store at-20°C
c¢. 0.5MEDTAPpH8.0
i. Ethylenediamine Tetraacetic Acid, Disodium Salt, Dihydrate (F.W. 372.24)
ii. Sodium Hydroxide (F.W. 40)
iii. ddH20
d. 1M MgCl,
i. Magnesium Chloride Hexahydrate (F.W. 203.30)
ii. ddH20
e. 0.1 N HCI Solution
i. ddH20
ii. 12.1N HCI
f.  Pepsin (20 mg/mL)
i. Pepsin
ii. 0.1 NHCI
» NOTE: Prepare fresh, right before use
g. 5M NaCl Solution
i. Sodium Chloride (F.W. 58.44)
ii. ddH20
iii. Slightly heat to dissolve if necessary

B. Break cells
» NOTE: Volumes are given for a pellet size of 3 g
a. Resuspend cell pellet to a concentration of 0.1-0.2 g/mL with Breaking Buffer
i. Add DNase to 2 U/mL
ii. Add RNaseto 1 U/mL
iii. Add MgCl;to 1 mM
iv. Add PMSF to 1 mM (right before breaking)
b. Freeze French Press in -20°C freezer for 30 minutes
c. French Press at High Ratio setting at 1580 psi gauge reading twice
(25000 Cell Pressure)
Wait 30 min, add EDTA to 2 mM final concentration to the lysed cells.
For variants containing non-native cysteines, add TCEP to 5 mM
f. Repeat for each tube of cells
» Note: French Press Cell should be chilled for 30 min in -20°C Freezer
between uses

152



C. Pepsin Digest

b.
C.
d.
e.

Lower pH from 7.4 to 2 using 6 N HCI

Add Pepsin to a final concentration of 0.2 mg/mL

Digest at 4 °C for 12 h with gentle agitation

Centrifuge for 30 min at 30,000 RPM at 4°C using the Beckman Ti 45 rotor
Transfer supernatant to a container for NaCl precipitation.

D. NaCl Precipitation

a. Add 17 M Glacial acetic acid to a final concentration of 0.5 M Acetic Acid
b. Add Solid NaCl to bring solution to a final concentration of 3 M NaCl
i. Mix for a minimum of 30 min after finish adding the salt (solution not
completely opaque)
c. Centrifuge for 30 min at 30,000 RPM at 4°C using the Beckman Ti 45 rotor
d. Remove supernatant and pipet out any residue solution after inverting the
centrifuge tube
e. Dissolve pelletin 10 mL 0.1 N HCI
f.  Add 10 mL of 200 mM Tris pH 8.6
g. Titrate to pH 7.4 with NaOH or HCI
h. Add 5M NacCl solution to bring solution to a final concentration of 3 M NaCl
i. Mix for a minimum of 30 min after adding salt solution
i. Centrifuge for 30 min at 30,000 RPM at 4°C using the Beckman Ti 45 rotor
j-  Remove supernatant and pipet out any residue solution after inverting the
centrifuge tube
k. Resuspend pelletin 0.5 mL 0.1N HCl
E. Dialysis
a. Dialyze sample into 50 mM AcOH using 300kDa MWCO dialysis membrane
overnight at 4 °C.
(1 mL sample vs 1 L AcOH, replace AcOH after 1 hand 2 h)
b. Transfer pellet to 1.5 mL microcentrifuge tube and centrifuge at 15k x gat 4 °C for 1
minute
c. Transfer supernatant to new microcentrifuge tube
i. Repeat steps b and c until no pellet is visible
d. Store sample at-20°C

Comments or other information:

Read manual for French Press cell assembly and operation

Decant solutions immediately after centrifugation.

Remove all drops of supernatant during NaCl precipitation steps to increase purity of product
After low pH precipitation, pellets can be dissolved in the same 10 mL to reduce reagent use
Do not combine the pellet of more than 180 mL of low pH precipitation solution in this

O © e e e

manner

After neutral pH prepetition, pellets can be dissolved in the same 0.5 mL to increase
concentration
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Protocol: HT1080 Cell Adhesion Assay (MTT version)

1) Culture HT1080 human fibrosarcoma cells in DMEM + 10% FBS
2) Prepare 96-well non-tissue culture treated plates
a. Deposit 40 ul of 20 pg/ml protein in DPBS into each well. (make sure surface fully
coated)
Incubate at 4 °C for at least 12 hours, 24 hours preferred
Remove protein solution
Deposit 100 pl of DMEM + 0.5% BSA
Incubate at RT for 1 hour
f.  Remove DMEM + 0.5% BSA
3) Harvest HT1080s, Suspend to concentration of 5 x 105 cells/ml
4) Seed 100 pl of cell mixture into each well
5) Incubate at 30 °C for 4 hours
6) Remove supernatant slowly (pipet from top of liquid)
7) Wash each well with 125 pl of DPBS thrice
8) Add 160 uL of DMEM + 10% FBS
9) Add 25 pL of a 5 mg/ml MTT solution (in PBS)
10) Incubate for 2 hours at 37 °C
11) Add 70 uL of Lysis Buffer
12) Incubate overnight at 37 °C
13) Read As7o for each well

® a0 o

Solutions

e MTT solution (5 mg/mL)
o 10 mL MTT solution (in PBS): 50 mg MTT + 10 mL PBS. Filter Sterilize.

e Lysing Buffer (20% w/v)
o 80% acetic acid (10mL): 8mL glacial acetic acid + 2mL ddH20
1 N HCI (12mL): 1mL 12N HCI + 11mL ddH20
10 mL of 50% DMF solution: 5mL DMF+5mL demineralised water
10 mL lysing buffer: 2g SDS + 10 mL DMF solution.
pH=4.7 (Adjust by adding 0.25 mL of an 80% acetic acid and 0.25mL 1N HCI)
Mix by magnetic stirring.

O O O O O
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Protocol: Integrin Inhibition Cellular Adhesion Assay
1) Culture HT1080 human fibrosarcoma cells in DMEM + 10% FBS
2) Prepare 96-well non-tissue culture treated plates
a. Deposit 40 pl of 20 pg/ml protein in DPBS into each well. (make sure surface fully
coated)
Incubate at 4 °C for at least 12 hours, 24 hours preferred
Remove protein solution
Deposit 100 pl of DMEM + 0.5% BSA
Incubate at RT for 1 hour
f.  Remove DMEM + 0.5% BSA
3) Harvest HT1080s, Suspend to concentration of 1 x 106 cells/ml
4) Incubate HT1080s (1 x 105 cells per mL) with required antibody (3600 pl final volume for
triplicate of 12 surfaces)
a. Dilute antibody in DMEM to 10 pg/ml to 10% final volume (360 pl)
b. Add 1% final volume of pl 10% BSA (36 ul)
c. Add 10% final volume of HT1080s at a concentration of 1 x 106 Cells/ml (360 ul)
d. Add DMEM to final volume (2844 ul)
e. Incubate at 37 °C for 15 minutes
5) Seed 100 pl of Antibody/Cell mixture into each well
6) Incubate at 30 °C for 4 hours
7) Add 300 pl of DMEM + 0.1% BSA to each well. Seal Plate with PCR sealing tape
8) Spin plate at 2000 RPM (using GS-3 Rotor) ~= 900 x g for 40 minutes
9) Remove supernatant slowly (pipet from top of liquid)
10) Wash each well with 100 pl of PBS

® a0 o

> Important: All subsequent steps should be performed away from light. Calcein-AM is light
sensitive.

11) Prepare 4 uM calcein-AM solution
a. 36 pulof 1 mM Calcein-AM, 90 pl of 10% BSA, 9 ml PBS
12) Add 50 pl of 4 uM calcein-AM to each well
13) Incubate at 37 °C for 1 hour
14) Remove calcein-AM
15) Add 100 pl of CelLytic M to each well
16) Incubate at RT for 15 minutes
17) Transfer 90 pl from each well to a separate 384-well black fluorescent plate well
18) Read fluorescence reading using SpectraMax M2 plate reader
a. 494/517 nm (Em/Ex), 515nm cutoff
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Protocol: Lyophilization of Collagen

1

2)
3)
4)
5)

Filter collagen using a sterile 0.22 pm syringe filter if sterility is necessary.
a. For collagen variants containing cysteine, add 10 x molar excess TCEP
b. Pass an additional 100 pL of buffer through filter afterward. Combine with filtered
protein
Cover tube with sterile filter paper. Use rubber band to hold filter paper in place.
Freeze protein using dry ice. Be sure sample is completely frozen
Place in lyophilzer for 18 hours
Remove, cap, and store at -20°C until ready to resuspend/use.
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