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As the most abundant protein in the extracellular matrix, collagen is an attractive 

tissue engineering scaffold.  IKVAV, a peptide sequence native to the protein laminin, is 

widely known for its roles in neuroregeneration.  Using a computational algorithm, IKVAV-

containing collagen variants were successfully assembled in a de novo fashion.  The 

incorporation of IKVAV into the collagen sequence required the interruption of the 

characteristic Gly-X-Y repeat.  These variants, however, were able to retain their triple-

helical form, and the one examined yielded a melting temperature comparable to that of our 

baseline recombinant collagen.  Accessibility of IKVAV within the collagen structure was not 

confirmed, and cell adhesion assays indicate a lack of cell binding to the variants tested.  

Further studies are necessary to draw definite conclusions. 

 In our system, the collagen gene is expressed under the GAL1 promoter in 

Saccharomyces cerevisiae, necessitating cultivation of the yeast in galactose-containing 

medium for induction.  To optimize collagen yield, the REG1 and GAL1 genes were deleted to 
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inhibit catabolite repression and galactose consumption, allowing growth in glucose under 

constant inducer concentration.  Unlike the ΔREG1 strain, the ΔREG1ΔGAL1 strain did not 

show improved growth in glucose.  Upon transformation of a S. cerevisiae CEN/ARS plasmid 

carrying the collagen gene, the ability of both variants to produce triple-helical collagen was 

confirmed by circular dichroism.  Initial Western blots did not show increased collagen 

production by the ΔREG1ΔGAL1 strain.  However, the strain did allow collagen production 

during growth on glucose, and the concentration of the galactose inducer can likely be 

significantly reduced.
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Chapter 1: INTRODUCTION 

 

To this day, finding a solution for disease, trauma, and permanent afflictions (such as 

severed limbs, damaged tissues and organs, and genetic defects) poses a great challenge.  

Standard strategies include the use of prosthetics, organ transplants, and artificial devices, 

which are hardly ideal.  Most only partially restore function, but the greater concern is that 

the risk of immune rejection and potential infection is always present.  Furthermore, 

strategies are more often than not expensive and painful.  Hence, studies have turned to the 

field of tissue engineering, which employs the use of biomolecules as artificial matrices that 

can act to repair damaged extracellular matrix (ECM) and restore function to impaired tissue 

by acting as a scaffold for the surrounding cells. [1,2] 

The ECM is a dynamic, interlocking matrix of proteins, fibers, and polysaccharides 

which interacts with and supports the cells it encompasses [3,4].  Although more commonly 

known for its mechanical integrity, it is also responsible for protecting cells from tensile and 

compressive stresses, organizing tissues into their unique conformations, and regulating cell 

functions such as proliferation, migration, attachment, and differentiation [3].  Therefore, it 

is of great importance for tissue engineering purposes to fashion mimics of this 

supramolecular microenvironment that are characterized by good biocompatibility and 

biodegradability, mechanical strength similar to that at the native tissue site, good 

porosity/individual pore size, and an ability to send out signaling cues to cells [1,5].  These 

scaffolds fall under one of two categories: synthetic scaffolds and natural scaffolds [6]. 

Synthetic matrices are man-made biodegradable polymers that do not exist in nature.  

The most commonly used synthetic scaffolds are poly(ethylene glycol) (PEG), polyglycolic 
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acid (PGA), and poly(lactic-co-glycolic) acid (PLGA), among others [1,5,6].  Synthetic 

scaffolds are especially attractive due to the fact that their properties can be easily tailored 

and modulated to fit their function, and they can be relatively easy to craft [7,8].  However, 

their use is restricted due to the lack of biological recognition [5,9].  This limitation is 

typically overcome through the incorporation of bioactive peptides and cross-linkers into 

the matrix [9,10] through chemical [11], physical [12], and enzymatic [13] means; however, 

bioactivity may remain weak [1], and the addition of these molecules could potentially alter 

the mechanical properties of the scaffold [14]. 

Natural scaffolds, on the other hand, do contain ligands for adhesion and signaling 

and have excellent biological compatibility and biodegradability [11].  These scaffolds, which 

are obtained from human or animal sources, include proteins (like collagen, fibrin, and 

elastin) [5,8] and polysaccharides (such as glycosaminoglycan (GAG), alginate, and chitosan) 

[5,8].  These matrices have the advantage of being ECM components and, as such, have the 

benefit of being characterized by the same traits as the native microenvironment.  Collagen, 

in particular, as the most abundant protein in the ECM and characterized by its high tensile 

strength, strong biocompatibility, biodegradability, and low antigenicity [5,15], is 

considered a particularly attractive scaffold for tissue engineering applications. 

The collagen family comprises one third of all proteins in humans and more than 90% 

of ECM tissue [16]. There are at least 28 known collagen types, all characterized by three 

monomers of a repeated -Glycine-X-Y- sequence (where X and Y are most often proline and 

hydroxyproline, respectively) which twist into a stable triple helical domain [17].  This 

stability is due both to the presence of glycine at every third residue and to the post-

translational hydroxylation of prolines in the Y position of the triad repeat [18].  Glycine, as 
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the smallest amino acid, packs into the center of the triple helix [19].  The hydroxylation of 

prolines is carried out through the enzyme prolyl-4-hydroxylase [20].  Without this enzyme, 

until further modification, the triple helix cannot hold. 

Collagen is mainly used in drug delivery, cosmetics, and wound healing applications 

[7].  It is used in models to study cell behavior and certain diseases in vitro, and also as 

implants for wound dressing and cosmetic purposes [15].  It can be extracted from human 

and animal sources easily and inexpensively, but samples are never pure and there are 

recurring issues with inflammatory response and infection when transplanting the protein 

from an animal host into humans due to slight differences in sequence and the potential 

introduction of toxins [21].  Therefore, due to purification and sterilization complications, 

and the ever-present risk of immune response and infection, efforts to synthesize these 

scaffolds through chemical and recombinant technologies have been made.  Chemical 

attempts include self-assembling peptides [22-24] and tandem repeats of specific biological 

collagen sites [25].  However, although these collagen-mimetic materials do form a triple 

helix and share some functionality with native collagen, drawbacks include the short lengths 

of some of these peptides relative to native collagen’s length of 300 nm, differences in 

functionality of different bioactive sites, and altered mechanical and physicochemical 

properties.   

Recombinantly, collagen has been expressed in many systems, including mammalian 

cell lines [21], plants [26], insects [27], bacteria [28,29], and yeast [30-33].  Although the sole 

system that naturally provides hydroxylation, mammalian cells are limited by low yield and 

slow expression [34].  Plants and insects, on the other hand, do require co-expression of 

hydroxylase but are also limited by poor yield [34].  The highest yield can be obtained from 
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bacterial and yeast systems [34].  Bacteria, however, do not have the post-translational 

machinery to perform hydroxylation and their system cannot be modified to do so.  Thus, 

collagens from this system are engineered post-expression or not hydroxylated at all [28,35].  

Additionally, bacteria cannot produce full-length collagen; the protein is too large [34], and 

the system can only express truncated fragments [34]. 

Due to the aforementioned impediments, our lab has turned to the use of yeast as a 

collagen expression system.  Both Pichia pastoris [30,31] and Saccharomyces cerevisiae 

[32,33] have been used to express collagen, but for the purpose of our experiments, we 

decided to use the latter as our host.  Although both systems are capable of accomplishing 

post-translational modifications, S. cerevisiae has the ability to undergo both high-efficiency 

plasmid transformations and genetic modifications while P. pastoris can only execute the 

latter [36,37].  Hence, the unique cloning flexibility of S. cerevisiae permits us to permanently 

integrate the α and β subunits of prolyl-4-hydroxylase into the yeast genome while 

introducing the different genes of the various collagen variants on plasmids.  This allows us 

to easily procure equal hydroxylation levels when expressing different batches of collagen 

and variants thereof while.  Furthermore, the feasibility of executing these genetic 

manipulations makes it easy to engineer metabolic pathways in order to increase collagen 

yield. 

Although S. cerevisiae has been used as an expression system for producing 

recombinant collagen [32,33], those who have been able to obtain full-length, hydroxylated 

triple-helical collagen are few, and none outside of our lab has been able to modify the 

protein freely without restrictions in location, frequency, or identity of amino acid sequence 

[14].  The limitations faced are a result of the Gly-X-Y repeat sequence, the high GC content 
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that results from the many glycines and prolines, and the long length of native collagen 

(>1000 amino acids).  Our lab was able to transcend these barriers by utilizing an algorithm 

[38] which uses the degeneracy of the genetic code to design overlapping oligonucleotides 

that self-assemble to ultimately construct a de novo collagen gene.  This algorithm, named 

CODA (for Computationally Optimized DNA Assembly), takes into account mishybridization 

which occurs due to the high GC content and provides changes in the nucleotide sequence to 

fit the preferences of the host organism, which, in this case, is S. cerevisiae.  The result is a 

modular collagen gene which is constructed in a hierarchical fashion from oligonucleotides, 

the sequences of which have been optimized both for expression in yeast and to prevent 

incorrect assembly.  However, although the DNA sequence of this collagen may be altered, 

the amino acid sequence remains the same as that of native human collagen III.  We chose to 

work with collagen III specifically mainly due to the ease in the construction process; as a 

homotrimer, where all three chains of the protein are exactly the same, collagen III requires 

the construction and modification of only one gene.  This synthesized protein is called 

baseline recombinant collagen (rCol). 

The bottom-up method our lab employs to construct our recombinant collagen-

mimetic protein [14] makes it easy to add modifications to the collagen DNA sequence while 

still maintaining triple-helicity, stability, and functionality.  Through standard PCR, the 

oligonucleotides of CODA-optimized sequences assemble to form primary fragments (PF), 

primary fragments assemble to produce secondary fragments (SF), and finally, secondary 

fragments assemble to create the full-length (FL) collagen gene (Figure 1.1).  The full-length 

gene is comprised of three domains: front, middle, and back.  Two front primary fragments 

(FPF) and four back primary fragments (BPF) assembly into the front and back secondary 
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fragments (FSF and BSF), respectively.  12 middle primary fragments (MPF) assemble into 3 

middle secondary fragments (MSF) which then join together to form the entire middle 

domain which encodes for the triple-helical region of collagen.  This method of assembly 

allows us to mix and match specifically mutated fragments with those from the rCol template 

and create variants that can be modulated to study precise mechanisms individually.  

Because we work with collagen III, which is a homotrimer, we only need to construct one 

gene. 

 

Figure 1.1 Modular construction scheme for the fabrication of recombinant human collagen III.  (A) Modular 
primary fragments assemble into (B) secondary fragments, which finally assemble into (C) the full-length gene 
encoding baseline collagen.  Orange and blue blocks indicate the N- and C-terminal propeptides (front and back 
domains), respectively.  The green region indicates the middle domain, or the triple-helical portion of collagen.  
This figure was adapted from Chan et al. [14]. 

 

It should be noted that collagen expressed in S. cerevisiae is not secreted into the 

media; to acquire the protein, cells must be lysed and then background yeast protein must 

be digested.  This digestion is completed with the use of a protease (typically pepsin or 

trypsin), which also cleaves the collagen N- and C-propeptides (the non-triple-helical regions 
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at the N- and C-termini).  Consequently, although the full-length collagen is expressed, we 

are left with only the triple-helical portion, or tropocollagen, as the final product [21]. 

Our lab has successfully constructed full-length recombinant collagen and variants 

thereof with our modular gene assembly strategy.  One variant, a non-α2β1-integrin-

adhering collagen [39], had the major binding sites removed from its sequence.  Using this 

non-adhering collagen as a template, one or more Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER) was 

added in different locations and at different frequencies to modulate cell attachment [39].  

This hexamer is an α2β1-integrin-binding site of collagens I and IV but is not natively found 

in collagen III.  For cross-linking purposes, other mutants containing varying numbers of 

cysteines (Cys), which are not natively found in any tropocollagen, were constructed [40].  

Other variants include the knockout of the native MMP-cleavable site as well as its 

incorporation into other sites at various frequencies in order to modulate degradation 

properties [41].   

 

Motivation and Objectives 

In light of the background, we aimed toward two objectives: 

(1) To construct mutants of recombinant collagen III in which the laminin-native 

pentamer IKVAV is incorporated, and examine the stability and functionality of 

these variants. 

An investigation of interest would be to incorporate the non-native bioactive 

pentamer IKVAV into the collagen sequence.  IKVAV [42] is natively a five-amino acid 

segment of the basement membrane protein laminin and is largely known to have an impact 

on neurite extension [43], tumor growth and migration [44], and selective neural stem cell 
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(NSC) differentiation [45].  This project was inspired by a discussion with Dr. Christine 

Schmidt (Biomedical Engineering Department, University of Florida), in order to potentially 

examine the effect of IKVAV on NSC differentiation in the context of the non-adhering 

collagen mentioned above [39].  It would also facilitate observing the full potential of IKVAV 

as the sole epitope in functions such as cell adhesion, migration, differentiation, and 

angiogenesis. 

The integration of IKVAV into the collagen backbone necessitates the substitution of 

a glycine molecule and thus breaks the repetitive Gly-X-Y sequence.  This is important as 

such alterations in the triple-helical region of fibrillar collagens are known to have a 

detrimental effect on overall stability and have been recorded to be the cause of certain 

disorders and diseases such as Osteogenesis Imperfecta (OI) and Ehlers-Danlos Syndrome 

(EDS) [46].  Hence, it would be of great interest to see if the triple helix still forms with the 

glycine mutation and whether the collagen remains structurally functional.  An additional 

motivation for this project is to examine whether collagen variants exhibit laminin-specific 

functions. 

  

(2) To perform a REG1-GAL1 gene knockout and record changes in cell performance 

and collagen production. 

In the current system, collagen and the two hydroxylase subunits are expressed 

under the GAL1 promoter [39,40,47].  Therefore, expression is induced when the yeast is 

placed in galactose-containing media.  The yield we obtain, however, is relatively low (500 

μg/L on average).  To increase yield, two genes were knocked out of the yeast genome.  One 

of the genes, REG1 [48], encodes a protein involved in catabolite repression, which inhibits 
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gene expression in the presence of glucose.  The REG1 knockout allows expression under the 

GAL1 promoter even as yeast grows on glucose, so long as galactose is present in the media 

[49].  The second gene, GAL1 [50], encodes the protein galactokinase, which is necessary to 

begin the first step in galactose metabolism [51].  Hence, its knockout deactivates galactose 

consumption and transforms the sugar into a gratuitous inducer [52]; the constant presence 

of galactose in the media is completely dedicated to the expression of collagen.  The 

combination of these knockouts allows collagen expression to commence in the presence of 

glucose, the preferred carbon source of yeast, and then continue on under a constant inducer 

concentration until cell death [49,52], resulting in increased production by cells with 

improved health. 
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Chapter 2: Development and characterization of an IKVAV-containing 

recombinant human collagen III 

Introduction: 

Collagen is the most abundant protein in the extracellular matrix of cells [1,3].  It is 

highly biocompatible and offers great mechanical strength to surrounding tissues and cells.  

Because of its abundance and ECM-like qualities, collagen is very commonly used as a 

scaffold for tissue engineering purposes [2,15,53].  Collagen III, predominantly found in 

blood vessels and skin and often alongside collagen I [25,54], is particularly appealing for 

recombinant expression; because it is a homotrimer, only one gene needs to be added to the 

expression system.  It is the collagen type we have opted to work with in our lab. 

Collagen can be both extracted from an animal source and synthesized in a lab.  

However, there is always the risk of infection and an adverse immune response when 

animal-based protein is transplanted into humans [21].  Expression systems of recombinant 

collagen include yeast, bacteria, plants, insects, and mammalian cells [21,29], but some don’t 

produce enough on a commercial level [29], and most require co-expression of hydroxylase 

to acquire stable protein [29].  Additionally, there are multiple existing collagen-based 

peptides that consist of tandem repeats of a bioactive collagen segment or mere short 

fragments of the protein.  These peptides are useful for studying specific biological functions 

as well as the effects of a mutation or the mechanism of a disease.  Nonetheless, there is no 

record of full-length collagen that can be modified without limitation outside of our lab. 

Through the utilization of a Computationally Optimized DNA Assembly (CODA) 

algorithm, our lab has found a way to construct a de novo modular collagen III gene [14].  

This bottom-up assembly strategy allows us to make specified mutations in the collagen 
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sequence with no limits as to the site of mutation, the frequency of mutations, or the identity 

of the substituting amino acid.  Previous work in our lab has successfully yielded variants 

with up to 40 amino acid mutations for the purpose of modulating cellular response [39] that 

contain the α2β1-binding motif GFOGER (native to collagens I and IV) at different locations 

and frequencies as well as a variant with major α2β1-binding sites removed (a non-adhering 

collagen).  Other variants are characterized by the existence of non-native cysteines 

incorporated for cross-linking purposes [40] or by a varying number of MMP-cleavable sites 

for the modulation of protein degradation [41].  In this thesis, I discuss the introduction of a 

pentamer, Ile-Lys-Val-Ala-Val (IKVAV), which is natively found in laminin. 

Laminin is a large (810 kDa) glycoprotein of the basement membrane (BM) 

[44,55,56].  The basement membrane [57,58] is a thin ECM that envelops the epithelium as 

well as specific cells such as nerve, muscle, and fat cells.  It is the first ECM to develop during 

embryogenesis and is believed to be responsible for the separation of embryonic cells which 

leads to their differentiation into multiple other different cells [57].  Besides laminin, the BM 

consists of other proteins such as collagen IV, fibronectin, perlecan, and entactin [44].  

Laminin, however, is the prevalent component [57]. 

Laminin is a cross-shaped heterotrimer made up of α, β, and γ subunits [57].  The 

strands individually form each of the short arms, meet at a predefined point, and entwine to 

form the long arm in a coiled coil configuration, which precedes a large C-terminal globular 

domain (Figure 2.1).  Thus far, there are 5 known α, 3 known β, and 3 known γ chains, the 

various combinations of which yield at least 15 isoforms of the glycoprotein [59].  Laminin-

111 (where the three 1s pertain to the identity of the three chains α1, β1, and γ1 comprising 

this laminin) is the form most commonly examined due to the ease with which it can be 
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obtained [60].  It is isolated easily from mouse Engelbreth-Holm-Swarm (EHS) tumor, where 

it comprises a large fraction of the total ECM produced [60,61].  The IKVAV epitope is on the 

α1 chain, close to the C-terminal globule and within the coiled coil domain. 

 

Figure 2.1 Laminin schematic, adapted from [62]. 

 

 Besides IKVAV, laminin houses many bioactive domains, the most documented of 

which are Tyr-Ile-Gly-Ser-Arg (YISGR) and Arg-Gly-Asp (RGD) [63,64].  YIGSR [55,64], which 

is present on the β1 chain, is known to mediate the adhesion of epithelial cells and inhibit 

tumor growth and migration.  RGD [63,65,66], an epitope common to laminin, fibronectin, 

and collagen, among others, is most commonly known for its cell recognition properties; it 

binds over half of the known integrins.  Laminin-derived RGD is additionally known for its 

ability to extend neurites. 

IKVAV [42-44,58,64] is largely known for its roles in neurite extension, cell adhesion, 

tumor growth and metastasis, collagenase IV production, and angiogenesis.  It has also been 

proven to promote preferential differentiation of neural stem/progenitor cells (NSPC) into 

neurons in the context of both a short peptide (CCRRIKVAVWLC, where IKVAV is the only 
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fragment native to laminin) [45] and a peptide amphiphile (PA) [67] while still maintaining 

cell viability.  This is especially important for nerve regeneration studies.  For example, in 

the case of a spinal cord injury (SCI), paralysis is the most common aftereffect due to the 

inability of damaged axons to regenerate because of excess astrocytosis at the injury site 

[68].  As shown by Tysseling-Mattiace et al. [68], injection of the IKVAV-bearing PA into mice 

post-injury restored behavioral function, reduced astrogliosis, and regenerated both 

descending motor fibers and ascending sensory fibers across the wound.  Because of the 

many roles of this pentamer, we were interested in constructing and studying the 

characteristics of an IKVAV-containing collagen.  However, the incorporation of IKVAV into 

the collagen sequence requires the interruption of the Gly-X-Y repeat.  

Glycine mutations have a deleterious effect on collagen stability [17,46].  Along with 

the hydroxylation of prolines in the Y position, the Gly-X-Y repeat is responsible for the 

overall structure and stability of the collagen triple helix.  The presence of a glycine molecule 

at every third position in the monomeric sequences allows the strands to twist into the most 

compact form, with glycines, as the smallest amino acids, fitting in the center (Figure 2.2a).  

The substitution of a glycine with any other amino acid, therefore, will distort the triple helix 

and may either disrupt its formation completely or introduce a kink or an area that is 

misfolded to some degree within the structure (Figure 2.2b).  Not only is the stability 

compromised, but a delay in triple helix assembly can result in over-modification of the 

protein and further affect collagen structure and function [17]. 
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Figure 2.2 (a) Top view of a collagen triple helix, with the red regions representing glycines [69].  (b) Schematic 
of three normal chains joining to form a typical collagen triple helix (top) vs. three mutated chains coming 
together to assemble a collagen triple helix with a region that is misfolded at the site of the mutations (bottom), 
adapted from [46]. 

 

There are many heritable diseases associated with glycine mutations within the 

collagen triple helix.  One is osteogenesis imperfecta (OI) [70,71], a disease that is associated 

with fragile bones and a vulnerability to fracture.  It comes about as a result of mutations in 

the COL1A1 and COL1A2 genes (which encode for the α1(I) and α2(I) chains of collagen I).  

Other examples include Bethlem myopathy [72] (a muscle disorder which is a result of 

mutations in each the α1(VI), α2(VI), and α3(VI) chains of collagen VI) and various types of 

Ehlers-Danlos syndrome (EDS) [73] (a group of soft connective tissue disorders that arise 

from mutations in multiple chains of collagens I, III, and V).  Vascular EDS type IV [74], in 

particular, which is caused by mutations in collagen III chains, is an especially lethal form of 

the syndrome. 

Although glycine mutations are known to have an adverse effect on various tissue, 

research has shown that the lethality or mildness of the effect is largely dependent on two 

factors [14,74]: (1) the location of the mutation, and (2) the identity of the substituting amino 
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acid.  In humans, the collagen triple helix assembles in a C → N terminus manner.  Hence, 

mutations that occur closer to the N-terminus are less deleterious than those closer to the C 

terminus, where the triple helix is just beginning to form [70,72,74].  Alanine (Ala) and serine 

(Ser), although bulkier than glycine, are closest in size than others.  Consequently, studies 

reveal that, in the same location, a Gly → Ala or Gly → Ser mutation is less damaging than, for 

example, a Gly-to-Arg mutation [71,74]. 

COL3A1 is the gene that encodes for the expression of the α1 chain of collagen III.  

Collagen III, as a homotrimer, consists of three α1 chains.  Hence, although the IKVAV 

sequence is only introduced into one gene, it appears in all three strands that make up the 

trimer (Figure 2.2b).  As such, it is likely that the stability and function of these collagen 

variants will be altered if the native sequence is replaced by IKVAV, assuming they can form 

the characteristic triple helix.  Hence, the specific objectives of this chapter were to:  

1. Create IKVAV-containing collagen variants using a modular gene synthesis 

protocol for modifiable full-length recombinant collagen construction. 

2. Examine for the ability of these collagen variants to form triple helices. 

3. Confirm the accessibility of IKVAV within the collagen triple-helix. 

4. Confirm the adherence of cells to these rCol-IKVAV variants.  

 

Materials and Methods: 

Strains and cultivation 

Saccharomyces cerevisiae strain BYα2β2 was used to express recombinant collagen 

[75].  It contains two integrated copies of each of the α- and β- prolyl-4-hydroxylase subunit 
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genes [14,75].  Escherichia coli DH5α competent cells (Zymo Research, Irvine, CA) were used 

for all DNA transformations in a bacterial host.  Competent cells were prepared with sterile 

CaCl2, as described in Appendix A. 

Selective SDC(A) and SGC(A) media were prepared with 20 g/L dextrose and 

galactose, respectively, 5 g/L bacto casamino acids, 1.7 g/L yeast nitrogen base without 

casamino acids and ammonium sulfate, 5 g/L ammonium sulfate, and 100 mg/L of adenine 

sulfate (Sigma Aldrich, St. Louis, MO).  When necessary, 100 mg/L of uracil (Sigma Aldrich) 

was added, yielding SDC(AU) media.  All plates were prepared with 1.5% agar.  Unless 

otherwise indicated, all reagents were purchased from Fisher Scientific (Pittsburgh, PA). 

The spectrophotometer used for OD600 measurements was a SpectraMax M2 (Nova 

Biotech, El Cajon, CA). 

 

Site-directed mutagenesis of Secondary fragments 

 Three variants of recombinant collagen containing non-native IKVAV sites were 

constructed using a modular gene assembly protocol described previously [14].  Secondary 

fragments (SF) were used as templates for the mutagenesis process.  SFs 1 and 2 of rCol and 

SF1 of rCol-0G were altered to include the IKVAV sequence through site-directed 

mutagenesis (SDM), where primers were designed based on the methods by Liu et al. [76].  

Primers (41-60 nucleotides long) that partially overlap over a region of 13-20 nucleotides at 

the 5’ ends were designed to have annealing temperatures at least 10 °C higher at the non-

overlap regions than at the overlap region.  For the mutagenesis of IKVAV into rCol-SF1 and 

rCol-0G-SF1 at residues 103-107, 10 ng template DNA (rCol-SF1 and rCol-0G-SF1, 

respectively, in pCR BluntII-TOPO vector), 800 nM oligonucleotides, 1x PfuUltra reaction 
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buffer, 0.2 mM (each) dNTPs, and 1.25 U PfuUltra DNA polymerase were mixed to a final 

volume of 25 μL [14].  For the mutagenesis into rCol-SF2 (residues 327-331), 2.5 U KOD Hot 

Start DNA polymerase and 1x KOD Hot Start reaction buffer were used instead of PfuUltra, 

and 2.25 mM MgSO4 was also added, to a final volume of 50 μL.  For all three reactions, PCR 

was carried out with a 5 minute denaturation step at 95 °C, followed by 40 cycles of 30 s at 

95 °C, 30 s at 53 - 75 °C, and 1.33 minutes at 72 °C, and ending with 40-50 °C for 1 minute, 

then 72 °C for 10 minutes.  The PCR products were then incubated with 10 U DpnI restriction 

enzyme for 2 hours at 37 °C, run on a 0.6% agarose gel, extracted, and purified (Zymoclean 

Gel DNA Recovery Kit, Zymo Research, Irvine, CA).  Following standard protocol [77], each 

pCR BluntII TOPO-SF plasmid was transformed into E. coli DH5α competent cells, which 

were then plated on selective (LB-100 μg/mL kanamycin) plates [14].   

Plasmids were isolated from transformation colonies using a QIAprep Spin Miniprep 

kit (Qiagen, Valencia, CA), and DNA concentration was obtained using NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Rockford, IL).  Plasmids were sent to Genewiz (La 

Jolla, CA) for sequencing, and those containing correct sequences with the desired mutations 

were selected for continued use to assemble the full-length collagen gene.  Primer sequences 

are shown in Table 2.1, and DNA and amino acid sequences of all secondary fragments can 

be found in Appendix B. 
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Table 2.1 Primer sequences for the site-directed mutagenesis of IKVAV into SFs 1 and 2 of rCol and into SF1 of 
rCol-0G.  Mutated nucleotides are underlined.  Details of the variants can be found in Table 2.2. 

SDM template Forward (top) and reverse (bottom) oligonucleotide sequences 

rCol-SF1 
5'-TCG CTG TGG GAA TAC CAG GTT TTC CAG GCA TGA AAG GTC ACA GAG GTT TTG ATG GTA GA-3' 

5'-ATT CCC ACA GCG ACT TTT ATT CCT GGT GGA CCT GGC AAG CCC CTT TCG C-3' 

rCol-SF2 
5'-GTA TAA AAG TGG CTG TAG GCG AAA AAG GAG AGG GTG GAC CAC CAG GAG TTG CAG GTC CAC-3' 

5'-GCC TAC AGC CAC TTT TAT ACC TTT ACC ACC AGG CTC ACC ATT TTG TCC AGG GGC ACC TG-3' 

rCol-0G-SF1 
5'-TCG CTG TGG GAA TAC CAG GTT TTC CAG GCA TGA AAG GTC ACA GAG-3' 

5'-ATT CCC ACA GCG ACT TTT ATT CCT GGT GGA CCT GGC AAG CC-3' 

 

Full-length gene assembly 

 In order to assemble full-length (FL) IKVAV-containing collagen genes, the newly 

obtained secondary fragments were mix-and-matched with SFs of rCol or rCol-0G.  SFs were 

amplified from pCR TOPO-SF plasmids based on previous work by Chan et al. [14]: 50 ng 

DNA template (SF-containing pCR BluntII-TOPO vector), 200 nM of each the first and last 

oligonucleotides for each SF, 200 μM dNTPs, 2.5 U KOD Hot Start DNA polymerase, 1x KOD 

Hot Start reaction buffer, and 1.5 mM MgSO4 were added to a final volume of 50 μL.  PCR was 

run starting with a 10-minute denaturation step at 95 °C, followed by 25 cycles of 95 °C for 

20 seconds, 62 °C for 30 seconds, and 72 °C for 45 seconds, and ending with a 5-minute step 

at 72 °C.  Purified SFs extracted from a 0.6% agarose gel could then be mixed to assemble the 

different variants.  To construct rCol-1I-1, IKVAV-containing rCol-SF1 was mixed with FSF, 

BSF, and rCol SFs 2 and 3.  For rCol-1I-2, IKVAV-containing rCol-SF2 was mixed with FSF, 

BSF, and rCol SFs 1 and 3.  For the assembly of rCol-0G-1I-1, IKVAV-containing rCol-0G-SF1 

was mixed with FSF, BSF, rCol-0G-SF2, and rCol-SF3. 

 Full-length genes were assembled by combining 2 nM of each secondary fragment 

with 200 nM of each the 5’- and 3’-end gene primers, 200 μM dNTPs, 1.5 mM MgSO4, 1x KOD 

Hot Start reaction buffer, and 2.5 U KOD Hot Start DNA polymerase in a final volume of 50 



19 
 

μL [14].  The program run consisted of 10 minutes at 95 °C, then 30 cycles of 20 seconds at 

95 °C, 30 seconds at 68 °C, and 1.5 minutes at 72 °C, and finally 5 minutes at 72 °C.  Final 

products were extracted from a 0.6% agarose gel, purified, and ligated to the pCR BluntII-

TOPO vector (Zero Blunt TOPO PCR Cloning Kit, Invitrogen, Carlsbad, CA).  The resulting 

plasmids were transformed into E. coli DH5α competent cells, which were subsequently 

plated on selective LB-kanamycin plates.  Miniprepped DNA was sequenced (Genewiz, La 

Jolla, CA), and the collagen gene with the desired mutations was moved into the S. cerevisiae 

CEN/ARS plasmid using PmeI and NotI restriction enzymes (New England Biolabs, Ipswich, 

MA) as previously described [47] to enable expression in yeast.  The collagen gene is placed 

downstream of the GAL1 promoter on the plasmid, and therefore, collagen expression is 

induced when cells are in the presence of galactose (and in the absence of competing sugars) 

[52].  The plasmids containing genes encoding for rCol-1I-1, rCol-1I-2, and rCol-0G-1I-1 were 

termed YCpMCOL-1I-1, YCpMCOL-1I-2, and YCpMCOL-0G-1I-1, respectively.  Details of the 

variants can be found in Figure 2.3 and Table 2.2 in Results and Discussion.  DNA and amino 

acid sequences of full-length collagen variants as well as a vector map of the CEN/ARS 

plasmid carrying the collagen gene are available in Appendix B . 

 

High-efficiency transformation of a CEN/ARS plasmid into yeast 

The CEN/ARS plasmid containing the full-length collagen gene was transformed into 

the S. cerevisiae strain BYα2β2.  The transformation method used utilizes lithium acetate 

(LiOAc) and is considered a high-efficiency protocol [78].  Because the YCpMCOL plasmid 

carries the URA3 selection marker, cells were plated on uracil-selective SDC(A) plates after 
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transformation.  Colonies that grew on the plates after 2-3 days at 30 °C were stored as 

glycerol stocks at -80 °C. 

 

Collagen expression and purification  

 Once BYα2β2 was transformed with the three different CEN/ARS plasmids, strains of 

yeast that could express different collagen variants under the GAL1 promoter were obtained.  

Expression and purification protocols were described previously [40].  Briefly, to allow 

expression of the recombinant collagen, cells were cultured in selective galactose-containing 

media, SGC(A), at 30 °C until reaching an OD600 of 3.  Wet cell pellets were stored at -80 °C 

for at least 2 hours.  For extraction and purification of recombinant collagen from yeast, cells 

were lysed and treated with pepsin at 4 °C to digest background yeast protein.  After 12-14 

hours, the mixture was centrifuged at 30,000 RPM to dispose of the cell lysate and then 

precipitated with solid salt to a final concentration of 3 M to isolate the protein.  Another 

round of centrifugation and salt precipitation was completed, the mixture was centrifuged 

once again, and the acquired pellet was resuspended in 0.1 N HCl.  The sample was dialyzed 

against 0.05 M acetic acid and spun down one final time to discard any impurities.  The 

supernatant was moved to a clean Eppendorf tube, analyzed, and stored at -20 °C.  SDS-PAGE 

was run to confirm size and purity of the final product, circular dichroism (CD) was 

performed to confirm triple-helicity of collagen, and a micro BCA assay was run to determine 

concentration (details of the BCA assay can be found in Appendix A). 
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Circular Dichroism 

Circular dichroism (CD) scans were performed to determine the secondary structure 

and melting temperature of the purified collagen products.  These scans were obtained using 

a J-810 spectropolarimeter (Jasco, Laguna Niguel, CA) [79].  200 μL of the sample to be 

scanned in 50 mM acetic acid (HAc) was placed in a 1 mm quartz cuvette (Hellma, Plainview, 

NY), and both wavelength and temperature scans were procured.  Samples yielding a voltage 

of >600 V were considered oversaturated and required diluting. 

Wavelength scans started at 260 nm and ended at 190 nm, at a constant temperature 

of 4 °C.  Data pitch was set to 0.2 nm and samples were scanned at a speed of 50 nm/min. 

Each sample was scanned twice and blanked against 200 μL of pure 50 mM HAc. 

To obtain temperature scans, wavelength was set constant to 221 nm while 

temperature varied from 10 – 60 °C.  Data pitch was set to 0.2 degrees, and scanning speed 

was at 1 °C/min.  The apparent melting temperature Tm was determined by fitting molar 

ellipticity vs. temperature using the Gibbs-Helmholtz equation [80]. 

 

Anti-IKVAV dot blots 

In order to confirm the presence and accessibility of IKVAV, purified collagen mutants 

were immunostained with a polyclonal rabbit anti-laminin antibody (0.5 mg/mL Sigma 

Aldrich, St. Louis, MO) that recognizes the IKVAV-containing domain in laminin.  Dot blots 

were performed to determine optimal conditions and concentrations for well-defined 

detection.  Different amounts of rCol-1I-1 (0.62 ng - 4 μg), along with laminin (LAM) as a 

positive control and baseline (BL) collagen as a negative control were blotted (20 μL) on 

positively-charged nylon membranes (Roche Diagnostics, Indianapolis, IN). Once 
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membranes were dried, they were incubated in blocking solution (5% milk (Lab Scientific, 

Livingston, NJ) in TBS (20 mM Tris, 500 mM NaCl, pH 7.5)) for 2 hours.  Membranes were 

then incubated in blocking solution including dilutions of anti-laminin antibody ranging from 

25,000x – 200x for 48 hours at 4 °C.  Membranes were washed three times with TTBS (0.5% 

(v/v) Tween 20 (Anatrace, Maumee, OH) in TBS), after which they were incubated in biotin-

SP-conjugated AffiniPure donkey anti-rabbit IgG (H+L) secondary antibody (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) that were diluted 8,000- or 80,000-fold 

in blocking solution for 2 hours at room temperature.  Membranes were again washed three 

times with TTBS, and then incubated in a 6,000x dilution of streptavidin-alkaline 

phosphatase (GE Healthcare, Pittsburg, PA) in blocking solution for 1 hour.  After washing 

twice with TTBS and once with TBS, membranes were incubated in Genius Buffer 3 (100 mM 

Tris, 50 mM MgCl2, 100 mM NaCl, pH 9.5) for 5 minutes and then in developing solution (200 

μL NBT/BCIP (Roche, Indianapolis, IN) in 10 mL Genius Buffer 3) for the amount of time to 

yield the bands and the membranes to change in color to a faint purple.  After development, 

the membranes were washed with distilled water and imaged. 

 

HT-1080 adhesion assay 

HT-1080 human fibrosarcoma cells (ATCC, Manassas, VA) were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (13.5 g/L D 7777 powder (Sigma Aldrich), 3.7 

g/L NaHCO3, pH 7.5), penicillin-streptomycin (10,000 U/mL, Gibco, Grand Island, NY), and 

10% fetal bovine serum (FBS) (Gibco, Grand Island, NY) at 37 °C and 5% CO2.  96-well non-

tissue-culture-treated plates were coated with 40 μL collagen protein at oversaturating 

concentrations of > 10 μg/mL [39] in 10x phosphate buffered saline (PBS) and incubated for 
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24 hours at 4 °C.  The protein solution was then removed and replaced with 100 μL DMEM + 

100x penicillin-streptomycin (P/S) + 0.5% bovine serum albumin (BSA).  The plate was left 

to incubate for 1 hour at room temperature, after which the DMEM solution was replaced 

with 100 μL of HT-1080 cells in DMEM + 100x P/S + 0.5% BSA at a concentration of 5x105 

cells/mL. After incubation at 30 °C for 4 hours to allow adhesion, the wells were imaged with 

an Olympus IX-51 to view the cells (pre-wash images).  Cells were then washed with 125 μL 

of PBS thrice, 160 μL culture media was added, and the wells were again imaged (post-wash 

images).  To evaluate the relative number of cells, 25 μL 5 mg/mL MTT solution (in PBS) was 

added to each well, and the plate was left to incubate at 37 °C for 2 hours.  70 μL Lysis Buffer 

(20% (w/v) SDS in 50% DMS solution (in demineralized water), pH 4.7) was then added to 

each well, and the plate was left to incubate overnight at 37 °C.  The absorbance at 570 nm 

of each well was measured using the SpectraMax M2 spectrophotometer, and values were 

blanked against those of cell-free wells. 

 

Results and Discussion 

IKVAV-containing recombinant collagen III variants 

Variants of recombinant collagen with introduced IKVAV sites were fabricated using 

an optimized protocol for the assembly of modifiable collagen genes.  This was done to 

address the feasibility of introducing a non-native pentamer from laminin which can 

promote neurite extension and selective NSC differentiation into the collagen sequence.  

Three variants were constructed: two were based on baseline collagen (rCol), which is 

characterized with the same amino acid sequence as that of human collagen III, and were 

termed rCol-1I-1 and rCol-1I-2; and the third was based on a non-adhering collagen (rCol-
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0G) which was constructed previously in our lab [39] and was termed rCol-0G-1I-1 (Table 

2.2).  The genes of all three mutants assembled correctly (as confirmed by DNA sequencing), 

and plasmids containing these genes were successfully transformed into S. cerevisiae to 

allow collagen expression, purification, and characterization.   

We took into consideration the conditions under which glycine mutations result in 

the least detrimental consequences.  In order to minimize the number of glycines removed 

from the native collagen sequence, the five-amino-acid IKVAV is introduced between two 

glycine molecules, and only one glycine-to-valine mutation is induced, yielding the fragment 

–GIKVAVG- within the collagen sequence.  Furthermore, taking into account that the collagen 

triple helix assembles in a C → N terminus manner, the first variant was constructed bearing 

the mutation closer to the N-terminus, in SF1 (named rCol-1I-1).  A second variant, termed 

rCol-1I-2, had the pentamer incorporated closer to the C-terminus, near the end of SF2, in 

order to compare with the first, among other things, triple helix formation and stability.  

Finally, a third variant, rCol-0G-1I-1, was assembled where IKVAV was incorporated in the 

same position as the first but using the previously defined [39] non-adhering collagen, rCol-

0G, as the backbone rather than rCol.  This was to enable potential testing for the ability of 

neural stem cells to differentiate in the presence of IKVAV as part of an otherwise non-

attaching protein (Dr. Christine Schmidt, personal communications) as well as for analyzing 

the full potential of IKVAV as the sole binding motif.  A portrayal of rCol, rCol-0G, and the 

three IKVAV-inclusive collagen variants can be found schematically in Figure 2.3 and 

descriptively in Table 2.2. 
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Figure 2.3 A visual representation of the triple-helical region of different collagen variants.  Green indicates 
the amino acid sequence of human collagen III.  Blue indicates the replacement of integrin-binding sites with 
the non-binding GSPGGK sequence [39].  Orange indicates non-native inserted IKVAV sites.  rCol was used as a 
template to construct rCol-1I-1 and rCol-1I-2, and rCol-0G was used to construct rCol-0G-1I-1. 

 

 

Table 2.2 A summary of the different collagen variants. 

Collagen name Collagen description 

rCol Recombinant human collagen III 

rCol-0G 

Recombinant “human collagen III with 
GROGER, GAOGER, GLOGEN, GLKGEN, and 
GMOGER integrin-binding hexamers 
replaced with non-binding GSPGGK” [39] 

rCol-1I-1 
Recombinant human collagen III with one 
IKVAV site (residues 250-254) in SF1 

rCol-1I-2 
Recombinant human collagen III with one 
IKVAV site (residues 825-829) in SF2 

rCol-0G-1I-1 
Non-binding recombinant human collagen 
III with one IKVAV site (residues 250-254) 
in SF1 

 

 

Ability of purified collagen variants to form stable triple helices 

The structure and stability of purified protein can be evaluated through circular 

dichroism (CD).  Triple-helical collagen, in particular, is characterized by a peak at 221 nm 

and a trough at 198 nm when scanned from 260-190 nm. As shown in Figure 2.4, the 

wavelength scans of baseline collagen as well as that of the constructed variants all exhibit 

the characteristics of triple-helical collagen [79].  It appears that even with a disturbance in 
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one Gly-X-Y repeat, the collagen variants containing IKVAV continue to form triple-helical 

collagen, irrespective of the location of the mutation. 

Figure 2.5 shows the representative temperature scans and apparent melting 

temperatures, Tm (and thus the relative stability), of rCol-1I-1 and baseline collagen (rCol).  

The Tm of each variant is defined at the midway point along the transition of the scanned 

protein from the folded to the unfolded form [80].  Temperature scans yield an apparent 

melting temperature of 35.6 ± 0.3 °C for rCol-1I-1, which is only ~2 °C lower than that of 

rCol’s 37.6 ± 0.6 °C (n=2 for both).  Both variants have a melting temperature lower than that 

of native human collagen III (39.1 ± 0.1 °C) [75], which is most likely due to the lower 

hydroxylation level produced by our recombinant system compared to that of native protein 

from tissue [75]. 

 

Figure 2.4 Representative wavelength scans of (a) rCol; (b) rCol-1I-1; (c) rCol-0G-1I-1; and (d) rCol-1I-2. 
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Figure 2.5 Representative temperature scans and apparent melting temperatures, Tm, of (a) rCol; and (b) rCol-
1I-1. 

 

It has been previously noted that multiple substitutions in the sequence of our 

recombinant collagen do not have a detrimental effect on triple-helix formation and overall 

protein stability as long as the Gly-X-Y repeat remains intact [39, 41].  In this work, we show 

that even with a single break in the characteristic pattern, it is possible to obtain stable triple-

helical protein.  It was further noted that even with a Gly→Val mutation approximately one-

third of total residues away from the C-terminus, the system still yielded triple-helical 

collagen, though the melting temperature and stability has not yet been measured.  Purified 

protein did not yield a concentration high enough to enable Tm measurement, and time 

constraints did not allow for a repeat of the experiment in greater bulk.  Future testing may 

require expressing collagen in 4-6 L of culture rather than only 2 L. 

 

Failure to confirm accessibility of IKVAV within collagen with anti-laminin antibody 

IKVAV is not natively found within collagen, and its introduction into the protein 

resulted in a glycine-to-valine mutation.  Physiologically, this leads to deleterious 

consequences.  Hence, we wanted to confirm the presentation and accessibility of the 
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pentamer peptide sequence within the foreign collagen protein.  IKVAV-containing collagen 

variants were immunostained with an anti-laminin antibody which is known to detect IKVAV 

in contexts outside of the native protein [81].  Immunoblotting was done in the form of dot 

blots in order to determine ideal incubation conditions and protein/antibody concentrations 

for the most distinct detection with minimal background. 

Although the positive control laminin did blot, there was inconsistency in the results 

obtained for rCol-IKVAV variants.  The faint blots obtained (n=2 experiments at those 

specific conditions) was likely due to non-specific binding. Multiple concentrations of 

protein and antibody were tested as described in Methods, the values of which were 

primarily based on previous works and recommendations for use [81,82].  The strong signal 

of the positive control has ruled out problems with the secondary antibody, the detection 

agent, and the stain, and SDS-PAGE has confirmed the purity of the collagen samples.  Hence, 

the final conclusion drawn was that the antibody simply did not bind to the protein samples. 

The failure to bind may be due to several factors.  First, although the antibody has 

successfully been used to detect IKVAV previously [81], the pentamer in those studies was 

in the context of a peptide 19 amino acids long, with its entirety homologous to a fragment 

from the laminin α1 chain.  Therefore, it is likely that the specificity of the antibody extends 

to more than just IKVAV; it is possible that the pentamer alone is too small a recognition site 

for binding, or that if binding did occur, it did so weakly.  Secondly, the antibody is polyclonal 

and binds to multiple epitopes along laminin.  It is unknown which of these epitopes has the 

highest binding affinity to the antibody.  Consequently, low concentrations of antibody which 

strongly bind to multiple regions in laminin may yield close to no binding to a protein which 

contains merely five amino acids from the multitude of recognition sites.   
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 To draw a more precise conclusion, further studies in this line of work need to be 

done.  Because the antibody is polyclonal, a more appropriate positive control for this 

experiment may be an IKVAV-containing peptide.  With such a control, a more accurate 

estimate of the conditions and concentrations needed can be made.  A second line of 

investigation includes using a different antibody which ideally would be monoclonal to the 

IKVAV-containing region in laminin.  Using an antibody of such specificity, if available, would 

assist in determining if the peptide sequence was accessible in the context of a tropocollagen-

like material. 

 

Examination of adhesive properties of variants with HT-1080 cell adhesion assay 

 Cell attachment to the different IKVAV-containing collagen variants was examined 

through an HT-1080 cell adhesion assay.  HT-1080 fibrosarcoma cells primarily bind to 

collagens with the α2β1 integrin ligand [39,83].  As IKVAV binds only to α3β1 and α6β1 

integrin receptors [44], collagen variants are expected to yield similar cell attachment as that 

to the template collagen protein: cells should attach to rCol-1I-1 and rCol-1I-2 as they do to 

rCol, and to rCol-0G-1I-1 as they do to rCol-0G. 

 As expected, cells adhered to bovine collagen III (BC III) and rCol with no significant 

difference and exhibiting spreading, and those incubated with bovine serum albumin (BSA) 

displayed non-specific binding but were easily detached upon wash with PBS (Figure 2.6(a-

c)).  However, cells did not attach well to rCol-1I-1 or rCol-0G-1I-1 post-wash.  They 

remained balled up and were easily detached (Figure 2.6(d-e)).  For the latter variant, this 

was expected, since the rCol-0G template had all the major α2β1 integrin binding sites 

removed [39].  However, cells incubated with rCol-1I-1 were expected to exhibit binding 



30 
 

similar to that of rCol, as the integrin binding motifs were retained in the collagen sequence.  

A quantitative measure of relative cell adhesion can be found in Figure 2.7. 

 

Figure 2.6 Representative images of cells adhered to surfaces coated with (a) bovine collagen III (BC III); (b) 
bovine serum albumin (BSA); (c) baseline recombinant human collagen III (rCol); (d) rCol-1I-1; and (e) rCol-
0G-1I-1. 

 

 

Figure 2.7 Use of MTT assay to quantify cell attachment to different proteins.  A570 readings were normalized 
to the average reading of BC III.  n=6 experiments for all except rCol-0G-1I-1 (n=1).  Error bars convey standard 
deviations. 
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 It was hypothesized that the cause of reduced binding was related to the location of 

IKVAV relative to the major binding sites of collagen III.  These sites had been identified 

earlier by Raynal et al. [84] and removed from baseline collagen by Que et al. [39] to yield 

rCol-0G.  In rCol-1I-1, however, the sites are still included in the sequence, and IKVAV falls in 

a 37-residue gap between the first and second (Figure 2.8).  We theorize that the 

replacement of glycine with valine may have caused a large enough kink or misfold in the 

structure that extends to residues adjacent to the mutation site as well.  Due to working with 

a homotrimer, there is not one but three of these mutations in this same location (Figure 

2.2b) that may result in an even more severe misfold of the triple helix. 

 

Figure 2.8 Representation of SF1 amino acid residues 89-162  of rCol-1I-1 which contains the first four major 
α2β1 integrin binding sites (GROGER, GLKGEN, GLOGEN, and GAOGER) and an IKVAV site.  Gray denotes the 
SF1 fragment, burgundy denotes the four α2β1 integrin binding sites, and orange denotes the IKVAV site.  
Figure is set to scale, with the gray ends of the fragment each representing 1 amino acid. 

 

 In order to examine this hypothesis, further experimentation needs to be performed.   

In rCol-1I-2, the IKVAV site resides 92 amino acid residues away from the last major α2β1 

binding site.  Therefore, there is a much smaller chance that the α2β1 integrin binding sites 

are disrupted.  If the lack of adhesion of HT-1080 cells to rCol-1I-1 was indeed due to the 

deactivation of these sites, it is expected that the cells would attach to rCol-1I-2 in a manner 

more similar to rCol.  However, rCol-1I-2 could not be examined yet due to time constraints.  

Further assays of HT-1080 cells adhesion can test this. 
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Conclusions and Future Directions 

Variants of collagen which contain the non-native pentamer IKVAV from laminin have 

been designed and constructed based on a modular de novo gene fabrication system.  The 

incorporation of IKVAV into the collagen backbone replaces a glycine and thus breaks the 

characteristic Gly-X-Y repeat sequence.  Therefore, studies were conducted to confirm basic 

protein characteristics such as triple-helix formation, protein stability, accessibility of the 

foreign epitope, and cell binding by the collagen variants.  Some preliminary conclusions 

have been made, but further investigation is necessary to draw more concrete conclusions.  

Once it is established that the variants contain the fundamental properties of a 

collagenous material (e.g. thermostability and cell binding) and accessibility of the foreign 

domain is confirmed, deeper studies could be made to probe into IKVAV-specific properties.  

Neurite extension assays may be used to assess the functionality of IKVAV within the 

collagen trimers; the peptide sequence is widely recognized to be heavily responsible for 

neurite outgrowth and extension [42-44,85] whereas collagen III is independent of it.   

Further experimentation includes observing the growth, proliferation, and 

differentiation of neural stem/progenitor cells (NSPC) when incubated with the rCol-IKVAV 

variants.  IKVAV has been known to direct NSPC differentiation into neurons rather than 

astrocytes [45,67,68].  This is especially relevant for nerve regeneration following spinal 

cord injury because the predominant cause of its permanent aftereffects is due to the 

prevalence of astrocytes at the site of injury.  These glial cells simultaneously form a barrier 

against the regrowth of damaged axons and secrete proteoglycans and other molecules 

which have been known to inhibit axonal regeneration [86].  An alternative experiment 

includes creating a model where, potentially, Schwann cell migration towards IKVAV-
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containing variants is observed.  This is also important for nerve injury therapy as Schwann 

cells are primarily responsible for axonal guidance for regeneration post-injury [87].   

Conclusively, it would be of great interest for nerve regeneration applications if 

collagen variants could additionally be characterized by IKVAV-specific functionalities. The 

prevalence of collagen in the ECM as well as its importance in cell-cell and cell-matrix 

interactions make it an attractive template, and the bioactivity of IKVAV may be enhanced 

by increasing its frequency within a collagen molecule, as long as the stability of the protein 

is not compromised as a result of the additional glycine mutation. 
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Chapter 3: Development of a ΔREG1ΔGAL1 strain for increased collagen 

production in yeast 

Introduction 

 Our lab has constructed a de novo gene encoding for full-length recombinant collagen 

through the use of a Computationally Optimized DNA Assembly (CODA) algorithm [14,38].  

The bottom-up strategy allows us to create mutants of human collagen III which are 

unrestricted in terms of mutation site, frequency, or identity by mixing and matching 

mutated fragments with those of the recombinant collagen (rCol) template.   

We have chosen Saccharomyces cerevisiae as our expression host because of the ease 

with which genetic manipulation can be executed [37,88].  The knowledge of its complete 

genome and pathways and the wide range of molecular tools available allow for facile genetic 

mutation and the expression of foreign genes.  However, although this species is capable of 

carrying out various post-translational modifications, it does not naturally produce the 

enzyme necessary for the hydroxylation of prolines [89], which is vital for collagen triple-

helix formation and stability.  Hence, our lab has inserted two copies of each the α- and β-

subunits of this enzyme, prolyl-4-hydroxylase, into the yeast genome [90].  This integration, 

along with the transformation of a CEN/ARS plasmid carrying the collagen gene allows us to 

express stable, full-length, triple-helical recombinant collagen III and variants [39,40].   

Despite the success of S. cerevisiae for collagen expression, there are a few limits that 

need to be addressed.  First, collagen III and the two copies of hydroxylase α and β subunits 

are expressed under the GAL1 promoter, and the yeast must be cultivated in galactose-

containing media for expression [52].  However, in the presence of glucose, the carbon 

source yeast favors most [91], the GAL1 promoter is repressed, and expression cannot take 
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place [92,93].    Second, the yield of collagen obtained from our system post-purification is 

low (~500 μg/L culture).  This is likely due in part to the fact that the inducer, galactose, is 

also the carbon source during cultivation.  Hence, as galactose concentration decreases with 

time and is eventually exhausted, induction is reduced as well.  

Catabolite repression by glucose in yeast refers to the suppression of gene expression 

and thus specific metabolic pathways in the presence of glucose [92].  Despite many studies, 

it is still unclear as to the exact mechanism of this process [92,94].  It is regulated by Reg1p, 

which is expressed by the REG1 gene [48].  Reg1p forms a complex with a catalyzing subunit, 

Glc7p, in protein phosphatase type 1 (PP1) [48,95].  Catabolite repression is largely 

controlled by the formation of this complex, which is induced by the presence of glucose [95]. 

Due to catabolite repression, yeast cannot express genes under the GAL1 promoter in 

the presence of glucose.  Growth on nonfermentable carbon sources (such as ethanol, 

acetate, and glycerol [96]) allow swift expression but at the expense of the quality of cell 

growth [49].  The ideal situation would be one where the GAL1 promoter is induced even as 

cells grow on glucose.  In an attempt to achieve this, we removed the REG1 gene from the 

yeast genome.  With the knockout of the REG1 gene, collagen can be formed even in the 

presence of glucose [49].   

Preventing galactose consumption by transforming galactose into a gratuitous 

inducer may increase collagen yield [52].  This is done through a knockout of the GAL1 gene.  

GAL1 is one of many genes of the GAL regulatory circuit responsible for galactose metabolism 

[50].  It encodes galactokinase (Gal1p), the enzyme required for the first step in galactose 

metabolism [51].  Through this enzyme, galactose is converted into galactose-1-phosphate 
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in the presence of ATP [97].  Hence, a GAL1 gene knockout deactivates the galactose 

metabolism early in the pathway while avoiding the build-up of harmful metabolites [97]. 

In this work, we induce a dual knockout in an attempt to increase the yield of 

recombinant collagen.  With the knockout of REG1, expression under the GAL1 promoter can 

commence in glucose-and-galactose-containing media even while glucose is not depleted.  

This allows for optimal growth of the cells as they express the protein.  An additional GAL1 

gene knockout inhibits galactose consumption and transforms the sugar into a gratuitous 

inducer.  As a result, collagen is continually expressed in the presence of a constant 

concentration of galactose.  The deletion of both the REG1 and GAL1 genes is necessary as 

cells require a carbon source.  We hypothesize that the construction of a ΔREG1ΔGAL1 strain 

will result in maximum production of protein by a strain that grows with improved health. 

Therefore, the specific objective of this study were to: 

1. Develop ΔREG1 and ΔREG1ΔGAL1 strains. 

2. Analyze cell growth and collagen yield and productivity. 

3. Determine optimal collagen expression conditions for both strains. 

 

Materials and Methods 

Strains and media 

BY4741 Saccharomyces cerevisiae (MATa his3Δ1 leu2Δ0 met13Δ0 ura3Δ0) [98] and its 

knockout derivative BY4741ΔREG1 were purchased from GE Dharmacon (Lafayette, CO) and 

used as controls for growth-related experiments.  BYα2β2 (S. cerevisiae BY4741ΔTRP1 

(MATa his3Δ1 leu2Δ0 met13Δ0 ura3Δ0 Δtrp1::KanMX) [75,98] has two integrated copies of 

each the α- and β- subunits of prolyl-4-hydroxylase) [75]. 
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2% Yeast extract-Peptone-Dextrose (YPD) media was prepared with 10 g/L yeast-

extract, 20 g/L peptone, and 20 g/L dextrose.  2% SDC(A) and SGC(A) media were prepared 

as described in Chapter 2 and contain 20 g/L of glucose or galactose, respectively.  1%-1% 

SDGC(A) was prepared with 10 g/L each dextrose and galactose, and 2%-2% SDGC(A) was 

prepared with 20 g/L each dextrose and galactose; both also contained 5 g/L bacto casamino 

acids, 1.7 g/L yeast nitrogen base without casamino acids and ammonium sulfate, 5 g/L 

ammonium sulfate, and 100 mg/L adenine.  When required, 100 mg/L uracil and/or 

tryptophan were also added.  SD(AUML) was prepared with 20 g/L dextrose, 1.7 g/L yeast 

nitrogen base without casamino acids and ammonium sulfate, 5 g/L ammonium sulfate, 100 

mg/L each adenine, uracil, and methionine, and 150 mg/L leucine.  All plates included 1.5% 

Bacto agar. 

The spectrophotometer used to measure absorbance was a SpectraMax M2 (Nova 

Biotech, El Cajon, CA). 

 

REG1/GAL1 gene knockout procedure 

Selection markers TRP1 and HIS3, each flanked by loxP sites, were amplified for REG1 

and GAL1 gene knockouts, respectively, from the appropriate pXP templates through PCR 

using KOD Hot Start DNA polymerase (EMD Millipore, Billerica, MA).  These markers were 

chosen specifically in order to select for them post-knockout.  Primers contained homology 

to sequences upstream and downstream of the ORF in addition to the pXP template.  Primer 

sequences are given in Table 3.1.   
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Table 3.1 Primer sequences for the amplification of selection markers from select pXP templates to be used 
for the knockout of the indicated gene. 

Selection 
marker 

Knockout 
gene 

Forward (top) and reverse (bottom) primer sequences (5’ → 3’) 

TRP1 REG1 

5'-ACT GAT CCA CAC TAC CTG GAT TTT TAT TTT CTC TTC ATG TTG ACT TCA AAA TTC TTT 
CTT TAG AGG ATC CCC GGG-3’ 
5’-TGA AGA TTA TAA ATC CTA AAG CAA GCA TAT TGA CGA AGA CGA GAT AAG AAA AAT 
CCA AAA AGC TCG GTA CCC GGG-3’ 

HIS3 GAL1 

5'-GTT AAT ATA CCT CTA TAC TTT AAC GTC AAG GAG AAA AAA CTA TAA TGC AGG TCG 
ACT CTA GAG GAT CCC CGG-3' 
5'-AAT GAG AAG TTG TTC TGA ACA AAG TAA AAA AAA GAA GTA TAC TTA GAA TTC GAG 
CTC GGT ACC CGG G-3'  

 

PCR products were purified (QIAquick PCR Purification Kit, Qiagen, Valencia, CA), run 

on a 0.6% agarose gel, extracted, and purified once again (Zymoclean Gel DNA Recovery Kit, 

Zymo Research, Irvine, CA).  They were then used for individual knockout procedures as 

indicated above.  For the gene knockout procedures, the high-efficiency yeast transformation 

protocol using LiOAC [78] was used, as described previously in Chapter 2, with slight 

changes:  10 mL subcultures of each BYα2β2 in 2% YPD media and BYα2β2ΔREG1 in 

SDC(AU) media were grown to OD600 of 0.7.  Upon completion of the knockout procedures, 

the cells were plated on SDC(AU) media (selecting for TRP1) or SD(AUML) media (selecting 

for HIS3).  Plates were incubated for 3-4 days at 30 °C, and colonies were checked for 

confirmation that the gene knockout was successful by check PCR. 

 12-16 colonies from each knockout plate were picked for screening.  Genomic yeast 

DNA was extracted as described by Green et al. [99] and PCR amplified using Taq DNA 

polymerase (New England Biolabs, Ipswich, MA).  Samples were run on a 0.6% agarose gel, 

and those of correct length were stored as glycerol stocks at -80 °C.  Colonies with correct 

genomic DNA from the TRP1-selecting plate were named BYα2β2ΔREG1, and those from the 

HIS3-selecting plate were named BYα2β2ΔREG1ΔGAL1.  The sequences of primers used for 

knockout checking are given in Table 3.2, and strain descriptions are given in Table 3.3. 
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Table 3.2 Primer sequences used to check for the success of the knockout (KO), with an indication of the gene 
knocked out and the annealing location relative to the KO site. 

KO Gene Location of primer Forward (top) and reverse (bottom) primer sequences 

REG1 
external to ORF 5'-CGCTCTTGGTGTGACACTGCC-3' 

external to ORF 5'-ACCAATTCCGGGCCGAAAGC-3' 

GAL1 
external to ORF 5'-GAAAAATTGGCAGTAACCTGGC-3' 

HIS3 internal  5'-GGTTGCCATAAGAGAAGCCA-3' 

 

Table 3.3 A summary of the strains used for this work. 

Strain Description Source 

BY4741 MATa his3Δ1 leu2Δ0 met13Δ0 ura3Δ0 Δtrp1::KanMX [98] 

BYα2β2 
MATa his3Δ1 leu2Δ0 met13Δ0 ura3Δ0 Δtrp1::KanMX 
:abab* [47,75] 

BYα2β2ΔREG1 
MATa his3Δ1 leu2Δ0 met13Δ0 ura3Δ0 :abab* 
reg1::loxP-TRP1-loxP This work 

BYα2β2ΔREG1ΔGAL1 
MATa leu2Δ0 met13Δ0 ura3Δ0 :abab* reg1::loxP-
TRP1-loxP; gal1::loxP-HIS3-loxP This work 

        * :abab indicates that two α and two β prolyl-4-hydroxylase subunits have been integrated into the 
             yeast genome as described by Chan [90]. 

 

Transformation of the CEN/ARS plasmid carrying the collagen gene 

 The S. cerevisiae CEN/ARS (C/A) plasmid containing our modular collagen gene 

(YCpMCOL) was transformed into the different BYα2β2 strain variants using a high-

efficiency yeast transformation protocol that employs LiOAc [78].  YCpMCOL carries the 

URA3 marker.  BYα2β2 cells transformed with YCpMCOL were plated on SDC(AW) media, 

and BYα2β2ΔREG1 and BYα2β2ΔREG1ΔGAL1 cells were plated on SDC(A).  Colonies that 

grew on the plates after 3-4 days at 30 °C were stored at -80 °C, and two colonies of each 

strain were screened for collagen expression.  The new strains were termed BYα2β2-C/A 

(rCol), BYα2β2ΔREG1-C/A, and BYα2β2ΔREG1ΔGAL1-C/A. 
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Collagen expression and purification 

 The collagen gene is expressed under the GAL1 promoter, and galactose is required 

for induction of transcription.  Subcultures in SDC media were used to inoculate (100x 

dilution) galactose-containing media.  Procedures for collagen expression and purification 

are as described previously by Que et al. [40].  Briefly, cells were harvested and then lysed 

with a French Press, and collagen was purified out of the samples.  SDS-PAGE was run to 

determine purity, CD scans were done to confirm triple-helicity of the purified product, and 

a BCA assay was done to determine protein concentration.   

 

Growth curves 

 All cells were streaked on appropriate plates from -80 °C frozen stocks.  Tube cultures 

were inoculated from plates and cultured overnight in 5 mL SDC media at 30 °C and 250 

RPM.  Tube subcultures (5 mL) were prepared at OD600 of 0.25.  At OD 1, the SDC cultures 

were used to inoculate (100x dilution) 250 mL Erlenmeyer flasks containing 50 mL 

induction medium.  The flasks were incubated at 30 °C and 250 RPM.  Cell density at A600 was 

measured at specific time points, and growth rates were determined. 

 

Anti-collagen Western blotting 

Western blots using an anti-human collagen III antibody were performed to compare 

the amount of collagen produced in different strains.  Cells of strains BYα2β2-YCpMCOL, 

BYα2β2ΔREG1-YCpMCOL, and BYα2β2ΔREG1ΔGAL1-YCpMCol were cultured in galactose-

containing media (2% SGC, 1%-1% SDGC, and 2%-2% SDGC media, respectively).  

Expression was terminated at pre-specified cell densities.  To extract the collagen, cells were 
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thawed and resuspended to a concentration of 0.1 g/mL in Breaking Buffer (100 mM Tris, 

400 mM NaCl, pH 7.4), and 2 U/mL DNase, 1 U/mL RNase, and 1 mM MgCl2 were added.  

Phenylmethylsulfonyl fluoride (PMSF) was added to 1 mM concentration just before lysis.  

The cell mixture was passed through the French Press (Thermo Scientific, Rockford, IL) twice 

at high ratio settings and a gauge pressure of 1580 psi (25,000 Cell Pressure), after which 

EDTA was added to the lysed cells to 2 mM.  The cell lysates were centrifuged at 22,000 RPM 

for 30 minutes using an SW 41 Ti rotor (Beckman Coulter, Brea, CA).  Soluble and insoluble 

fractions were separated, and the latter were resuspended in breaking buffer (100 mM Tris, 

400 mM NaCl, pH 7.4) to the same volume as the former.  Samples were mixed with 6x SDS 

loading dye and boiled for 10 minutes with a spin halfway in between.  For each experiment, 

an equal volume of sample was loaded onto a 7% SDS-PAGE gel.   

The gel was incubated along with prewet nylon membrane (Roche Diagnostics, 

Indianapolis, IN) in transfer buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol) for 5 

minutes. The two were then assembled in an XCell SureLock Mini-Cell (Invitrogen, Carlsbad, 

CA) along with foam pads and chromatography paper (Whatman International Ltd, 

Pittsburg, PA) which was subsequently transferred to a transfer chamber. Transfer was 

completed after 1.25 hours at 35 V. The membrane was removed and incubated in blocking 

solution (0.5% milk (Lab Scientific, Livingston, NJ) in TBS (20 mM Tris, 500 mM NaCl, pH 

7.5)) for 2 hours after which time a 1:1000 dilution of COL3A1 antibody (C-15) goat 

polyclonal IgG (Santa Cruz Biotechnology, Dallas, TX) was introduced. The membrane was 

left to incubate in this solution overnight at 4 °C for 16-20 hours. 

The membrane was washed three times in TTBS (0.5% (v/v) Tween 20 (Anatrace, 

Maumee, OH) in TBS) for 15 minutes per wash and then incubated in a 1:10,000 dilution of 
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rabbit anti-goat IgG-AP secondary antibody (Santa Cruz Biotechnology, Dallas, TX) in 

blocking solution for 2 hours at room temperature. The membrane was washed twice for 15 

minutes with TTBS and then once with TBS, incubated in Genius Buffer 3 (100 mM Tris, 50 

mM MgCl2, 100 mM NaCl, pH 9.5) for 5 minutes, and then incubated in developing solution 

(200 μL NBT/BCIP (Roche, Indianapolis, IN) in 10 mL Genius Buffer 3) until bands appeared 

(10 minutes – 2 hours). After development, the membrane was washed with distilled water 

and then scanned. 

 

High-performance liquid chromatography (HPLC) 

Cells were grown in 1%-1% SDGC, and 1 mL aliquots were extracted at specified time-

points during batch culture of the yeast strains.  Glucose and galactose concentrations were 

quantified using a Shimadzu HPLC system: HPX – 87H column (Bio-Rad, Hercules, CA) with 

a refractive index detector.  Flow rate was set to 0.5 mL/min with a total run time of 40 

minutes per sample.  5 mM H2SO4 was used as the mobile phase.  The column was set to a 

temperature of 65 °C. 

 

Results and Discussion 

Deactivation of catabolite repression by glucose 

 The REG1 gene encodes a protein Reg1p responsible for catabolite repression.  It 

suppresses the induction of GAL-regulated expression when cells are in the presence of 

glucose, the preferred carbon source for yeast.  The collagen gene is downstream of the GAL1 

promoter, making collagen expression possible only in the presence of galactose and the 

absence of glucose.  To allow expression in glucose and galactose together, the REG1 gene 
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was deleted from the BYα2β2 genome.  The goal was to allow expression even when glucose 

is present.  The cells should be healthier and may produce increased yields of collagen 

protein. 

 The gene knockout was done via homologous recombination (Figure 3.1) [100].  

Using a high-efficiency yeast transformation protocol, a -loxP-TRP1-loxP- containing insert 

with homology to the sequences flanking the REG1 ORF was employed to replace the REG1 

gene.  Checking through PCR confirmed that the gene was successfully knocked out. 

 

Figure 3.1 A representation of a gene knockout by homologous recombination, adapted from [100].  In this 
investigation, the REG1 gene was replaced with TRP1 selection marker. 

 

Growth and collagen production in the BYα2β2ΔREG1 strain 

Evaluation of growth of BYα2β2ΔREG1 

 To study the growth of the new strain and relate it to that of parent strains, growth 

curves in 2% galactose (SGC media) and 1% glucose, 1% galactose (1%-1% SDGC media) 

were determined and compared for BYα2β2ΔREG1, BYα2β2, BY4741, and BY4741ΔREG1 

(Figure 3.2). 
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Figure 3.2 Growth curves for BY4741, BY4741ΔREG1, BYα2β2, and BYα2β2ΔREG1 in 2% galactose (2% SGC) 
and in 1% glucose, 1% galactose (1%-1% SDGC). 

 

 Strains BYα2β2 and BYα2β2ΔREG1 grew similarly both in galactose only and in equal 

amounts glucose and galactose, as shown by the overlapping growth curves in Figure 3.2.  

These two strains also grew similarly to the base BY4741 strain and its REG1-knockout 

variant in SDGC.  However, slower growth of BYα2β2 and BYα2β2ΔREG1 is observed in SGC.  

The slower growth of the BYα2β2 strains in galactose alone is most likely due to the 

overexpression of the two α and two β prolyl-4-hydroxylase subunit genes that are under 

the control of the GAL1 promoter.  Furthermore, the strains cultured in glucose-containing 

media grow much more rapidly (approximately 2x faster, based on estimated growth rates) 

than when cultured on galactose alone. 

Therefore, two main conclusions can be made.  First, the BYα2β2ΔREG1 is healthy; 

the similarity in growth to that of BYα2β2 confirms that there was no detrimental effect on 

the cells as a result of the knockout.  Second, culturing the strains in glucose increases cell 

growth rate, and the strain expressing the hydroxylase has a comparable growth to the 

parent strain.  
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Triple-helicity of purified protein 

 The S. cerevisiae CEN/ARS plasmid was successfully transformed into the 

BYα2β2ΔREG1 strain, resulting in the new collagen-expressing strain BYα2β2ΔREG1-C/A.  

In this strain, collagen was expressed in 1% glucose + 1% galactose medium.  With the REG1-

knockout, glucose was added to the culture media for healthier growth, and galactose was 

kept for induction of collagen expression.  1% of each glucose and galactose were used in 

order to keep the sugar content consistent (2% sugar total) as both sugars will be 

metabolized.  The control strain BYα2β2-C/A was cultivated in 2% galactose. 

 Collagen was expressed in BYα2β2-C/A cells for 41 hours and in BYα2β2ΔREG1-C/A 

cells for 17 hours, the amount of time needed to reach the end of exponential phase in each 

growth curve (refer to Figure 3.2). Cells were lysed, and the collagen was purified from the 

lysate.  Circular dichroism scans were run on protein from both BYα2β2ΔREG1-C/A and 

BYα2β2-C/A (Figure 3.3).  The characteristic peak at 221 nm and trough at 198 nm 

confirmed the presence of triple-helical collagen within the purified samples.   

 

Figure 3.3 Wavelength scans of BYα2β2-C/A and BYα2β2ΔREG1-C/A. 
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 We did not expect transformation of the CEN/ARS plasmid into the two to affect their 

relative growth.  This has been confirmed through growth curve comparisons for BYα2β2-

C/A in 2% SGC and BYα2β2ΔREG1-C/A in 1%-1% SDGC (data not shown) which yielded the 

same conclusions as shown in Figure 3.2.  It can therefore be concluded that the newly 

created BYα2β2ΔREG1-C/A strain both grows faster than BYα2β2-C/A (in their respective 

expression media) and can successfully express stable, triple helical collagen.  Hence, 

BYα2β2ΔREG1 was used as a template for the GAL1 knockout to create 

BYα2β2ΔREG1ΔGAL1. 

 

Development of a strain that utilizes galactose as a gratuitous inducer 

 The GAL1 gene encodes a protein, Gal1p, which initiates galactose metabolism.  With 

the deletion of this gene, galactose is transformed into a gratuitous inducer and remains in 

the medium at a constant concentration.  The REG1 knockout achieved prior to the GAL1 

deletion ensures collagen expression even as the cells metabolize glucose.  Therefore, this 

new strain, BYα2β2ΔREG1ΔGAL1, grows on glucose alone and employs galactose as a 

gratuitous inducer for maximum collagen production. 

GAL1 was knocked out through homologous recombination, similar to REG1.  An 

insert containing –loxP-HIS3-loxP- and homologous to the GAL1 ORF was used to replace the 

GAL1 gene using a high-efficiency yeast transformation protocol [78].  The GAL1 gene was 

successfully deleted, as shown by PCR analysis of extracted genomic DNA.  Amplified DNA 

run on an agarose gel indicated the replacement of the GAL1 gene with the –loxP-HIS3-loxP- 

insert.  Further confirmation came from HPLC analysis.  The cells were cultivated in 1%-1% 

SDGC media, and glucose and galactose levels were measured throughout cultivation.  The 
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graph in Figure 3.4 shows that galactose content remained constant for BY4741ΔGAL1 

(positive control) and the new GAL1-knockout strain BYα2β2ΔREG1ΔGAL1, even after 

glucose levels drop.  For this strain, galactose is a gratuitous inducer. 

 

Figure 3.4 Glucose and galactose levels (via HPLC) during growth of BYα2β2ΔREG1ΔGAL1 and BY4741ΔGAL1.  
‘glc’ = glucose; ‘gal’ = galactose readings. 

 

Growth and collagen production in the BYα2β2ΔREG1ΔGAL1 strain 

 The S. cerevisiae CEN/ARS plasmid was transformed into BYα2β2ΔREG1ΔGAL1, 

resulting in strain BYα2β2ΔREG1ΔGAL1-C/A.  The growth of this strain as well as its ability 

to produce triple-helical collagen were determined.  Comparison of the collagen yield was 

compared to that obtained using our baseline strain, BYα2β2-C/A.   

Evaluation of growth of BYα2β2ΔREG1ΔGAL1-C/A 

 The strain BYα2β2 is typically cultured in 2% galactose for collagen expression.  The 

new strain, BYα2β2ΔREG1ΔGAL1-C/A, can be cultured in glucose and galactose, with 

galactose acting as a gratuitous inducer.  This REG1-GAL1 knockout strain cannot metabolize 
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galactose.  Therefore, 2% glucose was added to the media to allow equivalent metabolizing 

sugar content during expression.  The presence of galactose here is merely for induction of 

collagen expression and was set to 2% for consistency with our baseline induction medium. 

 The growth of BYα2β2ΔREG1ΔGAL1-C/A in 2%-2% SDGC was compared to that of 

BYα2β2-C/A in 2% SGC and BYα2β2ΔREG1-C/A in 1%-1% SDGC.  Approximate growth rates 

were obtained to compare strain health and the cultivation time necessary for expression 

(Figure 3.5).  As shown in the graph, the ΔREG1 strain grew substantially faster in glucose + 

galactose than the parent strain BYα2β2-C/A did in galactose.  However, the growth of the 

ΔREG1ΔGAL1 strain (on glucose) was comparable to BYα2β2-C/A (on galactose).  Therefore, 

there was no growth advantage for the dual knockout strain despite being cultivated in the 

preferred carbon source. 

 

 

 

 

 

 



49 
 

 

  

average growth 
rate (h-1) 

Standard 
error  

maximum cell 
density (ODmax) 

number of 
experiments (n) 

BYα2β2-C/A 0.20 0.002 4.1 2 

BYα2β2ΔREG1-C/A 0.43 0.017 6.8 2 

BYα2β2ΔREG1ΔGAL1-C/A 0.18 0.004 3.9 2 
 
Figure 3.5 Growth curves and average growth rates of BYα2β2-C/A in 2% SGC, BYα2β2ΔREG1-C/A in 1%-1% 
SDGC, and BYα2β2ΔREG1ΔGAL1-C/A in 2%-2% SDGC. 

 

Ability of BYα2β2ΔREG1ΔGAL1-C/A to produce triple-helical collagen 

The ΔREG1ΔGAL1 strain was cultivated in 2% glucose and 2% galactose.  Cells were 

harvested both at OD 3 (typical harvesting OD, t= 41 hours) and t= 70 hours (19 hours after 

entering stationary phase, OD range approximate 4 - 5).  The control strain BYα2β2-C/A was 

cultivated in 2% galactose; cells were harvested at the same times.  Cells enter stationary 

phase when their carbon source has been consumed.  For strain BYα2β2-C/A, collagen 

expression will also end due to depletion of the inducer.  However, in the case of the 

gratuitous strain, cells only consume glucose and thus enter stationary phase when the 
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glucose supply is depleted, but not the galactose.  Hence, we expect collagen expression to 

continue for a longer period of time.   

The harvested cells were lysed, and collagen protein was purified from the lysates.  

Wavelength scans were measured for all samples via circular dichroism (CD) and showed 

spectra characteristic of triple-helical collagen (Figure 3.6). 

 
 

 
Figure 3.6 Representative wavelength scans of BYα2β2-C/A and BYα2β2ΔREG1ΔGAL1-C/A harvested both at 
OD 3 and t = 70 hrs (stationary phase). 

 

Analysis of collagen levels by Western blot 

 By knocking out the GAL1 gene from the yeast genome, we have transformed 

galactose into a gratuitous inducer.  As a result, we expected collagen to be produced for a 
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longer period of time.  Furthermore, the cells are grown on glucose, the preferred carbon 

source.  We therefore hypothesized that the REG1-GAL1 knockout strain would yield higher 

levels of collagen than the baseline BYα2β2-C/A strain.  The two strains were cultivated in 

galactose-containing media (BYα2β2-C/A in 2% SGC, and BYα2β2ΔREG1ΔGAL1-C/A in 2%-

2% SDGC), and collagen was extracted from lysed cells.  Samples were run on a Western blot 

to qualitatively compare collagen yield.  The quantity of protein produced was compared for 

cells harvested at OD 3 and at 70 hours (stationary phase).   

 The initial Western blots did not show significant differences (n=2 experiments, data 

not shown).  While there was some inconsistency between the experiments, the initial 

results suggest that collagen yield is generally equivalent for all strains and at both harvest 

times.  Future work should carefully compare the two strains and evaluate collagen yield at 

several different time points during growth and stationary phase. 

 

Conclusions 

 Through homologous recombination, we have created an S. cerevisiae strain with 

REG1 and GAL1 gene deletions to allow collagen production on glucose, using galactose as a 

gratuitous inducer.  The hypothesis was that doing so would result in increased collagen 

yields by faster growing cells in a constant level of inducer.  The cells successfully produced 

triple-helical collagen.  However, initial Western blots did not show improved yield by the 

ΔREG1ΔGAL1 strain.  This may be due to a number of factors, including the health of the 

strain.  Growth curves showed that the dual knockout strain had a comparable growth rate 

in glucose as the parent strain in galactose; a higher growth rate (similar to that observed 

for the ΔREG1 strain in glucose) was expected.  Regardless, the strain may still be useful as it 
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allows collagen production on glucose.  It is also likely that the galactose inducer 

concentration can be reduced significantly below 1% with no negative effect on collagen 

yield [52], which could be cost-effective. 
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APPENDIX A 

 
Protocol for Escherichia coli DH5α competent cell preparation 

Competent cells were prepared with sterile CaCl2 solution (60 mM CaCl2, 15% (w/v) 

glycerol, 10 mM PIPES at pH7): DH5α cells were grown in Luria-Bertani (LB) media (25 g/L 

LB broth (Fisher Scientific, Pittsburg, PA)) overnight at 37 °C and 250 RPM.  0.5 mL of the 

overnight culture was then transferred into each of two flasks containing 50 mL LB media 

and left to incubate at 37 °C for 2 hours.  These subcultures were then transferred to 2 

prechilled sterile 50 mL polypropylene tubes and left in ice for 10 minutes after which they 

were centrifuged for 10 minutes at 3300 RPM and 4 °C.  The supernatants were discarded, 

and the pellets were each resuspended in 10 mL ice-cold CaCl2 solution. The tubes were again 

centrifuged for 10 minutes under the same conditions, and the newly acquired pellets was 

also resuspended in 10 mL chilled CaCl2 solution and then left to sit in ice for 2 hours. The 

cell suspensions were then centrifuged one last time and the pellets were each resuspended 

in 1.5 mL ice-cold CaCl2 solution which were aliquoted at a volume of 150 μL into prechilled 

sterile Eppendorf tubes. These tubes were immediately placed on dry ice and then stored at 

-80 °C. 

 

Micro BCA assay 

To obtain protein concentration, a micro BCA protein assay kit (Thermo Scientific, 

Rockford, IL) was used.  50 μL of the provided Master Mix (25 μL solution A, 24 μL solution 

B, and 1 μL solution C) were mixed with protein of the same volume in 384-well clear flat-

bottomed plates.   Protein to be tested was at the concentration scanned with CD diluted 2x 
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and 4x, and the average reading of the two dilutions was used to determine concentration.  

The plate was then incubated for 2 hours at 37 °C, after which A562 was measured.  The 

absorbance values read were representative of sample protein concentrations as 

determined from a standard curve for bovine collagen III (BC III). 
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APPENDIX B 

 

DNA and amino acid sequences of secondary fragments (SF) of rCol, rCol-0G, 
rCol-1I-1, rCol-1I-2, and rCol-0G-1I-1 

Front SF (FSF) and Back SF (BSF) sequences are the same for all variants; only the triple-
helical region (encoded by Middle SF, or MSF) is mutated. 

FSF DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCT 

FSF amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLA 

BSF DNA sequence: 

GGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGG
ATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATACGGATGAGATCATGACG
TCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATGGTTCCAGAAAGAATCC
AGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCCGGTGAATATTGGGTCG
ATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACATGGAAACTGGCGAAAC
GTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGATAGTTCTGCTGAGA
AGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGCTACGGTAATCCAGA
ATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTCATCAAGGGCGTCGC
AGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCATCCGGCAACGTGAA
GAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGGTAACAGCAAGTTC
ACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCTAAGACGGTGTTCG
AATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCATACGATATAGGTGG
TCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTG 
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BSF amino acid sequence: 

GPCCGGVGAAAIAGIGGEKAGGFAPYYGDEPMDFKINTDEIMTSLKSVNGQIESLISPDGSRKNPAR
NCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGETCISANPLNVPRKHWWTDSSAEKK
HVWFGESMDGGFQFSYGNPELPEDVLDVQLAFLRLLSSRASQNITYHCKNSIAYMDQASGNVKKA
LKLMGSNEGEFKAEGNSKFTYTVLEDGCTKHTGEWSKTVFEYRTRKAVRLPIVDIAPYDIGGPDQ
EFGVDVGPVCFL 

 

rCol (baseline collagen) 

rCol MSF1 DNA sequence: 

CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCT
AGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCC
TGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGT
AGACCAGGCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAAT
ACCAGGTTTTCCTGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAA
ACTGGTGCTCCTGGTTTAAAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAA
TGGGTCCAAGGGGTGCTCCAGGAGAGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGT
GGTAATGATGGTGCTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGG
CTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTG
CTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCA
CCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCC
AGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAG
GTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGG
AGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTG
AGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCC
GCAGGACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGG
CCGGACCACGTGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAG
AGGTATGCCAGGTTCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAG
GTGAGTCAGGCAGACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGC
TTTCCTGGCCCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTG
GTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGAA 

rCol MSF1 amino acid sequence: 

PQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSG
PPGPPGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETG
APGLKGENGLPGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGF
PGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPG
LMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGE
PGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMR



64 
 

GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPG
GPGPQGPPGKNGE 

rCol MSF2 DNA sequence: 

CCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGAGCAGC
AGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCA
GGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGG
TCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCA
ACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCT
CCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACA
AAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCC
GGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGG
GTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGGTCCACCAGGTTTGGCAGGAGCACCAGG
ATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACCTGGTC
CTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAGAGGCGGTTTGGGTTCA
CCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGTAAAGA
TGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGATAAAG
GTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAGGGG
AGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTG
GTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCC
ACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTC
CTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAAT
GGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGG
AAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTG
AAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGC 

rCol MSF2 amino acid sequence: 

PGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRP
GPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGG
DKGDTGPPGPQGLQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGA
PGLRGGAGPPGPEGGKGAAGPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVP
GKDGPRGPTGPIGPPGPAGQPGDKGEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEP
GGKGERGAPGEKGEGGPPGVAGPPGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGS
NGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPG 

rCol MSF3 DNA sequence: 

GAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCCACCAGGAGGTTCCGGACCAGCAGGAC
CTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTCCTGGAGGTCCAGGAGCCGCTGGTTTT
CCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAATGGTAATCCTGGACCACCCGGTCCTTC
TGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGGAAATACTGGTGCACCGGGTTCACCCG
GTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTGAAAAAGGTTCACCAGGAGCTCAGGG
TCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTGGAATTACTGGTGCTAGGGGCTTGGCTGGAC
CGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGTCCACAAGGCGTTAAAGGCGAGTCAGGAAAA
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CCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTCCGCCTGGGCCTCAGGGTTTGCCTGGATTGGC
TGGTACTGCTGGTGAGCCAGGTAGAGATGGTAATCCCGGTTCTGATGGATTACCCGGCAGGGACG
GATCCCCTGGTGGCAAGGGAGATAGAGGTGAAAATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGG
CATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGGCAAATCTGGTGATAGAGGAGAGTCAGGTCC
TGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGATCTAGGGGTGCACCAGGTCCCCAAGGCCCTA
GAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGCTGCGGGCATTAAAGGTCATAGAGGCTTTCC
AGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAGCTGGTCAACAAGGTGCTATTGGTAGTCCTG
GCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGCGGACCACCTGGTAAAGATGGAACTTCTGGT
CATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGGCAATAGAGGAGAAAGAGGCTCTGAAGGTA
GCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGACCACCAGGTGCTCCGGGGCCCTGTTGTGGT
GGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCGGTGAAAAAGCTGGTGGATTC 

rCol MSF3 amino acid sequence: 

EKGEGGPPGVAGPPGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPS
GSPGKDGPPGPAGNTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPP
GMPGPRGSPGPQGVKGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGS
PGGKGDRGENGSPGAPGAPGHPGPPGPVGPAGKSGDRGESGPAGPAGAPGPAGSRGAPGPQGPRG
DKGETGERGAAGIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGPAGPRGPVGPSGPPGKDGTSGHP
GPIGPPGPRGNRGERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAGIGGEKAGGF 

 

rCol-0G  

rCol-0G MSF1 DNA sequence: 

CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCT
AGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCC
TGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGT
AGACCAGGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAAT
ACCAGGTTTTCCTGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAA
ACTGGTGCTCCTGGATCGCCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAAT
GGGTCCAAGGGGTTCACCAGGCGGTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTG
GTAATGATGGTGCTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGC
TTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGC
TCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCAC
CCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCA
GGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGG
TGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGA
GAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGA
GCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCG
CAGGACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGC
CGGACCACGTGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGA
GGTATGCCAGGTTCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGG
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TGAGTCAGGCAGACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCT
TTCCTGGCCCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGG
TCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGAA 

rCol-0G MSF1 amino acid sequence: 

PQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSG
PPGPPGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGHRGFDGRNGEKGETG
APGSPGGKGSPGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGF
PGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPG
LMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGE
PGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMR
GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPG
GPGPQGPPGKNGE 

rCol-0G MSF2 DNA sequence: 

CCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGAGCAGC
AGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCA
GGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGG
TCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCA
ACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCT
CCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACA
AAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCC
GGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGG
GTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAAAAGGTCCACCAGGTTTGGCAGGAGCACCAGG
ATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACCTGGTC
CTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGTGGCAAAGGCGGTTTGGGTTCA
CCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGTAAAGA
TGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGATAAAG
GTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAGGGG
AGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTG
GTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCC
ACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTC
CTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAAT
GGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGG
AAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTG
AAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGC 

rCol-0G MSF2 amino acid sequence: 

PGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRP
GPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGG
DKGDTGPPGPQGLQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGA
PGLRGGAGPPGPEGGKGAAGPPGPPGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPG
KDGPRGPTGPIGPPGPAGQPGDKGEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPG
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GKGERGAPGEKGEGGPPGVAGPPGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSN
GNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPG 

* rCol-0G MSF3 DNA and amino acid sequences are the same as those for rCol. 

 

rCol-1I-1: 

rCol-1I-1 MSF1 DNA sequence: 

CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCT
AGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCC
TGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGT
AGACCAGGCAGACCTGGCGAAAGGGGCTTGCCAGGTCCACCAGGAATAAAAGTCGCTGTGGGAA
TACCAGGTTTTCCAGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGA
AACTGGTGCTCCTGGTTTAAAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCA
ATGGGTCCAAGGGGTGCTCCAGGAGAGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCG
TGGTAATGATGGTGCTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTG
GCTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGT
GCTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCC
ACCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTC
CAGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGA
GGTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTG
GAGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGT
GAGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACC
CGCAGGACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCG
GCCGGACCACGTGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGA
GAGGTATGCCAGGTTCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAA
GGTGAGTCAGGCAGACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGG
CTTTCCTGGCCCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTG
GTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGAA 

rCol-1I-1 MSF1 amino acid sequence: 

PQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSG
PPGPPGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKVAVGIPGFPGMKGHRGFDGRNGEKGETG
APGLKGENGLPGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGF
PGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPG
LMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGE
PGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMR
GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPG
GPGPQGPPGKNGE 
 
* rCol-1I-1 MSF2 and MSF3 DNA and amino acid sequences are the same as those for rCol. 
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rCol-1I-2 

* rCol-1I-2 MSF1 and MSF3 DNA and amino acid sequences are the same as those for rCol. 

rCol-1I-2 MSF2 DNA sequence: 

CCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGAGCAGC
AGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTTCGCCA
GGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGACCCGG
TCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAAAGGCA
ACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAGGACCT
CCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGAGACA
AAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACCTCCC
GGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCTCCGG
GTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGGTCCACCAGGTTTGGCAGGAGCACCAGG
ATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACCTGGTC
CTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAGAGGCGGTTTGGGTTCA
CCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGTAAAGA
TGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGATAAAG
GTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAAGGGG
AGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCTGGTG
GTAAAGGTATAAAAGTGGCTGTAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAGGTCC
ACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGTTCTC
CTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATCTAAT
GGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGGCGGG
AAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCCGGTG
AAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGC 

rCol-1I-2 MSF2 amino acid sequence: 

PGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRP
GPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGG
DKGDTGPPGPQGLQGLPGTGGPPGENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGA
PGLRGGAGPPGPEGGKGAAGPPGPPGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVP
GKDGPRGPTGPIGPPGPAGQPGDKGEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEP
GGKGIKVAVGEKGEGGPPGVAGPPGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGS
NGNPGPPGPSGSPGKDGPPGPAGNTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPG 
 
 

rCol-0G-1I-1 

rCol-0G-1I-1 MSF1 DNA sequence: 

CCCCAGAACTACAGCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCT
AGCTGGTTATCCAGGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCC
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TGGCTCACCCGGTTCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTG
GTCCTCCTGGTCCGCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGT
AGACCAGGGAGTCCAGGCGGCAAAGGCTTGCCAGGTCCACCAGGAATAAAAGTCGCTGTGGGAA
TACCAGGTTTTCCAGGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGA
AACTGGTGCTCCTGGATCGCCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAA
TGGGTCCAAGGGGTTCACCAGGCGGTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGT
GGTAATGATGGTGCTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGG
CTTTCCTGGCAGTCCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTG
CTCCTGGACAAAGGGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCA
CCCGGAATTAACGGTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCC
AGGCTTAATGGGTGCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAG
GTGGAGCCGGTGAACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGG
AGAAGCCGGCATACCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTG
AGCCTGGGGCTAATGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCC
GCAGGACCAAATGGAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGG
CCGGACCACGTGGAGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAG
AGGTATGCCAGGTTCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAG
GTGAGTCAGGCAGACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGC
TTTCCTGGCCCAAAAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTG
GTCCCGGCCCACAAGGACCTCCTGGAAAGAATGGTGAA 
 
rCol-0G-1I-1 MSF1 amino acid sequence: 

PQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGYQGPPGEPGQAGPSG
PPGPPGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKVAVGIPGFPGMKGHRGFDGRNGEKGETG
APGSPGGKGSPGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSDGQPGPPGPPGTAGF
PGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGGKGEMGPAGIPGAPG
LMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVPGAKGEDGKDGSPGE
PGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGEPGRDGVPGGPGMR
GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGNDGAPGKNGERGGPG
GPGPQGPPGKNGE 
 
* rCol-0G-1I-1 MSF2 DNA and amino acid sequences are the same as those for rCol-0G, and 
rCol-0G-1I-1 MSF3 DNA and amino acid sequences are the same as those for rCol. 
 
 
 

DNA and amino acid sequences of full-length (FL) rCol, rCol-0G, rCol-1I-1, rCol-
1I-2, and rCol-0G-1I-1 
 
Full-length (FL) sequences include front, middle, and back regions (N-terminal, triple-
helical, and C-terminal regions, respectively). 
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rCol (baseline collagen) 

FL rCol DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCTGGTTATCCA
GGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCCTGGCTCACCCGGT
TCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTGGTCCTCCTGGTCC
GCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAGGCAGAC
CTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTG
GTTTAAAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGG
TGCTCCAGGAGAGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTG
CTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGT
CCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAG
GGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACG
GTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGT
GCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGA
ACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATA
CCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAA
TGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATG
GAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGT
TCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAG
ACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAA
AAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAA
GGACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGG
AGACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGAC
CTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGC
TCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGGTCCACCAGGTTTGGCAGGAGCAC
CAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACC
TGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAGAGGCGGTTTGG
GTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGT
AAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGA
TAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAA
AGGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCC
TGGTGGTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCA
GGTCCACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGG
TTCTCCTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGAT
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CTAATGGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCG
GCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACC
CGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTG
GAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGT
CCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTC
CGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAAT
CCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAA
ATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCG
GCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGA
TCTAGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTG
CTGCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCA
GCTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAG
CGGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGG
GCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGG
ACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCG
GTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATAC
GGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATG
GTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCC
GGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACA
TGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACT
GATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTA
GCTACGGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTG
TCATCAAGGGCGTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGC
ATCCGGCAACGTGAAGAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAA
GGTAACAGCAAGTTCACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGT
CTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCC
ATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTGTAA 

FL rCol amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGY
QGPPGEPGQAGPSGPPGPPGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGH
RGFDGRNGEKGETGAPGLKGENGLPGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSD
GQPGPPGPPGTAGFPGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGG
KGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVP
GAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGE
PGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGND
GAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQGLQGLPGTGGPPG
ENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGAAGPPGP
PGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDK
GEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGP
PGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAG
NTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQ
GVKGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGS
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PGAPGAPGHPGPPGPVGPAGKSGDRGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAA
GIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGPAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNR
GERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAGIGGEKAGGFAPYYGDEPMDFKINTDEIM
TSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGET
CISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPEDVLDVQLAFLRLLSSRAS
QNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTKHTGEWSKTVF
EYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL- 

 

rCol-0G 

FL rCol-0G DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCTGGTTATCCA
GGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCCTGGCTCACCCGGT
TCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTGGTCCTCCTGGTCC
GCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAGGGAGTC
CAGGCGGCAAAGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTG
GATCGCCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGG
TTCACCAGGCGGTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTG
CTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGT
CCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAG
GGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACG
GTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGT
GCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGA
ACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATA
CCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAA
TGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATG
GAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGT
TCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAG
ACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAA
AAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAA
GGACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGG
AGACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGAC
CTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGC
TCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAAAAGGTCCACCAGGTTTGGCAGGAGCA
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CCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACC
TGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGTGGCAAAGGCGGTTTGG
GTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGT
AAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGA
TAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAA
AGGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCC
TGGTGGTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCA
GGTCCACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGG
TTCTCCTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGAT
CTAATGGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCG
GCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACC
CGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTG
GAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGT
CCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTC
CGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAAT
CCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAA
ATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCG
GCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGA
TCTAGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTG
CTGCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCA
GCTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAG
CGGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGG
GCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGG
ACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCG
GTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATAC
GGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATG
GTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCC
GGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACA
TGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACT
GATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTA
GCTACGGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTG
TCATCAAGGGCGTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGC
ATCCGGCAACGTGAAGAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAA
GGTAACAGCAAGTTCACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGT
CTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCC
ATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTGTAA 

FL rCol-0G amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGY
QGPPGEPGQAGPSGPPGPPGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKGPAGIPGFPGMKGH
RGFDGRNGEKGETGAPGSPGGKGSPGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSD
GQPGPPGPPGTAGFPGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGG
KGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVP
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- 

 

rCol-1I-1 

FL rCol-1I-1 DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCTGGTTATCCA
GGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCCTGGCTCACCCGGT
TCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTGGTCCTCCTGGTCC
GCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAGGCAGAC
CTGGCGAAAGGGGCTTGCCAGGTCCACCaGGAATAAAAGtCgCTGtGGGAATACCAGGTTTTCCaG
GCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTGG
TTTAAAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGGT
GCTCCAGGAGAGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTGC
TAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGTC
CCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAGG
GGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACGG
TAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGTG
CGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGAA
CCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATAC
CCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAAT
GGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATGG
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AATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGGA
GCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGTT
CGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAGA
CCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAAA
AGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAAG
GACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGGA
GACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGACC
TCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGCT
CCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGGTCCACCAGGTTTGGCAGGAGCACC
AGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACCT
GGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAGAGGCGGTTTGGG
TTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGTA
AAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGAT
AAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAAA
GGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCCT
GGTGGTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCAG
GTCCACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGGT
TCTCCTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGATC
TAATGGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCGG
CGGGAAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACCC
GGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTGG
AATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGTC
CACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTCC
GCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAATC
CCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAAA
TGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCGG
CAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGAT
CTAGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTGC
TGCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCAG
CTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAGC
GGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGGG
CAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGGAC
CACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCGGT
GAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATACGG
ATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATGGT
TCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCCGG
TGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACATG
GAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACTGA
TAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTAGC
TACGGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTGTC
ATCAAGGGCGTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGCAT
CCGGCAACGTGAAGAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAAGG
TAACAGCAAGTTCACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGTCT
AAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCCAT
ACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTGTAA 
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FL rCol-1I-1 amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGY
QGPPGEPGQAGPSGPPGPPGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKVAVGIPGFPGMKGH
RGFDGRNGEKGETGAPGLKGENGLPGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSD
GQPGPPGPPGTAGFPGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGG
KGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVP
GAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGE
PGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGND
GAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQGLQGLPGTGGPPG
ENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGAAGPPGP
PGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDK
GEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGP
PGGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAG
NTGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQ
GVKGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGS
PGAPGAPGHPGPPGPVGPAGKSGDRGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAA
GIKGHRGFPGNPGAPGSPGPAGQQGAIGSPGPAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNR
GERGSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAGIGGEKAGGFAPYYGDEPMDFKINTDEIM
TSLKSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGET
CISANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPEDVLDVQLAFLRLLSSRAS
QNITYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTKHTGEWSKTVF
EYRTRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL- 

 

rCol-1I-2 

FL rCol-1I-2 DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCTGGTTATCCA
GGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCCTGGCTCACCCGGT
TCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTGGTCCTCCTGGTCC
GCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAGGCAGAC
CTGGCGAAAGGGGCTTGCCAGGTCCACCTGGAATAAAAGGCCCTGCGGGAATACCAGGTTTTCCT
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTG
GTTTAAAAGGAGAAAATGGCTTGCCAGGCGAAAATGGAGCTCCAGGCCCAATGGGTCCAAGGGG
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TGCTCCAGGAGAGAGGGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTG
CTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGT
CCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAG
GGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACG
GTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGT
GCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGA
ACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATA
CCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAA
TGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATG
GAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGT
TCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAG
ACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAA
AAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAA
GGACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGG
AGACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGAC
CTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGC
TCCGGGTGGAAAAGGTGATGCAGGCGCGCCAGGTGAACGTGGTCCACCAGGTTTGGCAGGAGCAC
CAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACC
TGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTATGCCAGGAGAGAGAGGCGGTTTGG
GTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGT
AAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGA
TAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAA
AGGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCC
TGGTGGTAAAGGTATAAAAGTGGCTGTAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCA
GGTCCACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGG
TTCTCCTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGAT
CTAATGGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCG
GCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACC
CGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTG
GAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGT
CCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTC
CGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAAT
CCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAA
ATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCG
GCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGA
TCTAGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTG
CTGCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCA
GCTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAG
CGGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGG
GCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGG
ACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCG
GTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATAC
GGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATG
GTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCC
GGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACA
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TGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACT
GATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTA
GCTACGGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTG
TCATCAAGGGCGTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGC
ATCCGGCAACGTGAAGAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAA
GGTAACAGCAAGTTCACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGT
CTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCC
ATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTGTAA 

FL rCol-1I-2 amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGY
QGPPGEPGQAGPSGPPGPPGAIGPSGPAGKDGESGRPGRPGERGLPGPPGIKGPAGIPGFPGMKGH
RGFDGRNGEKGETGAPGLKGENGLPGENGAPGPMGPRGAPGERGRPGLPGAAGARGNDGARGSD
GQPGPPGPPGTAGFPGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGG
KGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVP
GAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGE
PGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGND
GAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQGLQGLPGTGGPPG
ENGKPGEPGPKGDAGAPGAPGGKGDAGAPGERGPPGLAGAPGLRGGAGPPGPEGGKGAAGPPGP
PGAAGTPGLQGMPGERGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDK
GEGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGIKVAVGEKGEGGPPGVAGPP
GGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGN
TGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGV
KGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPG
APGAPGHPGPPGPVGPAGKSGDRGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIK
GHRGFPGNPGAPGSPGPAGQQGAIGSPGPAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGER
GSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAGIGGEKAGGFAPYYGDEPMDFKINTDEIMTSL
KSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGETCIS
ANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPEDVLDVQLAFLRLLSSRASQNI
TYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTKHTGEWSKTVFEYR
TRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL- 

 

rCol-0G-1I-1 

FL rCol-0G-1I-1 DNA sequence: 

ATGATGTCTTTCGTTCAAAAGGGGAGCTGGTTGTTGTTGGCTCTACTCCACCCGACCATTATTTT
GGCCCAGCAGGAAGCTGTTGAAGGTGGATGTTCTCATTTGGGTCAAAGCTACGCGGATAGAGAT
GTTTGGAAGCCAGAACCATGTCAAATCTGTGTCTGTGATAGCGGTTCGGTCCTGTGTGATGACAT
TATTTGTGACGATCAGGAGCTCGACTGTCCTAACCCTGAGATCCCATTCGGTGAGTGTTGTGCTG
TTTGTCCGCAACCGCCCACTGCTCCAACTCGTCCTCCCAATGGTCAAGGTCCCCAAGGTCCAAAA
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GGTGATCCGGGGCCACCAGGCATACCAGGTAGAAATGGTGACCCAGGAATACCCGGACAGCCAGG
TTCCCCAGGGAGTCCAGGACCTCCCGGAATTTGTGAGTCTTGTCCAACTGGACCCCAGAACTACA
GCCCGCAATACGATTCTTACGACGTCAAATCTGGTGTTGCTGTTGGTGGGCTAGCTGGTTATCCA
GGTCCCGCTGGTCCTCCCGGACCGCCTGGTCCACCAGGTACATCTGGACATCCTGGCTCACCCGGT
TCACCAGGTTATCAAGGTCCACCTGGTGAGCCCGGACAAGCTGGTCCAAGTGGTCCTCCTGGTCC
GCCAGGAGCTATCGGTCCATCTGGTCCAGCCGGTAAGGATGGTGAATCTGGTAGACCAGGGAGTC
CAGGCGGCAAAGGCTTGCCAGGTCCACCAGGAATAAAAGTCGCTGTGGGAATACCAGGTTTTCCA
GGCATGAAAGGTCACAGAGGTTTTGATGGTAGAAATGGCGAAAAGGGTGAAACTGGTGCTCCTG
GATCGCCAGGTGGTAAGGGTTCGCCAGGAGGAAAGGGAGCTCCAGGCCCAATGGGTCCAAGGGG
TTCACCAGGCGGTAAAGGTAGACCTGGTTTGCCAGGAGCAGCCGGTGCCCGTGGTAATGATGGTG
CTAGAGGATCTGACGGACAACCTGGCCCACCTGGACCACCTGGAACAGCTGGCTTTCCTGGCAGT
CCCGGCGCCAAAGGTGAAGTTGGTCCAGCAGGTTCACCCGGTTCAAATGGTGCTCCTGGACAAAG
GGGAGAACCCGGACCTCAGGGTCATGCTGGTGCTCAAGGTCCTCCCGGTCCACCCGGAATTAACG
GTAGCCCAGGAGGTAAAGGCGAAATGGGTCCTGCCGGAATACCTGGTGCTCCAGGCTTAATGGGT
GCGAGAGGCCCTCCTGGTCCAGCTGGAGCTAACGGTGCTCCAGGTCTAAGAGGTGGAGCCGGTGA
ACCAGGAAAGAATGGTGCTAAAGGCGAACCCGGACCAAGGGGAGAACGTGGAGAAGCCGGCATA
CCCGGAGTACCCGGTGCTAAAGGTGAGGATGGCAAAGATGGTTCCCCTGGTGAGCCTGGGGCTAA
TGGATTGCCTGGTGCTGCAGGCGAAAGAGGAGCTCCTGGATTCAGAGGACCCGCAGGACCAAATG
GAATACCAGGTGAAAAAGGCCCAGCAGGTGAAAGAGGTGCGCCCGGACCGGCCGGACCACGTGG
AGCAGCAGGAGAACCCGGCAGAGATGGAGTTCCAGGAGGTCCAGGAATGAGAGGTATGCCAGGT
TCGCCAGGTGGTCCTGGATCTGATGGTAAACCCGGTCCACCGGGAAGCCAAGGTGAGTCAGGCAG
ACCCGGTCCTCCTGGCCCCTCAGGACCAAGGGGTCAACCAGGAGTTATGGGCTTTCCTGGCCCAA
AAGGCAACGATGGCGCACCTGGTAAAAATGGTGAAAGAGGCGGACCCGGTGGTCCCGGCCCACAA
GGACCTCCTGGAAAGAATGGTGAAACAGGACCACAAGGGCCACCCGGCCCAACAGGTCCAGGTGG
AGACAAAGGTGATACCGGACCACCTGGACCCCAAGGATTGCAAGGACTACCTGGTACAGGAGGAC
CTCCCGGAGAGAATGGTAAACCAGGTGAACCTGGTCCAAAAGGTGATGCTGGAGCTCCAGGAGC
TCCGGGTGGAAAAGGTGATGCAGGTAGTCCTGGTGGAAAAGGTCCACCAGGTTTGGCAGGAGCA
CCAGGATTGAGAGGAGGAGCTGGTCCACCTGGTCCCGAAGGAGGTAAAGGAGCTGCAGGACCACC
TGGTCCTCCTGGTGCTGCCGGGACTCCAGGTTTGCAAGGTTCGCCTGGTGGCAAAGGCGGTTTGG
GTTCACCCGGACCAAAAGGTGATAAGGGTGAACCTGGTGGTCCTGGCGCAGACGGTGTTCCCGGT
AAAGATGGTCCCAGAGGACCAACTGGACCAATTGGACCTCCCGGACCCGCAGGTCAGCCTGGTGA
TAAAGGTGAAGGTGGTGCACCCGGATTACCAGGAATTGCTGGCCCAAGGGGTAGTCCAGGTGAA
AGGGGAGAAACAGGTCCACCAGGCCCAGCTGGATTCCCAGGTGCCCCTGGACAAAATGGTGAGCC
TGGTGGTAAAGGTGAAAGAGGGGCTCCAGGCGAAAAAGGAGAGGGTGGACCACCAGGAGTTGCA
GGTCCACCAGGAGGTTCCGGACCAGCAGGACCTCCGGGTCCCCAGGGTGTTAAAGGAGAAAGAGG
TTCTCCTGGAGGTCCAGGAGCCGCTGGTTTTCCAGGAGCTAGGGGATTGCCAGGACCGCCCGGAT
CTAATGGTAATCCTGGACCACCCGGTCCTTCTGGATCTCCTGGTAAAGACGGTCCACCTGGACCG
GCGGGAAATACTGGTGCACCGGGTTCACCCGGTGTATCTGGACCAAAGGGAGATGCTGGTCAACC
CGGTGAAAAAGGTTCACCAGGAGCTCAGGGTCCGCCCGGCGCACCAGGCCCGTTGGGAATAGCTG
GAATTACTGGTGCTAGGGGCTTGGCTGGACCGCCAGGCATGCCAGGTCCTAGGGGCAGTCCAGGT
CCACAAGGCGTTAAAGGCGAGTCAGGAAAACCAGGTGCTAATGGTTTATCGGGAGAAAGAGGTC
CGCCTGGGCCTCAGGGTTTGCCTGGATTGGCTGGTACTGCTGGTGAGCCAGGTAGAGATGGTAAT
CCCGGTTCTGATGGATTACCCGGCAGGGACGGATCCCCTGGTGGCAAGGGAGATAGAGGTGAAA
ATGGTTCCCCAGGTGCTCCCGGTGCTCCAGGGCATCCGGGACCTCCCGGTCCTGTAGGACCAGCCG
GCAAATCTGGTGATAGAGGAGAGTCAGGTCCTGCAGGTCCCGCAGGAGCTCCTGGCCCCGCCGGA
TCTAGGGGTGCACCAGGTCCCCAAGGCCCTAGAGGTGACAAGGGTGAAACAGGTGAGAGAGGTG
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CTGCGGGCATTAAAGGTCATAGAGGCTTTCCAGGTAATCCTGGTGCACCTGGTAGTCCTGGACCA
GCTGGTCAACAAGGTGCTATTGGTAGTCCTGGCCCTGCAGGTCCTCGTGGACCAGTTGGACCAAG
CGGACCACCTGGTAAAGATGGAACTTCTGGTCATCCAGGTCCAATAGGTCCTCCTGGACCAAGGG
GCAATAGAGGAGAAAGAGGCTCTGAAGGTAGCCCTGGTCATCCAGGACAGCCAGGACCTCCTGG
ACCACCAGGTGCTCCGGGGCCCTGTTGTGGTGGTGTTGGTGCTGCTGCTATTGCTGGCATCGGCG
GTGAAAAAGCTGGTGGATTCGCTCCATATTATGGTGATGAGCCCATGGACTTTAAGATTAATAC
GGATGAGATCATGACGTCCCTGAAATCGGTCAATGGGCAAATTGAATCGTTGATTTCACCCGATG
GTTCCAGAAAGAATCCAGCTAGGAACTGTCGTGACCTAAAATTCTGTCACCCCGAATTAAAATCC
GGTGAATATTGGGTCGATCCAAATCAAGGCTGTAAGTTGGACGCTATTAAGGTGTTCTGTAACA
TGGAAACTGGCGAAACGTGTATTTCTGCGAATCCCCTCAATGTTCCTAGAAAACACTGGTGGACT
GATAGTTCTGCTGAGAAGAAGCATGTTTGGTTCGGTGAATCCATGGACGGTGGTTTTCAATTTA
GCTACGGTAATCCAGAATTGCCAGAGGATGTTTTGGACGTTCAATTGGCATTCTTGCGTTTGTTG
TCATCAAGGGCGTCGCAGAATATAACTTATCATTGTAAGAACTCCATCGCCTATATGGATCAAGC
ATCCGGCAACGTGAAGAAGGCATTAAAGTTGATGGGTTCTAATGAGGGCGAATTTAAGGCTGAA
GGTAACAGCAAGTTCACCTATACTGTTCTGGAGGATGGTTGTACTAAACACACGGGTGAATGGT
CTAAGACGGTGTTCGAATACAGAACGAGGAAGGCTGTGAGATTGCCCATTGTTGACATAGCTCC
ATACGATATAGGTGGTCCAGATCAAGAATTTGGGGTTGATGTTGGTCCGGTTTGTTTCTTGTAA 

FL rCol-0G-1I-1 amino acid sequence: 

MMSFVQKGSWLLLALLHPTIILAQQEAVEGGCSHLGQSYADRDVWKPEPCQICVCDSGSVLCDDII
CDDQELDCPNPEIPFGECCAVCPQPPTAPTRPPNGQGPQGPKGDPGPPGIPGRNGDPGIPGQPGSP
GSPGPPGICESCPTGPQNYSPQYDSYDVKSGVAVGGLAGYPGPAGPPGPPGPPGTSGHPGSPGSPGY
QGPPGEPGQAGPSGPPGPPGAIGPSGPAGKDGESGRPGSPGGKGLPGPPGIKVAVGIPGFPGMKGH
RGFDGRNGEKGETGAPGSPGGKGSPGGKGAPGPMGPRGSPGGKGRPGLPGAAGARGNDGARGSD
GQPGPPGPPGTAGFPGSPGAKGEVGPAGSPGSNGAPGQRGEPGPQGHAGAQGPPGPPGINGSPGG
KGEMGPAGIPGAPGLMGARGPPGPAGANGAPGLRGGAGEPGKNGAKGEPGPRGERGEAGIPGVP
GAKGEDGKDGSPGEPGANGLPGAAGERGAPGFRGPAGPNGIPGEKGPAGERGAPGPAGPRGAAGE
PGRDGVPGGPGMRGMPGSPGGPGSDGKPGPPGSQGESGRPGPPGPSGPRGQPGVMGFPGPKGND
GAPGKNGERGGPGGPGPQGPPGKNGETGPQGPPGPTGPGGDKGDTGPPGPQGLQGLPGTGGPPG
ENGKPGEPGPKGDAGAPGAPGGKGDAGSPGGKGPPGLAGAPGLRGGAGPPGPEGGKGAAGPPGP
PGAAGTPGLQGSPGGKGGLGSPGPKGDKGEPGGPGADGVPGKDGPRGPTGPIGPPGPAGQPGDKG
EGGAPGLPGIAGPRGSPGERGETGPPGPAGFPGAPGQNGEPGGKGERGAPGEKGEGGPPGVAGPP
GGSGPAGPPGPQGVKGERGSPGGPGAAGFPGARGLPGPPGSNGNPGPPGPSGSPGKDGPPGPAGN
TGAPGSPGVSGPKGDAGQPGEKGSPGAQGPPGAPGPLGIAGITGARGLAGPPGMPGPRGSPGPQGV
KGESGKPGANGLSGERGPPGPQGLPGLAGTAGEPGRDGNPGSDGLPGRDGSPGGKGDRGENGSPG
APGAPGHPGPPGPVGPAGKSGDRGESGPAGPAGAPGPAGSRGAPGPQGPRGDKGETGERGAAGIK
GHRGFPGNPGAPGSPGPAGQQGAIGSPGPAGPRGPVGPSGPPGKDGTSGHPGPIGPPGPRGNRGER
GSEGSPGHPGQPGPPGPPGAPGPCCGGVGAAAIAGIGGEKAGGFAPYYGDEPMDFKINTDEIMTSL
KSVNGQIESLISPDGSRKNPARNCRDLKFCHPELKSGEYWVDPNQGCKLDAIKVFCNMETGETCIS
ANPLNVPRKHWWTDSSAEKKHVWFGESMDGGFQFSYGNPELPEDVLDVQLAFLRLLSSRASQNI
TYHCKNSIAYMDQASGNVKKALKLMGSNEGEFKAEGNSKFTYTVLEDGCTKHTGEWSKTVFEYR
TRKAVRLPIVDIAPYDIGGPDQEFGVDVGPVCFL- 
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Gene map of Saccharomyces cerevisiae CEN/ARS plasmid carrying the collagen 
gene 
 

 
 
 
 
 
 
 
 




