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ABSTRACT OF THE THESIS 
 

Designing Recombinant Adhesion Molecule Constructs with Fluorescent Proteins and 

Springy Linkers for Targeting Therapeutic Nanoparticles 

By 

Shreya Ramesh Kumar 

Master of Biomedical Engineering 

University of California, Irvine, 2018 

Assistant Professor Jered Haun, Chair 

Nanoparticle mediated targeted delivery has been widely studied as it provides 

nanoparticle-cell surface interaction and helps shift biodistribution to diseased cells, 

thereby overcoming the disadvantages of conventional drug delivery methods. Fluorescent 

proteins have been used as markers to detect protein-protein interaction and can be used 

to track the movements of other proteins. The first part of this study aimed to produce 

fluorescent proteins at high yield, so we studied mOx GFP and codon optimized it for yeast. 

The second part of this study dealt with nanospringy linkers, specifically flagelliform, and 

its construction. Springy linkers are designed to reduce mechanical forces on bonds 

produced by the nanoparticle, which will stabilize adhesion.  In previous studies, springy 

linkers with fewer amino acids base lengths were already constructed, and we investigated 

if we could construct them with high amino acid count. Springy linkers will pave the way to 

experiments to validate our theory. 
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Introduction 

Nanomedicine and the use of nanobiotechnology for therapeutic use has been in cancer 

therapy. This technology is the need of the hour as cancer is the second leading cause of 

death in the United States and all over the world. Traditional treatments like chemotherapy 

and radiation therapy contain high levels of toxicity – which are designed to kill cancer 

cells. As explained below, it has its drawbacks, so nanoparticles are being used as they can 

introduce site-specific targeting bearing potency of current therapeutic agents1. 

Conventional drug admission routes include injection or oral doses, which reduce the 

efficiency of drugs. They can affect healthy tissues which can cause unpleasant side effects 

and this basically reduces the concentration and amount of drug available for the unhealthy 

tissues/cells2. Targeted drug delivery aims to overcome such disadvantages by increasing 

the concentration of the medication in some parts of the body, relative to others. This way, 

the drug has prolonged and targeted interaction with the diseased tissue, and it can be 

protected against degradation if it is incorporated into a nanoparticle.  

 

 

 

 

 

 

 

Figure 1: Medical Application of Nanotechnology2 

For anticancer drugs to act as efficient drugs in cancer treatment, they need to be able to 

penetrate the barriers in the body with minimal loss in volume or activity and reach the 
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specific tumor tissues. Once they reach the site, they need to have the ability to kill 

tumorous cells only, without affecting normal cells with controlled release of the drug in 

the active form3. Improvements in patient survival and quality of life can be achieved with 

increasing intracellular drug concentration and reducing dose-limiting toxicities at the 

same time, in addition to the strategies explained above. 

Small-molecule drugs, peptides, proteins and nucleic acids, all comprise therapeutic 

entities, which are considered as nanoparticle therapeutics. If nanoparticles contain 

moieties like small molecules, peptides or proteins, they can target cancer cells by binding 

with the cancer cell surface receptor proteins, like transferrin receptors (which are 

increased in number on cancer cells)4. There are active and passive targeting techniques by 

which intracellular concentration of drugs in the cancer cells can be increased while 

keeping the healthy cells at bay5. 

 

 

 

 

 

 
 
 
 
 
 

Figure 2: Nanoparticles with numerous targeting ligands can bind to the surface cells multivalency with high receptor 
density. When the surface density of the receptor is low on normal cells, the molecular conjugation of a single targeting 

ligand and a targeted nanoparticle can compete equally since only one ligand-receptor may occur5. 

 

Targeted drug delivery can be done in one of two ways. Passive targeting transports the 

nanocarriers through leaky tumor capillary fenestrations into the tumor interstitium and 
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cells by passive diffusion. But this has a drawback – passive targeting is dependent on the 

degree of tumor vascularization and angiogenesis. It gives rise to challenges in drug 

delivery with regard to tumor size and anatomical sites. Active targeting takes place when 

the receptors at the target site can bind to the surface of nanocarriers which have the 

appropriate targeting ligands. With this, there isn’t any variation of the size of nanocarriers. 

Targeting ligands can be monoclonal antibodies (mAbs) and antibody fragments, or any 

other antigens associates with cancer6. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 3:  A. Passive targeting of nanocarriers. (1) Nanocarriers reach tumors selectively through the leaky 
vasculature surrounding the tumors. (2) Schematic representation of the influence of the size for retention in the 

tumor tissue. Drugs alone diffuse freely in and out the tumor blood vessels because of their small size and thus their 
effective concentrations in the tumor decrease rapidly. By contrast, drug-loaded nanocarriers cannot diffuse back 
into the blood stream because of their large size, resulting in progressive accumulation: the EPR effect. B. Active 

targeting strategies. Ligands grafted at the surface of nanocarriers bind to receptors (over)expressed by (1) cancer 
cells or (2) angiogenic endothelial cells6. 
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Our lab has established a platform of 4420 scFv fused fluorescent protein (mCherry and 

eGFP), biotin acceptor protein (AviTag), six-histidine tag (6His), c-myc epitope in 

expression. 

The recombinant antibodies as targeting receptors were biotinylated and then were 

functionalized directly onto avidin-coated nanoparticles. Molecular binding interactions are 

measured in flow chamber under fluid flow7. 

 

 

 

 
 
 
 
 

 

Figure 4: Model of targeted drug delivery system7 

In this study, we first investigated the production of proteins (mCherry and eGFP) in pRS 

expression vectors produced in previous studies. We then developed targeting receptor by 

introducing mOx GFP and yeast codon optimized mOx GFP into pRS314 expression vector. 

We also investigated the use of spider silk springy linkers and developed another model for 

targeting receptor into pRS314 expression vector, which can be used for future studies. 

Figure 5: Construct of scFv with peptide linkers in pRS expression system 
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Our construct includes a GAL1-10 as promoter, synthetic prepro leader as sequence to 

direct the protein, pRS314 vector, 4420 as antibody region, mCherry as fluorophore, S6 tag 

as the orthogonal binding site for attachment to a nanoparticle via an enzymatic reaction, 

6His for protein purification and c-myc as epitope tag. mCherry was replaced by eGFP in a 

previous study, along with replacing S6 tag with a polytag linker. The first part of our study 

replaced both fluorescent proteins with mOx GFP and yeast codon optimized mOx GFP. The 

second part of our study introduced Flag50 and GGS50 as linkers between 4420 and 

mCherry. 
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Chapter 1: Fluorescent protein expression of mCherry and EGFP in yeast 

1.1 Background 

To better understand cellular pathways, protein-protein interaction within biological 

membranes, molecular biologists have turned to the use of fluorescent proteins. To 

produce novel targeted therapeutic agents, fluorescent tags are added into proteins, which 

can be placed at well-defined positions. Fluorescent proteins can be genetically encoded 

with the targeting protein (or fusion protein) and can label proteins in live cells. Apart from 

this, they are very stable in nature, and because of the protein’s barrel structure, 

fluorescent proteins can track the localization and movement of fusion proteins. This can 

give scientists great insights about proteins in their native environment8. 

Due to structural features and good biocompatibility, mesoporous silica nanoparticles are 

being utilized as a multifunctional carrier in the drug delivery systems. To aid in treatment 

for early stage cancer, the combination of mesoporous silica nanoparticles and 64Cu might 

be a promising theranostic device9. After the process of PEGylation, where polyethylene 

glycol (covalent and non-covalent) attaches to macrostructures like a drug, it may be 

difficult to understand surface properties of silica nanoparticle. This is especially important 

when we need to evaluate protein-protein interaction on the surface of silica 

nanoparticles9.   

The discovery of green fluorescent protein (GFP) from the jellyfish Aequorea victoria was 

one of the biggest breakthroughs in molecular biology10. It could be fused with almost any 

protein of interest to study protein movement and interaction in living cells. In addition to 

that, it has proved to be a good minimally invasive marker to track protein species, 
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understanding protein function, and as probes to analyze interactions with other proteins. 

Lastly, it has also been used as a biosensor to read biological events and signals. 

 

 

 

 

 

 

 

Figure 6: Structure of green fluorescent protein11 

mCherry was another fluorescent protein chosen for our study. Showing higher tissue 

penetration than GFP and better photostability, this protein, derived from the jellyfish 

Discosoma striata is being employed as a tool for in vitro and in vivo assays in addition to 

drug screening10. After activating transcription, results can be seen soon as mCherry 

matures extremely rapidly. It is also photobleaching resistant.  

 

 

 

 
 
 
 

 

Figure 7: Structure of mCherry11 

Hence, using vectors produced by previous studies, we delved into producing these 

proteins for our targeted drug delivery system. 
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1.2 Materials and Methods 

1.2.1 Chemical reagents 

Lithium acetate (1.0 M) – Dissolved 5.1 g of lithium acetate dehydrate in 50 mL water, 

autoclaved it for 15 min (and sterilizing), and stored at room temperature. 

Polyethylene glycol 3350 (50% w/v) – Dissolved 50 g of PEG 3350 in 30 mL of distilled 

deionized water. 

Single-stranded carrier DNA (2 mg/mL) – Dissolved 200 mg of salmon sperm DNA in 100 

mL TE buffer, stirring at 4°C for 1-2 hours. Aliquoted samples and stored at -20°C.  

1.2.2 Strains and Media 

Saccharomyces cerevisiae strain EBY100 containing an integrated copy of Aga1p under 

GAL1-10 promoter control was used for protein expression and production. 

All media used for protein production have been mentioned in the appendix. 

1.2.3 Transformation 

Transformation of yeast cells with exogenous DNA can be done by a variety of methods like 

electroporation, agitation with glass beads, DNA-coated microprojectile bombardment or 

lithium acetate method. Since it has been the most widely used, we decided to pursue 

lithium acetate method with single-stranded carrier DNA and polyethylene glycol. 

We transformed the yeast cells with 3 plasmids, pRS-4420-mCherry-S6-His6-cymc, pRS-

4420-eGFP-Tags1, and pRS-4420-Avitag (a non-fluorescent protein) as control. 

The transformation and protein induction protocol are mentioned in the appendix. 

1.2.4 Protein Purification and Characterization 

Once the samples had grown in the SGCAA+Ura media for 3 days, we performed buffer 

exchange using Amicon Ultra Centrifugal filters and introduced the samples to binding 
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buffer. We performed HPLC (AKTA Pure) and expected to see peaks at around 587 nm for 

mCherry and around 488 nm for eGFP. Unfortunately, we were unable to obtain peaks from 

either of them. We had reserved part of the sample for fluorescence microscopy to detect 

the expression of the fluorescent proteins. 

 

 

 

 
 
 
 
 
 

Figure 8: Fluorescence microscopy image of eGFP in fitc at 20x 
 

 

 

 

 

 

 

 

Figure 9: Fluorescence microscopy of mCherry TRITC at 20X 

We concluded that the proteins might have been expressed in tiny amounts within the 

cells, but not outside of the cells which was the main goal; so that it could be extracted, 

concentrated and used for enzymatic assays. 

With our non-fluorescent protein control, pRS-4420-Avitag, we decided to run SDS-PAGE 

and Western Blot to see if our protein was being expressed or not. Our protein was about 
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50 kD 

25 kD but from the SDS-PAGE results, we ended up having a band at around 60 kD. This 

meant, there might have been non-specific expression. From western blot, we were unable 

to find a band. 

 

 

 

 

 

 

 

Figure 10: SDS PAGE results of prs-4420-Avitag 

 

 

 

 

 
 
 

 
 
 

Figure 11: Western blot result of prs-4420-Avitag 
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Chapter 2: Construction of recombinant protein with mOx GFP 

2.1 Background 

For targeted drug delivery, we initially depended on fluorescent proteins like mCherry and 

eGFP to act as biomarkers that would indicate protein localization and levels, at the same 

time, trying to reduce perturbation in the cell. However, as seen in the previous chapter, we 

were unable to produce the protein even after purification and concentration. This could be 

due to a poor secretory pathway where the fluorescent proteins might have misfolded and 

some non-native disulphide bonds might have been formed which resulted in failure to 

fluoresce and low (or no) protein production12. 

We turned to using an inert fluorescent protein specifically optimized to fill this gap, which 

can be used in oxidizing environments and some biological membranes. This monomeric 

‘ox’GFP or mOx GFP was created (among others) as a super folder protein and was able to 

clearly label the Golgi complex with high signal/noise. It can also be used to track 

phenotypic and morphologic changes in biological membranes13. 

 

 

 

 

 
 

 

Figure 12: Tangled misfolded dark EGFP and moxGFP solution12 

In oxidizing environments and some secretory pathways, disruptive interchain disulfide 

bonds have a high probability of being formed via EGFP, which results in dark fluorescent 
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proteins. But the advantage that mOx GFP holds, is that it doesn’t have cysteines and so it 

doesn’t form the disulfide bonds, which makes it a highly efficient folding protein and gives 

robust signal. This would perform as a superior biomarker in a targeted drug delivery 

system13. 

2.2 Materials and Methods: 

2.2.1 Reagents, Materials and Kits  

All materials and reagents used in this paper were listed in table 5 in appendix A  

2.2.2 Strains and Media  

Escherichia coli strain DH5α (New England Biolabs) was used for recombinant plasmids 

gene cloning.  

2.2.3 Plasmid Design 

Plasmid Sequence for mOx GFP is: 

ATGGTGTCCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGA

CGTAAACGGCCACAAGTTCTCCGTGCGGGGCGAGGGCGAGGGCGATGCCACCAACGGCAAGCTGA

CCCTGAAGTTCATCAGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGA

CCTACGGCGTGCAGAGCTTCTCCCGCTACCCCGACCACATGAAGCGCCACGACTTCTTCAAGAGC

GCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTCCTTCAAGGACGACGGCACCTACAAGAC

CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACT

TCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTTCAACTCCCACAACGTCTAT

ATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACGTGGAGGA

CGGCTCCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCT

GCCCGACAACCACTACCTGTCCACCCAGTCCAAGCTGTCCAAAGACCCCAACGAGAAGCGCGATC

ACATGGTCCTTCTGGAATTCGTGACCGCCGCCGGGATCACTCACGGCATGGACGAGCTGTACAAG 
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The pRS backbone vector with 4420-mCherry-S6-His6-cymc is provided below, with the 
restriction enzymes highlighted in red. The goal is to clone in the insert in that region. We 
wanted to clone it into another poly-tag backbone, with the same restriction enzymes. 
 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

Figure 13: Original pRS vector sequence, with 4420-mCherry-S6-His6-cymc with Mlu1 and Not1 highlighted in red. 
 
 

2.2.4 Digestion, Ligation, and Transformation 

mOx GFP insert was amplified using PCR. The sense primer (or forward primer) introduces 

Mlu1 restriction site on the 5’ end while the antisense primer (or reverse primer) 

introduces Not1 on the 3’ end to aid in cloning. The insert was then purified via agarose gel 

electrophoresis to obtain the pure insert. The inserts and backbone vector pRS-4420-

mCherry-S6-His6-cymc and pRS-4420-tags1 were double digested using Mlu1 and Not1. 

Both restriction enzymes are time-saver qualified and require 5-15 min for digestion. To 

make sure complete digestion takes place, we incubated the samples at 37°C for 2 hours. 

The backbone length is around 7000 bp and was extracted using QIAquick Gel Extraction 

Kit from Qiagen, and the insert was obtained using the QIAquick PCR Purification Kit from 
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the same company. The concentration of both samples was measured using NanoDrop 

2000 (Thermo Fisher Scientific). It was then heat inactivated at 80°C for 20 minutes to stop 

the reaction. 

 

 

 

 

 

 

 

 

 
Figure 14: Digested pRS-4420-tags1 (lane 1 & 2) pRS-4420-mCherry-S6-His6-cymc (lane 3 & 4) vector with 1kb 

ladder 

We employed T4 ligase enzyme for ligation of the inserts and backbone. The T4 ligase 

buffer provided with the enzyme contains ATP, which facilitates the formation of a 

phosphodiester bond between the juxtaposed 5’ phosphate and 3’ hydroxyl termini in the 

duplex DNA. During digestion, the restriction enzymes create sticky ends on the backbone 

and inserts, and the T4 ligase enzyme brings these two together by ligating the two cut 

sites on both. 

 

 

 

 

Digested pRS vector 

7kb 
10kb 

8kb 

6kb 
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Insert Concentration 

(ng/uL) 

Backbone Vector Concentration 

(ng/uL) 

mOx GFP #1 11.5 S6 Tag 18.9 

mOx GFP #2 18.8 Tags1 24.5 

Table 1: Concentration of inserts and backbone - digestion (mOx GFP) 

The ligation mixes were calculated using molar ratio 3:1 for insert and backbone, as shown 

below: 

S6 Tag Tags1 

T4 Ligase Enzyme          1 T4 Ligase Enzyme        1 

T4 Buffer                           2 T4 Buffer                         2 

Insert                                  0.5 Insert                                0.65 

Backbone                           16.5 Backbone                        16.35 

Total                                    20 Total                                 20 

Table 2: mOx GFP Ligation set up 

Ligation was performed for 4 hours at room temperature. After ligation, the plasmids were 

transformed into DH5α cells (E. coli) using heat shock method. Then the cells were grown 

overnight, on LB Amp plates at 37°C. Most of the colonies grown on the plate were 

transformed successfully as they contained the gene for resistance that is present in the 

pRS vector. 10 colonies from each plate were picked and colony PCR was performed to 

screen for positive colonies. On new LB Amp plates, the colony suspension of the positive 

colonies were replated. They were miniprepped using QIAquick Miniprep Kit from Qiagen. 

The samples were then sent to Genewiz for DNA sequencing to confirm our sequences. 
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Figure 15: Transformed mox GFP in S6 and tags1 vectors 

2.2.5 Sequencing Results 

Below are the sequence alignments for mOx GFP in pRS-4420-mCherry-S6-His6-cymc and 

pRS-4420-Tags. The enzymes are highlighted in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Genewiz confirmation for Tags1 
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Figure 17: Genewiz confirmation for S6 

As it can be seen, both samples paired up correctly. Part of the sample was grown up in LB 

Amp broth overnight, and stored with glycerol at -80°C, which can be used in the future for 

protein production and enzymatic assays. 

2.3 Codon Optimization of mOx GFP for yeast cells 

2.3.1 Background 

Translation is the final step of synthesis of protein from DNA via mRNA. In the genetic code, 

there are 64 codons, which give rise to 20 amino acids which means that 3 nucleotides code 

for one amino acid. By this math, each amino acid has multiple codons. Since the translation 

from nucleotide codons to amino acids is not 1:1, “degeneracy” occurs and some parts of 
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the genetic code are redundant. Every organism prefers particular codons, and those are 

selected over others that code for the same protein. Codon optimization works towards 

retrieving the codons preferred by the organism in selection and this is thought to increase 

protein expression14. 

The amount of protein expressed will depend on the protein and organism, in addition to 

other factors like protein stability, protein transport, and protein folding kinetics, to name a 

few. But optimizing the protein for the organism experimented upon could possibly open 

up better protein expression results. 

Our main focus was to produce fluorescent proteins from yeast cells as they have fast 

growth and can be genetically manipulated easily. They also have good secretory pathways 

for proper protein processing and superior post-translational modification. Hence, it only 

made sense to codon optimize mOx GFP to fit our needs with yeast15. 

2.3.2 Codon Optimization of mOx GFP 

The original mOx GFP sequence can be viewed in chapter 2. The first step to this was using 

ExPASy tool to translate the DNA sequence to protein. Once I inputted my sequence, it was 

translated and I had to choose an open reading frame. I chose 5’ to 3’ frame 1 and viewed 

the results. 
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Figure 18: Translate tool at ExPasy 
 

Figure 19: Open reading frame at ExPasy 

Once I had the translated protein sequence, I switched over to DNA works at High 

Performance Computing at NIH, to use their tool to get the codon optimized DNA. I selected 

the organism as S. cerevisiae and kept the pre-conditioned parameters as is. Then, I 

inputted the protein sequence and selected the design oligos option. 
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Figure 20: Choosing S. cerevisiae for yeast codon optimization 

 

 

 

 
 
 

 

Figure 21: Sequence obtained after optimization 

2.3.3 Plasmid Design 

Now that I was able to obtain my codon optimized DNA sequence, I added in the restriction 

enzymes I wanted to work with, Mlu1 and Not1 to make the final design: 

TCAGTGCTAAGACGCGTGGTGGCGGTCGTACGATGGTGTCAAAGGGTGAAGAATTGTTTACTGG

TGTTGTTCCTATTTTGGTTGAATTGGATGGTGACGTTAATGGACATAAGTTCTCTGTTAGAGGG

GAAGGTGAGGGAGATGCTACTAATGGTAAATTGACCTTGAAATTCATTTCTACTACTGGGAAAT

TGCCAGTTCCATGGCCAACCTTGGTTACTACTTTGACTTATGGTGTTCAATCTTTTTCCAGATAT

CCAGATCACATGAAAAGACATGATTTTTTCAAATCTGCTATGCCAGAGGGTTATGTTCAAGAAA

GAACTATTAGTTTCAAAGATGATGGCACCTATAAAACAAGAGCTGAGGTTAAATTCGAAGGAGA

CACTTTGGTTAACAGAATTGAACTAAAAGGTATTGATTTTAAGGAAGATGGTAATATTCTGGGT

CATAAATTGGAATACAACTTCAACTCCCACAACGTCTACATTACTGCTGATAAGCAAAAAAACG
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GTATTAAGGCTAACTTCAAAATTAGACATAACGTTGAAGACGGCAGTGTTCAGTTGGCAGATCA

TTATCAACAAAATACTCCAATCGGTGATGGTCCAGTCTTGTTGCCAGATAATCACTATTTGTCTA

CTCAATCTAAGCTTTCCAAAGATCCAAATGAGAAAAGAGATCATATGGTTTTGCTTGAATTTGT

TACTGCAGCCGGTATCACTCATGGTATGGATGAACTATATAAGGCGGCCGCTACATGCTACTAC 

The PCR forward primer (for colony PCR) was designed in accordance with the new 

sequence as: ATG GTG TCA AAG GGT GAA GAA TTG TTT ACT GG 
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Chapter 3: Construction of recombinant protein with Flagelliform and GGS 

Linkers 

3.1 Background 

For thousands of years, spider silk has been highly studied and been in the limelight due to 

its strong mechanical properties, ductility, and toughness. Flagelliform silk protein from 

Nephila clavipes has been identified to be superior to other spider silks like major 

ampullate (MA) silk, aciniform silk, and dragline silk16. Because of its repeating structural 

motif of GPGGA, it gives itself high elasticity power, and the ability to stretch to 500-

1000%17. Compared to MA silk which has 35% extension, flagelliform silk has over 200% 

extension in its spring like spirals. Weaving spiders make aerial nets (to entrap flying prey) 

which have spiral orb webs that are made of flagelliform silk as the core fiber; which 

results in its high elasticity18. 

 

 

 

 

 

 
 

 

 

 

 

Figure 22: Molecular models for relaxed and extended flagelliform protein sequences from spider capture silk. 

a, b, Side and end views for possible flagelliform protein conformations of (a) Araneus gemmoides, 85 amino acids long 

(sequence is VGPGGAYGPGGVYGPGAGGLSGPGGAGPYGPGGVGPGGAGPYGPGGVGPGGAGPYGPGGVGPG 

GAGPYGPGGVGPGGAGPYGPGG), and (b) Nephila clavipes33, 75 amino acids long, (GPGGX)15, where X is Y or V, 

alternately. c, Scale models for extended and relaxed GPGGX sequences, 75 amino acids long. The extended model is at 

the maximu8m extension of the protein, without deforming bond angles. 
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This elasticity and flexibility encouraged us to use it as a short peptide linker between the 

4420 (single chain antibody) and mCherry fluorescent protein, along with S6 and His6 tags. 

In the bigger picture, this construction will actually be the bridge connecting therapeutic 

nanoparticles and cancer cells. We constructed another flexible peptide linker (GGS)n which 

mainly has copies of Gly and Ser residues. To maintain the necessary inter-domain 

interactions, or separation of functional domains, we can adjust the copy number or ‘n’ to 

suit our GGS linker needs. With this dynamic linker duo, the mechanical and kinetic 

properties of the targeted drug delivery platform can be improved even further due to 

increased flexibility and connection of nanoparticles and cancer cells. Previous studies 

were performed by constructing sequences using Flagelliform and GGS linkers with 25 

amino acids in length. We are interested in fusing Flagelliform and GGS linkers with 50 

amino acids (as copy number) and perform computer simulation tools to see which would 

perform better in a drug delivery platform. Experimentally, the dynamic data will be 

measured in a flow chamber after successfully conjugating with surface modified 

nanoparticles.  

3.2 Materials and Methods: 

3.2.1 Reagents, Materials and Kits  

All materials and reagents used in this paper were listed in table 5 in appendix A  

3.2.2 Strains and Media  

Escherichia coli strain DH5α (New England Biolabs) was used for recombinant plasmids 

gene cloning.  
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3.2.3 Plasmid Design 

The inserts, Flagelliform (Flag 50) and GGS (50) as gBlocks® gene fragments, were 

purchased from Integrated DNA Technologies (IDT). As mentioned, GGS linker was 

constructed using repeated Gly-Gly-Ser motifs. We cannot perform PCR for both these 

inserts as the primers do not have a specific binding region. Below are the Flag50 and 

GGS50 sequences: 

Flag50 
TAA TTA TGA AAC ATA TTA TTA CGC GTG GGC CAG GGG GTG CCG GTC CGG GAG GGG CAG 
GTC CAG GAG GTG CGG GCC CCG GGG GAG CGG GCC CTG GGG GAG CGG GTC CGG GCG GCG 
CAG GAC CCG GAG GCG CGG GTC CTG GTG GAG CAG GCC CTG GAG GAG CCG GCC CGG GTG 
GCG CAC GTA CGT AAA CAA ACC TTA TAA TTA T 
 
GGS50 
GGA TTC ACT TAC GCG TGG CGG CAG TGG AGG CAG CGG CGG TAG TGG TGG ATC AGG AGG 
CAG TGG GGG ATC CGG CGG AAG CGG TGG GTC TGG AGG ATC AGG TGG GTC TGG CGG GAG 
CGG TGG GAG TGG GGG GAG CGG CTC TGG GGG TTC TGG TGG TTC AGG CGG CCG TAC GGT 
TAT GAC TCA AA 
 
PCR primers for each were made by a former graduate student. The pRS backbone vector 
with 4420-mCherry-S6-His6-cmyc is provided below, with the restriction enzymes 
highlighted in red. The goal is to clone in the insert in that region. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 23: Original pRS vector sequence, with 4420-mCherry-S6-His6-cmyc with Mlu1 and Bswi1 highlighted in 

red. 
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3.2.4 Digestion, Ligation, and Transformation 

The products were delivered by IDT and hydrated with TE buffer to the required 

concentration. The inserts and backbone vector pRS-4420-mCherry-S6-His6-cmyc were 

double digested using Mlu1 and Bsiw1. The backbone length is around 7000 bp and was 

extracted using QIAquick Gel Extraction Kit from Qiagen, and the insert was obtained using 

the QIAquick PCR Purification Kit from the same company. The concentration of both 

samples was measured using NanoDrop 2000 (Thermo Fisher Scientific). It was then heat 

inactivated to stop the reaction. 

 
 
 
                       
                                
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 24: Digested pRS-4420-mCherry-S6-His6-cmyc vector with 1kb ladder 

We employed T4 ligase enzyme for ligation of the inserts and backbone. The T4 ligase 

buffer provided with the enzyme contains ATP, which facilitates the formation of a 

phosphodiester bond between the juxtaposed 5’ phosphate and 3’ hydroxyl termini in the 

10kb 

8kb 

6kb 
7kb 

Digested pRS vector 
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duplex DNA. During digestion, the restriction enzymes create sticky ends on the backbone 

and inserts, and the T4 ligase enzyme brings these two together by ligating the two cut 

sites on both. 

Insert Concentration 

(ng/uL) 

Backbone 

Vector 

Concentration 

(ng/uL) 

Flag50 42.8 #1 13.5 

GGS50 31.3 #2 11.5 

Table 3: Digestion concentrations for Flag50 and GGS50 

The ligation mixes were calculated using molar ratio 3:1 for insert and backbone, as shown 

below: 

Flag50 GGS50 

T4 Ligase Enzyme       1 T4 Ligase Enzyme        1 

T4 Buffer                        2 T4 Buffer                         2 

Insert                               0.17 Insert                                1.11 

Backbone                       16.83 Backbone                        15.88 

Total                                20 Total                                 20 

Table 4: Ligation setup for Flag50 and GGS50 

Ligation was performed for 4 hours at room temperature. After ligation, the plasmids were 

transformed into DH5α cells (E. coli) using heat shock method. Then the cells were grown 

overnight, on LB Amp plates at 37°C. Most of the colonies grown on the plate were 

transformed successfully as they contained the gene for resistance that is present in the 

pRS vector. 10 colonies from each plate were picked and colony PCR was performed to 

screen for positive colonies. On new LB Amp plates, the colony suspension of the positive 
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colonies were replated. They were miniprepped using QIAquick Miniprep Kit from Qiagen. 

The samples were then sent to Genewiz for DNA sequencing to confirm our sequences.  

 

 

 

 

 

 

 
Figure 25: Transformed flagelliform50 and ggs50 in S6 vector 
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3.2.5 Sequencing Results 

Below are the sequence alignments for Flag50 and GGS50. The enzymes are highlighted in 

red. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26: Genewiz confirmation of flag50 
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Figure 27: Genewiz Confirmation for GGS50 

As it can be seen, both samples paired up correctly. The mutation in GGS50 is outside our 

region of interest and hence does not affect our research. Part of the sample was grown up 

in LB Amp broth overnight, and stored with glycerol at -80°C, which would be used in the 

future for protein production and enzymatic assays. 
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Future Direction 

We have the codon optimized mOx GFP ready to be inserted into our pRS vector. The insert 

has been obtained by IDT and will be immediately digested and ligated. 

Once we have that ready, we can produce protein as per Appendix B protocol for the mOx 

GFP with and without the yeast codon optimization. For protein purification and 

characterization, the samples may be run through Ni-NTA columns, and SDS-PAGE and 

western blot can be performed to determine the expression of the fluorescent proteins in a 

small scale culture. Another fluorescent protein, mRFP has been obtained from IDT and can 

be used as a positive control. 

Once we are successful in producing the protein, we may perform difference enzymatic 

assays like Sortase A and Sfp synthase reaction, which will help in protein and therapeutic 

nanoparticle adhesion system construction. This conjugation can be tested via flow 

cytometry. 

Once the most efficient platform is established, we can scale up our protein production for 

nanoparticle conjugation and even perform flow chamber kinetic measurement. 
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APPENDIX A: GENE CLONING AND PROPAGATION 

MATERIALS, REAGENTS, and KITS 

Table 5: List of reagents 

 

REAGENTS COMPANY 

Restriction Enzyme Mlu1 New England Biolabs 

Restriction Enzyme Not1 New England Biolabs 

Restriction Enzyme Bsiw1 New England Biolabs 

100bp Ladder New England Biolabs 

1kb Ladder New England Biolabs 

T4 DNA Ligase New England Biolabs 

Vent DNA Polymerase New England Biolabs 

SOC Outgrowth Medium New England Biolabs 

Gel Loading Dye New England Biolabs 

Agarose Invitrogen 

TAE Buffer Invitrogen 

Ethidium Bromide Invitrogen 

LB Broth Base Invitrogen 

LB Agar Powder Invitrogen 

Ampicillin Invitrogen 

DH5α Invitrogen 

QIAquick Gel Extraction Kit Qiagen 

QIAquick PCR Purification Kit Qiagen 
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STRAINS and MEDIA 

Escherichia coli strain DH5α (New England Biolabs) was used for recombinant plasmids 

gene cloning. Luria-Bertani (LB) medium (10.0 g/L tryptone, 5.0 g/L yeast extract, 10.0 g/L 

NaCl, pH 7.5, supplemented with 50 mg/mL ampicillin) was used for bacterial growth and 

plasmid amplification. LB agar plates (10.0 g/L peptone, 5.0 g/L yeast extract, 5.0 g/L NaCl, 

12.0 g/L agar, supplemented with 50 mg/mL ampicillin) was used for bacterial growth and 

selection. 

METHODS 

PCR (typical protocol using Vent Polymerase) 

COMPONENT VOLUME (uL) 

Thermopol Buffer 5 

Vent Polymerase 1 

dNTPs 1 

Forward Primer 1 

Reverse Primer 1 

Plasmid DNA 1 

Ultrapure Water Up To 40 

Total 50 

 

Table 6: PCR setup 
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PCR Thermocycling: 

COMPONENT TEMPERATURE (°C) TIME 

Initial Denaturation 94 2 min 

30x Denaturation 94 30 sec 

30x Annealing 55-62 30 sec 

30x Extension 72 45 sec 

Final Extension 72 5 min 

Hold/Storage 4-12 ∞ 

Table 7: PCR stages 

Electrophoresis and Gel Extraction 

1. Prepare 0.5 g agarose (or 1 g low-melting temperature agarose) in 50 mL TAE. 

2. Melt agarose in microwave for 60 seconds or until completely melted. Cool it under 

cold water until it is touchable by hand.  

3. Pour it in to the gel box, add 2.5 uL ethidium bromid, allow to cool and mix 2.5 μL 

ethidium bromide, and add the comb. 

4. Dilute sample with loading buffer and add to gel (up to 30 μl for 8 well, 10 μl for 15 

well). 

5. Separate samples using san empty lane unless the product sizes are well separated. 

6. Run at 110 V for 55 min (1%) or 1.5 hrs (2%). 

7. Cut out bands with a clean razor blade and place samples into microcentrifuge tube 

to weigh. 

8. Extract the bands using the Qiagen Gel Extraction kit as per instructions. 

 



36 
 

Plasmid Digestion 

Table 8: Digestion set up 

Depending on the selection of enzymes, sequential digestion may be performed. If so, 

incubate the sample with lower temperature enzyme first (for 12 hours) or per enzyme 

specification. Then add the second enzyme and incubate at the required temperature for 

another 12 hours. Perform heat inactivation per enzyme specification. 

Purify vectors using electrophoresis followed by QIAquick Gel Extraction Kit. 

Purify inserts using Qiagen PCR clean-up kit. 

Ligation 

COMPONENT VOLUME (uL) 

T4 DNA Ligase 1 

T4 Ligase Buffer 4 

Insert DNA * 5                                                 

Vector DNA * 1 

Ultrapure Water 9 

Total 20 

Table 9: Ligation set up 

* = Ideally should have a 3:1 molar ratio of insert to vector. 

COMPONENT AMOUNT 

10x NEBuffer 5 

Restriction Enzyme(s) 10 units or 1 uL each 

DNA 1 ug/1000 ng 

Ultrapure Water up to 50 uL 

Total 50 uL 
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Pipette the sample to mix and incubate it at room temperature for 4 hours. It can be 

transformed directly into E. coli or frozen and used later.  

Transformation into E. coli (based on DH5α from Invitrogen) 

1. Place 50 μL DH5α cells on ice for 30 minutes.  

2. Add 5 μL containing 1 pg - 100 ng of plasmid DNA to the cell mixture. 

3. Carefully flick the tube 4-5 times to mix the cells. Do not vortex. 

4. Heat shock for 30 seconds at 42°C, place back on ice for 5 min and then add 950 μL 

SOC media.  

5. Incubate on shaker (250 rpm) at 37°C for 60 min. 

6. Warm LB-Amp plates to room temperature. Mix cells thoroughly by flicking the tube 

and inverting. 

7. Spread each dilution onto selection plate and incubate overnight at 37°C. 

If using low transformation efficiency clones, spin sample and plate all cells. Grow 

overnight at 37°C. 

Colony PCR 

1. Scrape a single colony using a pipette tip or small ring and dip into 50 μL ultrapure 

water. 

2. Perform typical PCR except use ½ the volumes listed above and add 5 μL of the cells 

suspension. Run PCR as usual with annealing at 55°C. Check for product on a 1% 

agarose gel. 

3. Positive samples can be plated (5 μL) and grown up (remaining 40 μL) in 3 mL LB-

Amp for later use and sequencing, respectively. 
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MEDIA RECIPES 

LB Broth:  

Base media (for 1 L): 25 g LB powder into water, filter sterilize or autoclave.  

Supplement: Add ampicillin or other antimicrobial agent (typical concentration of 50 

mg/mL) once the media has cooled to ~50°C (touchable by bare hand).  

LB Plates:  

Base media: 40 g LB agar powder/L into water, autoclave.  

Supplements: Add ampicillin or other antimicrobial agent (typical concentration of 50 

mg/mL) once the media has cooled to ~50°C (touchable by bare hand).  

Pour into individual plates, ensuring no bubble formation. 
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APPENDIX B: YEAST CULTURE AND RECOMBINANT PROTEIN PRODUCTION 

MATERIALS AND REAGENTS: 

REAGENT COMPANY 

Dextrose Fisher 

Galactose Fisher 

Sorbitol Fisher 

Agar Fisher 

Casamino Acids Fisher 

Yeast Extract Fisher 

Uracil Sigma 

Bacto-Peptone Difco 

Bacto-Agar Difco 

Yeast N2 Base Without Amino Acids Difco 

Table 10: List of reagents for yeast transformation 

MEDIA RECIPES 

Complex Media: YPD  

Base media (for 1 L): 10 g yeast extract, 20 g peptone, 20 g dextrose Filter sterilize  

For plates: Autoclave bacto-agar (15 g/L) in 90% of the final volume. Filter carbon source, 

yeast nitrogen base and amino acids in 10% of final volume and add to autoclaved mixture 

once it has cooled.  

Minimal Media: SD-CAA and SG-CAA  

Base media (for 1 L): 20 g dextrose or galactose, 6.7 g Yeast N2 Base w/o Amino Acids, 5 g 

Casamino Acids (-ADE, -URA, -TRP), 5.4 g Na2HPO4, 7.46 g NaH2PO4  
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Supplements: Uracil (20 mg/L), Tryptophan (20 mg/L), BSA (1 g/L)  

Filter sterilize. Note that the buffer salts do not dissolve well, can autoclave in half of the 

total volume (subtract ~20 ml for the solids volume).  

For plates: Autoclave buffer salts, agar (15-18 g/L) and sorbitol (182 g/L) in 80% of the 

final volume. Filter sterilize carbon source, yeast nitrogen base and amino acids in 10% of 

final volume and add to autoclaved mixture once it has cooled below 50°C (touchable by 

bare hand). 

STRAINS 

BJ5464 or BJ5465: supplement with uracil, as well as tryptophan unless transformed with a 

pRS-based plasmid.  

EBY100: supplement with tryptophan unless transformed with a pCT-based plasmid. 

METHODS 

Growth  

Streak a single colony on YPD or SD-CAA plates and incubate at 30ºC for 2 days. Inoculate 3 

ml liquid culture with a single colony and grow overnight (YPD) or for 1.5 days (SD-CAA) at 

30ºC while shaking at 200-225 RPM.  

Transformation (Lithium Acetate method from Gietz RD and RA Woods, Methods in 

Enzymology, 2002)  

1. Inoculate 3 ml YPD with BJ5464 (transformation with pRS plasmid) or EBY100 (pCT 

plasmid) and grow overnight.  

2. Heat single-stranded carrier DNA (2 mg/ml) in a boiling water bath for 5 min and  

then place on ice.  
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3. Spin yeast at 3000 RPM for 1 min, resuspend in 1 ml ultrapure water and transfer to 

a microcentrifuge tube. Spin again and discard the supernatant.  

4. Layer the following on top of the pellet: 240 ml PEG 3500 (50% w/v), 36 ml LiAc 

(1.0 M), 50 ml carrier DNA (after vortexing) and 34 ml plasmid DNA (0.1 to 1 mg 

mixed in ultrapure water, typically use 2 ml). Vortex to mix and resuspend cells 

(pipette if necessary).  

5. Incubate at 42ºC for 1 hr before centrifugation and aspiration of the transformation 

mix. Add 1 ml ultrapure water, resuspend and plate 100 ml on selective media (SD-

CAA).  

Soluble Expression of Recombinant Protein (small volume assessment).  

1. Inoculate 3 ml of SD-CAA+Ura with BJ5464 yeast transformed with a pRS-based 

plasmid. Grow 24 hrs at 30ºC while shaking at 225 RPM.  

2. Centrifuge cells, resuspend in 1 ml SG-CAA media, spin, and resuspend in 3 ml SG- 

CAA+Ura+0.1% BSA.  

3. Grow for 3 days at 20ºC (alternatively grow for 2 days at 30ºC) while shaking at 225 

RPM.  

4. Recover supernatant by centrifuging at 3000xg for 10 min.  

 




