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Abstract 

 In recent years, there has been a growing interest in DNA aptamers for both 

laboratory and clinical applications, finding uses as biosensors, affinity reagents and 

pharmaceuticals. Aptamers are single stranded oligonucleotides that exhibit high 

specificity for a single molecular target through their unique, sequence dependent, 

secondary structures. Among aptamers, the G-quadruplex has been one of the most 

prominently featured secondary structures. 

 The discovery of new DNA aptamers is an arduous process. The primary 

approach is the Systematic Evolution of Ligands by Exponential Enrichment (SELEX), 

where many different DNA sequences are screened against a specific target. These 

targets can vary in size from small molecules to entire cells. Our lab utilizes a novel 

genome inspired approach, where potential G-quadruplex forming sequences are 

identified from chromosomal regions, then incubated with human cell extract and 

screened for selective protein binding. In the past, our group has examined G-quadruplex 

forming sequences from the ERBB2, c-MYC, VEGF, and RB proximal promoters. The 

protein nucleolin (NCL) was found to associate with all of them in vitro and in vivo, and 

the literature has shown that NCL has the propensity to associate with G-quadruplex 

forming sequences across the human genome. NCL is a protein of particular interest, as 

it is found on the cell surface of many cancers but is absent in most normal tissues, 

making the protein a potential biomarker and drug target. This thesis is concerned with 

creating and testing recombinant NCL to study its G4 interactions, as well as the 

preparation of a ChIP-exo Illumina Library to identify all of NCL’s genomic binding 
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sites at high resolution in a BT474 cancer cell line. Hopefully this will lead to the 

discovery of new potential G4 forming sequences that can serve as NCL targeting 

aptamers. 
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1. Introduction 

1.1 DNA Aptamers 

 Nucleic acid aptamers are typically single-stranded sequences of DNA or RNA, 

ranging from 15-70 bases, that can bind with high specificity and affinity to a target 

molecule1. They are in many ways analogous to antibodies, and have found uses as 

drugs, drug delivery systems, and analytical affinity reagents in biosensors and 

chromatographic stationary phases2-4. Due to the reversible nature of oligonucleotide 

folding, aptameric oligonucleotides can be used indefinitely for target capture and 

release, making them attractive molecules for use as affinity reagents and biosensors5. 

For serological uses, DNA aptamers are generally preferred, as they are capable of 

surviving longer durations without any modifications to the bases or backbone, which 

can alter their affinity and specificity4,5, compared to their RNA counterparts. The 

specificity and affinity of aptamers relies on their unique, sequence dependent, 

secondary structures. Among those commonly utilized are stems-loops, hairpins, 

pseudoknots, a combination thereof, and G-quadruplexes or G4s6.  

 

1.2 The G-quadruplex 

 G-quadruplex (G4) structures, are formed from guanine rich regions in both 

DNA and RNA. In G4 structures, four guanine bases associate via Hoogsteen hydrogen 

bonds to form a planar structure referred to as a guanine tetrad (G-tetrad). Two or more 

G-tetrads can then stack on top of each other to generate a G47. The number of guanine 

tetrads within a stack is variable and typically ranges from two to four. The 
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configuration of bases within a tetrad can be parallel, antiparallel, or a mixture of both, 

see Figure (1.2). G4s can be generated intramolecularly or intermolecularly7. 

Intramolecular G4 forming sequences are more desirable as aptamers, as their folding is 

consistently limited to a small ensemble of structures and is concentration independent8. 

Compared to other aptamers, G4s exhibit similar thermodynamic properties but possess 

markedly slower unfolding kinetics, especially relative to hairpins8.  In addition, G4s 

have significant resistance to conventional nuclease degradation and helicase unwinding 

without the need for non-canonical base or backbone modifications9-11. In fact, a DNA 

G4 specific nuclease10,12 and several helicases with G4 unwinding ability13 are found 

exclusively within mammalian nuclei and are absent in all other intracellular and 

extracellular spaces. This makes G4s ideal for both drugs and biosensors where targets 

are located cytoplasmically or in sera, where DNA is subject to unfolding and 

degradation by a host of conventional helicases and nucleases.  

Figure (1.2): Arrows represent the guanines making up the tetrad and indicate the 5’-3’ 

direction of the strand. Loops emerging from the box are a continuation of the strand. 
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Due to their short-lived nature, the existence and relevance of G4 formation in 

vivo has been a contentious issue. In the mid-1980s, scientists began to notice that short 

stretches rich in guanine repeats from the adenovirus and Sv40 genomes, as well as in 

human immunoglobulin switch regions, could undergo major recombinatorial events, 

and that these sequences could deform the DNA B-helix by taking on a structure that at 

the time was not recognized by biologist14-16. By the end of the decade, researchers had 

noticed the formation of these structures at the ends of telomere sequences and were able 

to correctly identify the intermolecular G4s17,18. Some even began to theorize about the 

biological importance of these newly discovered structures19. 

The completion of the human genome project opened the door for genomic G4 

discovery to bioinformaticians. Markov Models revealed that the human genome was 

rich in potential G4 forming sequences, and that they were found with a high prevalence 

in promoter regions of many genes, but were largely absent within exonic regions, 

indicating that the potential G4 forming sequences may have regulatory significance20,21. 

Over the years, the number of potential G4 forming sequences identified in the genome 

has grown tremendously, due in part to improved Markov Models22 and clever next 

generation sequencing experiments23. These techniques place the current estimates at 

three hundred thousand to upwards of seven hundred thousand potential G4 forming 

sequences in the human genome22,23. In 2012, a group reported the first direct 

visualization of G4s in fixed cells using a G4 specific antibody24. Detailed studies of 

drug and protein interactions with several oncogene G4 forming sequences have shed 
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significant insight into how these motifs could regulate transcription at critical genomic 

sites25-34. One of these studies34 was able to directly implicate a G4 in a biological 

process by demonstrating the resolution of the c-Kit G4 by the RHAU helicase as a 

necessary step for spermatogenesis in a mouse knockout model. 

 

1.3 Aptamer Discovery, SELEX 

Conventional aptamer discovery has relied almost exclusively on the Systemic 

Evolution of Ligands by Exponential Enrichment (SELEX) and its analogous processes. 

SELEX conventionally entails generating a combinatorial oligonucleotide library that 

contains variable and constant regions, with 5’ and 3’ adapters to allow PCR 

amplification. This library is then mixed with the target, which can range from small 

molecules up to whole cells. Unbound oligonucleotides are then removed, and the target-

oligonucleotide complex is split to release and elute bound oligonucleotides. 

Oligonucleotides surviving each selection round are amplified using PCR and then 

entered into the next selection round. The selection rounds are typically repeated around 

20 times35. In recent years, dozens of innovations have been introduced in SELEX, such 

as capillary methods, fluorescent screening, and digital PCR. These have increased the 

speed and effectiveness of the process and allowed the exploration of libraries with more 

complex secondary structures35-37.  

Since its invention in 1990, SELEX has produced numerous aptamers that have 

found many laboratory uses; however, the number of targets to which aptamers have 

been identified remains quite low in spite of the tremendous effort and resources that 
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have been devoted to their discovery. Furthermore, the majority of information regarding 

these aptamers is currently spread across five separate databases35. These shortcomings 

can in part be attributed to limitations of combinatorial oligonucleotide libraries, which 

are not truly random and often under represent certain structures including G4s. 

Limitations of SELEX have particularly impacted aptamer-based therapeutics. In total 

six aptamers have made it to Phase II clinical trials, and only one, the RNA-aptamer to 

VEGF, tradename Macugen, has passed all its trials and found use as a pharmaceutical2, 

37-42. This is quite a travesty, as aptamers have the potential to be highly effective drugs 

due to their low immunogenicity, long shelf life, and the simplicity of attaching active 

pharmaceuticals43. There is clearly a need for new complementary approaches for 

aptamer discovery that explore sequence spaces underrepresented in SELEX. 

 

1.4 A Genome-Inspired Approach to Aptamer Discovery 

 Our lab has taken a reverse selection approach to identifying aptamers. Here, 

sequences are taken from the human genome and their protein interactions are analyzed. 

In addition to discovering new aptamer interactions, our approach has the potential to 

uncover biologically significant protein-DNA interactions that occur in vivo, which may 

facilitate the discovery of new aptamer-based drugs, shed light on G4 forming sequences 

importance in the genome, and offer new targets for pharmaceuticals that bind to 

genomic G4s to alter transcription.  

We have focused on G-rich sequences taken from oncogene promoters that have 

a high propensity to form G4s. Recently, we have also included a sequence from the 
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promoter of a tumor suppressor. These oligonucleotides are attached to streptavidin 

coated magnetic beads via a 5’ biotin linkage, and then incubated with cancer cell 

nuclear protein extracts. Protein capture is detected using Matrix Assisted Laser 

Desorption and Ionization Time-of-Flight Mass Spectrometry, and the proteins are 

separated with SDS-PAGE. Bands in the gel that appear for the G4 oligonucleotides but 

are absent or much less intense in the non-G4 oligonucleotide controls, are excised and 

sent out for LC-MS/MS analysis. Using MASCOT scores generated for each excised 

band, likely protein candidates are identified, and antibodies for these proteins are used 

in Western blots to determine if the protein is present in the band. ChIP is then used to 

determine if the same protein-oligonucleotide interactions occur in live cells. 

 The genome-inspired approach leads to aptamer candidates that can then be 

further tuned for selectivity and affinity by sequence modification. For example, our 

laboratory previously identified a G4 sequence from the insulin-linked polymorphic 

region of the insulin gene promoter that selectively binds insulin and insulin-like growth 

factor 2 with high affinity71. This sequence was modified by other researchers to yield an 

aptamer to insulin72. More recent work in our laboratory showed that G4 forming 

sequences taken from the proximal promoters of ERBB245, c-MYC, VEGF, and RB, all 

exhibit capture of the protein nucleolin (NCL). The current goal is to demonstrate a more 

effective and comprehensive route to identification of genomic G4 sequences that bind 

NCL as a model system for discovery of genome-inspired aptamers to any chromatin 

associating protein target. This is achieved by using recently developed high-resolution-

genome-wide Chromatin Immunoprecipitation (ChIP) methods to interrogate the entire 
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genome for target binding sequences. These methods are described in the following 

section. 

 

1.4.1 ChIP-exo and ChIP-nexus 

 ChIP-exo is similar to ChIP-seq, where after an antibody pull down all of a 

protein's regions of chromatin association are analyzed by massive parallel DNA 

sequencing. ChIP-exo features the addition of a 5’ to 3’ exonuclease digestion step that 

improves resolution by removing unbound DNA from a single strand on either side of 

the bound protein. The remaining protein bound chromatin sequences then have Illumina 

adapters ligated to make them compatible with next generation sequencing (NGS) 

platforms. Then the sequences are separated from the bound protein, creating two 

strands, one extending upstream and another downstream, with their consensus being the 

protein binding site. These strands are then cloned and subjected to NGS, where they are 

massively parallel sequenced. Reads are then mapped to the template genome, and 

downstream and upstream overlaps are regarded as protein binding sites. A simplified 

schematic of ChIP-exo is given in Figure (1.4.1). The process was first invented in 2012 

at the University of Pennsylvania46, and the following year it was adapted for sequencing 

on Illumina platforms47. Ideally, the height of peak calls should directly correspond to 

quantity of captured protein, and therefore represent the propensity for the interaction to 

occur in vivo; however, overamplification of certain sequences during PCR is quite 

probable and could generate false peaks. To overcome this limitation, another ChIP 

exonuclease procedure called ChIP-nexus was recently introduced. In this variation, the 
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trimmed DNA is circularized to reduce the ligation steps and unique barcodes are 

incorporated on all of its PCR primers to identify copies of copies that were 

disproportionately produced during the final amplification step48. 
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Figure (1.4.1): A simplified overview of the ChIP-exo workflow. DNA is represented as 

straight lines. The protein binding site is represented in red. 

 

1.5 Nucleolin (NCL) 

 NCL is a nuclear protein that is highly conserved among eukaryotes. It is found 

in high abundance in the nucleolus, where it performs critical functions in rDNA 

transcription, rRNA maturation, ribosome assembly, and ribosome export49. In addition, 

NCL can be found in the nucleus at large, in low abundance in the cytoplasm, and can be 

found on the cell surface of many malignant cells, activated lymphocytes, and 

angiogenic endothelial cells50-52. NCL has 5’ to 3’ ATP dependent DNA and RNA 

helicase activity on its three C-terminal domains53,54, can facilitate histone remodeling55, 

and in some cases the same C-terminal domains can also facilitate nucleic acid 

annealing56. This makes NCL a powerful chromatin organizer. The protein also 

ubiquitously binds to parallel G4s25,29,32,57 and its binding to the c-MYC G4 was 

confirmed to occur through the last three domains on its C-terminus58. NCL can inhibit 

G4 unwinding by the Werner Helicase by binding to the protein with its C-terminus59. 

Finally, when isolated in solution, NCL exhibits self cleavage that is kinetically 

independent of concentration60,61. 

 Human NCL has six domains; a long acidic N-terminal region that is highly 

phosphorylated in vivo, followed by four RNA binding domains or RNA recognition 

motifs (RBDs or RRMs), and a glycine and arginine rich (RGG) C-terminus49,53, see 

Figure (1.5). 
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Figure (1.5): The Structure of nucleolin. Acidic N-terminus in green, RNA recognition 

motifs in red, and the arginine/glycine rich domain in blue. 

 

An aptamer called AS1411 that targets cell surface NCL was discovered using 

SELEX against whole cells. Further testing of the 26 nucleotide, 2-tier, G4-forming 

aptamer showed antiproliferative effects in almost all of the 80 cell lines tested, and 

tumor suppression was reported in mouse models62. A Kd for AS1411 with NCL has not 

yet been reported in the literature; but, a Kd of ~50 nM has been reported for AS1411 

with Huh7 malignant cells expressing cell surface NCL. This Kd remained essentially 

constant when the aptamer was linked to the chemotherapeutic doxorubicin63. Per the 

United States Government’s database on clinical trials, AS1411 has entered Phase II 

trials on three separate occasions in 2009, but has not made it to Phase III as of this 

writing. So as it stands, the door for high affinity NCL targeting aptamers remains wide 

open. 

 

1.6 Thesis Overview 

 This thesis is concerned with studying the associations of NCL with genomic G4 

sequences, in vitro and in vivo, toward the discovery of new aptamers to NCL and the 

potential biological significance of these genomic binding interactions. Chapter 2 details 
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the generation and purification of His-tagged recombinant NCL, Chapter 3 describes the 

validation of the recombinant protein, Chapter 4 describes the creation of a ChIP-exo 

library and its use to investigate the interactions of NCL across the genome in a BT474 

cancer cell line, and Chapter 5 is a brief conclusion. 

 

2. Generation of Recombinant Nucleolin 

 

2.1 Background and Motivations 

To study interactions of NCL with genomic G4s, it is imperative to have a ready 

supply of the protein. NCL is quite expensive to purchase and often comes with a C-

terminal tag which could affect G4 binding if not removed. Most of the previous work 

on recombinant NCL’s G4 interactions has used an N-terminal fused, 43 kDa, Maltose-

Binding protein to facilitate purification, and the tag remained attached during 

experiments57,58. Here we opted to use a 6x histidine tag for purification, as the smaller 

tag is less likely to interfere with protein activity. The expression vector of choice is the 

Pet28a plasmid, as we want rapid protein expression to help reduce the time NCL has to 

degrade itself. NiCo21 (DE3) E. coli was used as the host since it is analogous to the 

widely used Bl21 (DE3), but has the advantage that its metal binding proteins are chitin 

tagged and can be separated by an optional, additional chromatographic step. 
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2.2 Materials and Methods 

 Outlined here are the cloning techniques used to create a vector that can express 

recombinant NCL. Details are also provided for expressing and purifying the protein 

from culture. DNA concentrations were determined with a NanoDrop 2000 (Thermo 

Fisher). 

 

2.2.1 PCR of NCL cDNA 

cDNA for recombinant NCL was kindly donated to our lab by Dr. Leslyn 

Hanakahi of the University of Illinois in the form of the pMAL\c2-1,2,3,4-RGG-Nuc 

plasmid. The protein coding region was amplified by PCR with primers purchased from 

Integrated DNA Technologies (IDT) with standard desalting and HPLC purification, see 

Table (2.2.1). Forward Primer 1 was used to amplify all four RBDs and the C-terminal 

RGG domain (1,2,3,4-RGG), and Forward Primer 2 was used to amplify only the 3,4-

RBDs and the C-terminal RGG (3,4-RGG).  

Reagents for the reaction were purchased from New England Biolabs (NEB). 

PCR was performed in 50 μl reactions using 0.02 U/μl Phusion Hot Start DNA 

Polymerase in Phusion Buffer with 0.5 μM of Forward and Reverse Primers, 0.2 mM 

(each) dNTPs, and 0.1 ng of Template DNA. The Cycling procedure was performed in a 

T100 Thermal Cycler (Bio-Rad), and featured an initial denaturation at 98°C for 30 s. 

The PCR was repeated for 30 cycles, with denaturation at 98°C for 10 s. Annealing was 

done for 30 s with working temperatures between 55.5°C and 62°C, and extension was 
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performed for 45 s at 72°C. Final extension was performed at 72°C for 10 min, followed 

by an infinite hold at 4°C.  

PCR cleanup was done using the GenElute PCR Clean-up Kit (Sigma Aldrich) 

with all centrifugation steps performed at 12,000-xg and room temperature. Buffers in 

this paragraph were provided with the kit. The full volume of each PCR reaction was 

used, and diluted in 250 μl of Binding Solution. The Binding-Solution-PCR mixtures 

were each added to a GenElute plasmid mini spin column and centrifuged for 1 min. 

After discarding the flow through, 0.5 ml of diluted Wash Solution was added to the 

column and it was centrifuged for 1 min. Flow through was discarded and the column 

was further centrifuged for 2 min to remove any remaining Wash Solution. DNA was 

eluted from the column with 30 μl of 65°C ultrapure DNAse and Protease free sterile 

water that was allowed to incubate on the column for 5 min before centrifugation for 1 

min. Eluted DNA was stored at -20°C.  

 

Table (2.2.1): A list of primers used to clone the two isoforms of NCL. Restriction 

enzyme cut sites are underlined. 

Forward Primer 1  5’ GAG ATC CCA TGG GCA GCA GCC ATC 

ATC ATC ATC ATC ACG TGA AGC TCG CCA 

AAC AGA A 3’ 

Forward Primer 2 5’ GAG ATC CCA TGG GCA GCA GCC ATC 

ATC ATC ATC ATC ACC AAG ACT ATA GAG 

GTG GAA AG 3’ 

Reverse Primer 5’ GCT AGA ATT CCT ATT CAA ACT TCG TCT 

TCT TTC C 3’ 
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2.2.2 Restriction Digestions 

Cloned NCL fragments were simultaneously digested with the restriction 

enzymes NcoI at 0.1 U/μl and EcoRI-HF at 0.2 U/μl in 50 μl of 1x CutSmart Buffer (all 

NEB) for 45 min at 37°C. Digestion reactions were run on an 1.5% agarose TAE gel, 

and visualized with ethidium bromide (Sigma Aldrich) under UV light. Bands 

corresponding to digested fragments were excised from the gel, and their mass 

determined in preweighed 1.5 ml centrifuge tubes.  

 The DNA was purified using the EZNA Gel Extraction Kit (Omega Biotek). All 

centrifugations were performed at room temperature. Buffers in this paragraph were 

provided in the kit unless otherwise specified. 1 μl of Binding Buffer XP2 was added for 

every mg of gel to the centrifuge tube. The tubes were placed in a heat block at 60°C for 

10 min to dissolve the gel. The homogenized solution was loaded onto a HiBind DNA 

mini column, and centrifuging it at 10,000-xg for 1 min. 300 μl of Binding Buffer XP2 

was added to the column and it was centrifuged at 13,000-xg for 1 min. Two washes 

were performed with 700 μl SPW Wash Buffer, each centrifuged through the column at 

13,000-xg for 1 min. This was followed by a 13,000-xg centrifugation for 2 min to 

remove residual wash buffer. DNA was eluted from the column using 30 μl of 

DNAse/Protease free sterile water heated to 65°C and left on the column for 1 min 

before a 13,000-xg centrifugation for 1 min. 

 The Pet28a plasmid was a gift to our lab from the Bystroff group. Pet28a was 

linearized and purified using the same techniques and procedures as the cloned NCL 
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fragments with a few minor changes. NcoI concentration was increased to 0.3 U/μl and 

the reaction was run for 1.5 h at 37°C, with visualization and gel extraction performed 

on a 1% TAE and ethidium bromide agarose gel. 

 

2.2.3 Bacterial Transformations and Vector-Insert Ligations 

To generate enough Pet28a for restriction digestion, the Pet28a plasmid was 

transformed into DH5α competent E. coli (NEB). Competent cells were removed from 

storage at -80°C and allowed to thaw for 30 min on ice. The 50 μl competent cell 

suspension was then transferred to a 15 ml Falcon Snap Cap Tube (Corning). 10 ng of 

Pet28a plasmid was added to the tube, and the tube was gently flicked to mix its contents 

before being placed back on ice for 30 min. The bacteria were then heat shocked at 42°C 

in a hot water bath for exactly 45 s before being placed back on ice for 2 min. 500 μl of 

room temperature SOC media (Sigma Aldrich) was added to the tube and it was placed 

in an incubator at 37°C, shaking at 175 rpm, for 45 min. 400 μl of the culture was plated 

on a 37°C sterile petri dish (Thermo Fisher) containing autoclaved LB Agar (Sigma 

Aldrich) supplemented with 50 μg/ml of kanamycin sulfate (Sigma Aldrich) from a 0.22 

μm sterile filtered 50 mg/ml stock solution. The culture was spread across the plate with 

a pipette tip that was first passed through a bunsen burner flame. 100 μL of the culture 

was plated onto an antibiotic negative dish to ensure that the bacteria survived the 

transformation process. The plates were placed at 37°C and inverted after 30 min of 

drying time, and left upside inverted to incubate overnight. The following morning, 

individual colonies were picked from the kanamycin supplemented plate and placed in 5 
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mL of 25 g/L autoclaved LB Miller Broth (Sigma Aldrich) containing 50 μg/mL of 

kanamycin sulfate. Cultures were left to grow overnight in a 37°C incubator shaken at 

175 rpm.  

 The following day, minipreps were performed using the GenElute Plasmid 

Miniprep Kit (Sigma). All centrifugations were performed at 12,000-xg at room 

temperature, buffers in this paragraph were provided with the kit unless otherwise 

specified. 500 μl of each culture were saved and mixed with an equal volume of 65% 

glycerol (Sigma)/water and stored at -80°C. Cells used in the miniprep were pelleted by 

centrifugation for 1 min, then resuspended in 200 μL of Resuspension Buffer by 

scraping the tubes against the holes in the microcentrifuge rack. 200 μl of Lysis Solution 

were added to the cell suspensions, and mixing was achieved by repeatedly inverting the 

tubes. Lysis was stopped after five min by the addition of 350 μl of 

Neutralization/Binding Solution, and mixing was achieved by repeatedly inverting the 

tube. Cellular debris were pelleted by centrifugation for 10 min. 500 μl of Column 

Preparation Solution was added to each GenElute Miniprep column, and they were 

centrifuged for 1 min. The clarified lysate was then added to the columns and 

subsequently centrifuged for 1 min. 750 μl of dilute Wash Solution was then added to 

the columns, and they were centrifuged for 1 min before discarding the flow through. 

The columns were further centrifuged for 2 min to remove any residual Wash Solution. 

DNA was eluted from the column using DNAse/Protease free 65°C sterile water and 1 

min of centrifugation. 

 Transformation of DH5α competent E. coli, and isolation of NCL coding 
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recombinant plasmids, were achieved using the techniques and reagents described for 

the Pet28a transformation above, except Pet28a and the PCR amplified NCL coding 

DNA were ligated together while competent cells were thawing on ice.  

 Ligation for the transformation was achieved using the Quick Ligation Kit 

(NEB). The tube for the ligation reaction was placed on ice, 0.020 pmol of digested 

Pet28a and 0.060 pmol of either digested NCL coding regions were added to Quick 

Ligase Reaction Buffer (66mM Tris-HCl, 10 mM MgCl, 21 mM dithiothreitol, 1 mM 

ATP, 7.5% polyethylene glycol (PEG6000), at pH 7.6). 1 μl of Quick Ligase was then 

added to the reactions, and the final volume was brought to 20 μl with nuclease free 

water. The ligation reaction was mixed by pipetting, and allowed to proceed at 25°C for 

5 min before being put back on ice. After the competent cells had thawed, the entire 

ligation reaction was added directly to the cells. Recombinant plasmids were isolated 

from culture using the miniprep kit and the procedure previously described.  

DNA isolated from minipreps was sent to Genewiz sequencing services for 

Sanger Sequencing. Sequencing was performed using the company's T7 forward binding 

primer and our reverse primer (Table (2.2.1)), which was sent premixed with NCL 

coding plasmid to the company. Plasmids containing no mutations in the nucleolin 

coding region were used for the final transformation into the expression strain of 

bacteria. 

NiCo21 (DE3) Competent E. coli was purchased from New England Biolabs for 

use as the expression strain. Tubes of NiCo21 were removed from storage at -80°C and 

allowed to thaw on ice for 10 min. 10 ng of plasmid were added to the tubes containing 
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the bacteria. The tubes were gently flicked to mix, then left on ice for an additional 30 

min. The bacteria were then heat shocked in their original tubes at 42°C for 10 s, then 

rapidly transferred back to ice for five min. The bacterial mixture was then transferred to 

a 15 ml Falcon Snap Cap Tube, containing 450 μl of room temperature SOC media, 

before being placed in a 37°C incubator with shaking at 250 rpm for 60 min. Following 

incubation, the media was spread across a sterile LB Agar plate containing 50 μg/ml 

kanamycin sulfate that had been preheated to 37°C. After 30 min, plates were left 

inverted overnight in a 37°C incubator. The following day, colonies were picked and 

grown in SOC containing 50 μg/ml of kanamycin sulfate for 8 h. Cultures were divided 

into 500 μl aliquots that were then mixed with 500 μl of 65% glycerol/water and stored 

at -80°C. 

 

2.2.4 Protein Expression 

 To prepare a starter culture, a tube of NiCo21 transformed E. coli was taken out 

of storage at -80°C. A sterile pipette tip was inserted into the frozen stock to scrape cells, 

and the tip was swirled into the desired volume of sterile LB Broth, containing 50 μg/ml 

kanamycin sulfate. The starter culture was placed in a 37°C incubator and shaken at 225 

rpm for 4 h. Starter culture was then used to inoculate expression media, consisting of of 

LB Broth and kanamycin sulfate at a concentration of 30 μg/ml, with 3 ml of starter 

culture used to inoculate every 100 ml of expression media. Inoculated expression media 

was left to shake in baffled Erlenmeyer culture flasks at 37°C and 225 rpm for 3 h before 

the addition of IPTG to a concentration of 1 mM in media. Bacteria containing Pet28a-
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1,2,3,4-RGG were left to incubate for 12 h, and those with Pet28a-3,4-RGG were left to 

incubate for 14 h.  

 

2.2.5 Protein Purification 

 After desired expression time following IPTG addition, cultures were removed 

from incubation, placed on ice, and transferred to the appropriate number of prechilled 

50 ml centrifuge tubes. Cells were pelleted by centrifugation at 6,000-xg for 10 min at 

4°C in a Sorvall Legend X1R Centrifuge (Thermo Fisher). Media was discarded and 

pellets were resuspended in PBS pH 7.4 (10 mM K2HPO4, 1.8 mM KH2PO4, 137 mM 

NaCl, and 2.7 mM KCl). Resuspended cells were recombined in a single tube, and the 

tube was placed in an ice water bath, 100 μl of EDTA Free Halt Protease Inhibitor 

Cocktail (Thermo Fisher) was added to the suspension. Lysis was achieved via 

sonication with a Sonics Vibra-Cell VCX500 ultrasonic processor (Newtown, CT), 

tuned to 500 Watts at 20 kHz. Sonication pulses were set to 30% amplitude, 1 s on, 1 s 

pause, for 10 min. Cellular debris was removed by centrifugation at 12,000 rpm at 4°C 

for 20 min. Clarified lysate was transferred to an Amicon Ultra-15 10 kDa centrifugal 

filter (Millipore), and spun at 5,000-xg and 25°C for 15 min to concentrate the solution 

and achieve working volumes for column loading. This concentrated solution was then 

run through a 0.22 μm PES sterile syringe filter (Cell Treat) to remove any remaining 

bacteria.  

All column centrifugations were performed at 700-xg and 4°C for 2 min. A 

HisPur Cobalt Spin Column (Thermo Fisher) with 1 ml of resin was prepared by 
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removing the storage buffer via centrifugation. The column was washed with pH 7.4 

Column Wash Buffer (50 mM NaH2PO4, 300 mM NaCl, 10mM imidazole), and 

centrifugation to remove the wash buffer. The concentrated clarified lysate was then 

mixed with an equal volume of pH 7.4 Equilibration Buffer (50 mM NaH2PO4, 300 mM 

NaCl, 20mM imidazole) and loaded into the column. The column was sealed at both 

ends and left to mix on an end-to-end shaker for 30 min at 4°C. The column was then 

centrifuged to remove the lysate solution and any unbound protein. The column was then 

washed 3 times with 2 ml of Column Wash Buffer at the standard centrifugation settings. 

The protein was eluted from the column by the addition of 1 ml of pH 7.4 Column 

Elution Buffer (50 mM NaH2PO4, 300 mM NaCl, 150 mM imidazole) and 

centrifugation. This step was repeated two more times, and the fractions combined.  

The protein was concentrated, NCL breakdown products were removed, and the 

buffer was exchanged using an Amicon Ultra-4 centrifugal filter. A 30 kDa membrane 

was used for the full length 1,2,3,4-RGG isoform, and a 10 kDa membrane for the 3,4-

RGG. The eluted protein was loaded onto the filter, brought to a volume of 4 ml with the 

desired buffer and centrifuged at 7500-xg at room temperature for 10 min. This was 

followed by two identical wash steps, where the filter volume was again brought to 4 ml 

with the desired buffer, the protein resuspended and then centrifuged. Protein 

concentration was determined using 2 μl of protein solution on a NanoDrop 1000 

(Thermo Fisher). The protein was then appropriately aliquoted and stored at -80°C. 
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2.3 Results and Discussion 

 Below are the sequencing results and some examples of NCL purification results. 

 

2.3.1 Cloning and Vector-Insert Ligation Results.  

The alignments of the Sanger Sequencing results with the protein templates, as 

well as the chromatograms generated by the forward and reverse reads, are shown in 

Figure (2.3.1). The coding regions are exact matches aside from the ends of the 

sequences where primers would bind. Sanger Sequencing has trouble reading the 

primers, and since these were purchased from a company which guaranteed sequence 

identity we will assume these nucleotides are a match. 

 

A) 3,4-RGG alignment of Sanger reads against the template 3,4-RGG coding strand.
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B) Chromatogram of T7 forward primer of 3,4-RGG.

C) Chromatogram reverse primer from Table (2.2.1) reads for 3,4-RGG.
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E) 1,2,3,4-RGG alignment of Sanger reads against 1,2,3,4-RGG template.

 

F)  Chromatogram of T7 forward primer reads of 1,2,3,4-RGG. 
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G) Chromatogram of reverse primer from Table (2.2.1) reads of 1,2,3,4-RGG. 

 

Figure (2.3.1): Alignments and the chromatograms that correspond to the Sanger 

Sequencing reads. All images were generated with UGENE Software. Color 

coordination in the alignment indicates base matches. Bases not corresponding to the 

coding regions were trimmed manually. Alignments were done with the Kalign 

algorithm, with a 1000 gap start and gap extension penalty, and a 0 penalty for 

misaligned bases. 

 

2.3.2 Protein Expression Results 

 3,4-RGG has a molecular weight of 26 kDa and 1,2,3,4,-RGG has a molecular 

weight of 47 kDA. Clarified lysates from small scale cultures can be seen in part A of 

Figure (2.3.2). Purified 1,2,3,4-RGG can be seen in part B of the same figure; the low 

molecular weight ghost bands between 20 and 30 kDa are likely breakdown products 

resulting from NCL self cleavage, as they are also visible in the NCL Western blot 

Figure (3.3.1). The right gel in B of Figure (2.3.2) shows the same NCL sample left at 

37°C for 4 h with a protease cocktail inhibitor. An increase in the brightness of these 
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ghost bands can be seen, as well as the presence of several other low molecular weight 

degradation products that were likely removed during the centrifugal filtration. 

 

A) Clarified Lysates of 3,4-RGG and 1,2,3,4-RGG after 10 kDa centrifugal filtering.
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B) 1,2,3,4-RGG purified (left) and the same sample for 5 h at 37°C with protease 

cocktail inhibitor (right).
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C) Purified 3,4-RGG. 

 

 

Figure (2.3.2): Clarified lysates and purified protein visualized on 4% stacking and 

10% resolving SDS-PAGE gel. The right gel of B is a 4-15% gradient gel. Stains were 

done with Coomassie Blue (Bio-Rad) and images were taken from on a ChemiDoc XRS+ 

Molecular Imager (Bio-Rad). All gels, besides the clarified lysates in A, had an ~25 μg 
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of protein loaded. Relative band intensities were determined with Image Lab software 

using a variety of band detection sensitivity settings. In B, the 1,2,3,4-RGG has ~70-85% 

of the intensity of its lane. In C, the 3,4-RGG has between ~90-97.5% of the intensity in 

its lane. 

 

The 3,4-RGG has very little breakdown compared to the 1,2,3,4-RGG. Several 

ghost bands can be still be seen in C of Figure (2.3.2), but this is likely the result of poor 

purification and not breakdown, as a few high molecular weight ghost bands are also 

present. Nevertheless, both proteins seem sufficiently pure to perform simple assays and 

binding analyses.  

 

3. Validation of Recombinant Nucleolin 

 

3.1 Background and Motivations 

 This chapter is concerned with ensuring the proteins being expressed and purified 

are in fact isoforms of NCL and that the protein is functional. To accomplish this, we 

performed a simple Western Blot, analyzed binding with a bead capture experiment, 

took fluorescence anisotropy measurements to generate a binding curve and calculate a 

Kd, and examined helicase activity of NCL on duplex DNA using CD Spectroscopy to 

see if the protein could unwind a duplex and fold one of the separated strands into a G4. 
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3.2 Materials and Methods 

 Unless otherwise noted, chemicals in this section were purchased from Sigma 

Aldrich. 

  

3.2.1 Western Blotting 

1,2,3,4-RGG and 3,4-RGG NCL were taken out of storage at -80°C and thawed 

slowly on ice. 5 μl of each sample was taken and mixed with 2 μl of 5x Laemmli loading 

buffer (0.25 M Tris at pH 6.5, 10% SDS, 50% glycerol, 0.5 M DTT, and 0.25% 

bromophenol blue) and then brought to a volume of 10 μl with sterile water. The protein 

was denatured at 95°C for 10 min in a thermocycler. Samples were run on a Precast 4-

15% Gradient Mini-PROTEAN SDS-PAGE Gel (Bio-Rad). After electrophoresis, the 

gel was washed 3 times with water. For each wash the gel shaken for 5 min at room 

temperature in the water.  

A PVDF membrane with 0.2 μM pore size (Bio-Rad) was pre-wetted with 

methanol. The PVDF membrane, filter paper (Bio-Rad), and sponges were soaked in ice 

cold Transfer Buffer (25 mM Tris, 192 mM glycine, and 20% methanol) for 15 min. The 

gel and membrane were sandwiched together between the filter papers and sponges. Air 

bubbles were removed by rolling a sterile serological pipette across the sandwich. 

Transfer of protein from the gel to the membrane was accomplished in a Mini Trans-

Blot Cell (Bio-Rad) at 4°C with gentle stirring of the Transfer Buffer. 

The membrane was removed from the cell, and left to shake at room temperature 

for 1.5 h in Blocking Buffer (a mixture of PBS-T (150 mM KCl, 8 mM K2HPO4, 5 mM 
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KH2PO4, and 2 μl/l Tween-20) and 50 g/l of Instant Nonfat Dry Milk (Price Chopper)). 

The membrane was then washed 3 times with Transfer Buffer. For each wash, the 

membrane was shaken for 10 min of in the buffer. The membrane was incubated at 4°C 

overnight with gentle shaking in 30 ml of Blocking Buffer supplemented with 2 μl of 

Anti-Nucleolin Rabbit IgG Monoclonal Antibody (Thermo Fisher). 

The following day, the membrane was washed 3 times with Blocking Buffer; 

each wash was performed at room temperature with 10 min of shaking. The membrane 

was then incubated at room temperature for 1 h in 30 ml of PBS-T supplemented with 4 

μl of Anti-rabbit IgG Goat Antibody with a linked horseradish peroxidase (R&D 

Systems). 

The PBS-T was then discarded, and the membrane was incubated on a shaker for 

10 min in the dark, in 10 ml of a 1:1 mix of SuperSignal West Femto Luminol/Enhancer 

and Stable Peroxide Buffer (Thermo Fisher). Visualization was done on a ChemiDoc 

XRS+ Molecular Imager. 

 

3.2.2 Bead Capture Experiments 

M-280 Streptavidin Dynabeads (Invitrogen) were vortexed in their storage 

container for 30 s to resuspend the beads. 100 μl of the beads were then placed into the 

necessary number of 1.5 ml microcentrifuge tubes required for the experiment. 

The beads were washed 3 times with 200 μl of pH 7.5 Binding and Wash (B&W) 

buffer (5 mM Tris, 0.5 mM EDTA, and 1 M KCl), and a magnetic stand was used to 

separate the beads from the wash buffer before discarding the liquid. 
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Beads were resuspended in 200 μl of 2x B&W buffer, and 200 pM of 5’-

biotinylated DNA in 200 μl of sterile water was added. The oligonucleotides were 

purchased from Integrated DNA Technologies. The sequences were from the VEGF 

proximal promoter (5’-GGG CGG GCC GGG GGC GGG-3ꞌ) and a scrambled version of 

the thrombin binding aptamer, or Scr TBA (5ꞌ- GGT GGT GGT TGT GGT-3ꞌ), as a non-

G4 control. This control was chosen because we have previously established that it does 

not form intramolecular G4 structures. The tubes were left shaking at room temperature 

for 30 min to allow the DNA to bind to the beads. The beads were then washed 3 times 

with B&W buffer to remove unbound DNA. 50 μl of either 1.7 mg/ml of 1,2,3,4-RGG or 

3.9 mg/ml of 3,4-RGG were added to the beads, and the tubes were left to shake for 1 h 

at room temperature.  

The beads were then washed 3 times with pH 7.3 PBS (150 mM KCl, 5 mM 

KH2PO4, and 8 mM K2HPO4). A magnetic stand was used to separate the beads from the 

wash buffer. Captured protein was eluted from the beads by the addition of 100 μl of 5% 

formic acid. 

10 μl of captured protein was then run on a 4% stacking/10% resolving SDS-

PAGE gel and stained with Coomassie Blue (Bio-Rad). The gel was imaged on a 

ChemiDoc XRS+ Molecular Imager, and relative protein capture was estimated with 

Image Lab software. 
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3.2.3 Fluorescence Anisotropy of 3,4-RGG and c-MYC 

 Measurements were performed using a Jasco FP-6500 Spectrofluorometer. 

HPLC-purified DNA was purchased from IDT. 3 ml of 1 μM 5’-Alexa 488 labeled c-

MYC (5’-TGG GGA GGG TGG GGA GGG TGG GGA AGG-3’) in pH 7.4 Assay 

buffer (20 mM Tris, 5mM NaCl, and 1mM EDTA) was placed in a 3.5 ml quartz cuvette 

with dual 10 mm path lengths (Starna Cell).  3,4-RGG NCL was added, and the 

solutions was mixed by repeatedly inverting the cuvette. The solution was allowed to 

incubate for 10 min before each measurement was taken. Data was graphed and 

analyzed using GraphPad Prism Software. 

 

3.2.4 Circular Dichroism Spectroscopy of Helicase Unwinding 

 All spectra were acquired using a Jasco J-710 Spectropolarimeter. Scans were 

performed in triplicate from 350-200 nm. HPLC-purified DNA was purchased from 

IDT. The sequences were taken directly from the c-MYC promoter as it appears in the 

human reference genome on the NCBI. A list of the oligonucleotides can be found in 

Table (3.2.4). In total, all nine possible duplex constructs were investigated. Annealing 

was accomplished by adding the complementary strands in a 1:1 molar ratio in the 

working volume of ATP-negative pH 9 Helicase Buffer (20 mM Tris, 60 mM KCl, and 

0.5 mM MgCl2). The DNA was then denatured in a thermocycler at 98°C for 10 min, 

followed by slow, even cooling to 25°C over the course of 1.5 h in the thermocycler to 

facilitate annealing. 
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Table (3.2.4): List of oligonucleotides used in the experiments. The number following Pu 

denotes the length of the sequence. 

c-MYC Oligonucleotide Name Sequence 

Pu27 5’-TGG GGA GGG TGG GGA GGG 

TGG GGA AGG-3’ 

Pu27 RC (Reverse Complement) 5’-CCT TCC CCA CCC TCC CCA CCC 

TCC CCA-3’ 

Pu57 5’&3’-15bOh (5’&3’-15 base 

overhangs) 

5’-CGG GAG GGG CGC TTA TGG 

GGA GGG TGG GGA GGG TGG GGA 

AGG TGG GGA GGA GAC TCA-3’ 

Pu57 5’&3’-15bOh RC (5’&3’-15 base 

overhangs Reverse Complement) 

5’-TGA GTC TCC TCC CCA CCT TCC 

CCA CCC TCC CCA CCC TCC CCA 

TAA GCG CCC CTC CCG-3’ 

Pu57 5’-30bOh (5’-30 base overhang) 5’-TCT GCT TTG GGA ACC CGG GAG 

GGG CGC TTA TGG GGA GGG TGG 

GGA GGG TGG GGA AGG-3’ 

Pu57 5’-30bOh RC (5’-30 base overhang 

Reverse Complement) 

5’-GCT CGG CTG CCC GGC TGA GTC 

TCC TCC CCA CCT TCC CCA CCC 

TCC CCA CCC TCC CCA-3’ 

 

 Screening for helix unwinding was done by monitoring the loss of the duplex 

peak at 260-280 nm. Samples were contained in a 45 μl quartz cuvette with a 3mm path 

length (Starna Cell). 4.2 μM DNA in ATP-positive Helicase Buffer was incubated in a 

1:1 molar ratio with 1,2,3,4-RGG NCL for 1.5 h prior to measurement. The signal of the 

protein in the buffer was subtracted from the final spectrum. The one construct 

(pu27/pu57 5&3-15bOh RC) that had noticeable change was further investigated in a 80 

μL quartz cuvette with 0.2 mm path length (Starna Cell). The smaller cuvette was chosen 

to limit the signal of the ATP in the far-UV region. Duplex DNA and the G4 forming 
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strand were analyzed at a concentration of 25 μM in ATP positive Helicase Buffer. 

1,2,3,4-RGG NCL was added to the Duplex DNA in a 5:1 ratio of protein to DNA, and 

in a 1:1 ratio with the G4-forming strand.  Duplex DNA-NCL was incubated for 2 h and 

overnight. The G4-forming strand was incubated with NCL for 1 h. The spectrum of the 

protein and buffer was subtracted from the sample spectrum prior to analysis. 

 

3.3 Results and Discussion 

 These sections contain an analysis of the Western blot, bead capture, 

fluorescence anisotropy, and circular dichroism data. 

 

3.3.1 Western Blotting Results 

 The NCL C-terminal binding antibody was able to detect both the 1,2,3,4-RGG 

and 3,4-RGG Figure (3.3.1). In addition, several other faint bands are present that likely 

represent NCL degradation fragments still containing the C-terminal residues. The 

chance of these bands being the result of nonspecific antibody binding is minimal, as the 

bands from the prestained ladder that was used to visualize protein transfer from the gel 

to the membrane are not present. 
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Figure (3.3.1): Western Blot of the NCL isoforms. The image was taken on a ChemiDoc 

XRS+ Molecular Imager with a 5 s exposure. 

 

3.3.2 Results of Bead Capture Experiments 

 The results of the bead capture experiments were visualized using SDS-PAGE 

with Coomassie Blue stain. Relative intensity values were determined using Image Lab 

software, using a band in one of the ladders for reference. This semi-quantitative method 

showed preferred capture of NCL by the VEGF oncogene promoter G4-forming 

sequence compared to the Scrambled TBA control sequence Figure (3.3.2). 
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A)  Capture visualized on an SDS gel.

 

B) Relative intensity values as determined by Image Lab software.
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Figure (3.3.2): Visualization of protein capture on a 4% stacking/10% resolving SDS-

PAGE gel. The R band in the gel is the reference band. Bands that were measured are 

marked in pink. Numbers above the lanes correspond to the numbers in the data table of 

B. 

 

3.3.3 Fluorescence Anisotropy Results 

 Using a Hill plot of the concentration of bound ligand vs the concentration of 

added protein, a Kd of 371 nM was determined, see Figure (3.3.3). The literature gives 

NCL a Kd of 103 nM for the c-MYC G4 as determined by filter binding assay with 

isotopic labels25. We used the 3,4-RGG to take our measurement, while the authors of 25 

used Maltose-1,2,3,4-RGG. The buffer used for the experiment was identical to the 

buffer used in 25. The discrepancy in Kd is likely the result of ligand depletion, as the 

working quantity of DNA in the experiment is an order of magnitude above the Kd
74,75. 

A bend in the Hill plot that indicates ligand depletion can be seen at 0.2 μM NCL in 

Figure (3.3.3). This makes it impossible to determine the true Kd, but it still does allow 

us to detect binding and determine the approximate concentration where NCL’s 

nonspecific interactions begin to occur. Due to the large volume of the cuvette available 
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for these experiments, there was only enough DNA for one set of measurements. We 

tried using 1,2,3,4-RGG in Helicase Buffer to investigate if ideal helicase conditions 

were also ideal for G4 binding with the VEGF G4. Strangely, the initial anisotropy value 

of the DNA alone in solution was substantially larger than the values after the addition 

of protein, this made determining a Kd impossible. It could be that the DNA did not form 

a G4, allowing for increased rotation of the fluorophore, as G4s generally prefer a 

neutral to low pH and high cation concentration for spontaneous folding73. We did see an 

increase in anisotropy values across the 1,2,3,4-RGG additions, which indicated that 

NCL was binding to the DNA. Nevertheless, the Kd value of the 3,4,-RGG, which 

contains the minimal c-MYC G4 had the correct order of magnitude, and the protein 

appears to be binding to the oligonucleotide. A more sensitive instrument and/or an 

optimized cuvette will likely improve the viability of this method. 

 



 

42 

 

 

Figure (3.3.3): Graph of the concentration of NCL vs Anisotropy. Image generated in 

Graphpad Prism. 

 

3.3.4 Results of the Investigation of Helicase Unwinding 

 Of the duplex constructs investigated, only the Pu27 and the Pu57 5’&3’-

15bOhRC (Table (3.2.4)) showed ATP dependent unwinding during screening. The 

other constructs may have had unwinding occur but it could have been masked by the 

ATP in the buffer, as the mononucleotide contributes noise across the wavelengths 

investigated, marginally in the 260-280 nm range and substantially in the far UV. The 
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Pu27/Pu57 5’&3’-15bOhRC was further investigated in a thinner cuvette to detect 

unwinding and G4 formation. The results are shown in Figure (3.3.4).  

 

A) Pu27 in Helicase Buffer in the G4 conformation, with a dominant positive peak at 

261 nm, a narrow negative peak at 244.6 nm, and a partial peak at 210 nm. All 

indicative of a parallel G4.
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B) Pu27 in a G4 conformation bound to NCL in a 1:1 molar ratio. A similar spectrum to 

A, but the ~210 nm peak becomes more defined upon NCL binding. 

  

C) Pu27 and Pu27-NCL overlaid.
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D) Pu27/Pu57 5’&3’ 15bOhRC Duplex.

 

E) 5:1 NCL to Pu27/Pu57 5’&3’ 15bOhRC duplex after 2 h.
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F) 5:1 NCL to Pu27/Pu57 5’&3’ 15bOhRC Duplex overnight (~19 h). 

 

G) Overlay of Duplex, 2 h and overnight spectra.

 

Figure (3.3.4): CD spectrum of the Pu27 G4 with and without NCL, Pu27/Pu57 5’&3’-

15bOhRC spectrum, and spectra of NCL unwinding overtime. 
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 Parallel G4s, like in the case of the c-MYC Pu2725,64-67, typically display a 

narrow negative peak at ~245 nm and strong positive peaks at ~260 and 210 nm68. In 

contrast, duplex DNA has a slightly broader negative peak at around 240 nm, and a 

broad positive peak ranging from ~260-280 nm, the higher the GC content the more the 

peak is shifted toward 260 nm68. Unwinding of the duplex is a narrowing of the 260-280 

nm peak towards 260 nm. In order for a G4 to form, the duplex must first be unwound, 

so the appearance of a peak at 210 nm can also be a sign of unwinding. Both of these 

phenomena can be can be seen in D, E, F, and most clearly in G of Figure (3.3.4). Our 

spectra appear very similar to the reported spectra of duplex c-MYC Pu27 and its reverse 

complement that are denatured by tetrapyridinoporphyrazinatozinc(II)69, albeit our 

spectra are noisier.  

 Interestingly, NCL is not supposed to be able to unwind perfect duplex DNA 

regardless of any overhangs that are present under the buffer conditions examined54,55. In 

fact, the protein much preferred an open fork that was modeled with an oligonucleotide 

bound to a single strand of circular plasmid DNA, as well as RNA-DNA duplexes in the 

experiments reported in the literature54,55. Unwinding in our experiments did appear to 

take place over a longer timescale. This may be due to the fact that after unwinding, 

NCL helps fold, and then binds to, the G4. Assuming a higher affinity for the G4 than 

the duplex DNA, NCL will likely stay bound to the G4, stopping it from participating in 

further unwinding. Our method of detecting unwinding is also significantly less sensitive 

than the Electromobility Shift Assays previously used to investigate NCL’s helicase 

activity. Since the cuvette is two separate pieces and must be loaded with a feathered 
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pipette tip, it is not is not an ideal container for mixing, and so a titration was not 

performed. The nature of CD makes it difficult to detect small amounts of unwinding 

and G4 formation, as G4 signal is lost in the more dominant duplex and likely 

contributes to its signal in the 260 nm region. Investigating this phenomenon further will 

require a more sensitive assay. Ultimately, the experiment did show unwinding of the 

duplex, and that it is followed by G4 formation. This could be a potential mechanism for 

NCL-G4 formation in vivo in regions of duplex DNA. Investigating more duplex DNA 

sequences containing G4s as well as several non-G4 forming controls will be necessary 

to understand if NCL’s helicase activity prefers G4 forming sequences. 

 In summary, these results indicate the the protein being purified is NCL, and that 

it is functional following purification. 

 

4. ChIP-exo Library Preparation 

 

4.1 Background and Motivation 

 The ChIP-exo technique allows investigation of genome wide binding of a 

protein at high resolution. Here we aim to apply it to identify new associations of NCL 

with genomic G4s, and to find the optimal sequences from the genome to generate new 

aptamers. 
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4.2 Materials and Methods 

 ChIP-exo library preparation was performed with the Active Motif ChIP-exo kit. 

Unless otherwise noted, reagents were included with the kit. Fixed BT474 cells were 

prepared by Dr. Christina Albanese, who served as my mentor during her Ph.D. studies 

in the McGown group. 

 

4.2.1 Lysis of Fixed Cells 

 BT474 fixed cell pellets were removed from storage at -80°C and allowed to 

slowly thaw on ice. Pellets were resuspended in 5 ml of Chromatin Prep Buffer with an 

added 5 μl of Protease Cocktail Inhibitor (PIC) and 5 μl of 100 mM 

phenylmethylsulfonyl fluoride (PMSF) by gentle pipette mixing, then allowed to 

incubate on ice for an additional 10 min. In a refrigerated room, resuspended pellets 

were transferred to a dounce homogenizer and lysed with a tight fitting pestle using 

approximately thirty strokes. Cell lysis was monitored on a DHC-N01 Hemocytometer 

slide (INCYTO) with 10 μl of the lysed cell suspension under an inverted bright field 

microscope. The lysed suspension was centrifuged for 3 min at 1250-xg and 4°C. 

Supernatant was discarded, and the pellet resuspended in 500 μl of Chromatin Prep 

Buffer with an added 5 μl of PIC and 5 μl of 100 mM PMSF, and then incubated on ice 

for 10 min. 
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4.2.2 Sonication 

 The chromatin pellet was transferred to a 2 ml centrifuge tube and suspended in 

an ice bath. Sonication was done using a Sonics Vibra-Cell VCX500 ultrasonic 

processor (Newtown, CT), tuned to 500 W at 20 kHz. Pulses were done at 30% 

amplitude, with 15 s on, 45 s off, for 30 min. Cellular debris was pelleted by 

centrifugation at 13,000 rpm for 2 min at 4°C. 25 μl of the solution was set aside for 

analysis and validation of sonication results. The remaining volume was put into 150 μl 

aliquots and stored at -80°C. 

 

4.2.3 Sonication Validation, Input Preparation 

 In a PCR tube, 25 μl aliquots were mixed with 175 μl pH 8.0 TE and 1 μl of 

RNAse A, and then incubated in a thermocycler for 30 min at 37°C. 2 μl of Proteinase K 

was added to the mixtures and incubated at 55°C for 30 min, heated at 80°C for 2 h, then 

chilled overnight at -80°C. The tubes were centrifuged at 13,000 rpm at 4°C for 15 min. 

Supernatant was discarded and the pellets were washed with 500 μl of 70% ethanol, then 

centrifuged at 13,000 rpm at 4°C for 5 min. The ethanol was carefully discarded by 

pipetting, and the tubes were left uncapped to air dry at room temperature for 15 min. 25 

μl of DNA Purification Elution Buffer was added to each tube and they were incubated 

at room temperature for 10 min before resuspension by vortexing. DNA concentration 

was determined on a NanoDrop 1000, and 500 ng of DNA from each tube was set aside 

and the rest was stored at -20°C. 1 μl of 500 mM NaCl was added to each 500 ng 

solution of DNA and the volume was brought to 10 μl with DNAse free sterile water. 
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Samples were heated at 100°C for 20 min, followed by a 50°C hold, and a 5 min 

incubation at room temperature. DNA was visualized on a 1.5% Agarose TBE gel with 

SYBR Gold stain (Thermo Fisher) and imaged with a ChemiDoc XRS+ Molecular 

Imager. 

 

4.2.4 Antibody Conjugation and Chromatin Immunoprecipitation 

 Protein G magnetic beads were resuspended by vortexing, and 50 μl was added 

to each immunoprecipitation reaction. For our experiments a total of six reactions were 

performed. The beads were washed 3 times on a magnetic stand with 1 ml of Blocking 

Buffer AM3, then resuspended in 250 μl of Blocking Buffer AM3. 4 μl of ChIP grade 

pAb anti-nucleolin Rabbit Whole sera (Novus Biologicals) were added to each tube, and 

the solutions incubated with end-to-end rotation overnight at 4°C. The following day, the 

tubes were centrifuged at 8,150 -xg for 30 s. The supernatant was discarded and the 

beads were washed on a magnetic stand in 1 ml of ice cold Blocking Buffer AM3. Beads 

were then washed on a magnetic stand in 1 ml of room temperature ChIP Buffer, and 

then resuspended in 150 μl of ChIP Buffer with an added 5 μl of PIC. Sheared chromatin 

aliquots were removed from -80°C storage and allowed to thaw on ice. 150 μl of thawed 

chromatin was added to each immunoprecipitation reaction, and incubated at 4°C 

overnight with end-to-end rotation. The following day, the supernatant was discarded 

and the beads were washed 6 times, each with 1 ml of Wash Buffer AM1 supplemented 

with 5 μl PIC. The beads were then washed 2 times with 1 ml of Wash Buffer AM6. 
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4.2.5 End Repair 

 Immediately following the two AM6 washes, beads in each tube were 

resuspended in 100 μl of the End Repair mixture (1x Reaction Buffer AM3, 1mM ATP, 

0.1mM (each) dNTP mixture, .15 U/μl T4 DNA Polymerase, .05 U/μl DNA Polymerase 

I Klenow, and .5 U/μl T4 Polynucleotide Kinase). Solutions were mixed in a benchtop 

shaker inside an incubator at 30°C for 30 min. Supernatant was then discarded, and the 

beads were washed 2 times, each with 1 ml of Wash Buffer AM1, and then washed 2 

more times, each with 1 ml Wash Buffer AM6, before immediately proceeding to the 

next step. 

 

4.2.6 P7 Exo-Adapter Ligation 

 Beads in each tube were resuspended in 100 μl of Adapter Ligation mixture (1x 

Reaction Buffer AM3, 1.5 μM P7 exo-adapter, 1 mM ATP, and 20 U/μl of T4 DNA 

Ligase). Reactions were mixed on a shaker in an incubator at 25°C for 1 h. Supernatant 

was then discarded, and the beads were washed 2 times, each with 1 ml of Wash Buffer 

AM1, and then washed 2 more times, each with 1 ml Wash Buffer AM6, before 

immediately proceeding to the next step. 

 

4.2.7 Nick Repair 

 Beads in each tube were resuspended in 100 μl of Nick Repair mix, consisting of 

1x Phi29 Reaction Buffer, 0.15 mM (each) dNTPs, and 0.15 U/μl Phi29 DNA 

Polymerase. Tubes were mixed on a shaker in an incubator at 30°C for 25 min. 
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Supernatant was then discarded, and the beads were washed 2 times, each with 1 ml of 

Wash Buffer AM1, and then washed 2 more times, each with 1 ml Wash Buffer AM6, 

before immediately proceeding to the next step. 

 

4.2.8 Lambda Exonuclease Digestion 

 Beads in each tube were resuspended with 100 μl of Lambda Exonuclease 

mixture (1x Lambda Exonuclease Buffer and 0.1 U/μl of Lambda Exonuclease). 

Reactions were mixed on a shaker in an incubator at 37°C for 30 min. Supernatant was 

then discarded, and the beads were washed 2 times, each with 1 ml of Wash Buffer 

AM1, and then 2 more times, each with 1 ml Wash Buffer AM6, before immediately 

proceeding to the next step. 

 

4.2.9 RecJf Exonuclease Digestion 

 Beads in each tube were resupended in 100 μl of RecJf Exonuclease mixture (1x 

Reaction Buffer AM3 and 3 U/μl Recjf Exonuclease). Reactions were mixed on a shaker 

in an incubator at 37°C for 30 min. Supernatant was then discarded, and the beads were 

washed 2 times, each with 1 ml of Wash Buffer AM1, and then washed 2 more times, 

each with 1 ml Wash Buffer AM6, before immediately proceeding to the next step. 
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4.2.10 Reversal of Crosslinks and DNA Elution From Beads 

 200 μl of Elution Buffer AM4 and 10 μl of Proteinase K was added to each tube. 

Reactions were mixed on a shaker in an incubator at 55°C for 30 min. The tubes were 

then placed in a heat block at 80°C for 2 h. 

 

4.2.11 DNA Purification 

 Tubes were removed from the heat block and cooled to room temperature. The 

tube was placed on a magnetic stand, and the supernatant was transferred to a new 

microcentrifuge tube. In a fume hood, pH 8 phenol (Acros Organics) was produced by 

dissolving solid phenol crystals in a 60°C water bath. 3 washes were performed on the 

liquid phenol, each with an equal volume of pH 8 10x TE Buffer, followed by 3 more 

washes, each with an equal volume of pH 8 1x TE Buffer. 250 μl of pH 8 phenol and 

125 μl of a 25:1 chloroform/isoamyl alcohol (both from Millipore) mixture was added to 

each tube. Tubes were then centrifuged at 13,000 rpm for 10 min. The aqueous phase of 

each tube was transferred to a new microcentrifuge tube and the appropriate volume of 5 

M NaCl was added to achieve a concentration of 0.2 M sodium chloride. 1 μl of 

glycogen was then added, and the tubes were vortexed before the addition of 650 μl of 

100% ethanol. Tubes were left at -80°C overnight to precipitate the DNA. The following 

day the tubes were centrifuged at 4°C and 13,000 rpm for 30 min. Success of the 

immunoprecipitation can be confirmed by the presence of a small white pellet at the 

bottom of the tube. Supernatant was carefully discarded and 500 μl of 70% ethanol was 

added to each tube before centrifugation at 4°C and 13,000 rpm for 15 min. Supernatant 
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was then discarded, and the pellet was air dried for 1 h to remove trace ethanol. The 

pellet was then resuspended in 20 μl of DNAse free sterile water. 

 

4.2.12 Extension of the P7 Primer 

 In a PCR tube, the 20 μl of DNA was added to 30 μl of the Primer Extension mix 

(1x Phi29 Reaction Buffer and 0.167 μM P7 Primer). They reactions were placed in a 

thermocycler and run at 65°C for 5 min, 30°C for 30 min, 65°C for 10 min, followed by 

a 4°C hold. 2 min into the 30°C step, 1 μl of 10 U/μl Phi29 DNA polymerase and 2.1 μl 

of 5 mM (each) dNTPs were added to every tube, and they were placed back into the 

thermocycler. After the primer extension was completed, 90 μl of AMPure beads were 

added to each reaction and mixed by pipetting. Tubes were placed on a magnet and the 

supernatant was discarded. 2 washes were performed with 200 μl of ice cold 70% 

ethanol, and the beads were air dried for 20 min. 20 μl of DNA elution buffer was added 

to each tube, and the solution was mixed by pipetting. Tubes were placed back on the 

magnetic stand and the supernatant was transferred to a new PCR tube. 

 

4.2.13 P5 Exo-Adapter Ligation 

 30 μl of P5 Exo-Adapter Ligation mix was added to each PCR tube. The mixture 

consisted of 1.67x T4 DNA Ligase Reaction Buffer, 0.5 μM of the P5 adapter, and 66.7 

U/μl of T4 DNA Ligase. The tubes were placed in a thermocycler set to 25°C for 1 hr. 

After the ligation completed, tubes were removed from the thermocycler and 90 μl of 

AMPure beads were added to each reaction and mixed by pipetting. Tubes were placed 
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on a magnet and the supernatant was discarded. Two washes were performed with 200 

μl of ice cold 70% ethanol, and the beads were air dried for 20 min. 20 μl of DNA 

elution buffer was added to each tube and the solution was mixed by pipetting. Tubes 

were placed back on the magnetic stand, and the supernatant was transferred to a new 

PCR tube. 

 

4.2.14 Library PCR Amplification 

 30 μl of PCR mixture was added to each tube (1.67x Q5 Polymerase Reaction 

Buffer, 0.5 μM (each) dNTPs, 2 μl per 30 μl of reaction mix of Illumina Indexing 

Primers, and 0.0667 U/μl of Q5 High-Fidelity DNA Polymerase). Tubes were placed in 

a thermocycler set to run the following procedure: 95°C for 30 s; 14 cycles of 98°C for 

10 s, then 65°C for 30 s, 72°C for 30 s; 72°C for 5 min; and finally a 4°C hold. After 

PCR completion, tubes were removed from the thermocycler and 90 μl of AMPure beads 

were added to each reaction and mixed by pipetting. Tubes were placed on a magnet and 

the supernatant was discarded. 2 washes were performed with 200 μl of ice cold 70% 

ethanol, and the beads were air dried for 20 min. 30 μl of DNA Purification Buffer was 

used to elute the final DNA product, this was accomplished by adding the buffer to a 

single tube, mixing by pipetting and removing the supernatant on a magnetic stand. The 

supernatant was then transferred to the next tube and the process was repeated for a total 

of six tubes. 
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4.2.15 Library Size Selection 

 The 30 μl of consolidated DNA was run on a 1.5% Agarose TBE gel until the 

bromophenol blue loading dye was between one half and two thirds of the way down the 

gel. Bands were stained with SYBR Gold and visualized using a blue light 

transilluminator. The DNA smear between approximately 180 and 350 base pairs was 

excised from the gel, and the DNA was purified with the EZNA Gel Extraction kit using 

the procedure described in Section 2.2.2 with several small modifications. The gel was 

dissolved at 30°C for 30-45 min and the final elution performed with 30 μl of room 

temperature DNAse free sterile water. 

 

4.2.16 Bioanalysis and qPCR Library Validation 

 Bioanalysis was performed at SUNY Albany’s Center for Functional Genomics 

using a 2100 Agilent Bioanalyzer using a High Sensitivity DNA Chip. An NEBnex 

Library Quant Kit for Illumina was used for qPCR. 

 

4.3 Results and Discussion 

 Below is a brief discussion about the generation and validation of the library. 

 

4.3.1 Sonication Results 

 The sonication procedure generated chromatin fragments between 100-700 base 

pairs Figure (4.3.1). The kit recommends that shearing generate fragments between 

~200-1200 base pairs; however, the researchers who developed this technique to be 
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Illumina compatible recommend a range of ~200-400 base pairs47,70. The final library 

looked fine in spite of the small fragment sizes generated during sonication as they were 

likely removed during the library size selection. 

  

 

Figure (4.3.1): BT474 Sonicated Chromatin after input preparation (see Section 4.2.3) 

can been seen in the left lane, the right is a 100 base pair DNA Ladder (Invitrogen). The 

gel is a 1.5% Agarose 1x TBE. 

 

4.3.2 Bioanalysis and qPCR Results 

 The final library should consist of DNA approximately 180 to 350 base pairs in 

length, with enough DNA to generate a 20 pM dilution in 1.3 ml for sequencing on a 

NextSeq 500 or 10 pM in a 600 μl dilution for sequencing on a MiSeq. The Bioanalysis 

Results can be seen in Figure 1 (4.3.2). The average fragment size is 292 base pairs and 
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the concentration is approximately 4.6 nM. Three qPCR reactions were run to quantify 

the concentration of DNA in the library that has properly ligated Illumina adapters, with 

returned values of 4 nM, 2.37 nM, and 50 pM. We will be assuming a working a 

concentration of 2.37 nM to ensure complete saturation of the Illumina flow cell, see 

Figure 2 (4.3.2.).  

 

 

Figure 1 (4.3.2): Bioanalysis of the final ChIP-exo Library for Illumina sequencing. 

Results were generated from a Agilent 2100 Bioanalyzer using a High Sensitivity DNA 

Chip. The Y axis is fluorescent units, and the X axis is time in s. The two tall peaks at 

around 40 and 110 s are standards of known molecular weight. The table on the right of 

the figure shows the molecular weights of the dominant peaks 
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Figure 2 (4.3.2.): qPCR quantification graph, Cq is fluorescent units. Average undiluted 

concentration was determined for DNA of non-uniform length. Image generated using 

the NEB qPCR Library Quantification Calculator. 

 

Our results seem to indicate that we have produced a functional library; however, 

it will not be clear if it will shed light on NCL’s G4 interactions until after sequencing is 

complete. A potential concern is the loss of the information on the non-G4-forming 

strand. If this strand is free and not protein bound, it may be destroyed by the 

exonuclease, and we may lose critical information that will make the data analysis and 

G4 identification significantly more difficult.  
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5. Conclusions and Future Directions 

 The results indicate that we have succeeded in creating relatively pure 

recombinant isoforms of NCL from bacterial culture, and that these proteins are 

functional following purification. For the 1,2,3,4-RGG more refinement needs to be 

done to eliminate NCLs breakdown products. For ChIP-exo, the first round of 

sequencing will soon be complete and after data interpretation we may have new 

potential G4 forming sequences to investigate. This will entail interrogating the G4 

forming ability of these sequences using CD spectroscopy, and determining Kd values 

for their binding with NCL. The latter will likely be performed using fluorescence 

anisotropy and potentially Electromobility Shift Assays (which we can also use to 

reexamine helicase unwinding). Hopefully some of these sequences will serve as 

excellent templates for NCL targeting biosensors and for pharmaceuticals. 
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