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Abstract 

High performance liquid chromatography (HPLC) has been widely used as an analytical 

tool for chemical and biochemical products. HPLC is derived in several techniques such 

as reverse phase chromatography, ion-exchange chromatography, and affinity 

chromatography. It depends on the nature of the analyte that determines what type of 

chromatography should be used. Moreover, there is not a universal method that can give 

the best resolution for every analyte.  In this thesis, a method is developed to analyze 

several specific bio-products which have been shown to carry important information 

about the replication process in viruses. These are CPNT—an amino acid sequence at the 

N terminus of the coat protein, SL13 and Bbox—two RNA sequences responsible for 

interaction with the coat protein. These three sequences are found in Brome Mosaic Virus 

(BMV).  They are crucial in the transcription and replication of a virus in the host cell 

when CPNT is bound to SL13 or Bbox. Therefore, investigating the interaction between 

them can give a better understanding about their mechanisms. An HPLC method was 

developed in this thesis to help analyze these sequences and help recycle the CPNT 

which will lower the cost of the research. We finally found that a gradient running for 30 

minutes from 5% to 95% of solvent B with a flow rate of 1mL/min is a good condition to 

analyze these sequences by reverse phase chromatography. The solvent B is 0.1% TFA in 

acetonitrile and the solvent A is 0.1% TFA in water. The results also suggest a weak 

interaction between RNA and peptide complex since a complex peak did not show up in 

the chromatogram. 
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Chapter 1 Introduction 

The study of RNA—peptide interactions has been drawing researchers’ attention 

because of its potential in drug design. In fact, a diversity of RNA—peptide models has 

been studied recently (Das & Frankel, 2003). RNA—peptide interactions are vital in the 

cell for RNA replication and protein translation (Yi, Letterney et al, 2009). Therefore, 

RNA recognition is a key factor for altering the replication or translation process. Also, 

understanding how this interaction works can greatly contribute to the development of 

new drugs that target RNA.  

To characterize this interaction, we have to know how they bind to each other. 

Because of the negative charge of RNA and the charged amino acids of peptides and 

proteins, it has been suggested that an electrostatic force drives this interaction. This 

force can be very weak regardless of the structure of RNA and amino acids of protein and 

peptide. A wide range of RNA and peptide structures suggest that the interaction between 

them is very complicated (Das & Frankel, 2003).  

Previous studies showed that in the life cycle of Brome Mosaic Virus (BMV), the 

interaction between its coat protein and its genomic RNA plays an important role in its 

replication process (Yi, Vaughan et al, 2009; Kao & Sivakumaran, 2000). This 

interaction is discussed in more details later in this chapter. Understanding the interaction 

between the coat protein and RNA in the case of BMV is significant because it could help 

researchers understand the general mechanism for specific recognition between protein 

and RNA in one of the biggest family of viruses which is the alpha—virus like family 

including some types that cause diseases in humans.   
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Brome Mosaic Virus 

BMV belongs to the Bromovirus genus and Bromoviridae family (Lucas et al, 

2002). The virus is relatively small with a virion diameter of about 26 nm. It is built up of 

180 capsid proteins arranging into 12 pentameric and 20 hexameric subunits in an 

icosahedral symmetrical arrangement (Wang et al, 2001). This virus infects granary 

plants, posing a threat to the agriculture industry (Kao & Sivakumaran, 2000). Although 

it does not cause any disease in humans, it is still drawing attention of researchers since 

its genome is very similar to many other pathogenic viruses. The core structure of the 

virus is made of single positive strand RNA genomes (Yi, Letterney et al, 2009). This 

positive strand RNA is in a large group of different viruses, in which, many of them 

cause diseases in plants, animals, and humans such as West Nile Virus and Hepatitis C 

Virus as some examples. In addition, like many other RNA viruses, the RNA molecules 

of BMV have a tRNA—like structure at their 3’end that plays a key role in regulating 

RNA replication (Kim &Tinoco, 2001). 

Insight from the Genome of Brome Mosaic Virus 

BMV is a positive—stranded RNA virus. Viruses in this group share a common 

characteristic in RNA replication. In fact, positive strand RNA not only serves as mRNA 

for protein synthesis but also serves as a template RNA to synthesize a complementary 

RNA called negative-strand RNA. In the host cells, the positive strand RNA is translated 

to provide the proteins in order to direct viral RNA replication (Chen et al, 2001; Kim et 

al, 2001; Yi, Letterney et al, 2009). 
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The BMV packages its three genomic RNA molecules (RNA1, RNA2, and 

RNA3) and its subgenomic RNA4 into three virus particles. RNA1 and RNA2 sequences 

are crucial for RNA replication. RNA3 is responsible for the cell-to-cell movement of the 

virus. Lastly, RNA4 produces coat protein (CP). RNA4 is transcribed from the negative-

strand RNA3 by internal initiation. This subgenomic RNA is encapsidated into the same 

viral particle as RNA3.  

Coat Protein 

BMV is a non—enveloped virus (Chaturvedi et al, 2012). It has a coat protein 

(CP) also called capsid protein, which contacts the cell and delivers the genome into the 

plant (Kao et al, 2011). Recent research shows that CP plays an instrumental role in 

regulating RNA replication as well as protein translation in BMV (Okinaka et al, 2001). 

The CP consists of three subunits named A, B, and C (Fig. 1). Each of the subunits of CP 

contains a long N—terminal arm rich in basic amino residues such as Arg as well as a 

globular domain that allows CP to interdigitate through its C—terminal tails (Kao et al, 

2011). 
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Figure 1 Structure of the coat protein (CP) of Brome Mosaic Virus (BMV). On the left, 

the model of its monomer is shown. The monomer shows a surface rendering in which 

positively charged residues are in blue and negatively charged residues are in red. N and 

C refer to the N— and C— termini. The asymmetric trimer with three conformers A, B, 

and C illustrates the locations of the N— and C—terminal that form the capsid (Kao et 

al, 2011) 

Regulation of RNA replication in the life cycle of BMV 

BMV replication requires timely coordination of expression of viral proteins and 

RNAs. CP accompanies the three BMV genomic RNAs and the subgenomic RNA into 

and out of the host cell during the infection cycle. CP plays a regulatory role during the 

infection process that is mediated through its specific binding to some RNA motifs in the 

genomic RNA of BMV. CP also appears to facilitate the entry of BMV into host cell 

membranes.  
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There are two RNA motifs that bind to CP to control the replication process. 

These are Stem Loop C (SLC) and Bbox. Stem loop C (SLC) is a RNA promoter located 

at the 3’ end of the genomic RNAs and subgenomic RNA (Kim et al, 2000). SLC has a 

tRNA—like structure. It consists of two domains: a flexible stem with an internal loop 

and a rigid stem with a 5’-AUA-3 triloop (Kim et al, 2000). The 5’-AUA-3’ triloop 

region is an essential segment for the specific recognition of BMV genomic RNA by its 

replicase complex. The adenine of the triloop is fixed to the stem helix by its aromatic 

base (Kim & Tinoco, 2011). More precisely, the amino—proton of the adenine base is 

connected with the 5’ phosphate oxygen atom of guanylate in stem through hydrogen 

bonding, which forms a motif, called “clamped adenine motif” (CAM). This CAM is 

required for the BMV replication. Bbox is another RNA promoter which is critical for 

BMV replication (Choi et al, 2004). This sequence exists at the RNA1, RNA2 and 

upstream of RNA3.  
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CP shows different controlling functions as its concentration inside the host cell 

changes.  

1. A low concentration of CP can stimulate the RNA synthesis by its binding to the SLC 

RNA motif located at 3’end of all four RNAs. 

2. When the CP concentration increases, it will suppress the protein translation through 

its binding to the Bbox motif located at 3’ end of RNA1 and RNA2 only.  

Figure 2 Location of Bbox and SLC in BMV genome (left) and their sequences (right). 

SLC is located at the 3’end region of all 3 BMV RNAs. It serves as an RNA promoter 

for the specific binding of BMV replicase for negative strand RNA synthesis. The 

13mers sequence in the red box represents the key recognition motif of SLC. Bbox 

represents a 7-nucleotide long loop with a stem. It conducts regulatory functions in 

RNA replication 
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3. When CP reaches high concentration, it triggers the encapsidation—enclosure of the 

genomic RNA with CP to produce progeny viruses. 

 

Figure 3 A model of how CP of BMV can regulate different steps in the infection 

process. The central process is written in the flow diagram. The funnel—shaped object 

with the spigots is intended to show that different amounts of CP can differentially 

regulate the infection process. Stimulatory effects are shown in green and inhibitory 

effects in red. 

Our lab decided to examine the binding site between CP with Bbox and SL13. By 

understanding how they bind together we can have a way to alter the binding and also 

figure out how the binding is important for gene regulation. Circular Dichrosim (CD), 

Nuclear Magnetic Resonance spectroscopy (NMR) and High Performance Liquid 

Chromatography (HPLC) have been used to examine the driving forces between them. 

These forces are supposed to be driven by electrostatic forces and thought to be 

sequence/conformation—specific. As my master’s degree thesis project, I have been 

mainly focusing on HPLC analysis of peptide—RNA interactions in BMV. HPLC has 
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been widely used to analyze peptides or RNA (Wilson & Walker, 2005). However, there 

are few research papers that use HPLC to analyze both of them within the same run. 

Therefore, developing a method that analyzes RNA and peptide can also contribute to 

biochemical research in general. The project is valuable because it can provide us with 

more information on the mechanism of RNA replication in BMV which is one of the 

biggest groups of viruses (alphavirus—like—superfamily).  

I hope to find the best conditions for HPLC analysis to visualize the peptide—

RNA binding and to determine the binding constant of this interaction. In addition, by 

separating RNA and peptide, we can recover the RNA and peptide after various binding 

studies, which is crucial in saving the cost of this research. Since peptides used for this 

research were chemically synthesized, which is expensive, we would like to isolate the 

free peptide after each of the binding experiments with RNA so it can be used in other 

experiments. 

High Performance Liquid Chromatography (HPLC) 

RNA can be characterized by ion—pairing reverse phase chromatography (Azarani 

& Hecker, 2001). This is a modern application of reverse phase chromatography. 

Traditional reverse phase chromatography works fine for the separation of neutral 

molecules (both polar and non—polar compounds) (Lough & Wainer, 1995). However, it 

is not effective for separating charged molecules, giving poor resolution and inconvenient 

retention times (Gjerde et al, 2009). RNA is an inherently negatively charged biopolymer 

because of the presence of its phosphate groups. Peptides also often have net charges due 

to the presence of charged amino acids. Recently, a new method, called “Ion Pairing 
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method” was developed that uses different kinds of salts for enhancing the resolution of a 

chromatogram by pairing their ions to the correspondent charges of sample molecules 

(Gjerde et al, 2009). Being neutralized by those pairing ions, RNA and peptide can be 

retained longer in a reverse—phase column, which produces better resolution. 

In order to develop the HPLC method, I had to prepare two short RNA sequences 

that mimic those two RNA promoter motifs in the BMV genomic RNAs (SL13 and 

Bbox). I performed an in vitro transcription method using T7 RNA polymerase in order 

to produce those RNAs.  
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Chapter 2 Optimization of synthesis and purification of T7 RNA polymerase 

Background 

T7 RNA polymerase is a DNA—dependent RNA polymerase found in 

bacteriophage T7 (Arnaud-Barbe et al, 1998). Bacteriophage is a virus that infects 

bacteria (Trun & Trempy, 2004). T7 RNA polymerase is a monomeric enzyme 

(consisting of a single unit) with a molecular weight of about 100 kDa. The enzyme can 

bind almost any DNA template to produce its corresponding RNA sequence 

(transcription) as long as the DNA carries a double stranded region consisting of a T7 

promoter sequence bound with its DNA primer (top DNA) (Beckert & Masquida, 2011). 

Because of its non-discriminatory nature in transcription, it has been well used for the in 

vitro transcription of RNA from a DNA template designed for producing specific RNA 

sequences (Beckert & Masquida, 2011). This technique is called “T7 in vitro 

transcription method,” which turned out to be superior to other methods because it can 

produce a longer RNA strand (more than 50 nucleotides) (Beckert & Masquida, 2011). 

More specifically, it was used in our research to transcribe the DNA template to the 

corresponding RNA sequences such as SL13 and Bbox. The entire DNA sequence 

(39936bp) of T7 RNA polymerase was completed (Dunn et al. 1983). 

Our lab inherited an Escherichia coli (E. coli) strain with a plasmid (pAR1219) 

that has a gene for T7 RNA polymerase from Dr. Tinoco’s lab at UC Berkeley. 

Therefore, this E. coli stock is used directly to purify T7 RNA polymerase. This plasmid 

contains the lacUV5 gene, an ampicillin resistance gene and lac I.    
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Lac UV5 and lac I, each plays an essential role in regulating the expression level of a 

gene product. It is known that some bacteria such as E. coli use lactose as an energy 

source. In the presence of lactose, the gene can be expressed. Without lactose, the gene 

will not be expressed to save energy for the bacteria. Lac UV5 is a promoter sequence 

that can be recognized by RNA polymerase, which triggers the expression of the gene 

(gene I, Fig. 4). Lac I is a repressor that prevents the expression of gene I when lactose is 

insufficient. The plasmid also has a gene that shows resistance to ampicillin, which was 

used as a marker that ensures only the E. coli with this plasmid, can survive in a media 

containing ampicillin. 

 

Figure 4 Illustration of the recombinant DNA of the plasmid pAR1219. Gene I 

represents a gene for producing the T7 RNA polymerase 

E. coli  has served as a carrier of an expression vector (plasmid) in a wide range 

of biotechnology—related experiments since it is easy to grow in reasonable laboratory 

conditions (Trun & Trempy, 2004). This rod—shaped bacterium is Gram—negative and 
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can be found in the human intestinal tract. Thus, the optimum temperature for culture of 

E. coli is 37oC. 

Procedure for synthesis and purification of T7 RNA polymerase 

Materials and Methods 

The procedure for E. coli growth was developed in 1984 (Davanloo, 1984).  Our 

lab adopted this protocol and optimized it to meet our goal. The protocol is for 2L of 

media.  

 

Figure 5 Summary of the T7 RNA polymerase purification procedure. Cell growth and 

protein purification are the two main steps in this procedure. 

Cell growth and overexpression of T7 RNA polymerase 

Cell growth

Cell cultre

Harvest

Lysis

Protein 
purification

Enzyme isolate/ 
Protein 

Precipitation

Dialysis

Ion exchange 
chromatography
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A stock of E. coli which has the cloned gene for T7 RNA polymerase was stored 

at -80oC. Firstly, aseptic technique was used to streak the bacteria on an agar plate to 

isolate a single colony. The cell growth was started to form a single colony to ensure the 

homogeneity of the bacteria. In other words, every cell that is grown from this step will 

be genetically identical. With the cell obtained, we can incubate the E. coli in a larger 

medium to get a desired amount of the bacterial mass.  Once the culture reaches an 

exponential phase (OD600 = 0.5), Isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

added (its final concentration = 100 µg/ml) in orde to induce the overexpression of T7 

RNA polymerase. The plasmid contained a Lac repressor that could block the gene 

expression if lactose was not present. Lactose would bind to the lac repressor, which 

would inhibit the lac repressor’s ability to block transcription. IPTG mimics the lactose’s 

ability to bind to lac repressor therefore lac repressor is blocked. By adding IPTG, Lac 

repressor was blocked because of IPTG’s binding to it. Therefore, the gene expression for 

T7 RNA polymerase was induced. 

Figure 6 Chemical structure of lactose and IPTG: IPTG (right) is a mimic of 

lactose (left) and help to disable the lac repressor. 
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Cell Harvest  

A centrifugation technique was used to harvest the cells. Centrifugation uses the 

centrifugal force to separate the particles based on their weights and size. The rotation 

force against the Earth’s gravity creates the sedimentation effect (Wilson & Walker, 

2010). The larger and denser the particle is, the faster it sediments in a centrifugal fields. 

The rate of sedimentation depends on the applied centrifugal field. In different centrifugal 

fields, the sedimentation rate is different for the same particle (Wilson & Walker, 2010). 

This field is defined as following: 

𝐺𝐺 = 𝜔𝜔2𝑟𝑟 

G is applied centrifugal field (cm.s-2), r is the radial distance of the particle from the axis 

of rotation (cm) and is angular velocity (rad.s-1) 

Lysis 

Lysis is a method to break the cell wall of E. coli isolating its enzymes since E. 

coli cannot secrete its enzymes (Wilson & Walker, 2010). High frequency such as 

ultrasonic waves or blending can be used to break the cell wall. The enzyme is in the 

soluble fraction part of the cell, which is isolated from other insoluble particles of the cell 

by centrifugation. The sedimentation rate of each cellular structure such as the nuclear 

fraction and mitochondria varies because of different size and density. Therefore, 

applying the right centrifugal force at the appropriate time can isolate the protein of 

interest.  
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Protein purification 

This purification step was performed by precipitating the protein of interest using 

different concentrations of salt. The concentration at which a protein precipitates differs 

from one to another (Wilson & Walker, 2010). Basically, a large protein precipitates at 

lower concentration of salt than a small protein. Therefore, salting out can be used to 

fractionate proteins. This precipitation consists of two steps. First of all, a salt powder 

such as ammonium sulfate is added to bring out a “low salt concentration environment” 

which induces precipitation of proteins larger than T7 RNA polymerase. The supernatant 

(the soluble portion) was collected through centrifugation. Second, more ammonium salt 

is added to the supernatant to create a “high salt concentration environment”, which 

induced precipitation of the target protein (T7 RNA polymerase). 

Dialysis 

 This is a method of buffer exchange to reduce the concentration of salt using a 

selective membrane. The membrane has a selective pore size that allows small molecules 

to pass through to equilibrate across the membrane. Meanwhile, the large enzyme or 

protein molecules cannot pass through. This process is performed in a cold room at 4oC. 

This is a simple and cheap method but the process could take up a few days.  

Ion exchange chromatography 

The last step in the purification process for T7 RNA polymerase is using the ion 

exchange chromatography to purify the target protein/enzyme. This method is based on 

the attraction force between the analyte and the nature of the stationary phase (Wilson & 

Walker, 2010). Protein has its own net charge because of the nature of its amino acids. If 
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the stationary phase carries the negatively charged molecules, it attracts the positively 

charged proteins and vice versa. After the proteins bind to the column, a higher 

concentration of salt is introduced to the column. It competes with the protein for binding 

to the column and as the salt concentration increases, at some point, salts will replace 

proteins from the column. Thus, the protein will be eluted out of the column.  

Note that starting from the harvest step, the procedure is performed on ice or at 

4oC. This is very important to suppress detrimental activities of proteases against T7 

RNA polymerase. These proteases degrade proteins into smaller peptides or amino acids. 

Keeping the protein at a very cold temperature can suppress the action of proteases.  

Detailed protocol 

Cell culture 

From a frozen stock of E. coli, the cells were streaked on an agar plate (LB agar 

purchased from Fisher). LB agar contains Tryptone 10g, Yeast Extract 4g, Sodium 

chloride 19g and agar 15g. Forty grams agar was mixed with 1.0 L of deionized water 

and heated to 100°C prior to being poured onto the plate. After inoculation, the agar plate 

was incubated overnight at 37oC. After overnight growth, a single colony from the agar 

was inoculated to 30 mL of growth media. 

The growth media was prepared as follow: 

• 2.0 L of a mixing solution of NH4Cl (18.5 mM), KH2PO4 (22mM), Na2HPO4,  

7H2O (22.5 mM), NaCl (8.5 mM), 40g Tryptone (mix of amino acid). The pH 

was adjusted to 7.4 using concentrated KOH. 
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• Three stocks solutions (1M MgSO4.7H2O, 0.1M CaCl2.2H2O and 20% glucose) 

were prepared. From these solutions, 4.0 mL MgSO4, 2.0 mL CaCl2, 20 mL of 

20% glucose and 0.2g ampicilin were added to 2L media.  

• All the stock solutions were autoclaved then cooled down to room temperature 

before being mixed all together 

The 30 mL culture was incubated overnight with gentle shaking (150—200 rpm) at 

37 0C. After overnight, the 30 mL cell culture was transferred equally to 1.0 L of the 

growth media in each of two flasks (total volume 2.0 L).  Then the flasks continued to be 

incubated with gentle shaking (150-200 rpm) at 37 0C. When the absorbance at the 

wavelength of 600 nm (A600) reached 0.6, isopropyl-b-D-thiogalactosidepyranoside 

(IPTG) was added for a final concentration of 1mM IPTG for inducing overexpression of 

T7 RNA polymerase. After adding IPTG, bacteria were grown for another 3 hours to 

ensure over-expression of this protein. After that, all of the culture was divided in 

centrifuge tubes of appropriate sizes to be centrifuged at 7000 rpm in GS-3 rotor a in a 

Sorvall RV2-B centrifuge at 4oC.  

After centrifugation, all the supernatants were discarded, and the pellets were 

collected into one centrifuge tube and then washed with 100 mL wash solution containing 

20 mM Tris-HCl (pH 8.1), 20 mM NaCl, 2 mM EDTA. Wash solution helps clean away 

the contaminating proteins and acid nucleic excesses. 

Lysis:  

The pellet was resuspended in 48 mL of Lysis Buffer (LB) (pH 8.1) containing 50 

mM Tris-HCl (pH 8.1), 20 mM NaCl, 2 mM EDTA, 1 mM DTT in a centrifuge tube. 
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Next, a cocktail solution of protease inhibitors were added, 4.8 µL of 20 mg/mL of PMSF 

(Phenyl Methyl Sulfonyl Fluoride) in isopropanol, 48 µL of 10 µg/mL bacitracin in 

water, and 48 µL of 0.1 mM benzamidine in water. These compounds inhibit a wide 

range of proteolytic enzymes secreted by E. coli during lysis. 

Next, 12 mL of 1.5 mg/mL egg white lysozyme in a lysis buffer was prepared and 

then added to the pellet. After 20 minutes, 5.0 mL of 0.8% (w/v) sodium deoxycholate 

was added to the pellet. As cells began to be lysed, the solutions became very viscous 

mainly because of the presence of chromosomal DNAs. It was ready for sonication.  

The solution was sonicated four times with time durations of 15 seconds each. 

There was a two—minute cooling period between each sonication step. Cooling down is 

required to avoid overheating the cell extraction that may result in protein denaturation. 

Once the cells were thoroughly broken, a drastic decrease in viscosity was observed.  

Precipitation: 

Ammonium Sulfate was used to precipitate the protein   

First precipitation: Ten mL of 2.0 M ammonium sulfate was added after 

sonication. LB buffer is used to fill the solution up to 100 mL to precipitate the protein. 

Finally, all the solution was transferred to a centrifuge tube. 

The solution was stirred slowly in a centrifuge tube while adding 10.0 mL of 10% 

Polyethylenimine pH 8 (adjusted pH with concentrated HCl), then letting it stand on ice 

for 20 min. Then, centrifugation was performed for 30 minutes at 11,000 rpm in GSA 

rotor. The supernatant was kept while the pellet was discarded. 
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Second precipitation: 0.82 volume of “enzyme grade” saturated ammonium 

sulfate (pH 7) was slowly added, stirring the supernatant for 15 minutes on ice then being 

centrifuged at 12,000 g for 10 minutes at 4 0C. The pellet was kept for dialysis. 

Dialysis 

The pellet was resuspended in 30 mL dialysis buffer (Buffer C) and 10 mM NaCl. 

Then, it was transferred to the dialysis membrane and immersed in 2.0 L of Buffer C with 

100 mM NaCl. The composition of the dialysis Buffer (Buffer C) was as follows: 20 mM 

sodium phosphate buffer (pH 7.7) + 1.0 mM EDTA-Na2 + 1.0 mM DTT + 5.0 % glycerol 

After overnight dialysis, the solution was clarified by spinning down at 12,000 x g for 10 

min. The supernatant was diluted with Buffer C and ready for ion exchange 

chromatography.   

Ion exchange chromatography 

Twenty-five mL SP Sepharose fast flow column resin was used. The functional 

group of this resin is sulphonyl (-CH2CH2CH2SO3
-). This ion is a strong cation exchanger 

because it would be completely ionized over a broad pH range. Therefore, its capacity to 

exchange is very strong. The cation exchange chromatography method was applied here 

since T7 RNA polymerase is positively charged. 

Step 1: Resin Preparation: In a small beaker, 25 mL of the resin was decanted to 

remove ethanol which was replaced by the packing buffer (Buffer C supplemented with 

50 mM NaCl). Then the beads were degassed under vacuum for 15 min.  
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Step 2: Resin equilibration: After the resin was poured into the column, 100 mL 

of Buffer C with 50mM NaCl was pumped through the column in order to equilibrate the 

beads with low concentration salt buffer. 

Step 3: Sample application and Incubation: The solution was loaded with care to 

not introduce any bubbles in the column. Then, 4x column volume of Buffer C 

supplemented with 50 mM NaCl were used to wash the sample. It was pumped through 

the column with a slow rate around 0.2 mL/min to incubate the protein. The idea is to let 

the protein have enough time to successfully bind to the resin.  

Step 4: Elution step: Elute the solution of T7 RNA polymerase with Buffer C 

supplemented with 200 mM NaCl. With this high salt concentration, the T7 RNA 

polymerase was washed off the column and collected in vials. Two mL of each fraction 

were collected and the absorbance was measured at 280 nm with a nanodrop 

spectrophotometer. Elution was stopped when the absorbance reached the values close to 

zero.  

Step 5: Regeneration of a column resin: This was done by washing the column 

with 2 M NaCl then re-equilibrating the column with buffer. Finally, either 20% ethanol 

and 0.2 M sodium acetate or a solution containing buffer C, 50mM NaCl , and 10% 

sodium azide was added to the column to store the whole resin at 40C. 

Step 6: Sample storing 

By measuring absorbance of all the fractions, the fractions with highest and 

similar absorbance were identified and were combined together. The three best fractions 

were dialyzed again with Buffer C and 10mM NaCl. After dialysis, these best fractions 
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were centrifuged at 10,000 x g for 5 minutes. The supernatants were retrieved and 

dialyzed again. The final supernatants were stored in buffer C, 100 mM NaCl (final 

concentration) and 50% glycerol (final concentration) at -200C.  

Protein Analysis 

Sodium dodecyl sulphate— polyacrylamide gel electrophoresis (SDS-PAGE) was 

used. A gel gradient was used with a tris-glycine buffer system. The plate had the lowest 

percentage of gel on the top then relatively higher percentage of gel at the bottom. The 

advantage of this gel is the fact that it can separate a wide range of proteins, even proteins 

with close molecular weights. Proteins with smaller size travel quickly through the top of 

the gel then will stack up when going across the small pore size.  Meanwhile, the bigger 

proteins cannot move quickly through the gel plate so they will stack up at the top of the 

gel. In this way, each protein in a mixture will be clearly separated and result in a good 

resolution with sharp bands. Moreover, if a mixture contains proteins with similar 

molecular weights, the gradient gel is a better choice to separate them since the pore sizes 

at each level in the gel are different. 
Protocol for SDS-PAGE 

 Loading buffer or tank buffer: 1x buffer contains 25 mM Tris Base, 192 mM glycine 

0.1% SDS. A 1000 mL aliquot of 10x stock buffer was made by adding 30 g Tris-base, 

144 g glycine and 100 mL of 10% SDS then filled up to 1000mL with water and then 

diluted to 1x prior to use.  
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 Sample buffer or loading buffer: a 10 mL aliquot of 2X sample loading buffer was 

prepared by mixing 1.25 mL of 0.5M Tris-HCl pH 6.8, 1 mL of β-mercaptoethanol, 4mL 

10% SDS and 0.75 mL 0.4% bromophenol blue and 2 mL glycerol. 

 Staining solution: the solution is prepared by mixing 0.125% Coomassie Blue R-250, 

50% MeOH and 10% AcOH. One liter of staining solution has 125mL stain stock 

solution, 500mL MeOH, 100mL acetic acid and the correspondent volume of water to fill 

up to 1L. 

 Destaining solution: this solution contains 7.5% Acetic acid, 10% methanol. A 1 L 

sample of destaining solution contains 75mL acetic acid and 100mL methanol.  

Gel casting: A precast gel of 4-20% Tris-Glycine gel 1.0mm x 10 well was used. 

This gel has a resolving gel of 4% and stacking gel of 20% polyacrylamide. After putting 

the gel in the apparatus, 1x loading buffer was filled in the inner reservoir. The 1x buffer 

was diluted in a ratio 1:10 from the 10x buffer. 

In a microcentifuge tube, the enzymes were diluted in the ratio of 1:10 using 

water. Then 5.0 µL of each diluted sample was mixed with sample buffer with a ratio of 

1:1. In other words, each sample has a 1x sample buffer. After mixing, all the 

microcentrifuge tubes were heated in boiling water for 5 min then being loaded to the gel. 

Also, 10uL of SeeBlue® Pre-Stained Standard 1x was added to one well for 

reference. This standard has 8 different proteins. It was ready to use so heating was not 

needed.  
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The gel was run at a constant voltage of 125V in 90 min until the bromophenol 

blue tracking dye reached the bottom of the gel. 

Acquiring data: After electrophoresis, the gel was removed from the plates and 

stained 20 min in the Coomassie Blue. After staining, the gel was placed in water and 

placed on a shaker for overnight destaining. The next day, the gel was scanned and the 

data was saved for further analysis. 

Enzyme activity analysis 

 To ensure that the enzyme was active in terms of its transcription ability, 

analytical in vitro transcription reactions were performed using the protocol we have 

developed before. In this experiment, in each reaction, different amounts of enzyme were 

used for transcribing the same RNA molecule to evaluate the strength of the enzyme 

activity. This is based on the fact that enzyme fractions with higher concentration of 

activity enzyme, less volume would be needed for the production of the same amount of 

RNA.  For 50 µL of the transcription reaction to be performed, I added the following 

reagents: 10 µL of polyethylene glycol (PEG), 3.75 µl of top DNA, 2.5 µL of template 

DNA, 2.5 µL of Transcription buffer, 2.5 µL of NTP, 1.4 µL of MgCl2, water and 

enzyme. The volume of deionized water would vary depending on the volume of enzyme 

fraction used, since the water was added just to fill up the total volume to be 50 µL for 

each reaction (Table 1). The amount of enzyme added is the diluted enzyme at the ratio 

1:50 from the initial enzyme. 
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Table 1 Variation of the amount of enzyme and water added in the in vitro transcription 

reaction. The amount of enzyme is diluted at the ratio of 1: 10. For each fraction, three 

samples of in vitro transcription were prepared with three different amounts of enzyme. 

Enzyme in uL 12.5 6.25 2.5 

Water in uL 14.85 21.1 24.85 

Consequently, to test the activity of the enzyme, 3 in vitro transcription samples 

with 3 different concentrations of enzyme are prepared from each enzyme. The SL13 and 

Bbox template were used in this experiment. Since 3 fractions of enzyme were acquired, 

a total of 9 samples were prepared. One sample from an old enzyme was used as a control 

sample and the standard NMR sample is needed to compare.  

Results and Discussion 

Three fractions of T7 RNA polymerase were collected and stored at -20oC. These 

fractions are called first best fraction, second best fraction and third best fractions based 

on their values of absorbance. The amount of the first best fraction, second best fraction 

and third best fraction are respectively 3 mL, 3 mL and 5 mL. 

SDS PAGE: After running the gel, the gel plate was read by the Bio-Rad 

ChemiDoc™ MP Imaging System (Fig.7) 
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Figure 7 Gel electrophoresis result of T7 RNA polymerases after purification: Lane 2 is 

SeeBlue®Pre-stained Standard. Lane 3 is EZ-RunTM Protein Marker. Lane 4 is first best 

fraction of T7 RNA polymerase. Lane 5 is second fraction of T7 RNA polymerase. Lane 

6 is third fraction of T7 RNA polymerase. Lane 7 is the old T7 RNA polymerase that was 

purified before in our lab. 

Using the plate reader program and the SeeBlue® Pre-stained Standard as 

reference, all 4 enzymes showed up at the same range. Also, these bands are nearly above 

96kDa.  Their molecular weights are around 100 kDa which is consistent with the 

literature. 
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In addition, the intensity of the enzyme band is increasing from the third best 

fraction to the first best fraction.  That is suitable because the concentration of the 

enzyme in each fraction is increasing from the third to the first fraction.   

Enzyme activity 

 After running the gel, the gel was stained with toluidine blue and destained with 

water. A 100 mL stock solution of the toluidine blue was prepared by mixing 1 g sodium 

borate, 0.5 g toluidine blue and filling up to 100 mL with water. The gel was stained by a 

toluidine blue solution which was diluted from the stock solution with a ratio of 1: 50.  

After overnight destaining, the gel was taken out and scanned with the scanner. 

Comparing the bands from lane 1 to 10 with the Bbox standard, it is clear that the T7 

enzyme can catalyze the in vitro transcription reaction correctly. Each lane has a sharp 

band at similar position as standard.  

Also, we can determine the enzyme concentration that should be used to prepare 

in vitro transcription. In fact, for the first best fraction, 20 µL of enzyme can create 

similar band as the old enzyme. Similarly, 50 µL of the second best fraction and 100 µL 

of the third best fractions can be used for each reaction (Fig.8). 
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Figure 8 Denaturing polyacrylamide gel result of in vitro transcription of Bbox.  Lane 1, 

2, and 3 are Bbox samples using 1st best fraction (ε1). Lane 4, 5, and 6 are Bbox samples 

using 2nd best fraction (ε2). Lane 7, 8, and 9 are Bbox samples using 3rd best fraction (ε3). 

Lane 10 is Bbox sample from an old enzyme. Std is standard Bbox sample 

In the gel electrophoresis result of the in vitro transcription reaction, there are 

other bands showed up at the bottom of each sample while only one band showed up for 

the standard Bbox sample. The Bbox standard came from the purification of large scale 

in vitro transcription; it is a pure sample with high concentration. Consequently, it is 

reasonable that there was only one band showing up. We noticed that the standard was 

overloaded so the band is very thick.   

Briefly, the gel electrophoresis results of the T7 RNA polymerase and the in vitro 

transcription showed a coherent result about the T7 enzyme. On one hand, the fact that 
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the purified enzyme is T7 RNA polymerase is confirmed. In fact, all the fractions have 

the similar molecular weight as the old enzyme. Their molecular weights fall in the 

expected range comparing to the protein standard. These fractions also successfully 

catalyze the transcription reaction. 
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Chapter 3 Optimization of RNA purification using in vitro transcription RNA 

Principle 

The method of RNA sequence transcription using T7 RNA polymerase as catalyst has 

drawn interest from scientists over the past decades (Davis, 1995). In our lab, we have 

optimized a method based on the activity of our T7 RNA polymerase, the requirement for 

concentrated RNA samples for NMR study, and the RNA sequence of interest. 

Among different classes of T7 promoter, we choose the class known as T7 promoter class 

III which is 5’-TAA TAC GAC TCA CTA TAG-3’. Note that the RNA adopts the last 

nucleotide in T7 promoter sequence as its first nucleotide in the sequence; therefore, the 

promoter is used to design the RNA sequence started with a guanine—based nucleotide. 

Our RNA sequences including SL13 and Bbox start with a Guanosine.   

 

Figure 9 Schematics of in vitro RNA transcription method using T7 RNA polymerase. 

The essentials of in vitro transcription reaction are top strand DNA, template DNA and 

T7 RNA polymerase. Template DNA has two distinct parts in its sequence. The first 

nucleotide sequence (in black) is the T7—specific promoter region. The second 
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nucleotide sequence (in red) is the DNA sequence that is a DNA complementary of the 

RNA of interest. During the transcription reaction, the top strand DNA is annealed to the 

template strand DNA to form a double stranded DNA through base—parings between its 

T7—specific promoter region and the Top DNA. T7 RNA polymerase recognizes the 

double stranded region and starts to produce the RNA of interest. 

To transcribe an RNA sequence of interest, a template DNA sequence is designed 

such that it has a T7 promoter sequence attached to the DNA sequence complementary to 

the sequence of an RNA sequence to be transcribed. During the transcription reaction, the 

template DNA is annealed to a primer DNA (Top DNA) through base—parings between 

its T7—specific promoter region and the Top DNA. As shown in Fig. 9, Top DNA has a 

sequence complementary to the T7 promoter region of the template DNA. Next, T7 RNA 

polymerase recognizes the double—stranded region formed by Top DNA and T7 

promoter region of the template DNA. Consequently, the enzyme begins to produce the 

RNA sequence of interest which is complementary to the rest of the template DNA 

sequence. In this case, the promoter sequence is not transcribed but serves as a 

recognition motif to the T7 RNA polymerase for its binding and transcription at that 

particular site. The schematics of the transcription reaction is illustrated as in Figure 9. 

 
 To initiate an RNA transcription as above, it is required to have T7 RNA 

polymerase and other factors such as MgCl2, NTP solution, and Polyethylene Glycol 

(PEG). 



31 
 

 

 

Figure 10 Summary of all the reagents needed for in vitro transcription reaction. A 

mixture contains top DNA, template DNA, NTP solution, PEG, MgCl2 and T7 RNA 

Polymerase is incubated at 37oC for 4 hours to transcribe the RNA of interest. After 4 

hours, EDTA is added to stop the reaction. So RNA is no longer produced. 

MgCl2 is a cofactor of the polymerase reaction. More precisely, the cation Mg2+ 

plays a key role in the chain elongation step. The magnesium ion binds to the aspartate 

residue of the RNA polymerase and also to the phosphate group of the nucleotide. Thus, 

it positions the nucleotide to facilitate the nucleophilic attack of the first nucleotide with 

the second nucleotide (Losick et al, 1976). PEG is essential to give high yield when 

preparing large scale in vitro transcription. EDTA is used to terminate the reaction 

because this is a metal ion chelator that can bind to the Mg2+. Once the Mg ion is 

removed, the reaction is stopped.  

Working with RNA required a very careful manner because our hands and tears 

have RNase enzymes that destroy RNA molecules. RNA is also vulnerable to heavy 

metal ions such as Mg2+ as well as heat. This is why we should keep RNA at low 
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temperature and use gloves and deionized water all the time. Sodium phosphate buffer is 

used throughout every step to maintain a neutral pH because high pH can trigger a 

nucleophilic attack of the phosphodiester bond which results in the degradation of RNA. 

Also, EDTA is added to the buffer to control the heavy metal ions . Every solution and 

equipment in use for this experiment is autoclaved and free of RNase. Plastic disposable 

equipment such as pipette tips and microcentrifuge tubes are used. Disposable gloves are 

used to avoid contamination by RNase from skin.  

RNA purification: After performing the in vitro transcription reaction, the RNA is 

purified following several steps as summarized in Figure 11. 

 

Figure 11 Summary of RNA purification procedure. After performing the in vitro 

transcription reaction, the RNA of interest was isolated by ethanol precipitation. Then gel 

electrophoresis method and electroelution were performed simultaneously to purify the 

RNA. Finally dialysis method was used to desalt the RNA. 

Ethanol precipitation:  When you put RNA in a high-salt, low-pH environment, the 

positive ions of the salt has to interact with the phosphate group of the RNA. That 

interaction will neutralize the RNA charge so it will make the RNA less soluble in water. 
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Based on Coulomb’s law, the interaction between the positive and negative charge 

depends on the dielectric constant of the solvent. In the presence of water, the ions cannot 

approach each other easily because of the dielectric constant of water. Ethanol with a 

lower dielectric constant than that of water helps the ions come together easily. This 

explains the role of ethanol in the RNA precipitation process. Theoretically, the attraction 

of repulsion force between two charges in a solvent obeys Coulomb’s law:  

 

Whereas q1 and q2 are two charges, r is the distance between the charges, k is Coulomb’s 

constant which is equal 9 x109 Nm2 C-2 and εr is dielectric constant of the solvent. Hence, 

the smaller the dielectric constant, the stronger the attraction forces are.  

  After precipitation, centrifugation is performed to recover the RNA of interest 

followed by an air dry or lyophilization to remove remnant ethanol and water. In this 

project, 0.5 M (final concentration) sodium acetate buffer (pH = 5.2) was used to create a 

high-salt and low pH environment. Na ions pair with the RNA within the help of ethanol. 

Electrophoresis gel purification 

To purify the RNA, denaturing gel electrophoresis was used. Unlike SDS-PAGE 

that uses SDS to create a negative charge for peptide or protein, SDS is unnecessary for 

RNA separation because RNA is negatively charged. Therefore, it can migrate through 

the electric field.  
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RNA sequences can form secondary and tertiary structures which make unique 

three dimensional conformations. Therefore, the migration rate of RNA molecules on 

polyacrylamide gel is based on their molecular weight as well as three-dimensional 

conformations. To separate RNA molecules based solely on their molecular weights, high 

concentration of urea (7 M) is used to the gel to denature their conformations. RNA can 

be detected using UV light. With a short wavelength, we can locate the shadow band and 

then cut it off the gel.  

Electroelution 

The fundamental idea of this method is applying an electrical field to remove the 

RNA from the gel piece. Electroelution using dialysis bag or diffusion method is a few 

examples of RNA recovery from gel pieces (Wilson & Walker, 2005). In this project, an 

electroelution system called Elutrap Electro—Elution System was used because of its 

advantage. For example, the eluent can simply be taken out using a pipette. 

In this system, two membranes BT1 and BT2 are used. These are cellulose acetate 

based membranes with a very dense matrix. BT1 and BT2 create a small chamber where 

RNA is trapped. Under an electric field, RNA will elute from positive to negative site 

because of its net negative charge. Therefore a small chamber is placed down—stream to 

trap the RNA. This chamber is created by the membrane BT1 and BT2. The BT2— a 

microporous- membrane that allows the RNA to enter the chamber and prevent other 

particulates such as the gel from entering the chamber. The BT1 membrane is designed to 

prevent the RNA from eluting out of the chamber. Therefore, the RNA is trapped in the 
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chamber. Before collecting RNA, the current is reversed for 20 seconds to remove any 

RNA that might be adsorbed on the surface of the membrane.  

 

Figure 12 Schematics of Elutrap System: Positive ions (blue) go to negative end, 

negative ions (red) go to positive end under an electric field. 

Dialysis 

 Because of the small amount RNA synthesized, a microdialysis system is used to 

purify the RNA. Also this is the last step to store the RNA in a desired buffer for further 

use. The principle of dialysis is the diffusion of solute using a semi-permeable 

membrane. This membrane with different pore size can let small molecules go through 

and retain the large molecules. In that way, the equilibrium of a solute between inside and 

outside of the membrane is attended. Our microdialysis system applies this concept in a 

different manner. The system consists of two compartments with 8 wells which allow 

dialyzing up to 8 samples. The top compartment is the sample cell and the bottom is the 

buffer cell. The compartments connect to the buffer bottle by 2 small pieces of tubing 

which create a closed system of buffer. Lastly, the in-tubing also connects to the pumps 

which create a consistent flow rate. When dialyzing, a membrane is placed in between the 
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two cells and fixed by the lid sealing bolts. These bolts also fix the lid to ensure a close 

system. Thus, it prevents the sample from drying.  

The advantage of the system is to minimize the problem of sample recovery. 

Also, the pump creates a consistent flow rate that can also provide fresh buffer to 

accelerate the dialysis. Hence, the system is time-saving compared to the conventional 

system.  

Procedure of RNA synthesis by in vitro transcription reaction 

Materials and Methods 

To perform the in vitro transcription of RNA, the DNA templates are purchased at 

first. Other components are made in the lab. 

Detailed Protocol 

In vitro transcription reaction 

Twenty mL of the in vitro transcription reaction contained 10.84 mL of deionized 

water, 1 mL of 80 mM of Top DNA, 1 mL of  80mM Template DNA, 1mL of 20x 

Trancription Buffer, 4 mL of PEG 400mg/mL, 1 mL of 80mM NTP, 0.56 mL of MgCl2, 

and T7 RNA polymerase. 

• 80 mM of NTP is prepared by mixing UTP (tri-sodium dehydrate), ATP (di-

sodium dehydrate), CTP (di-sodium dihydrate), and GTP (di-sodium dihydrate). 

• 20x transcription buffer contains 800mM Tris-HCl, 20mM spermidine, 0.2% 

Triton X-100, 100mM DTT and deionized water. The pH is adjusted to 8.1. 

• The amount of T7 RNA polymerase added at last with an amount that depends on 

its activity. Recall from the purification of T7 RNA polymerase, we obtain 2 
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enzyme fractions. One has the highest amount of T7 polymerase, and the second 

has less amount of T7 RNA polymerase. Based on their concentration, we 

determine the enzyme volume needed as following (Table 2). 

Table 2 Amount of T7 RNA polymerase needed for in vitro transcription reaction based 

on its activity. The volume of T7 RNA polymerase added is increasing when its activity 

decreases. 

 1st best activity 2nd best activity 3rd best activity 

Amount of T7 RNA 

polymerase in uL 

20 50 100 

After adding enzyme, the tube is put in the water bath for 3 hours for a completed 

reaction. Then, 2 mL of 0.5M EDTA is added in the tube for a final concentration of 

50mM. 

DNA template and Top DNA are purchased from Elim Biopharmaceutical. To 

ensure the purity of these DNA sequences, gel electrophoresis was used to purify them.  

Ethanol precipitation 

3M of Sodium acetate (NaAcO) pH 5.2 was added to the tube so the final 

concentration at that time is 0.5M. Absolute ethanol (200 proof) was added with a 

volume equal of 2.5x of the total volume of the solution. Finally, the tube is cooled in -

70oC for 1 hour or -20oC overnight. 



38 
 

 

Centrifugation 

After the ethanol precipitation step, centrifuge at 12,000 rpm for 30min at 4oC. 

The supernatant is discarded and the pellet is kept and dried using a lyophilizer or air-

dried on ice.  

Polyacrylamide gel electrophores (PAGE) 

Sample preparation: In a 1mL microcentrifuge, the pellet was dissolved in loading 

buffer that contains 7 M urea and 1mM EDTA. Then, the loading dye is added. Prior to 

loading the sample in the plate, the sample was heated at 900C using a hot water bath for 

3 minutes.  

Gel casting: In a beaker containing 220 mL acrylamide gel, 2930 uL of 10% 

ammonium persulfate was added following by 220uL of TEMED. Then the solution was 

quickly transferred to the plate.  

Electrophoresis: The sample was loaded and run at a constant power of 40W in 

0.5xTBE buffer. The position the RNA migrates to is retrieved by shining a short UV 

wavelength (254 nm) on the polyacrylamide gel. The RNA band which is invisible to the 

naked eyes shows up under UV light.  This part of the gel is cut out and stored at -200C 

for the next step. 

Elutrap: the 2 membranes to be used are BT1 (plastic membrane) and BT2 (paper 

membrane). Elutrap is set up following the company instructions. Elutrap is performed 

using 1xTBE buffer at 200V for the first 3 hours then at 50V overnight. The RNA 

solution is removed from the trap every 1.5 hours for 2 times. The third removal is after 
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overnight elution. The UV absorbance at 260nm is measured to determine the 

concentration of the RNA sample. 

After elution, ethanol precipitation and centrifugation were performed with the 

same protocol as the previous one. The resulting pellet was redissolved in water. After 

dissolving, the sample volume was brought down to 250uL using a speed vacuum. The 

250uL is ready for microdialysis. 

Microdialysis 

The dialysis was performed using 0.5x sodium phosphate buffer for 36 to 48 

hours.  Then, buffer is replaced by 1x sodium phosphate buffer in 24 to 36 hours.  

The final sample is stored at -20oC for further experiments. 

Result and Discussion 

After dialysis, about 500 µL of SL13 and 250 µl of Bbox were recovered. Then 

the absorbance was measured by the UV spectroscopy in order to determine 

concentration. Also, a dilution factor of 500 was taken into account to calculate the 

concentration since a 2 µL of RNA sample was added to 998 µL of water to measure the 

absorbance 

• The extinction coefficients of SL13 and Bbox are 172.2 mM-1.cm-1 and 242.6 

mM-1cm-1, respectively. 

• The absorbance values of SL13 and Bbox at 260 nm: ASL13= 0.662 and 

ABbox=0.629. Concentration of SL13 and Bbox: [SL13]= 1.9 mM-1 and [Bbox]= 

1.29 mM-1 

• OD= Absorbance x total volume of RNA sample (mL) x dilution factor 
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• So ODSL13= 82.75 and ODBbox = 78.63 

Comparing the numbers to the theoretical yield, the actual yield was about 90%. Also, 

SL13 with shorter sequence gives better yield than Bbox. 

To ensure that Bbox and SL113 are well purified, we ran a denaturing gel. SL13 and 

Bbox from our in vitro transcription were loaded. We also loaded other RNA samples 

that we have purified before using in vitro transcription method in our lab as standards 

samples. These samples are SL13, Bbox, IBVP—long , IBVP—HP and IBVP—WT.  

IBVP—long, IBVP—HP and IBVP—WT are RNA sequences with different number of 

nucleotides which result in different molecular weights. IBVP—long has 30 nucleotides 

in its sequence. IBVP—HP is a sequence of 38 nucleotides. IBVP—WT is formed by 44 

nucleotides.  
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The gel electrophoresis result of our RNA purified samples are shown below. 

 

Figure 13 Testing the RNA purified by the in vitro transcription method. Lane 1 is a 

purified RNA sample of Bbox from the in vitro transcription reaction. Lane 2 is Bbox 

standard. Lane 3 is SL13 sample purified from my in vitro transcription reaction. Lane 4 

is SL13 standard. Lane 5, 6, and 7 are respectively IBVP—long (30 nucleotides), 

IBVP—hp (38 nucleotides), and IBVP—WT (44 nucleotides). 

Comparing lane 1 with lane 2, our purified Bbox sample shown up at the same 

level as the Bbox standard (Fig.13). Similarly, our purified SL13 sample migrates at the 
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same speed as the SL13 standard (lane 3 and 4). Consequently, we can confirm that the 

samples that we made are exactly Bbox and SL13. The result was reinforced when 

observing the migration rates of IBVP—long, IBVP—HP and IBVP—WT. In fact, Bbox 

and SL13 samples moved faster since their molecular weights are smaller than those of 

IBVP—long, IBVP—HP and IBVP—WT.  
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Chapter 4 Separation of peptide from an RNA—peptide complex 

Background and Ion—pairing Reverse Phase Chromatography 

As part of my master’s degree thesis research, I have explored different solvent 

conditions for separating RNA—peptide complexes from unbound RNA and/or unbound 

peptides. This research has biological relevance since in the replication mechanism of 

Brome Mosaic Virus (BMV), its coat protein (CP) coordinates timely production of its 

genomic RNAs through its specific binding to a few specific promoter motifs of its 

genomic RNA (Yi, Vaughan et al, 2009). Specifically the N—terminal region of CP 

binds to specific RNA promoter sequences. This is why I designed a 27 amino acid long 

peptide sequence that mimics the N—terminal region of CP, called CPNT. I also 

synthesized and purified two RNA sequences, called SL13 and Bbox, mimicking two 

promoter regions of the BMV genomic RNA that were shown to bind to the N—terminal 

region of CP (Kim et al, 2000). Our lab has been investigating the binding characteristics 

of CPNT with SL13 RNA or Bbox RNA.  

If these RNA binds to CPNT, the RNA—peptide complex is expected to show a 

different retention time in HPLC compared to free RNA or free CPNT. By running 

standard solutions of free RNA only and free CPNT only, I measured their elution time 

for a given experimental condition. It is desirable to find experimental conditions to make 

retention times of free RNAs (SL13 and Bbox) significantly different from that of CPNT, 

which would facilitate separation of the CPNT—RNA complex from unbound RNA or 

unbound peptide. I have tested different kinds of HPLC columns, solvents, and flow rate 
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for finding the optimal conditions for distinguishable retentions times of RNAs and 

peptide. 

Both peptides and RNA are generally considered polar molecules since they have net 

positive or negative charges. A regular reverse phase chromatography is not appropriate 

for separation of charged molecules since they would have little interactions with the 

hydrophobic stationary phase of the column, which would make them elute as fast as the 

mobile phase (running solvents). However, when ion—pairing agents are added, they 

may cause the peptide/RNA to be retained longer in the column. This technique is called 

ion—pairing reverse phase chromatography (Dickman, 2011). Basically, the charged ions 

of the added agent will pair with the charged analytes to mask their own charges. This 

interaction makes the analytes become less polar. Thus, the retention time could be 

longer when interacting with the column. 

First, I tested an isocratic method to analyze RNA and peptide.  All the parameters 

such as the flow rate, and the compositions of solvents remained the same during a run. 

Ammonium acetate is a common agent that is usually used to analyze RNA. I also tried 

trifluoroacetic acid (TFA).  

As a summary, three molecules, CPNT, SL13 and Bbox were analyzed 

SL 13 sequence: 5’GGUGCAUAGCACC3’ (13 nt) 

Bbox sequence: 5’GGCGGGUUCAAUCCCUGCC3’ (19 nt) 

CPNT2 sequence: N’-STSGTGKMTRAQRRAAARRNRWTARVQ-C’ (27 aa) 
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Materials and Procedure 

Solvents 

As a solvent for HPLC, a 5mM ammonium acetate solution was prepared by 

dissolving 0.1927 g of ammonium acetate (HPLC grade) in 500 ml of water (HPLC 

grade), followed by filtration and autoclaving for the purpose of sterilization. 

Acetonitrile with 0.1%TFA was prepared by adding 1mL of TFA in 1000mL of 

acetonitrile. Water with 0.1 % TFA was prepared by adding 1 ml of TFA in 1000 ml of 

water. 

Sample 

 50µM of CPNT, SL13 and Bbox were prepared by diluting the stock sample at 

the appropriate ratio. Before analyzing, all RNA samples were incubated in a 95oC water 

bath for 3 minutes and then immediately put on ice. This is the annealing step to restore 

the right conformation of RNA.  

Analysis 

 Different UV wavelength, solvent ratio and flow rate were used to find the best 

condition to analyze the RNA and peptide samples. UV detector (DAD) and fluorescence 

detector (FLD) are used to detect the samples.  

The sequence of CPNT has a tryptophan (W) that contributes to its fluorescence. 

Tryptophan strongly absorbs light at 280 nm (excitation wavelength) and emits at 348 nm 

(emission wavelength). However, its excitation and emission wavelengths can be varied 

by the chemical and structural environment of tryptophan in the peptide sequence and the 

solvent in which it is dissolved. By scanning ranges of both excitation and emission 
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wavelengths, we were able to optimize the wavelengths. The tryptophan in CPNT 

absorbs light at 295 nm and emits at 353 nm.  

Results and Discussion 

By changing different conditions of solvent, and ratio, we would like to determine 

the best condition where the peak is sharp, symmetrical and not broadening nor tailing. 

When changing the solvent ratio, we are changing the amount of ion—pairing reagent 

that forms a hydrophobic ion—pair with the sample therefore it can affect the adsorption 

of the sample with the column. The retention time might be shorter or longer based on 

their adsorptions. By changing the solvent ratio, we also change the polarity of the mobile 

phase which also makes a change in the retention time. Changing the retention time 

might result in the broadening of the peak. Therefore by varying the solvent ratio and 

flow rate, we hope to find a condition at which the sample is eluted at a certain time that 

will not affect the peak shape. 

I first started to find the best condition for RNA using methanol and ammonium 

acetate as solvents. These solvents were chosen according to the application of Agilent 

(Kreutzian et al, 2009). Then I tried to adjust the solvent ratio by increasing the amount 

of ammonium acetate solvent. I observed that the peak of SL13 and Bbox were relatively 

sharper and more symmetrical at the ratio of 85:15 (50 mM ammonium acetate in water: 

methanol) than at other ratios with the flow rate at 0.5 mL/min. Their retention times 

were about 2.1 min and 2.3 min, respectively (Figs 14, 15). The optimum UV 

wavelengths are 260 nm and 280 nm. 
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Figure 14 Chromatogram of SL13 under isocratic run of 85:15 of 5 mM ammonium 

actetate in water: MeOH.The flow rate is 0.5 mL/min. The retention time of SL13 is 2.1 

min. The peak is detected with DAD at 260 nm (top), 280 nm (middle). It is undetectable 

with FLD (295 nm, 353 nm) 
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Figure 15 Chromatogram of Bbox under isocratic run of 85:15 of 50mM Ammonium 

actetate in water: MeOH. Flow rate is 0.5 mL/min. The retention time of Bbox is 2.25 

min. The peak is detected with DAD at 260 nm (top), 280 nm (middle). It is undetectable 

with FLD at 295 nm/353nm. 

After finding that the ratio of 85:15 (5 mM of ammonium acetate in water: 

methanol) and 0.5 mL/min is a good condition to obtain a good peak shape for both SL13 

and Bbox, I tried this condition on peptide. However the peptide is not eluted at all with 

this condition (Fig.16). 
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Figure 16 Chromatogram of CPNT under isocratic run of 85:15 of 50mM Ammonium 

actetate in water: MeOH. Flow rate is 0.5 mL/min. There is no peak detected with DAD 

260 nm (top), 280 (middle), and with FLD 295nm/353 nm(bottom) 

Consequently, we cannot see a good separation if we use this method because 

CPNT cannot be eluted with this condition. That means we could not find a good 

condition to analyze both RNA samples and peptide at same run with this method. 

Therefore, I searched for a method that can be used to analyze both RNA and peptide. 

Our primarily purpose is to recover CPNT so I wanted to find a method that can at 

least help me to visualize the CPNT. I switched the ion pairing agent from ammonium 

acetate to trifluoroacetic acid (TFA) since TFA is usually used in HPLC for peptide 

analysis. The methanol was replaced by 0.1% TFA in acetonitrile. I also switched to use a 

gradient method by gradually increasing the concentration of 0.1 % TFA in acetonitrile. 
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The net charges of our RNA samples (SL13 and Bbox) are opposite to the net charge of 

the CPNT. Therefore, they should be eluted in a different composition of solvent. That is 

why using gradient method is more promising to analyze RNA and peptide mixtures. 

After several experiments, I finally found that 0.1% TFA in acetonitrile and water 

can help to separate RNA and peptide with a gradient run of 5% to 95% ACN with 0.1% 

TFA. The flow rate was 1 ml/min. In fact, figures 17, 18, 19 demonstrated that RNA and 

peptide shown up at significantly different retention time.  

 

Figure 17 Chromatogram of Bbox under gradient run from 5% to 95% ACN 0.1% TFA. 

The retention time of Bbox is 20.78 min at the flow rate of 1 mL/min detected by DAD 

260 nm (top) and 280 nm (middle). FLD did not show any peak at 295 nm/353 nm 

(bottom) 
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Figure 18 Chromatogram of SL13 under gradient run from 5% to 95% ACN 0.1% TFA. 

The retention time of SL13 is around 21 min detected with DAD at 260 nm (top) and 280 

nm (middle) and FLD at 295 nm/353 nm (bottom) 

The retention time of Bbox and SL13 are around 21 minutes. Their retention 

times are slightly different. The retention time is not only the result of molecular weight 

but it is also affected by the hydrophobicity of the base in the RNA sequence (Gjerde et 

al. 2009). Previous studies showed that a sequence that contains more C and G 

nucleotides can elute faster than a sequence containing A and U nucleotides. When C and 

G are located at the end of the sequence, their elution time can be shorter. Although Bbox 

has more nucleotides than SL13, it also has more C and G nucleotides than SL13. 

Therefore, it is plausible that their retention times are close to each other.  
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Figure 19 Chromatogram of CPNT under gradient run from 5% to 95% ACN 0.1% TFA. 

The retention time of CPNT is 10.8 min at DAD 260 nm (top), 280 nm (middle) and a 

FLD 295 nm/353nm (bottom) 

The retention time of CPNT is around 10.8 min. The peptide peak is confirmed 

when comparing with the chromatogram from fluorescence detector. While RNA is not 

detected by FLD, the peptide is detected with a sharp peak (using FLD) at the similar 

retention time than DAD.  

After getting all the references peaks, we ran SL13—CPNT complex, and Bbox—

CPNT complex. In order to characterize these complexes, we also ran them in different 

ratios of 1 to 1, 1 to 2, 1 to 4, 2 to 1 and 4 to 1. All the results are reported below. 
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Figures 20, 21, 22 represent the chromatograms of Bbox— CPNT complex with an 

increase in concentration of CPNT.  

 

Figure 20 Chromatogram of Bbox—CPNT with 1 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA. Flow rate 1 mL/min. Two peaks are clearly shown: CPNT peak 

(Retention time: 10.8 min), Bbox (Retention time: 20.7 min). DAD wavelengths are 260 

nm (top), 280 nm (middle). FLD wavelength is 295 nm/ 353 nm. 
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Figure 21 Chromatogram of Bbox— CPNT with 1 to 2 ratio under gradient run from 5% 

to 95% ACN 0.1 TFA. Flow rate 1 mL/min. Retention time of CPNT: 10.7 min. 

Retention time of Bbox 20.7 min. DAD wavelengths are 260 nm (top), 280 nm (middle). 

FLD wavelength is 295 nm/ 353 nm. 
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Figure 22 Chromatogram of Bbox—CPNT with 1 to 4 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA. Flow rate: 1 mL/min. Retention time of CPNT is 10.6 min. 

retention time of Bbox is 20.7 min.DAD wavelengths are 260 nm (top), 280 nm (middle). 

FLD wavelength is 295 nm/ 353 nm. 

When increasing the concentration of CPNT (Fig. 20, 21, 22), the chromatograms 

showed sharp peaks for both CPNT and Bbox. There is no significant change in the 

retention time for CPNT or Bbox in comparison to the standard peaks (Fig. 17, 18, 19). 
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Figure 23 Chromatogram of Bbox—CPNT with 2 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA. Flow rate 1 mL/min. Retention time of CPNT is 10.6 min. 

Retention time of Bbox is 20.7 min.DAD wavelengths are 260 nm (top), 280 nm 

(middle). FLD wavelength is 295 nm/ 353 nm. 
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Figure 24 Chromatogram of Bbox—CPNT with 4 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA. Retention time of CPNT is 7.8 min. Retention time of Bbox is 

20.7 min. DAD wavelengths are 260 nm (top), 280 nm (middle). FLD wavelength is 295 

nm/ 353 nm. 

Figures 23, 24 represent the chromatograms of Bbox—CPNT complex when 

concentration of Bbox is increasing. We observed that the peak of Bbox and the peak of 

CPNT showed up at the similar retention time comparing to standard chromatogram (Fig. 

17, 18, 19) with the ratio 1 to1, 2 to 1 and 3 to1. However, the chromatogram of Bbox—

CPNT complex with the ratio 4 to1 is suddenly changed in peak shape. In fact, the 
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retention time of CPNT was shifted from 10.8 to 7.8 min. Also, the peak is tailing; we no 

longer saw a sharp peak.  Although retention time is changing, we can still confirm that 

the peak at 7.8 min is CPNT because the peak also showed up in FLD chromatogram.  

The chromatograms of the complex SL13—CPNT show similar results. 

 

Figure 25 Chromatogram of SL13—CPNT with 1 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA. DAD wavelengths are 260 nm (top), 280 nm (middle). Flow 

rate 1 mL/min in 30 min. FLD wavelength is 295 nm/ 353 nm. 



59 
 

 

 

Figure 26 Chromatogram of SL13—CPNT with 1 to 2 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA in 30 min. Flow rate is 1 mL/minDAD wavelengths are 260 nm 

(top), 280 nm (middle). FLD wavelength is 295 nm/ 353 nm. 

All figures 25, 26, 27 showed sharp peaks of CPNT and SL13 when the 

concentration of CPNT is increasing. Their retention times are not changed. 
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Figure 27 Chromatogram of SL13—CPNT with 1 to 4 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA in 30 min. Flow rate is 1 mL/min. DAD wavelengths are 260 nm 

(top), 280 nm (middle). FLD wavelength is 295 nm/ 353 nm. 
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Figure 28 Chromatogram of SL13—CPNT with 2 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA in 30 min. Flow rate is 1 mL/min. DAD wavelengths are 260 nm 

(top), 280 nm (middle). FLD wavelength is 295 nm/ 353 nm. 
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Figure 29 Chromatogram of SL13—CPNT with 4 to 1 ratio under gradient run from 5% 

to 95% ACN 0.1% TFA in 30 min. Flow rate is 1 mL/min. DAD wavelengths are 260 nm 

(top), 280 nm (middle). FLD wavelength is 295 nm/ 353 nm. 

Two peaks showed up at 10.9 and 20.8 min which are respectively CPNT and 

SL13. These are confirmed by comparing to the standard peaks. We noticed a similar 

case in both Bbox—CPNT and SL13—complex which is chromatogram suddenly looked 

so bad when we used the 4 to 1 ratio.  

A change in peak shape as above (fig .29) suggests that the RNA when bound to 

CPNT causes a change in the conformation of RNA that can make the RNA elute faster. 
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According to previous study, the molecular structure of RNA can affect the elution time. 

With single fully stretched out RNA, the interaction of RNA and the stationary phase is 

stronger than a RNA that has secondary structure (Gjerde et al, 2009). When RNA binds 

to CPNT, the molecular structure of RNA may be altered. Therefore, RNA elutes faster. 

This phenomenon is observed only at the 4 to 1 ratio. This might reflect fragility of the 

binding of CPNT and the RNAs. It may be the case that either the CPNT—RNA complex 

were dissociated while going through the column, or the binding equilibrium is mostly in 

favor of monomeric states that the amount of the CPNT—RNA complex is too small to 

be detected by HPLC.  

Based on the standard peak, we calculated the concentration of each sample in the 

mixture (Table 3). The concentrations of the standard molecules are all 50 mM. Those 

chromatograms shown in Figures 17, 18, and 19 were run under gradient run from 5% to 

95% ACN 0.1% TFA in 30 min with the flow rate of 1 mL/min. In addition, they were 

detected with DAD (260 nm and 280 nm) and FLD (295/353 nm). The SL13 and Bbox 

standard peaks have a retention time around 21 min. In general, when the amount of 

sample injected increases, the peak area increases. The peak area slightly varies with the 

same concentration it can be due to the inconsistency in sample preparation. However, 

the value of the peak area is still in a similar range. For example, in 1 to 1, 1 to 2, and 1 to 

4 chromatograms of Bbox and CPNT, the concentrations of Bbox in the three vials are 

9.95, 10.76, and 10.16 mM. They are relatively similar to each other. The sample 

concentrations are similar in the case of SL13. The inconsistency may be due to technical 
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problems such as the impurity in the column. In this case, we can improve the result by 

cleaning the column carefully between each run.  

Table 3 Summary of peak area value of SL13, Bbox and CPNT in the complex and their 

corresponding concentration calculated. 

     
 Peak Area Value in mAu*s Concentration in mM 

RNA:peptide 
ratio 

Bbox 
260nm 

CPNT 
280nm 

CPNT 
FLD [Bbox] [CPNT] [CPNT] 

using FLD 
1 to 1 122.84 140.87 62.1 9.95 52.75 38.23 
1 to 2 132.8 260.37 103.39 10.76 97.49 63.65 
1 to 4 125.33 1084.11 418.28 10.16 405.92 257.51 
2 to 1 349.77 621.09 245.86 28.34 232.55 151.36 
4 to 1 427.12 3.92E+04   34.61 14685.96   

  
SL13 

260nm 
CPNT 
280nm 

CPNT 
FLD [SL13] [CPNT] [CPNT] 

using FLD 
1 to 1 130.85 176.88 120.72 10.16 108.89 74.32 
1 to 2 119.74 544.39 256.41 9.29 335.15 157.86 
1 to 4 123.86 2024.39 781.617 9.61 1246.29 481.19 
2 to 1 254.79 328.531 124.49 19.78 202.26 76.64 
4 to 1 503.46 2660.06 89.51 39.08 1637.63 55.11 
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Chapter 5 Conclusion 

This thesis mainly focuses on developing HPLC method to analyze RNA and 

peptide. To be able to develop this method, I have to be able to prepare the sample which 

is described in the first two chapters of this thesis.  

First, T7 RNA polymerase is purified by recombinant DNA technique. Starting 

with cloning E. coli that has the desired gene fragment, we were able to express the gene 

to the right protein and purified it for further uses. From 2 L of E. coli, we were able to 

purify about 10 mL of T7 RNA Polymerase which can be used for in vitro transcription 

reaction to purify more than hundred samples of RNA.   

Next, the in vitro transcription was used to prepare two sequences of RNA that 

have been shown to interact with the coat protein of Brome Mosaic Virus. These RNAs 

are called SL13 and Bbox. These RNAs were used in my project of separation or 

recovery peptide using HPLC method. The concentration of these RNA is about 1.5 mM 

which can also be used for NMR, CD and fluorescence methods. These methods are also 

used in our lab to investigate the interaction between CPNT and RNA. 

Finally, the HPLC method provided good resolution for peptide and RNA using a 

gradient method. I was able to identify a method that helps to separate RNA and peptide. 

With the UV wavelength of 260 nm and 280 nm, the peptide and RNA appeared in two 

sharp peak. In the chromatogram of complex sample, RNA and peptide eluted at different 

times. 

In each chromatogram of RNA and peptide complex, there are only two peaks of 

RNA and peptide showing up. A peak of RNA—peptide complex was not observed. 
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However, in the complex with 4 to 1 ratio of RNA and peptide, a change in the retention 

time and the peak shape were observed (Fig 24, 29). The fact that I could not find any 

peak of the complex suggests that the interaction between peptide and RNA is very weak 

so it might be broken down by the ion—pairing agent.  

In the future, we can try to use the ion exchange chromatography method with the 

use of salt as solvent. Ion exchange chromatography method can retain either positive 

charge or negative charge based on the charge of the column. SL13 and Bbox are 

negatively charged and CPNT is positive charged. In the next step, we can use an anion 

exchange column to be able to retain the Bbox and SL13 so CPNT will be flushed off the 

column right away. Then, we can reach the goal of establishing the good protocol of 

HPLC method of separating peptide and RNA. Especially, if the peptide is flushed off, it 

can be recovered easily. 

HPLC is a good method to recycle the expensive peptide and even RNA since it 

looks like the RNA—peptide complex breaks down while going through the column. We 

just need to know what time they will come out and collect them respectively. 
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