
Abstract 
 
 

GRAHAM, WILLIAM D. Isolating HIV NCp7 Peptide Mimics that Target the Anticodon 
Stem Loop Region of Human Transfer RNA Lysine3 in a Modification Dependent Manner.  
(Under the direction of Dr. Paul F. Agris). 
 
 

Nucleocapsid protein 7 (NCp7) of human immunodeficiency virus type 1 (HIV-I) is a 

multifunctional nucleic acid chaperone protein responsible for the processing of human 

tRNA Lysine 3 (htRNALys3) into a primer for viral reverse transcription and the packaging of 

nucleic acid into progeny virion.  To investigate the relationship between the post 

transcriptional modifications 2-methylthio-N6-threonyl carbamoyladenosine at position 37 

(ms2t6A37) and 5-methoxycarbonylmethyl-2-thiouridine at position 34 (mcm5s2U34) of the 

anticodon stem loop region (ASL) of htRNALys3 and NCp7’s recognition and recruitment of 

htRNALys3, fluorescence quenching assays were performed.  The ASL region of htRNALys3 

was chemically synthesized with both modifications ms2t6A and mcm5s2U, occurring at 

positions 37 and 34 respectively (ASL Lys3mcm5s2U34; ms2t6A37).   NCp7 demonstrated a 

higher affinity and specificity for the modified ASL Lys3 mcm5s2U34; ms2t6A37 with a 

dissociation constant (Kd) of 0.28 µM compared to the protein’s interaction with chemically 

synthesized ASL regions of unmodified htRNA Lys3 (ASLLys3) and unmodified ASL valine3 

(ASLVal3) both demonstrating Kd values in the high µM range.  These results suggest that the 

post-transcriptional modification present on htRNALys3 can potentially be used as a target for 

peptide antiviral therapeutics.  Phage display was used to screen a library of peptides 

generated from RNA-binding proteins for their affinity to bind ASLLys3 in a sequence and 

modification specific manner.  Peptide sequences demonstrating the highest affinity for 

binding ASLLys3mcm5s2U34; ms2t6A37 were selected and synthesized into a library of 



fluoescein tagged peptides.   A fluorescein isothiocyanate (FITC) conjugate was attached to 

the N-terminus of each peptide and assayed for modification specificity using 

ASLLys3mcm5s2U34; ms2t6A37, singly modified ASLLys1 (ASLLys1t6A37), ASLLys3 and ASLVal3.  

Among the 20 peptides synthesized, peptides 6 (P6) and 17 (P17) demonstrated the highest 

affinity and specificity for ASLLys3mcm5s2U34; ms2t6A37 with Kd values of 0.45 µM and 0.60 

µM respectively.  A more in-depth analysis of the interaction between P6 and P17 with 

ASLLys3mcm5s2U34; ms2t6A37 by circular dichroism revealed that the peptides were able to 

mimic NCp7’s ability to restructure the ASL region of htRNALys3. 
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Chapter 1 
Introduction 

     
 

The lentivirus, Human Immunodeficiency Virus type 1 (HIV-1), is a highly adaptive 

virus that uses a complex system of proteolytic cleavages of the viral polyprotein Pr55gag (Gag), 

to replicate and integrate its viral genome into host cell chromosomes.   The Gag polyprotein 

contains a zinc finger motif that is conserved among most retroviral proteins and is the only 

component of the HIV-1 virion that is required for virus particle assembly 1-3.  The viral life 

cycle of HIV-1 includes an assembly and budding step that results in the proteolytic cleavage of 

the Gag polyprotein by HIV-1 protease (PR) into six mature Gag proteins.  Arguably the most 

vital protein produced from this cleavage is Nuclear Capsid Protein 7 (NCp7) 1,3,4.  NCp7 is a 71 

amino acid protein (55 without spacer peptide 2 region) (Figure 1) that is cleaved from the C-

terminus of the Gag polyprotein and functions as a nucleic acid chaperone during various stages 

of viral progression 5-7.   

 
 

 
FIGURE 1.  NCp7 Sequence7  
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NCp7’s chaperone activity is characterized by its ability to destabilize nucleic acid 

structures and rearrange them into the most thermodynamically favorable conformations.  This 

characteristic is vital during the replication stage of HIV-1 pathogenesis, in which human tRNA 

Lysine 3 (htRNALys3) (Figure 2A) is rearranged to function as a primer for reverse transcription.  

During the assembly and packaging stage of HIV-1 pathogenesis, NCp7’s role as a nucleic acid 

chaperone involves the binding of host cell tRNAs and packaging them into newly formed virion 

particles 5,7.  NCp7’s ability to bind and manipulate nucleic acids for successful viral 

propagation, and the mechanism surrounding its interaction with tRNA make it a primary target 

for the development of antiviral therapeutics.   
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FIGURE 2.  Human tRNA Lysine 3 Sequence and Structure:  (A).  Human tRNA Lysine 3 
(htRNALys3)  (B).  Modified nucleosides: methylthio-N6-threonyl carbamoyladenosine (ms2t6A) 
and  5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U)  (C).  ASL domain of htRNALys3 with 
the modifications (ms2t6A37) and 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) at position 
34 (ASLLys3ms2t6A37: mcm5s2U34)  (D).  Anticodon Stem loop (ASL) domain of htRNALys3 
(ASLLys3)  (E).  ASL domain of htRNALys1 with the modification N6-threonyl 
carbamoyladenosine  (t6A) at position 37  (ASLLys1t6A37).     
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NCp7 binds to nucleic acids in a complex ionic strength dependent manner.  This is 

characterized by the proteins promiscuity and ability to bind a variety of nucleic acids with 

varying affinity.  In terms of sequence specificity, NCp7 demonstrates the highest affinity for 

binding the L-shape of tRNA, on the acceptor stem, rich in G-U and A base pairs, which is 

indicative of the anticodon stem loop (ASL) region of htRNALys3 (Figure 2D), which functions 

as a primer for reverse transcription 5,8.  The ability of NCp7 to melt the nucleic acid into proper 

conformation suggests that it simultaneously binds the loop region and the stem of the tRNA.  

Structural studies on NCp7 have identified that the zinc finger domains (Figure 1) from the 

parental Gag protein are retained by the chaperone protein.  This explains how NCp7 can attach 

to the htRNALys3 in two different regions 4,9-11.  Mature htRNALys3 contains the naturally 

occurring post transcriptional modifications methylthio-N6-threonyl carbamoyladenosine 

(ms2t6A37) at position 37 and 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U34) at position 

34 on the ASL region (Figure 2B).  In many instances, post transcriptional modifications are 

essential for protein-RNA recognition 12,13.  Most RNA binding proteins recognize their cognate 

tRNA’s identity through the structure and chemistry influenced by naturally occurring 

modifications found in the ASL region 13-15.  More specifically post transcriptional modifications 

on htRNA allow for another mechanism of regulation in terms of protein synthesis.  The post 

transcriptional modifications, ms2t6A37 at position 37 and mcm5s2U34 at position 34 have 

demonstrated the ability to increase the affinity of htRNALys3 to bind mRNA on the ribosome, 

and increase the efficiency of translation in vitro 14,16,17.  Based on the literature it is inferred that 

naturally occurring post transcriptional modifications present on htRNALys3 assist in the 

recognition of tRNALys3 by NCp7 18,19.  The high specificity of NCp7 for htRNALys3 and its 
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ability to melt tRNALys3 into the appropriate conformation for reverse transcription could be 

explained by the structural characteristics of NCp7 and the presence of post transcriptional 

modifications in the ASL.  The electrostatic properties of these modifications destabilize the loop 

region of htRNALys3, making it more dynamic and susceptible to conformational influence by 

NCp7 16.  To investigate the relationship between post transcriptional modification and the 

recognition of htRNALys3 by NCp7, a fluorescence quenching assay was performed, which 

identified that the recognition of htRNALys3 by NCp7 is greatly enhanced when modifications are 

present in the ASL region.  

In addition to translation and viral replication, there are many nucleic acid pathways that 

require the recognition of RNA by proteins mediated by post transcriptional modifications.  

Sequence analysis of RNA-binding proteins has led to the identification of specific motifs that 

are responsible for RNA structure and recognition 20.  These motifs are characterized by the 

presence of positively charged residues, like arginine, that interact with the negatively charged 

backbone of RNA.  These proteins have been well characterized using a variety of analytical 

techniques that do not take into account structure and physiological conditions 21.  The 

recognition of RNA by proteins is heavily dependent on the conformational state of the RNA.  

Post transcriptional modifications exert dynamic influence on RNA structure, specifically the 

loop region of tRNA, and dictate folding conformations that are favorable for protein-RNA 

interaction.  Most of the studies performed on nucleic acid recognizing proteins have led to the 

generation of peptide libraries that do not take into account modifications and structural 

characteristics of RNA in physiological conditions.  Phage display screening is a biophysical 

technique that has been used in previous studies to effectively generate a library of protein 
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derivatives, peptides, that bind specifically to modified nucleosides with high affinity (Kd = nM 

to µM), with regard to structure and proper physiological conditions 22-24.  The generation of a 

library of peptides that can effectively function as RNA binding protein mimics can potentially 

lead to the development of a therapeutic that can silence viral gene expression in vivo.  In this 

study the initial screen for peptides that bind specifically to the ASL region of 

htRNALys3mcm5s2U34; ms2t6A37 (ASLLys3mcm5s2U34, ms2t6A37) (Figure 1D) with high affinity 

was conducted by phage display.  The peptide library generated from this screen was further 

analyzed for its affinity to bind ASLLys3mcm5s2U34, ms2t6A37 using fluorescence quenching 

assays.  This procedure produced two peptides that not only bind specifically to 

ASLLys3mcm5s2U34, ms2t6A37 with Kd values comparable to NCp7, but can also mimic NCp7s 

ability to melt the RNA into specific conformations.  The sequences of the peptides are currently 

under review for a patent application and can not be shown at this time.   
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Chapter 2 
Experimental Methods 

 
 
RNA Sample Preparation 
 
  The unmodified Escherichia coli ASL region of tRNA Valine 3 (ASLVal3 ) and the 

unmodified human ASL region of tRNALys3 (ASLLys3) used in this study were chemically 

synthesized by Dharmacon (ThermoFisher, Lafayette, CO) using “ACE” chemistry 25. The 

modified ASLVal3m6A37 and modified ASLLys3ms2t6A37: mcm5s2U34 was synthesized by 

Integrated DNA Technologies BVBA (formerly RNA-Tec) 26.  The newly synthesized  ASLs 

were then analyzed by HPLC nucleoside composition analyses27 and  further confirmed by mass 

spectrometry (MALDI-TOF), and NMR analyses.  A previous study performed using 

ASLVal3m6A37 also confirmed the presence of the modification m6A37
 by X-ray crystallography 

16. The modified human ASL region of tRNA Lysine 1 (htRNALys1) containing the modification 

t6A (ASLLys1t6A37) was synthesized by the North Carolina State University Nucleic Acid Facility 

with standard ribonucleoside phosphoamidites (ChemGenes) and with little change in standard 

synthesis protocols 28. All ASLs were purified by HPLC using a Nucleogen 60-7 DEAE (250 

mm × 10 mm) column and desalted (Waters Corporation Sep-pak columns, Milford, MA) 29.  

 
Phage Display Library Selection 
 

Biotinylated ASLLys3 and ASLLys3ms2t6A37: mcm5s2U34 receptors were immobilized on 

the surface of streptavidin-coated high capacity binding, 96-well microplates (Pierce, Rockford, 

IL) in 200 µL of TTDBA buffer (1 mg/ml BSA and 0.02% NaN3 in 200/1 TBS/Tween, vol/vol); 

TBS buffer, (50 mM Tris HCl, pH 7.5, 150 mM NaCl). The streptavidin-coated plates containing 
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the fixed ASLs were incubated for 4hr at 4°C to ensure attachment of the ASLs to streptavidin 

surface. Any unbound receptors were removed by washing the plates five separate times with 

TBS-tween.  The plates were then washed with a buffer solution containing 10 mM biotin and 

incubated at room temperature for 10 minutes to ensure maximum coating of the streptavidin 

surface 30,31. The streptavidin plates were washed with input phage and incubated for 4hr at 4°C. 

After the incubation period, to remove any unbound phage, the plates were washed 5 times with 

a TBS-tween solution.  To elute the bound phage from the plates, using both acidic and basic 

conditions separately, the plates were rinsed with 200 µL of acid elution buffer (acidic 

conditions) or alkaline elution buffer (basic conditions) and placed on a shaker for 10 minutes 21. 

The elution mixture containing eluted phage was transferred to a microtube containing respective 

neutralizing buffer 21. The isolated phage were then amplified for a total of 5 rounds of 

subsequent screening. The final round of screening was concluded with a serial dilution of the 

isolated phage and a quantitative assessment performed to determine yield.  Clones were then 

constructed using starved E. coli K91BluKan cells.  DNA was then  isolated from the clones and 

sequenced 21.  The resulting sequences were used to produce the peptide library. 

 
Peptide Synthesis 
 

Peptides were designed with a Fluorescein isothiocyanate (FITC) tag on the N-terminus 

for screening by fluorescence spectroscopy.  The synthesis of the library was performed by 

Sigma Aldrich.     
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Fluorescence Spectroscopy Screening 
 

The NCp7 fluorescence quenching studies were performed using the tryptophan residue 

found at position 37 on the full length NCp7 protein.  The amino acid tryptophan possesses 

fluorescent properties that can be monitored for molecular interaction by way of fluorescence 

quenching.  The NCp7 was titrated with varying amounts of ASLs and the tryptophan 

fluorescence signal monitored at an excitation point of 285 nm and an emission point of 360 nm 

using a Spectramax Gemini XS dual scanning microplate spectrofluoremeter (Sunnyvale, CA).  

The peptide interaction with ASL targets was performed by monitoring the fluorescence signal 

from the N-terminus labeled FITC tag.  The peptides were titrated with varying concentrations of 

ASLs in 20mM phosphate buffer and the fluorescence signal monitored at an excitation point of 

486 nm and an emission wavelength of 524 nm.  The binding constant (Kd) value for each 

fluorescence experiment was assessed using the one site binding equation Y=Bmax*X/[Kd+X]. 

 
Circular Dichroism   

 
CD spectra were recorded using a Jasco J600 spectropolarimeter and an interfaced 

computer 32,33.  RNA samples were prepared in 20 mM sodium phosphate buffer at a 

concentration of 1.5 µM. The prepared RNA samples were then placed in a 1 mL Hellma cuvette 

and read in both near and far U.V. (235 nm to 280 nm).  The RNA samples were then titrated 

with pre-dried pure peptide sample to compensate for buffer and volume change, starting with an 

aliquot that would equal a concentration of 1.5 µM in a final volume of 1 mL then peaking at a 

final concentration of 9 µM.   The experiments were run at 4oC, at a speed of 10 nm per minute, 

at a resolution of 1 nm, cell path length of 1cm and a total run accumulation of 12.  The raw data 

was then converted to percent elipticity using RNA sample alone as the baseline.   
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Chapter 3 
Experimental Results 

 
 
NCp7 RNA Post Transcriptional Modification Recognition 

 
NCp7 is promiscuous and can bind to a variety of nucleic acids with varying affinities 5.  

Studies of NCp7 binding and structure suggest that it functions as a chaperone protein and can 

bind to the stem region of nucleic acid structures with little specificity.  In contrast NCp7 has the 

ability to exhibit great sequence specificity when interacting with human tRNA (htRNA) 5,34,35.  

This observation suggests that NCp7 binds htRNA lysine 3 (htRNALys3) in a sequence first, 

modification second manner.  When interacting with tRNALys3, the NCp7 binds initially to the 

acceptor stem region then binds to the anticodon loop (ASL) region of the htRNA to introduce 

structural instability.   The change in ASL dynamics makes it energetically favorable for NCp7 

to fold the RNA into the correct conformation for reverse transcription 1.  

To examine how modifications influence the binding of NCp7 to htRNALys3 fluorescence 

quenching assays were performed using chemically synthesized ASL of htRNALys3 with and 

without modifications 36,37.  The 55 amino acid form of NCp7 was first titrated with the ASL 

region of unmodified htRNA lysine 3 (ASLLys3) (Figure 2D) to obtain a baseline titration curve.  

The fluorescence signal of NCp7’s tryptophan residue was monitored with an emission 

wavelength of 360 nm and an excitation wavelength of 285 nm.  The resulting signal spectrum 

was normalized into percent quenching and plotted against respective RNA concentrations.  A 

binding constant (Kd) from the interaction of NCp7 and ASLLys3 was derived from the analysis of 

the quench curve (Figure 3) using a one site binding model equation. The interaction between 

NCp7 and ASLLys3 produced a weak Kd value in the low µM range (Table 1).  
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FIGURE 3.  Fluorescence Quench Curve of NCp7 and ASL of htRNALys3:  NCp7 
concentration was kept constant and titrated with increasing amounts of modified and 

unmodified ASL Lysine 3 (ASLLys3):  •ASLLys3 unmodified (ASLLys3),    ASL Lys3 modified 
(ASLLys3mcm5s2U34; ms2t6A37). 
 
 
 
NCp7 was then titrated with ASLLys3mcm5s2U34;ms2t6A37 using the same parameters and 

conditions as ASLLys3.  A 10 fold decrease in Kd value was observed when modifications are 

introduced into the ASL region of htRNALys3.  Further examination of Figure 3 reveals that a 

max quenching of only 68% is achieved when NCp7 is titrated with ASLLys3 compared to the 

75% quenching achieved by ASLLys3mcm5s2U34, ms2t6A37.  These results strongly suggest that 

NCp7 recognition of htRNALys3 is significantly enhanced when modifications are present.  This 

supports the theory that modifications are not necessary for the initial non-specific binding of 
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NCp7 to the acceptor stem region of htRNALys3, but they are essential for protein recognition of 

the anticodon stem loop region. 

 
Phage Display Library Selection of Peptides 
 

Peptides that bind selectively to the anticodon stem loop of tRNA Lysine 3 containing the 

post transcriptional ms2t6A37:mcm5s2U34 (ASL Lys3mcm5s2U34; ms2t6A37) were selected using a 

phage display library.  The peptides used in the Phage Library (Library 73303) were 15 to 17 

amino acids in length and were randomly generated from a sequence homology search of known 

RNA-chaperone proteins.  The target RNAs were 17 nucleotides in length and synthesized with a 

biotin tag at the 3′ end.  Unmodified ASL Lysine 3 (ASLLys3) and ASL Lys3mcm5s2U34; ms2t6A37 

were fixed onto streptavidin-coated, high capacity microplates.  The binding and elution 

conditions were designed to emulate physiological conditions with regard to standard phage 

conditions.  To conserve material the first round of screening was conducted with ASLLys3 as the 

target nucleoside.  Streptavidin coated plates containing biotin conjugated ASLLys3 fixed to the 

surface, were washed with Phage Library 73303 and rinsed thoroughly with physiologically 

relevant buffer.  The chemistry of nucleic acids would suggest that the proteins that bind the 

target RNA contain positive residues that may be sensitive to both alkaline and acidic conditions.  

To prevent a false positive or negative, the peptides were eluted from the plates using both 

alkaline and acidic conditions 21 and compared.  The difference in phage output and phage input, 

represented by percent yield, was minimal.  Peptides that demonstrated an affinity to bind 

ASLLys3, after four rounds of selective screening, were catalogued and eliminated from the 

second step of screening.  The second step of screening was conducted on the remaining peptides 

that did not show specificity for ASLLys3, using ASL Lys3mcm5s2U34; ms2t6A37.  Out of the 200 
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colonies produced from four rounds of phage selection against ASL Lys3mcm5s2U34; ms2t6A37 

under basic conditions, 25 peptides were isolated.  These peptides were sequenced and 

synthesized with a Fluorescein Isothiocyanate (FITC) tag at the N-terminus.  After analysis of 

the generated library and the elimination of repeat peptides, 20 genuine RNA binding protein 

mimics were produced.    

 
Peptide RNA Post Transcriptional Modification Recognition 
 
 Phage display library screening is an inexpensive and effective way of screening a large 

number of peptide-RNA interactions under biologically relevant conditions.  In order to 

characterize the molecular chemistry of the interaction between the peptides and target nucleic 

acids, a more sensitive technique is required.  The peptide library was synthesized with a FITC 

tag at the N-terminus to allow for high throughput screening by fluorescence spectroscopy.  The 

quenching of the fluorophore was monitored at an emission wavelength of 524 nm and an 

excitation wavelength of 486 nm.  Analysis of the peptide library sequences revealed that 

peptides 6 (P6), 15 (P15), 17 (P17) and 21 (P21) were isolated multiple times from separate 

colonies produced from phage display selection.  This observation suggests that these peptides 

will bind to modified nucleosides with great affinity.  For this reason the first peptide screen by 

fluorescence spectroscopy was conducted using these peptides.  The modified nucleosides used 

for this study are extremely hard to isolate and must be chemically synthesized.  To conserve 

precious material the initial fluorescence screen of the generated peptide library was performed 

with ASLLys3.  The preparation of the peptide samples for fluorescence spectroscopy revealed a 

solubility problem with some of the peptides.  To achieve sample homology in solution, the 

peptide mixtures were placed through several rounds of dilutions and a final concentration 
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assessed by BCA assay.  This eliminated a large portion of peptide candidates including P15. 

Once in solution P6, P17 and P21 were titrated with ASLLys3.  The binding characteristics of each 

peptide was then assessed by fluorescence quenching of the N-terminus fluorophore.   

The resulting spectrum from each peptide was normalized into percent quenching and 

plotted against the respective concentration of ASLLys3.  Analysis of the quench curve (Figure 4) 

revealed that P21 exhibited non-specific binding of ASLLys3 while P6 and P17 demonstrated no 

interaction with ASLLys3.  The remaining two peptides were then screened against ASL 

Lys3mcm5s2U34; ms2t6A37 (Figure 5).  A strong interaction between P6 and ASL Lys3mcm5s2U34; 

ms2t6A37 was observed, resulting in a Kd value of 0.44 µM.  P17 demonstrated an equally strong 

interaction with ASL Lys3mcm5s2U34; ms2t6A37, with a Kd value of 0.60 µM.  As a control a non-

RNA binding peptide (P31) was used as a baseline (data not shown).  The data from the P31was 

not represented on the graph because of the high error rate that occurs with non-specific 

interaction.  In an effort to fully characterize the relationship between modifications and the 

recognition of htRNALys3 by these peptide mimics, a second fluorescence screen was performed 

on P6 and P17 using the ASL region of lysine 1 containing the modification N6-threonyl 

carbamoyladenosine  (t6A) at position 37  (ASLLys1t6A37).  The fluorescence assay was 

performed under the same conditions and parameters as ASLLys3 and ASL Lys3mcm5s2U34; 

ms2t6A37.  Analysis of the data in Figure 5 illustrates a clear influence by the modification on the 

recognition of the ASL region of htRNALys3 for both P6 and P17.  The calculated Kd values for 

P17 and P6 were 0.60 µM and 1.75 µM respectively.  In comparison the molecular interaction 

between these peptides and ASLLys1t6A37 is not as strong as the interaction observed when the 

peptides are titrated with ASL Lys3mcm5s2U34; ms2t6A37.  Despite this observation P6 titrated with 
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ASLLys1t6A37 exhibited a max signal quenching of 41% compared to 22% observed with ASLLys3.  

These results reiterate the necessity of modifications to achieve energetically favorable 

interaction between chaperone proteins and nucleic acids.  

 
 
 

 

 
FIGURE 4.  Fluorescence Quench Curve of Peptide 6 and Peptide 17 with control ASLLys3:  To 
ensure integrity of the screen peptides generated from the phage display library were prescreened 
by fluorescence quenching using the anticodon stem loop (ASL) region of Lysine 3 unmodified 
(ASLLys3) to eliminate any nonspecific binding proteins.  Peptide specificity control screen 
against ASLLys3:  P6, P21 (Non-specific control peptide), and P17. 
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FIGURE 5.  Fluorescence Quench Curve of Peptide 6 and Peptide 17 with Modified ASLLys:  
Peptides that did not exhibit specificity for ASLLys3 were then screened for modification 
specificity:  P6 titrated with ASL Lys3mcm5s2U34; ms2t6A37, P17 titrated with 
ASLLys3mcm5s2U34; ms2t6A37, P6 titrated with ASLLys1t6A37  P17 titrated with ASLLys1t6A37. 
 
 
 

A final set of fluorescence experiments were performed using modified and unmodified 

valine 3 ASLs.  These experiments were designed to identify sequence specificity and 

modification recognition.  The ASL region of valine 3 (ASLVal3) (Figure 6A) was chemically 

synthesized to contain the modification N6-methyladenosine (m6A) at position 37 

(ASLVal3m6A37) (Figure 6B).  This modification is not the same naturally occurring modification 

that is found on mature htRNALys3, but structural studies have demonstrated that this 
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modification exhibits the same influence on loop dynamics 14,38 as what is observed with ASLLys3 

and post transcriptional modifications.   

 
 
 

 
FIGURE 6.  Modified and Unmodified E.coli ASL Valine 3 Sequence and Structure:  (A).  
Anticodon Stem Loop (ASL) region of tRNA Valine 3 (ASLVal3).  (B). ASLVal3 containing the 
modification N6-methyladenosine (m6A) at position 37 (ASLVal3m6A37). 
 
 
 

The same conditions for the fluorescence assay were used as with the previous 

experiments.  Figure 7 is a scatter plot of the percent quenching against RNA concentration.  The 

peptides exhibited very little specificity to bind ASLVal3 or ASLVal3m6A37.  A Kd value could not 

be extrapolated from the resulting quench curves because the interaction between the peptides 

and both modified and unmodified ASLVal3 was not strong enough to generate significant signal 

quenching.  These results identify sequence specificity for ASLLys3 exhibited by both peptides 6 

and 17.  This correlates with the idea that the interaction between specific proteins and ASLLys3 
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occur in a two state manner, where sequence recognition occurs in the acceptor region and is 

enhanced by the presence of modifications. 

 

 
FIGURE 7.  Fluorescence Quench Curve of Peptide 6 and Peptide 17 with Modified and 
Unmodified E.coli ASLVal3:  Peptide screen for sequence specificity.   P6 titrated with 
unmodified ASL Valine 3(ASLVal3), P17 titrated with ASLVal3, P6 titrated with modified ASL 
Valine 3 m6A at position 37 (ASLVal3m6A37) and P17 titrated with ASLVal3m6A37. 

 
 
 
Table 1.  Dissociation constant (Kd) values for peptide 6, peptide 17 and NCp7 interactions with 
various ASLs (Kd = µM).   

Peptide ASLLys3  ASLLys3 t6A37 mcm5s2U34ms2t6A37 

Peptide 6 IC 0.60 +/- 0.09 0.44 +/- 0.05 
Peptide 17 IC 1.75 +/- 0.23 0.60 +/- 0.09 

NCP7 2.29 +/-0.62 ND 0.27 +/-0.03 
IC, Incalculable   ND, not determined 
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ASLLys3 Modification Dependent Restructuring by NCp7 and Peptide Mimics 
 
  The interaction between NCp7and modified tRNALys3 is dynamic in nature, resulting in 

the conformational change of the tRNA into a primer for viral genome reverse transcription 39.  

Previous studies have shown that NCp7 binds preferentially to the L-shape of tRNALys3, on the 

acceptor stem, rich in G-U and A base pairs, allowing the protein access to the loop region of the 

tRNA 39,40.  Studies illustrating this mechanism of interaction were performed in the absence of 

post transcriptional modifications that are present on the anticodon stem loop (ASL) of the tRNA 

in vivo.  Studies analyzing the structural influence of post transcriptional modifications contained 

within the ASL region of tRNA, have demonstrated that modifications allow for the loop to be 

more dynamic and susceptible to conformational rearrangement 14.  In this study the ASL region 

of target tRNA were chemically synthesized with and without modifications and monitored for a 

change in conformation when titrated with NCp7 using circular dichroism (CD).  Figure 8 is the 

resulting spectra of unmodified human ASL Lysine 3 (ASLLys3) titrated with NCp7.  Measured in 

both near and far U.V.(230 nm to 285 nm), the CD spectra illustrate very little change in 

elipticity when the tRNA is titrated with NCp7 in the absence of RNA modifications.   
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FIGURE 8.  Circular Dichroism Spectra of NCp7 with ASLLys3 :  (ASLLys3) kept at a constant 
concentration of 1.5 µM then titrated with NCp7 starting at a 1:1 ratio and ranging to a 1:6 ratio 
of RNA to protein.   
 
 
 
 Under the same conditions the ASL region of htRNALys3 containing modifications (ASL 

Lys3mcm5s2U34; ms2t6A37) was titrated with NCp7.  The resulting data is represented in Figure 9.  

The presence of modifications significantly enhances the ability of NCp7 to melt the ASL region 

of htRNALys3.   

 
 
 

ASL Lys3
 Alone 
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FIGURE 9.  Circular Dichroism Spectra of NCp7 with Modified ASLLys3:   kept at a constant 
concentration of 1.5 µM then titrated with NCp7 starting at a 1:1 ratio and ranging to a 1:6 ratio 
of RNA to protein.   
 
 
 
 The spectra produced from the titration of ASL Lys3mcm5s2U34; ms2t6A37 with NCp7 

compared to ASLLys3 titrated with NCp7 indicates that the presence of modifications on the ASL 

region of htRNALys3 allows NCp7 to recognize the loop region of the tRNA and melt the tRNA.  

To determine if the two peptides isolated from the phage display library screen are able to mimic 

NCp7’s ability to unfold tRNA, a second set of experiments were performed under the same 

conditions using the peptides 6 (P6) and 17 (P17).  Figures 10 and 11 are scans representing 

control data of ASLLys3 titrated with peptides 6 and 17.  Analysis of the spectra indicates no 

interaction between peptide and ASLLys3.  When modifications are introduced into the ASL 

region of the human tRNALys3, a decrease in ASL base stacking is observed.  Figure 12 is of ASL 

ASL Lys3mcm5s2U34; 
ms2t6A37 Alone 
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Lys3mcm5s2U34; ms2t6A37 titrated with P6.  Analysis of the spectra reveals that P6 is able to mimic 

NCp7’s ability to melt the tRNA.  More specifically P6, is able to completely denature the ASL, 

unlike NCp7, which appears to partially unfold the tRNA when introduced in the same 

concentrations.  Preliminary results even suggest that NCp7, when introduced in sufficient 

concentrations, will begin to reorder the ASL region of the tRNA, resulting in an increase in 

elipticity.  Analysis of P17’s interaction with ASL Lys3mcm5s2U34; ms2t6A37 shows that P17 does 

not function in the same manner as NCp7 and P6.  In Figure 13 the elipticity of ASL 

Lys3mcm5s2U34; ms2t6A37 is increased when titrated with P17, suggesting that P17 increases base 

stacking in the ASL region of human tRNALys3 when modifications are present.    

 
 

 
FIGURE 10.  Circular Dichroism Spectra of Peptide 6 with ASLLys3:   (ASLLys3) kept at a 
constant concentration of 1.5 µM then titrated with peptide 6 (P6) starting at a 1:1 ratio and 
ranging to a 1:6 ratio of RNA to protein. 
 

ASL Lys3
 Alone
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FIGURE 11.  Circular Dichroism Spectra of Peptide 17 with ASLLys3:  (ASLLys3) kept at a 
constant concentration of 1.5 µM then titrated with peptide 17 (P17) starting at a 1:1 ratio and 
ranging to a 1:6 ratio of RNA to protein. 
 
 
 
 
 
 
 
 
 
 
 
 
 

ASL Lys3
 Alone 
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FIGURE 12.  Circular Dichroism Spectra of Peptide 6 with Modified ASLLys3:   
(ASL Lys3mcm5s2U34; ms2t6A37) kept at a constant concentration of 1.5 µM then titrated with 
peptide 6 (P6) starting at a 1:1 ratio and ranging to a 1:6 ratio of RNA to protein. 
 
 
 
 
 
 
 
 
 
 

ASL Lys3mcm5s2U34; 
ms2t6A37 Alone 
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FIGURE 13.  Circular Dichroism Spectra of Peptide 17 with Modified ASLLys3:  
(ASL Lys3mcm5s2U34; ms2t6A37) kept at a constant concentration of 1.5 µM then titrated with 
peptide 17 (P17) starting at a 1:1 ratio and ranging to a 1:6 ratio of RNA to protein. 
 
 
 
 
 
 
 
 
 
 

ASL Lys3mcm5s2U34; 
ms2t6A37 Alone 
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Chapter 4 
Discussion 

 
 
NCp7 Recognition of ASLLys3 Post Transcriptional Modifications 
 
 The diverse nature of NCp7 during HIV-1 viral pathogenesis make it a prime target for 

the development of host discriminatory antiviral therapeutics.  NCp7 is composed of  two zinc 

fingers that allow the protein to be promiscuous in nature and bind a variety of nucleic acids with 

varying affinities 41.  Although this structural characteristic of NCp7 would suggest that its 

interaction with host cell nucleic acids is non-specific in nature, HIV-1 viral progeny are 

specifically packaged with viral RNA, which only account for less than 1% of the total nucleic 

acids in vivo during the lytic phase of viral progression. 42  In addition to promoting viral RNA 

dimerization and encapsidation, NCp7 initiates the annealing of the primer human tRNA lysine 3 

(htRNALys3)  for the process of reverse transcription by recruiting host cell htRNALys3 and 

rearranging the tRNA into the best conformation that favors reverse transcription 43-47.  The 

results of this study suggest that this measure of specificity and recognition is accomplished by 

sequence specificity and enhanced by the presence of post transcriptional modifications. 

Previous studies performed on NCp7 recognition of nucleic acid targets have 

demonstrated NCp7’s ability to discriminate based on sequence but fail to incorporate the 

influence of post transcriptional modifications 5,43,44,48.  Further analysis by NMR has revealed 

that NCp7 binds preferentially to the inside of the L-shape of the acceptor stem of tRNA that 

contain regions of G6-U67 and T54(A58) pairs, which are highly sensitive to protein catalysis 40.  

The results from this study support these earlier observations by using the anticodon stem loop 

(ASL) domains of various tRNAs to determine sequence specificity.  This study is also unique in 
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nature because of its incorporation of the post transcriptional modifications methylthio-N6-

threonyl carbamoyladenosine (ms2t6A37) at position 37 and 5-methoxycarbonylmethyl-2-

thiouridine (mcm5s2U) at position 34, which are present on mature htRNALys3 in vivo. NCp7 was 

titrated with the ASL domains for htRNALys3, htRNALys1t6A37, htRNALys3 mcm5s2U34; ms2t6A37 

and E. coli  tRNAVal3  and the level of interaction determined by tryptophan fluorescence 

quenching.  The data generated from the resulting quench analysis identified that NCp7 

demonstrates an increased affinity for ASL domains that contain stems that are rich in guanine 

on the D side of the tRNA (data not shown).  When modifications are present on the ASL region 

of htRNALys3 (ASLLys3 mcm5s2U34; ms2t6A37) the binding between NCp7 and htRNALys3 is 

significantly enhanced.  This observation is illustrated in Figure 3, where the Kd value for NCp7 

and ASLLys3 is 2.3 µM compared to the Kd value of  0.27 µM that is observed during the 

interaction between NCp7 and ASLLys3 mcm5s2U34; ms2t6A37.  A mechanism that would explain 

these observations is that NCp7 binds target nucleic acids in a sequence first, modification 

second manner.  NCp7 initially binds the acceptor stem region of tRNA rich in guanine with 

great affinity allowing the protein to recognize the loop region and identify the presence of post 

transcriptional modifications.  The presence of modifications allows for the protein to bind with 

increased affinity to the tRNA and destabilize the loop region, making the tRNA more 

susceptible to conformational manipulation.12,49.  Recent studies performed on the structural 

influence of post transcriptional modifications on tRNA also support this observation in which 

modifications can destabilize the loop region of tRNA and alter secondary structure.  This 

mechanism provides another level of protein-nucleic acid recognition in vivo 12,16,49 and provides 
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the perfect model for NCp7’s promiscuous nature when studied in-vitro but its high specificity in 

vivo. 

 
Peptide Selection and Screening 
 

The development of potential therapeutics that target the recruitment of nucleic acids by 

NCp7 requires the selection of peptides that demonstrate great sequence and modification 

specificity.  A peptide library derived from nucleic acid interacting proteins was synthesized and 

initially screened by phage display.  This mode of screening was ideal for modification 

recognition because of the rich chemistry that is involved with the modifications mcm5s2U34 and 

ms2t6A37 protein interaction.  The binding characterization, involving the derivation of 

dissociation constants, of the 20 peptides isolated from the phage screen was performed using 

fluorescence quenching.  The peptides were monitored for sequence and modification specificity 

under physiological conditions.  Of the library of peptides, peptides 6 (P6) and 17 (P17) 

demonstrated the highest affinity for binding the anticodon stem loop (ASL) domain of modified 

htRNALys3  (ASLLys3 mcm5s2U34; ms2t6A37).  The peptides were synthesized with a FITC 

conjugated tag at the N-terminus.  The peptides were initially screened for non-specific binding 

using the ASL of unmodified htRNALys3 (ASLLys3).  P6 and P17 demonstrated the least amount 

of interaction with the ASLLys3.  In contrast peptide 21 (P21) demonstrated a high affinity for 

binding ASLLys3.  These results are illustrated in Figure 4, where the interaction between P21 and 

ASLLys3 results in over 50% quenching of the fluorescence signal.  In contrast only a 25% 

quench was observed for the interaction between both P6 and P17 with ASLLys3.  Although many 

peptides were screened using ASLLys3, chemical synthesis of RNA with post transcriptional 

modifications is extremely difficult and cost prohibitive.  For this reason only the peptides that 
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exhibited the least amount of interaction with ASLLys3 were selected for modification specificity 

screening.  These peptides were P6 and P17.  P21 was also selected from this round of screening 

to serve as a control peptide. 

The modification recognition screen was performed using the ASL domains of 

htRNALys1t6A37 (ASLLys1t6A37) and htRNALys3 (ASLLys3 mcm5s2U34; ms2t6A37).  The peptides 

were individually titrated with each modified tRNA under physiologically relevant conditions 

and monitored for fluorescence quenching.  A correlation between the number of modifications 

present in the ASL region of the tRNA and the level of binding can clearly be inferred from the 

resulting quench curves illustrated in Figure 4.  P6 exhibited the greatest level of modification 

recognition with a Kd value of 0.6 µM when titrated with the singly modified ASLLys1t6A37.  

When titrated with ASLLys3 mcm5s2U34; ms2t6A37, the binding is enhanced further, producing a 

Kd value of 0.4 µM.  P17 also demonstrated a high specificity for modification containing tRNA, 

with a Kd value of 1.7 µM and 0.6 µM when titrated with ASLLys1t6A37 and ASLLys3 mcm5s2U34; 

ms2t6A37 respectively.  In comparison to NCp7, neither P6 nor P17 bind as tightly to ASLLys3 

mcm5s2U34; ms2t6A37, but both peptides exhibit Kd values in the low µM –nM range (Table 1).  

When monitoring biological interactions in vitro using a FITC conjugated tag as opposed to a 

fluorescent residue like tryptophan, the calculated Kd values are not as precise.  In the case of P6 

and P17, the FITC tag is placed at the N-terminus of the peptide as opposed to the interior of the 

peptide, where the protein-RNA interaction generally occurs. 

To determine the ability of P6 and P17 to exhibit sequence and modification specificity, 

the peptides were screened against E.coli ASL region tRNAVal 3 unmodified (ASLVal3) (Figure 

6A) and the ASL region of E.coli tRNAVal3 m6A37  (ASLVal3m6A37) (Figure 6B).  Figure 7 is the 
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resulting quench curve from the titration of both ASLVal3m6A37 and ASLVal3 with P6 and P17.  

Analysis of the curve reveals that a very small amount of binding occurs in the case of ASLVal3 

titrated with P6 and P17.  The same curve pattern is observed when ASLVal3m6A37 is titrated with 

P6 and P17.  The results illustrate that P6 and P17 are able to differentiate between sequences as 

well as native human tRNA post transcriptional modifications verses naturally occurring 

bacterial modifications. 

 
NCp7 and Peptide Functional Analysis by Circular Dichroism 
 

The ability of P6 and P17 to discriminate between modified and unmodified htRNALys3 

make them prime candidates for development into HIV-1 viral therapeutics.  The data obtained 

from the fluorescence studies suggest that the binding of these peptides to target htRNALys3 is 

comparable to NCp7.  NMR analysis of NCp7’s interaction with htRNALys3 suggest that the 

positive residues surrounding the zinc knuckle regions of the protein interact with the htRNALys3 

acceptor stem region of the ASL 40.  As discussed previously, the synthesis of modified tRNA is 

extremely expensive and cost prohibitive making it difficult to observe the same interaction in 

the presence of post transcriptional modifications by NMR.  Circular dichroism (CD) is a less 

sensitive technique compared to NMR, but is sufficient in observing changes in secondary and 

tertiary structures as the result of molecular interactions.  The theorized mechanism for the 

interaction between NCp7 and htRNALys3 involves the protein denaturing the tRNA.  For this 

reason the interaction between NCp7 and htRNALys3 was monitored in the near U.V. range using 

CD where nucleic acid structure can be observed.  The ASL domain of htRNALys3 (ASLLys3) was 

titrated with NCp7, with the CD set to scan from 235 nm to 285 nm encompassing both near and 

far U.V..  An initial experiment was performed with the CD set to scan from 190 nm to 285 nm 
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to observe both NCp7 and ASLLys3 during the interaction study.  The experiment resulted in little 

to no change in the far U.V. region.  Figure 8 represents the resulting CD spectra of ASLLys3 

titrated with NCp7.  Analysis of the spectra reveals no significant structural change in the 

htRNALys3 when titrated with NCp7.  There was a 15% decrease in elipticity when NCp7 was 

initially titrated into the sample of RNA, which can be explained by the sequence recognition 

observed in the fluorescence assay.  At a ratio of 1 to 6, RNA to NCp7, the observed elipticity 

increases to 100%.  The elipiticity remained constant at 100% when the ratio of RNA to NCp7 is 

pushed to 1:10.  This observation suggests that the RNA reaches a saturation point at a ratio of 

1:6 RNA to protein.  The increase in elipticity was most likely the result of protein aggregation 

from the oversaturation of the ASLLys3.   

Figure 9 represents the titration of htRNALys3 mcm5s2U34; ms2t6A37  (ASLLys3 mcm5s2U34; 

ms2t6A37) with NCp7 under the same conditions as ASLLys3.  An overall 40% decrease in 

elipticity was observed at a 1:1 ratio of NCp7 to ASLLys3 mcm5s2U34; ms2t6A37.  Further titration 

of the RNA with NCP7 resulted in a steady increase in elipticity until the RNA mostly likely 

reaches a saturation point of 1:6, where the elipticity increases from 60% to 80% and remains 

constant even at a ratio of 1:10, RNA to protein.  These results support the theory that NCp7 

initially binds to the RNA in a sequence specific manner, then uses the presence of modifications 

to alter the structure of the ASL region of the tRNALys3 into the most favorable conformation that 

aids in the initiation of reverse transcription.  Once the RNA reaches saturation, it is mostly 

likely in the proper conformation for recognition by reverse transcriptase.   

Peptides 6 and 17 were observed by fluorescence quenching assays to exhibit 

modification specificity and bind effectively to modified htRNALys3 with similar affinity to 



32 
 

NCp7.  A titration experiment monitored by CD under the same conditions as NCp7 and ASLLys3 

was conducted using peptide 6 and 17 as titrant.  Figures 10 and 11 illustrate that both peptides 6 

and 17 do not drastically alter the structure of ASLLys3 when modifications are not present.  In 

Figure 11 it is apparent that P17 increases the elipticity of ASLLys3 by 20% after the initial 

titration, but then remains constant despite the addition of more peptide.  This is significant 

because the data suggest that P17 is functioning to enhance the stability of the ASL domain as 

opposed to NCp7’s primary function of melting the RNA.   

Titration of ASLLys3 mcm5s2U34; ms2t6A37 with P6 and P17 revealed that both peptides 

were able to exhibit the same ability as NCp7 to alter the conformation of htRNALys3.  P6 

demonstrated the ability to completely melt the RNA.  Figure 12 illustrates a complete 100% loss 

in elipticity.  This observation indicates that P6 recognizes the modifications in the ASL domain 

of htRNALys3 and completely destabilizes the loop.  Analysis of Figure 13 reveals that P17 

functions in the opposite manner as P6.  P17 significantly enhances the structural stability of 

ASLLys3 mcm5s2U34; ms2t6A37 when it is initially titrated into solution resulting in an increase 

from 100% to 160% elipticity.  Further titration of ASLLys3 mcm5s2U34; ms2t6A37 by P17 resulted 

in a drop in elipticity back to 100%.  This observation suggests that P17 binds to the RNA at a 

different site compared to P6 and NCp7.  This is supported by the fact that the sequence for P17 

is significantly different containing arginine, lysine, and histidine compared to P6 which is 

composed of only arginine and histidine residues. 

NCp7 is a 71 amino acid long protein in comparison to peptides 6 and 17 which are 15 

and 16 residues in length.  In the NCp7 and htRNALys3 study by CD, NCp7 demonstrated the 

ability to recognize the presence of modifications and alter the conformation of ASLLys3 
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mcm5s2U34; ms2t6A37 in comparison to its interaction with ASLLys3.  Peptides 6 and 17 

demonstrated a similar ability to manipulate the structure of the ASL domain of the htRNALys3 

when they were titrated into solution containing ASLLys3 mcm5s2U34; ms2t6A37 and monitored by 

CD. 
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Chapter 5 
Conclusion 

 
 
Conclusion 
 
 The general structure of all tRNAs consist of a D loop, T loop and an anticodon stem loop 

(ASL) domain.  The nucleosides contained within the ASL domain and the conformation of the 

tRNA, as a result of loop dynamics are how different species of tRNA are identified in vivo by 

RNA binding proteins.  A well characterized example of this are aminoacyl-tRNA synthetases, 

which use tRNA structure and nucleoside sequence to determine proper aminoacylation 50.  In 

terms of modifications, t6A37 chemistry in combination with its influence over the conformation 

of the anticodon domain of host tRNA, was determined to be a key recognition factor for yeast 

tRNA phenylalanine30.   

 In general, there are two types of post-transcriptional modifications 51. The first is a set of 

modifications that are commonly found and generally located at identical or similar residues in 

RNAs, such as Ψ, 2′-O-methyl nucleosides.  These modifications participate in RNA structure 

and conformational stability 17,52-54. Additionally, the modifications, m2G and m2
2G, D, m5C, T, 

and m1A are important to tRNA folding and thermal stability 55-57. A second set of modifications 

are those that are distinct in nature.  These modifications are sometimes found as as a single 

modification or in combination, allowing for enhanced variability among RNA.  An example of 

this is 1-methyl-3-(3-amino-3-carboxypropyl) pseudouridine, m1acp3Ψ, of the eukarya rRNAs.  

More particularly, the modifications of tRNA’s anticodon region are distinctive. The derivatives 

of 2-thiouridines at the wobble position 34 (*s2U34) are limited to certain amino acid accepting 
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species 58 and those tRNAs with an N6-threonyladensine at position 37 (*t6A37), 3′-adjacent to 

the anticodon, have a U at position 36. Both *s2U34 and *t6A37 are important for cognate and 

wobble codon recognition on the ribosome, 24 and for maintaining the translational reading frame 

59.  In general modifications have been proven to be essential for protein-RNA recognition. 

The introduction of post-transcriptional modifications to the ASL domain of tRNAs in most 

cases reduces thermal stability by disrupting the hydrogen bonding dynamics within the loop.  

As a direct result of this, the loop becomes more dynamic and more susceptible to base stacking 

interactions 12,49. In the case of NCp7, the presence of post transcriptional modifications lowers 

the thermal stability of the ASL domain, making it energetically favorable for the protein to alter 

the ASL domain of htRNALys3 conformation.  Though the peptides are less than a third of the 

size of NCp7, they may have some ability to unfold or remodel the ASL conformation. NCp7’s 

ability to bind and manipulate tRNALys3 for successful viral propagation, and the mechanism 

surrounding its interaction with the tRNA make it a prime target for the development of antiviral 

therapeutics. In mimicking the binding of NCp7 and perhaps other proteins involved in HIV’s 

recruitment of htRNALys3 for the priming of reverse transcriptase, the peptides have the potential 

to be tools in understanding HIV replication and may also provide insight to the design of novel 

therapeutics.   
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Preliminary Results and Future Experiments 
 
 

The dissociation constant (Kd) value derived from the fluorescence quenching assay of 

ASLLys3 mcm5s2U34; ms2t6A37 and peptides 6 and 17, suggest that these peptides could potentially 

be developed into therapeutics that would compete with NCp7 for interaction with htRNALys3 in 

HIV-1 infected cells.  To test this theory, a preliminary competition assay was performed by 

fluorescence quenching of the tryptophan residue of NCp7, in which the NCp7 was saturated 

with ASLLys3 mcm5s2U34; ms2t6A37 reducing the fluorescent signal to its lowest point.  The 

mixture was then titrated with P6, with the idea that P6 would compete off the ASLLys3 

mcm5s2U34; ms2t6A37, resulting in an increase of fluorescence signal from the tryptophan.  When 

the experiment was conducted, the tryptophan signal actually decreased further.  This result 

suggests that peptide 6 interacts with NCp7 in addition to interacting with ASLLys3 mcm5s2U34; 

ms2t6A37.  Examination of the sequence of P6 could explain this observation.  P6 contains 3 

histidine residues that may bind to the zinc present in the zinc knuckles of NCp7.  Material 

constraints prevented the conduction of a competition experiment using P17.  The sequence of 

P17 only consists of one histidine, which suggests P17 may be able to compete off the RNA 

without any interaction with NCp7.  

The observation that P6 can bind to NCp7 in addition to the structural data generated 

from the CD experiments suggest that a more sensitive technique should be used to characterize 

the peptide residues involved in the interaction between the peptides and ASLLys3 mcm5s2U34; 

ms2t6A37 as well as peptide and NCp7.  Mass spectrometry experiments were conducted with the 

specific aim of observing complex formation between the peptides and modified nucleosides.  
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ESI-MS is an analytical mass spectrometry technique that can be used to observe non-covalent 

complex formation between nucleic acid and proteins in solution, using nM concentrations 60. 

For this reason ESI-MS is the perfect and most cost effective technique to screen peptide 6 for its 

interaction with ASLLys3mcm5s2U34;ms2t6A37.  A similar methodology has been used in which 

nucleic acid ligands were screened for their interaction with HIV-1 related proteins 61. As a 

control experiment unbound ASLLys3 was analyzed by ESI-MS, to produce a baseline of ASLLys3, 

which resulted in a spectra indicating a -4 charge state for the nucleic acid.  The RNA readily 

fragmented providing complete sequence coverage. Peptide 6 was analyzed under the same 

conditions, then titrated with both modified and unmodified ASLLys3.  Analysis and comparison 

of the resulting spectra led to the observation of a loss of the peptide along with the appearance 

of the unbound -6 charge state of the RNA, consistent with the peptide having a +2 charge, when 

peptide 6 interacts with ASLLys3mcm5s2U34;ms2t6A37.  The shift in charge state did not occur on 

the spectra produced from peptide 6 interaction with ASLLys3, suggesting that shift in charge 

state is a result of complex formation. 
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