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ABSTRACT 

 

Cell penetrating peptides (CPPs) are short peptide 8-30 amino acids polypeptides 

that can deliver various molecules (nanoparticles to large fragment DNA) to subcellular 

locations such as the plastid organelles, cytoplasm, and nucleus etc. CPPs are characterized 

by containing clusters of cationic side chains that allow them to interact directly with the 

polar membrane surface, which enables then to enter the cell. One of the function of CPPs 

are to deliver cargo molecules such as DNA and RNA into cells. Most application have 

been developed for animal cells; however, the use of CPPs in plant cells remain a small 

researched field because of insufficient understanding of their mode of uptake. The present 

research describes firstly, the use of NMR technique to elucidate the structural properties 

of CPP-DNA complexation. Secondly the dynamic of the complexation. Finally, to relate 

the observations to their translocation mechanism. 

For this study, short peptides such as; arginine (R), tri-arginine (R3), nano-arginine (R9), 

and Tat2 (RKKRRQRRRRKKRRQRRR) were complexed with single-stranded and 

double-stranded DNA 5’ AGTCC 3’. The interaction between the single-stranded and 

double-stranded DNA 5’ AGTCC 3’ with the peptides was compared to understand how 

different DNA strands can influence complex formation. These complexes are used at 

relatively high concentrations; hence, measurements were at millimolar concentration. 

Therefore, for the study of DNA-CPP complexes, both non-isotopically enriched DNA and 

CPP samples were used. The reason for using such samples is to see if complexation can 

be observed using NMR spectroscopy, which will reduce the use of costly materials.   
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CHAPTER 1 

 

1. INTRODUCTION 

 

1.1. Overview 

Peptides, smaller than proteins, can still exhibit complex behaviour owing to their 

dynamics. Cell penetrating peptides (CPPs) are known for containing clusters of cationic 

residues that interact directly with the polar membrane surface and are thus essential to 

translocate into the cell.1 Various biotechnologies exploit this property to transfer cargo 

molecules, such as DNA and RNA into cells.  

  The plasma membrane of a living cell has a unique ability to allow certain ions and 

molecules to pass through it and protects the cell membrane from its surroundings. The 

inability of bioactive molecules to enter the membrane has been a major drawback in drug 

targeting, therapeutics, and diagnostic areas.2  

The plasma membrane includes proteins that can perform specific membrane 

functions.3 These proteins, some of which are channel proteins allow the passage of a 

substance across the membrane, and carriers protein that binds to the substance and helps it 

transfer to the membrane. Substances such as water can pass through the plasma membrane 

easily without a carrier protein, and others, such as ions, macromolecules, and charged 

molecules need a carrier to cross the membrane. Macromolecules such as polysaccharides, 

polynucleotides, and polypeptides, that are too large to be transported by carrier proteins, are 

transported into cells by vesicles. These molecules are usually transported by endocytosis, the 

process in which the molecules are captured from the surroundings of the cell by engulfing it 

with the cell membrane and exocytosis in which the vesicles formed by Golgi apparatus binds 
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to the plasma membrane and secrete their waste to the exterior of the cell membrane. The 

ability of these proteins to transport molecules, bind, and interact with the plasma membrane 

make it possible for peptides to form complexes with oligomers such as DNA and RNA.  

The delivery of biomolecules such as DNA, RNA, and proteins to plant cells has 

been achieved using various agricultural biotechnology.1 These techniques use plant 

genetic engineering methods such as particle bombardment,4 Agrobacterium,5 

microinjection6 and recently cell penetrating peptides5 to deliver genetic material into plant 

and animal cells. Some of these techniques were shown to be more effective in mammalian 

cells as compared to plant cells. Possible limitations could be the structural barrier in the 

form of the plant cell wall.  More so, the presence of the large central vacuole that does 

exist in the plant cells and therefore makes it harder for genetic material to pass through the 

plant cells.7 

The two most common plant transformation methods known are Agrobacterium 

mediated transformation and particle bombardment. The Agrobacterium mediated 

transformation, as the name imply is a transformation method that uses Agrobacterium 

tumefaciens.8 The ability of Agrobacterium to transfer biomolecules such as DNA to plant 

cells has been used extensively for plant genetic engineering. A.tumefaciens is a bacterium 

that causes crown gall disease in plant cells, which can result in the growth of tumors in 

infected plants. Studies have shown that a plasmid referred to as tumor-inducing (Ti) 

plasmid allows these bacteria to target a broad range of plant hosts.9 

Although A. tumefaciens has been shown to infect many plant hosts, the process of 

infection and the delivery of Transferred-DNA (or T-DNA) is determined by the genetic 

control factors from both plant host and the bacterium.10 For instance, Agrobacteria have 

been shown to genetically transform monocot plant species such as rice, wheat, and maize. 
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A.tumefaciens has also been effectively used for nuclear transformation.11The VirD2 

protein attached to the 5’-end of the T-strand is presumed to aid the transformation of 

A.tumefaciens into the nucleus.12 The VirD2 contains two NLS located at the amino and 

carboxylic-terminal ends, that helps in the infection of agrobacterium. It was reported that 

the ability of VirE2 to direct fluorescently labelled ssDNA into plant cell nucleus was 

achieved using a microinjection of In vitro formed T-complexes.9 The result shows the use 

of microinjection of florescence ssDNA and dsDNA alone results in the cytoplasmic 

florescence with no possibility of transfecting the nucleus.  However, using microinjection 

of In vitro-formed VirE2-ssDNA complexes, results in the efficient nuclear transformation. 

Although the efficiency of transformation is not at par when compared to transformation 

of dicots.13 This limitation led to the development of other transformation method such as 

the particle bombardment. 

Particle bombardment, also known as the biolistic method is one of the most popular 

gene transfer techniques for monocots. In this biotechnology transformation method, the 

use of tungsten microprojectile and plasmid DNA are used to transform Chlamydomonas 

reinhardtii, Saccharomyces cerevisiae, and Candida glabrata mitochondria.14 The use of 

particle bombardment involves the extensive coating of heavy metals such as tungsten or 

gold particle with plasmid DNA, which is fired at high velocities into the target cells.15 This 

method has been used to attain a stable plasmid transformation in dicot plant species 

including potato, tomatoes, tobacco, soybean, lettuce, cabbage and sugar beet. Particle 

bombardment has also been used for the delivery of DNA into the nucleus. A study has 

reported the delivery of plasmid DNA into cultured tobacco cells using a pneumatic particle 

gun.16 The result shows that 90%  of the gene expression cell after bombarding the cell with 
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the gold particle received a DNA-coated particle in the nucleus, which results in the highest 

gene expression efficiency of the DNA.  

To overcome the limitation of host range, difficult target of T-DNA transfer into 

the cell, and the inability to transform different types of monocots in both Agrobacterium, 

and particle bombardment gene transfer technique, a new peptide transfection technology 

referred to as cell penetrating peptide, that was formally developed to work for animal cells, 

have been considered for plant cells. 

1.2. Cell Penetrating Peptides: Definition and Properties 

The cell membrane is composed of two layers of phospholipids which contain both 

hydrophilic head and hydrophobic tail.17 The hydrophilic region has the ability to interact 

with water due to the presence of polar phosphate groups, while the hydrophobic region of 

the molecule does not interact with the water because it is non-polar. 18 These basic 

structural features of the plasma membrane suggest that cell penetrating peptides can 

directly interact with the phospholipid chains, by altering the structure of the membrane 

and lead to peptide translocation.17  

In the late 1980’s, proteins that can enter plant cells were first discovered, from the 

understanding that hydrophilic molecules cannot pass through the plasma membrane.19 

However, studies have shown that Trans-Activator of Transcription (Tat) protein of the 

human immunodeficiency virus has the ability to translocate cell membrane.20 In addition, 

a study has shown that a synthesized 60 amino-acid similar to Drosophila Antennapedia 

homodox melanogaster could enter nerve cells and control neural morphogenesis.21 These 

result in the development of new peptides which can translocate through the plasma 

membrane, such as cell penetrating peptides.  
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Cell penetrating peptides are short peptides that can transfer polar hydrophilic 

molecules such as DNA and protein through the plasma membrane.22 The cell penetrating 

peptide sequences contain residues such as arginine (R) and lysine (K). Arginine and lysine 

residues, have a large positive charge due to their large amount of basic amino acids that 

can bind easily to the surface the cell membrane.18 Electrostatic interactions between the 

anionic phosphate group of the plasma membrane and the cationic peptide results in the 

binding of the peptide at the surface of the cell.23-24 The mechanism of CPP translocation 

into living cells have been shown to follow mostly the endocytotic pathway.25 The 

endocytotic pathway mechanism has been used to study the internalization of CPP-cargo 

complexes.7 This pathway is categorized by forming a vesicle to transfer fluids, and 

macromolecules into living cells.1 Cationic CPPs such as poly-arginine, poly-lysine, and 

Tat can mediate endocytosis through caveolin mediated, macropinocytosis, and clathrin. 

During the internalization of CPP into the cell, the vesicle content can be affected either by 

transporting to the endoplasmic reticulum or stored in the caveosome in order to get the 

final target, which depends solely on the type of endocytotic pathway involved.5 Therefore, 

CPPs must be able to cross the vesicle, be released and able to reach the cellular 

compartment.   

 Another mechanism known for CPP internalization into the living cell is the direct 

membrane translocation. These mechanisms involve the disruption of the lipid bilayer by 

pore formation and micelles. In the “inverted micelle model” according to Derossi et al.26 

the interaction of the cell penetrating peptide with the lipid membrane will lead to an 

interaction of hydrophobic residue within the membrane core followed by the 

destabilization of the cell, and formation of an invaginated membrane.  These 

destabilization results in an inverted micelle formation that confine CPP in the hydrophilic 
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core. It was shown that the interaction of amino acids arginine and lysine with the cell 

membrane using the inverted micelle model.27 The interaction of the amino acids with the 

membrane was suggested to be due to interaction of guanadinium and amine group with 

the hydrophilic head group of the plasma membrane. However, the limitation of this 

method is the inability to translocate higher molecular weight peptides. 

 In addition, the interaction of peptide with the phospholipid chain can lead to pore 

formation in the membrane. During these formation, the peptide which is assumed to have 

an amphipathic alpha-helix structure inserts into the membrane, where the aliphatic chain 

of the phospholipid interacts with the hydrophilic face of the peptide to form a pore. 

Although, compared to the inverted micelle model, larger molecular weight peptides can 

be transported in this mechanism, the disadvantage, however, is the destabilization of the 

plasma membrane.28 It is likely that the above-mentioned models may not completely 

explain the mechanism of penetration of different CPPs. More data using different CPPs 

and cargo molecules are needed to complete our understanding of the mechanism of CPP 

translocation. 

 One of the advantages of CPPs is their ability to interact with biological active 

cargoes. The cargo molecules have been reported to be effectively delivered by CPPs, 

including small molecules, fragment DNA and PNA etc.29 The thiol group of cysteine was 

used to bind cargo to transporatan.30 The thiol group was cleaved to a disulphide bridge 

between the cargo and CPP, which results in the release of the cargo into the cell. 

CPPs are classified into four categories cationic, primary amphipathic, secondary 

amphipathic, and hydrophobic CPPs. Cationic peptides were the first to be discovered and 

was derived from H1V-1 protein, specifically the Tat (RKKRRQRRR) domain.31 For 

adequate uptake, studies have shown that the length of the cationic CPPs required for 
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cellular uptake starts from chains consisting of at least eight amino acids. In addition, larger 

amounts of arginine amino-acid increases the chances of cellular uptake.32 Cationic CPPs 

such as nuclear localization sequence (NLS) which consist of lysine, arginine, and proline 

can translocate into the nucleus through the nuclear pore complex.  Although, most NLS 

have less than eight positively charged amino residues and as such are not good CPPs, they 

can attach to a hydrophobic peptide sequence to form an amphipathic CPPs useful for 

cellular uptake.33Another CPPs that was discovered is the primary amphipathic CPPs. 

Primary amphipathic CPPs were derived from proteins that are covalently attached 

to a hydrophilic peptide.34 They have about fifty amino acid residues in the sequence rich 

in tryptophan, leucine and isoleucine.34 Unlike the primary amphipathic CPPs that have 

hydrophilic residues, secondary amphipathic CPPs have both hydrophobic and hydrophilic 

faces separated in the helix.35 Using a model amphipathic peptide MAP 

(KLALKLALKALKAALKLA), it was shown that by adding lysine along with polar 

residues will increase uptake if only the amphipathic feature remains inert.  

1.3. Characterization of CPPs 

Cell penetrating peptides contain positively charged polar amino acids, including 

arginine, lysine, glutamine, serine, and alanine etc. (Figure 1.3 a, b, c).  
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Figure 1.1. Structural examples of CPP a) Arginine b) Lysine c) Glutamine at pH 7 

 

Many studies have been carried out to characterize CPPs including, methods such 

as scanning electron microscopy (SEM), atomic force microscopy (AFM), light scattering, 

X-ray crystallography and NMR, amongst others. These methods have been used to 

measure parameters such as electrophoresis assay, overall size of nanoparticle in AFM and 

SEM, structural, and conformational studies.  

Solid-state NMR was used to observe the structure and dynamic interactions of 

CPPs and antimicrobial peptides (AMP) with lipid membranes.36 Tat and penetratin were 

chosen as the CPPs, while Protegin-1 (PG-1),36 and Neutrophil-peptide -1(HNP-1), as the 

AMPs. 2D 13C detected 1H spin diffusion experiment was used to observe the interaction 

between both arginine guanidinium- water phosphate and lysine-lipid. The result shows 

that Tat has a cross peak with the water-phosphate, which confirm Tat strong interaction 

with the cell membrane.37 In addition, another study show a short distance of 4.3 Å between 

13C ξ-31P of Arg10 and 4.0 Å between the side of 13Cε-lipid 31P in Lys13; the measurement 

using a 13C-31P REDOR NMR prove guanidinium- phosphate complexation.36 
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Fluorinated amino-acid has also been shown useful for protein NMR. 38 This is 

because 19F nucleus is a sensitive nucleus of ½ spin with 100% isotopic abundance, 

naturally not common in most biomolecules, which result in their good spectral 

interpretation. Fluorinated proteins have been widely used to study biomolecules of high 

molecular protein and protein-ligand binding.38 

The use of 5-fluoroindole instead of 6-fluorotryptophan is about 15-fold less 

expensive and allows for the study of more fluorinated amino-acids .39 In addition, it has 

been shown that Escherichia coli BL21 use fluoroindole for biosynthesis of protein that 

has 19F-tryptophan.40 6-fluro-tryptophan and 5-fluoroindole shows multiplets peaks at -46.1 

and -50.1ppm in the 19F NMR spectra, respectively. The 19F nuclei in the B1 domain of 

protein G (GB1) in both 6-fluro-tryptophan and 5-fluoroindole lead to signals at -45.1 and 

-48.2 ppm which shows the mobilisation of the starting material. For this reason, fluorine 

NMR  is a power technique in determining the interaction of large molecular weight amino-

acids with cell membrane. 

1.4. Deoxyribonucleic Acid (DNA) – Definition and Properties 

DNA can be thought of containing the necessary commands that aid the production of 

proteins and other biomolecules crucial to cell function. Biomolecules such as proteins can 

interact with DNA including, participating in structuring chromatin, methylating DNA, 

transcribing DNA sequences, replicating and repairing it. An understanding of the DNA 

structure is important to know how DNA can encode the functions of genes.41 

The first structure of DNA as proposed by Watson and Crick suggested that the two 

DNA strands called the polynucleotides consist of smaller units called nucleotides. The 

nucleotides consist of three groups which are bases, sugar-ribose, and the phosphate group.  
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DNA consists of four bases which include, Adenine (A), Guanine (G), Thymine (T), and 

Cytosine (C). These bases are connected covalently to the sugar-deoxyribose phosphate 

backbone, which has a phosphate at the 5’end. According to Chargaff, the nitrogenous base 

is bonded together to formed a double stranded DNA. This follows the rule (A-T and G-

C), were A-T are formed by two hydrogen-bonds, binding the nitrogenous bases of each 

separate polynucleotide, and G-C by three hydrogen-bond binding the nitrogenous bases. 

 

Figure 1.2. DNA Purine Rings a) Adenine b) Guanine 

 

Figure 1.3. DNA Pyrimidine and Ribose Rings c) Cytosine d) Thymine e) 2’’-deoxy-β-D-

ribose sugar 

Bases in DNA consist of both purines (Figure 1.2); and pyrimidines (Figure 

1.3c,1.3d). The purine (A and G) are heterocyclic organic compounds that consist of 

pyrimidine joined with an imidazole ring while the pyrimidines (C and T) consist of a six-

membered aromatic heterocyclic organic ring with two nitrogen atoms at position 1 and 3 
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of the ring. Sugar-phosphate backbone consists of deoxyribose (5-membered carbon) sugar. 

These sugars are connected to the phosphate groups, which forms phosphodiester bond 

between the 3’, and 5’carbon atoms of the next sugar rings as shown in Figure 1.3e.  

1.5. Characterisation of DNA 

Over the last decade, the structure of DNA has been studied to get a better 

understanding of how the DNA helix are formed, and their interaction with other molecules. 

Recently, different techniques have been used to study the structure of DNA, which 

includes X-ray, Crystallography, NMR, etc. 

 For instance, a crystal structural characterisation of an exocyclic DNA adducts: 3, 

N4-etheno-2’-deoxycytidine in the dodecahedra 5’-CGCGAATTεCGCG-3’ at 1.8Å 

resolution has shown that exocyclic DNA base adduct can influence the structure of 

oligonucleotide.42 This is due to the easy rotation around the sugar-phosphate backbone 

which may cause a displacement of large base adduct into the major groove of the DNA 

helix. In light of this, a high-resolution NMR spectroscopy of the same DNA has been 

observed and suggested an anti-orientation around the glycosidic torsion angle which 

confirms a right-handed helical conformation and aligns with the Watson-Crick canonical 

base pair model.43 The cross-peak volumes were integrated and plotted against the mixing 

times using a three jump-and-return pulse. The result of this method was obtained by 

comparing build-up curves for cross peaks between two protons in which their distance is 

fixed. However, the limitation of this approach is the inability to integrate over-lapping 

cross-peaks that are not well resolved. 

Electron paramagnetic resonance spectroscopy (EPR) has also been used to study the 

structure and dynamics of proteins, DNA, and RNA.44. EPR was used to determine the 
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relative motion of nucleotides in a C/G hairpin loop 5’-d (GCGC) and 5’-d (CGCG). In 

these molecules, it was shown that the second nucleotide at the 5’end has more mobility 

than the other nucleotides.  

An X-ray diffraction and NMR study of a heterogeneous mixture of 3-dimensional DNA 

molecules have been presumed to have the same monotonous structure of 360o angle of helical 

twist between the adjacent nucleotide pairs.45 Shiyan Xiao et al. have also used a neutralization 

method to study the changes within the cationic region of the phosphate group in a DNA 

duplex.46 In their findings, they observed that neutralizing the net charge in the nucleic acid, 

and condensing the ion layer surrounding, the molecule can reduce repulsion through 

electrostatic screening which will affect the structural stability and dynamic of DNA. Moreover, 

the effect of this neutralization will increase in the major groove width, decrease in the minor 

groove width, and reduce the global direction preference. 

  NMR techniques such as 2D and 3D NMR spectroscopy have been used to 

characterize DNA sugar-phosphate backbone, geometry, and glycosidic bond dihedral angle. 

The sugar conformation of a DNA fragment d-ACATCGATGT has been studied using a 2D-

NOESY and 19F phase angle (P) experiment used in measuring the non-planar ring in the sugar 

phosphate.47 Using this approach, it was shown in the that the distance between H1’- H3’, and 

H2’-H4’ in the intra-sugar H-H distance is usually greater than 3.7Å, and will, therefore, give 

rise to a NOESY cross peak at short mixing times. Whereas, the distance between H1’H2’’, 

2’-3’, 1’-2’, 2’’-3’, and 3’-4’ which vary within a range of 0.2 Å, therefore, give a very strong 

NOESY cross peak. However, the distance between 1’- 4’, and 2’-4’ varies between 2.8 and 

5.0Å, which makes them useful for sugar phosphate backbone conformations. For the DNA 

fragment stated above, it was observed that the distance between H1’-H2’’ ranges from 2.6 to 

3.1Å.   
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A method called CHEOPS (chemical shift de Nova structure derivation protocol 

exploring singular value decomposition and backbone restrained molecular dynamic) has also 

been used to determine the 3-dimensional structure of RNA.48 This method uses the proton 

chemical shift parameters which are either an experimental or simulated analysis to find errors 

in the data that have already been used to determine the structure of a helix. In their findings, 

they concluded that the experimental data from proton chemical shift was sufficient to 

determine the helix structure. 

1.6. Complexation of CPP: Nucleic Acids  

 The understanding of the CPP-cargo complexation is of great interest in plant 

biotechnology. The first finding was reported for histone-DNA complexation.49 In these 

studies, the binding of a highly positively charged histone to anti-dsDNA antibodies was 

shown to be due to the interaction of the anionic site of the glomerular basement membrane 

(GMB) with cationic histone.49 Another study has shown the complexation between a single-

stranded DNA and ethylene diamine dendrimers using a molecular dynamics simulation.50 It 

was also reported that the binding of the DNA-dendrimer was due to competition between the 

enthalpic and entropic rigidity of the DNA. The complexation was also dependent on pH, salt 

concentration, and the DNA sequence which allows stable complexation. Amongst the various 

classes of CPPs, arginine-rich CPP such as HIV-1, TAT, and poly- arginine emerge as the 

most commonly used CPPs for the delivery of macromolecules. The successful binding of the 

CPPs depends on the basic properties of the guanadinium head group in the arginine molecule. 

The guanadinium head group is capable of forming  hydrogen bond with both sulfate and 

phosphate groups, and thus improves the binding affinity of the CPPs at the surface of the cell 

membrane.51 Another method of enhancing the internalization of arginine-rich CPP depends 
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on the size of both the cargo and CPPs molecule.52 At a certain size of CPP alone and when 

complexed with DNA, CPP can instantly translocate through the membrane.  

 For instance, Tat has shown an intrinsic ability to cross the plasma membrane. The 

main characteristic of this CPP is the guanadinium group of its arginine residue and the 

overall high positive net charge.1 Tat plays a very important role in promoting replication 

in HIV-1 virus, by increasing the binding ability of TAR hairpin at the 5’ region on RNA.5 

The non-transcription function of Tat in HIV virus has also been shown to impact HIV-1 

translation53, capping, reverse transcription, and splicing.27 

 A study showed that the Tat2 mediated the delivery of plasmid DNA to triticale 

isolated microspores. The mechanism of internalization of Tat2 in plant cells is not known 

since the study of cellular internalization of DNA associated with Tat2 has been only shown 

for mammalian cells.54 Studies have reported the cellular internalization of the basic 

domain of Tat and Tat2 in triticale mesophyll protoplast.8 The result shows that the cellular 

internalization of the Tat2 dimer was about 1.6 times higher to that of Tat monomer, which 

was because of the number of arginine residues in Tat2 as compared to Tat.  

 Recently, to improve the binding properties of DNA and RNA with peptides, 

researchers came up with methods of modifying the molecules, which include labelling the 

part of the molecule or substituting them with other materials. For instance, the sugar-

phosphodiester backbone of Peptide nucleic acids (PNA) is replaced with an N-(2-

aminoethtyl) glycine peptide. PNA has been shown to have a very stable binding affinity with 

RNA and DNA oligomers, even more than their equivalent DNA-DNA, DNA-RNA 

duplexes.55 The ability of PNA to bind strongly to complementary oligomer sequence has 

made them useful in pharmaceutical research.6 Substituting charged and chiral groups into 
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PNA backbone have been shown to increase complexation in macromolecular uptake.56For 

instance, a molecular dynamics study was used by Ida Autiero et al,. to study the structural 

properties that drive the complexation and binding of chiral D-Lys-PNA and its achiral D-

Lys-PNA with DNA and complementary strand of RNA.57 It was shown that the presence of 

the chiral group in the PNA-DNA complexes affect the stability of the complex and does not 

affect the formation of the anti-parallel duplex.58 They also discovered a structural rigidity at 

position 5, 6, and 7 in the D-Lys-PNA-DNA duplex which was due to the WC-has in the 

central region of the duplex. Thus, it was concluded that the substitution of the three D-Lys in 

PNA backbone could be explored for the expansion of a newer PNA-based molecule that can 

distinguish DNA and RNA duplexes.57 

The complex formation between peptides and DNA or RNA is also due to the motion 

within the macromolecules. 59 The motion of the macromolecules plays a vital role in the 

dynamics of the complexes formed, and can improve the function of DNA and RNA process. 

The optimization of interfacial line broadening in the protein-DNA complex caused by 

dynamic changes in the aromatic ring, was solved by Junji and co-workers.47 The solution 

structure of Dead ring protein (DRI-DBD ly262-Gly398) and its DNA binding site (DRI DBD: 

DNA,26 kDa) was investigated. The Dead ring protein (DRI-DBD ly262-Gly398) came from 

a Drosophila melanogaster, a regulatory protein used in the development of embryo that 

interacts with DNA in the nucleus through a domain named AT-rich domain (ARID).60 2D 

(F1, F2)13C-filtered NOESY experiments which use a 1JHC against chemical shift optimized 

adiabatic 13C inversion pulse were used. Results show that using a complementary WURST 

optimized 2D [F2] 13C-filtered NOESY experiment, it is possible to get the intra-DNA cross 

peaks and intermolecular NOE’s between the protein-DNA protons. Moreso, the 

complexation formed between the DRI-DRD and the DNA causes a line broadening in the 1H 
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spectrum. These results in slow exchange dynamic which cannot be resolved by optimizing 

the spectrum. To resolve this problem of line broadening, they introduced the removal of the 

aromatic side chains, which could cause a large-ring current and induced distortion in the 

chemical shift close to the nuclei. Although, this work suggests a good method of optimizing 

line broadening problem that arises from a dynamic change in the close aromatic ring of 

protein-DNA complexes, however, this method can only be used if one of the molecules is 

labelled with 15N or 13C isotopes. 

Crystallography studies have been carried out on specific protein-DNA complexes. 

However, these studies have been restrained to a specific binding of the protein on a single 

site of the DNA molecule. Although studies have shown the structural characterisation at 

atomic resolution, the biomolecular importance is not well understood. This is due to the fact 

the structure of the complex can be affected by crystal packing forces and cross-linking agents, 

and can, therefore, aid the binding at a single location site of the DNA.61 

Recently, the structural characterisation of the non-specific protein-DNA complexes 

has been done without constraining the protein to a site of the DNA molecule.62 In this study, 

different NMR techniques such as relaxation analysis, paramagnetic relaxation enhancement 

(PRE), and residual dipolar coupling (RDC) was used to study complexation of HOXD9 

homeodomain with a non-specific, 24 base pair DNA duplex. Relaxation analysis shows that 

the transfer of protein from DNA to the other occurs directly. Also, comparing the RDC and 

PRE-analysis, the difference between the non-specific and specific DNA site shows that even 

at the same binding mode, the non-specific DNA of HOXD9 homeodomain diffuses 

continually as compared to the specific DNA. Surprisingly, in the heteronuclear [1Hε]
15Nε 

NOE analysis, arginine side chain that binds with the DNA move more rapidly in the non-

specific site than the specific site. 
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Kwaku T. and his colleagues also looked into the dynamic process of HIV2.TAR RNA 

in the presence and absence of a ligand named arginiamide.63 Using both 13C and 15N 

relaxation measurements, they were able to recognise a conformational change in TAR when 

it binds with arginine amide ligand. The measurement showed rigidity at the region where the 

complexation took place, as compared to results without complexation with the ligand with 

more flexibility. However, even with their successful findings in recognizing the dynamics of 

the complexation, they were not able to solve the exact mechanism for the conformation 

changes, and binding affinity. 

1.7. Conclusion 

 The knowledge gained about the CPP has increased and become useful in nano-

biotechnology to deliver cargoes such as DNA and RNA into plant cells. Further 

characterization of CPPs sequences and the mechanisms of their functions will allow to 

optimize their mode of interaction and facilitate the discovery of new CPPs that can be used 

for cellular uptake. The following thesis endeavours to illustrate the use of NMR technique 

in characterizing the structural features that give rise to complexation behaviour of CPP-

cargo complexes and polyplexes, and the problems that must be overcome in other to make 

CPP an important biotechnology method for plant transformation. 

Although, several factors affect the quality of NMR data which includes: molecular 

weight, spectral complexities and line broadening caused by chemical exchange. In this thesis, 

characterization of an unlabelled CPP-DNA complexation will be more focused on relaxation 

measurements and equilibrium concentration, which will give a better insight into their 

dynamic, and the stoichiometry of their complexation. The next chapter will introduce some 

NMR fundamentals, and the techniques employed in the later chapters.  
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CHAPTER 2 

 

2. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

 

2.1. Overview 

Nuclear Magnetic Resonance (NMR) is a physical phenomenon in which the nuclei 

in a magnetic field absorbs energy. NMR spectroscopy was first carried out in 1946 by 

Bloch and Purcell, which won them a Nobel prize in 1952. NMR spectroscopy is used to 

characterise the structures of macromolecules at atomic resolution. Because NMR 

spectroscopy is good for the measurement of time dependence chemical phenomenon, it is 

used to investigate reaction kinetics, and intramolecular dynamics in biomolecular systems. 

 The application of NMR spectroscopy in this thesis will be based on the structural 

and dynamic characterisation of DNA and peptide complexation in solution state. This 

chapter will cover some fundamental techniques that have been used for this research and 

will also provide sufficient details of the theoretical concepts to explain the experimental 

methods.  

 In this chapter, the introduction to the NMR fundamentals was adapted from 

textbook by Keeler,64 Jacobsen65, Levitt66, Hore67, Günther68, Zerbe, and Juot69. All figures 

shown herein also were generated by the authors. 
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2.1.1 Nuclear Magnetic Spin 

 The major properties of NMR spectroscopy are based on the magnetic 

characteristics of the atomic nuclei, which are independent of the type of the spectrometer. 

These nuclei possess an angular momentum L, which give rise to a magnetic moment μ, 

related with this equation: 

𝜇 = 𝛾𝑳⃑⃑⃑                        |𝑳| = ℏ√𝑙(𝑙 + 1)                                                                        (2.1) 

where γ is the magnetogyric ratio (in rad T-1s-1). Nuclear spin angular momentum spin 

quantum number (I), which varies from (0, 1/2, 1, 3/2… etc.) depending on the mass, 

atomic number and the nuclear angular momentum (L). The z-component of the angular 

momentum has associated quantum number m, that ranges from -I to +I integer steps. For 

example, the proton (1H) has a spin quantum number and exhibit two spin states, α and β 

attributed to magnetic quantum numbers mI = +1/2 or mI = -1/2 respectively. It can be 

rewritten therefore from equation (2.1): 

𝜇z = 𝑚I  𝛾ћ               (2.2) 

or 

       𝜇z = ±
1

2
 𝛾ћ = ±𝛾ћ                                                                                              

  

In the presence of the magnetic field B0, they have two different energies as described in 

Fig 2.1 below, only when the magnetic field direction defines the z-axis orientation. The 

energy is given as:  

𝐸 = −𝜇⃑. 𝐵⃑⃑  = −(𝜇x 𝐵z + 𝜇y 𝐵y + 𝜇z 𝐵z )                                                                    (2.3) 
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where 𝐵z = 𝐵0  

E = −𝑚I  𝛾ћ. 𝐵0               (2.4) 

 
Figure 2.1. The proton spins states in the presence of an external magnetic field. 

The energy of the lower spin state α (mI =+1/2), is the more stable state with, E+1/2 = 

−
1

2
𝛾ћ𝐵0 , and the higher spin state β (mI =-1/2), is the less stable state with, E-1/2 = 

1

2
𝛾ћ𝐵0 . 

Thus, the energy difference between α and β are 

𝐸α − 𝐸β =
1

2
 𝛾ћ𝐵0 −−

1

2
𝛾ћ𝐵0                                         (2.5) 

Therefore, the energy difference 𝛥𝐸 =  𝐸α − 𝐸β                                  

 𝛥𝐸 = +𝛾ћ𝐵0 = 𝜔𝑜                                                                  (2.6) 

The number of nuclei in each spin state can be represented by Boltzmann distribution: 

𝑁𝛽

𝑁𝛼
= 𝑒−𝛾𝐵0 /𝑘𝑇   (2.7) 

where Nβ and Nα are the number of nuclei in the spin respectively, γ is the magnetogyric 

ratio, B0 is the external magnetic field strength, k is Boltzmann constant and T is the 

absolute temperature. 

Since 𝛥𝐸 ≪ 𝑘𝑇 
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𝑁𝛽

𝑁𝛼
≈ 1 −

𝛾𝐵0 
𝑘𝑇

 

 

Therefore, the population of α and β are, 

𝛼 =
1

2
+
1

2

𝛾𝐵0 

𝑘𝑇
  , β =

1

2
−
1

2

𝛾𝐵0 

𝑘𝑇
 

𝛥𝑛 ≅
𝛾𝐵0 
𝑘𝑇

 

𝑀𝑧 ≅  𝛥𝑛. µ𝑧                                                                                                               (2.8) 

 

2.2. Solution State NMR Spectroscopy 

  Solution sate NMR spectroscopy is a technique for studying the structural dynamic 

of biomolecules, even at high-resolution and residual level. In the analysis of this thesis, 

solution NMR was employed to characterise the structure of how peptide based nano-

carriers bind to cargoes such as DNA. In the next paragraphs, focus will be on one-

dimensional (1D) and two-dimensional (2D) NMR methods that were used for full 

structural assignment. 

2.2.1. Chemical shifts and J-Coupling 

   In NMR spectroscopy, the frequency of the NMR line is directly proportional to the 

magnetic field strength, so increasing the magnetic field strength of the spectrometer 

increase the frequency scale. The magnetic dependence makes it difficult to compare 

frequencies of spectrometer with different field strength. To rule out this problem, the 

chemical shift scale is introduced, which is independent of the field strength of the 

spectrometer. 

  The magnetic field experience by the nuclei in a molecule are different for different 

electronic environment. For instance, the proton nuclei located in the -CH2-Cl group in 

chloropropane will experience a different magnetic field than the protons located in -CH3 

and -CH2 groups. This effect resulting to different chemical environment of the proton 
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nuclei in the molecule is known as the chemical shift. The chemical shift is connected to 

the resonance frequency which is proportional to the magnetic field 

ʋ0 = γB0/2π                         (2.9) 

  The chemical shift is caused by an induction of current from an external magnetic 

field B0 in the electron clouds surrounding the nucleus. When this happens, a magnetic 

moment µ opposed to the B0. This allows the local field at the nucleus to be smaller than 

the applied field by an amount equal of σB0, Equation (2.18). Where σ is called the 

shielding constant, σBo is the magnitude of the other field induced at the nucleus. 

𝐵𝑙𝑜𝑐𝑎𝑙 = 𝐵0(1 − 𝜎)                                                                                                          (2.10) 

The shielding moves from left to right in its principle axis system, which describes the 

shielding as a factor of orientation. Mathematically, shielding is express as a 3×3 diagonal 

matrix given by: 

𝜎̂ = |

𝛿11 0 0
0 𝛿22 0
0 0 𝛿33

|                                                                                                         (2.11) 

Due to the random re-orientational motion in solution state, averages the orientational 

dependence giving by 𝑡𝑟𝜎 which is the trace of the shielding matrix: 

𝑡𝑟𝜎 =
1

3
(𝜎11, +𝜎22 + 𝜎33)            (2.12)                                                                                       

  The signals observed in the spectrum are due to various chemical shielding 

contributions, which includes: diamagnetic, paramagnetic, and ring-current effects. 

  Diamagnetic shielding effect is due to the motion of electrons induced by the 

external magnetic field B0 thereby generating a local magnetic field. The new induced field 

is opposite to the external magnetic field B0. This implies that the larger the electron 

density, the greater the shielding effect. This effect is very small in other nuclei except for 
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protons. It accounts for electrons that are spherically distributed; for instance, electrons 

from s-orbital of protons. The effect is related to the Biot-Savart law given by: 

𝜎 =
𝜇0ⅇ

2

3𝑚𝑒
∫ 𝑟𝜌(𝑟) ⅆ𝑟
∞

0
                                                                                                   (2.13)                                                                                                                           

where r is the distance of the electron from the nucleus, ρ(r) is the electron density, е is the 

charge and me is the mass of the electron. Alternatively, the paramagnetic effect is caused 

by the presence of unpaired electrons, induced by the external magnetic field, which leads 

to an increase in chemical shift of nearby nuclei. Paramagnetic effect is observed in the 

molecules p-orbital.  

And lastly, the ring-current effect is mostly observed in π-orbitals of an aromatic 

ring system, which cause a deshielding effect in the proton resonances. For instance, in 

benzene were the π-electron moves freely around the ring, if an external magnetic field B0 

is applied, a diamagnetic effect is felt. In this case, the magnetic field produced by the 

current complements the external magnetic field, set at the middle of the ring and leads to 

deshielding of the protons outside the ring as shown in Figure 2.2. The proton above and 

below the benzene ring are aligned with the external magnetic field and as such are 

shielded. 

 
Figure 2.2. Diamagnetic effect of benzene ring in the presence of an external magnetic 

field B0 nuclei opposing B0 are deshielded, while those aligned with B0 are shielded. 
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  The resonance frequency of a particular nucleus is proportional to the strength of 

the magnet. Chemical shifts are usually the difference in the resonance frequency with 

respect to standard. The normalised value is very small and are multiplied by 106 which is 

represented in parts per million (ppm). For different spectrometers with varying magnetic 

field strength, chemical shift can be compared according to a nucleus x which is given by:  

𝛿(𝑥) =
𝜔𝑥−𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
×106                                                                                                     (2.14) 

where ωref  is the standard frequency in which all other frequencies for instance, tetra-

melthylsilane (TMS) which gives a sharp peak at zero ppm, are measured. ωx is the 

operating frequency of the spectrometer in MHz. 

  From the previous discussion about chemical shifts, one may have an impression 

that an NMR spectrum is only dependent on the chemical shift. This is not true because 

there is a magnetic interaction between the nuclei in a molecule, known as spin-spin 

coupling interaction or J-coupling interaction. J-couplings are used to evaluate the number 

of neighbouring nuclei, which depends on the number of bonds surrounding the nuclei. 

  In NMR, they are two coupling interactions that occur: dipolar coupling (direct 

interaction) and scalar coupling (indirect interaction). The dipolar coupling is not detected 

in solution state, because dipolar coupling relies on the direction of the internuclear vector 

with respect to the static field. In solution, molecules rotate fast that this effect is cancelled 

out and are not observed. However, dipole-dipole can be observed in liquid crystal and 

solid, and also drives relaxation. 

  In contrast to this, scalar coupling depends on the interaction between two nuclei 

through which the nuclei are indirectly connected. The coupling constant is always 
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represented as nJ where “n” is the number of bonds involved; e.g. 1, 2, 3 bond couplings 

given as 1J, 2J, 3J respectively. 

  In one bond coupling, for example 1H-13C bond, the 1J1H-13C coupling constant is 

usually positive and ranges from 100-250 Hz depending on the hybridization of the s-

orbitals. The coupling constant increase from (sp3 < sp2 < sp) with sp being the highest, at 

250 Hz, as it has the greatest characteristics. However, in two bond coupling also known 

as (geminal coupling) 2J, e.g. CH2 the coupling constants are usually negative.  

The three-bond coupling called (vicinal coupling) coupling constant depends on the 

dihedral angle between the bonds, and are related to the Karplus equation given by: 

3𝐽 = 𝐴 + 𝐵 cos𝜙 + 𝐶 cos2 𝜙                                                                                    (2.15) 

where A, B, and C are constants with values 7, -1, and 5, the dihedral angle ϕ ranges from 

0o-180o, 3J is the coupling from 2-12Hz show in the Karplus curve Figure 2.3.  

                   
Figure 2.3. Dependence of three-bond coupling on dihedral angle and the Karplus curve 

for 3J scalar coupling of two protons at an angle 90o. 

2.3. Generation of NMR Signal and Relaxation Measurement 

   Longitudinal magnetization at equilibrium does not depend on the time and is not 

detectable. Therefore, to generate an NMR signal, a radio frequency (RF) pulse is applied 

at the Larmor frequency to either x or y axis. This pulse allows the bulk magnetization to 
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rotate anticlockwise in the x’-y’ plane. However, the degree of rotation depends on the 

amount of pulse applied as illustrated in the Figure 2.4.  

 

Figure 2.4. Precession of longitudinal magnetization Mz to transverse plane after a radio 

frequency pulse is applied. 

  Consequently, if the Larmor frequency is fixed, a strong pulse applied on the 

transverse plane, will cause the spins that are in antiphase to precess inphase with each 

other, and give rise to a transverse magnetization precessing at the Larmor frequency. The 

precession of the transverse magnetization will lead an oscillation in the magnetic field, 

and induces a current that is detected by the coil that was used to apply the radio frequency 

pulse. Overtime, when the r.f pulse is stopped, the transverse magnetization gradually 

returns back to it equilibrium state (Mz), such process is called relaxation. 

  The relaxation process that drives the spin to return back to its equilibrium state, 

has a timescale that is very important in the NMR experiment. Although, information such 

as coupling constants and chemical shifts are invaluable in characterizing the molecular 

structure, relaxation is related to dynamic orientation of molecules. During longitudinal 

relaxation, the z-magnetization at non-equilibrium (M0= 0) Figure 2.5, slowly resolves its 

equilibrium value over time.  
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Figure 2.5. Relaxation of z-magnetization to an equilibrium value. 

  Since the fluctuations in the local magnetic field are caused by the thermal activated 

local motion, it is very convenient to study motion using relaxation measurements. In an 

ordinary NMR spectrum, these interactions are not detected. For instance, the interaction 

between a through space dipolar-dipolar couplings of a liquid cannot be observed. Whereas, 

relaxation measurements can reveal such process, which are useful for both structural and 

dynamic information of biomolecules. As mentioned earlier, the mechanism of relaxation 

can be divided into two: longitudinal also known as (T1) and transverse relaxation (T2). 

     Longitudinal relaxation is the process in which the magnetization along the z-axis 

is returned to equilibrium. The typical use for this measurement is the inversion recovery 

experiment. In which initially, a 180o pulse is applied followed by a recovery time, at this 

time the relaxation occurs causing Mz to invert from -M0 to the equilibrium value of M0, 

after which a 90o pulse is applied to detect the signal as shown in Figure 2.6. 
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Figure 2.6. Pulse sequence of inversion Recovery method in Longitudinal relaxation 

experiment 

  The rate at which Mz returns to equilibrium is given by the first order rate constant 

T1, according to the equation below: 

𝑀𝑧(𝑡) − 𝑀ⅇ𝑞 = (𝑀0 −𝑀ⅇ𝑞)e
− t

T1
                   (2.16) 

at   t = 0, Mz (0) = M0 

 t = ∞, Mz (∞) = Meq                                                                                                             

The signal intensity starts from negative value (ideally - Meq) then passes zero, becoming 

positive at longer τ value. More so, in order to be quantitative one must wait for a duration 

period of 5-7 times T1 between each scan. The intensity of each τ  is also related to T1 from 

this Equation: 
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𝑀𝑧(𝑡) = (𝑀0 −𝑀ⅇ𝑞)e
− t

T1
+𝑀ⅇ𝑞        (2.17) 

or 

𝐼(𝑡) = (𝐼0 − 𝐼ⅇ𝑞)e
− t

T1
  − 𝐼ⅇ𝑞       

   When a radio frequency pulse is applied on the transverse magnetization, all the 

spins precess inphase with each other around the Z-axis as long as the r.f is still on. When 

the r.f pulse is terminated, coherence is lost over time due to time dependence local field 

causing the transverse magnetization (Mx,y ) to dissipate over time Figure 2.7.  

 

Figure 2.7. Coherence distribution at Mx and My plane, which leads to net transverse 

magnetization processing at the Larmor frequency. 

  The transverse components in the x-y plane decrease at the rate determined 

Transverse relaxation time. The dynamic of Mx+My on resonance is determined by these 

simplified Bloch equations: 

ⅆ𝑀𝑥

ⅆ𝑡
= −

𝑀𝑥

𝑇2
  , 
ⅆ𝑀𝑦

ⅆ𝑡
= −

𝑀𝑦

𝑇2
                                                                               (2.18)                                                                         

𝑀𝑥𝑦(𝑡) = 𝑀ⅇ𝑞e
− t

T22
        

where T2 is the transverse relaxation time constant and Meq is the initial intensity of the 

transverse magnetization. 
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  In transverse relaxation T2, the transverse magnetization rotating at the Larmor 

frequency creates an oscillating magnetic field that induces a current in the signal-detection 

coil.                                                          

𝑆(𝑡) = 𝑆ⅇ𝑞e(i𝜔𝑜t)e
− t

T2
                  (2.18) 

where St is the signal intensity at a given time t and Seq is the initial intensity. The signal 

intensity detected as a time function that can be converted into frequency domain using the 

Fourier transform (FT), which gives the final NMR spectrum. The NMR spectrum will be 

a plot of the signal intensity as a function of frequency that has a peak centred at the Larmor 

frequency 𝜔𝑜                                                                                   (2.19) with a half-line 

width given by 1/πT2 Equation (2.1). 

8.  

Figure 2.8. Half line-width of Transverse Relaxation Magnetization. 

𝛥𝑣1
2⁄
=

1

𝜋𝑇2
                                                                                                       (2.20) 

  The motion of molecules results to relaxation from the fluctuation of the local field 

at the nucleus. For instance, if two spins are within the same molecule that interact with 

each other through dipolar coupling, as the molecule tumbles, the direction of the local 

magnetic field experienced by one spin on the other spin also tumbles. Since the dipolar 
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coupling between the two spins is dependent on the orientation of the molecule. Thus, 

relaxation times are also linked to motion of molecules. 

  The correlation function is used to characterise the time dependence of the motion 

in a molecule. If a spin experiences a local field Bloc (t) at time τ. The correlation function 

is expressed as 𝔾(t, τ). The time (Bt) it takes the local field to fluctuate is given by the 

autocorrelation function G(t) in Equation 2.20. 

𝔾(t) = 〈𝐵𝑡(𝑡)𝐵𝑡(𝑡 + τ)〉 ≈ 〈𝐵
2
𝑡(𝑡)〉𝑒𝑥𝑝 − (

|𝑡|

τ𝑐
)      (2.21) 

where 𝐵𝑡 and 𝐵𝑡(𝑡 + τ) are the local field at time t, τ𝑐 is the correlation time and it is the 

time it takes for a molecule to rotate at 1 radian. Correlation time is small for fast motion 

and large for slow motions. The autocorrelation function called the spectral density function 

given by: 

J(ω) = 
τ𝑐

1+ω0
2τ𝑐
2            (2.22) 

From equation 2.14, at the extreme narrowing (fast motion):  

𝜔𝑜τc<<1, J(ω0) = 2           (2.23) 

Slow motion regime:  

𝜔𝑜τc>>1, J(ω) = 
2

ω0
2τ𝑐

           (2.24)  

Based on these assumptions, the relaxation rates 1/T1 and 1/T2 for a 1H nucleus can be 

written as a function of spectral density by Equation 2.24. 

1

𝑇1
=

3

10
𝑏2{𝐽(ω0) + 4𝐽(2ω0)}          (2.25)  

1

𝑇2
=

3

20
𝑏2{3𝐽(0) + 5𝐽(ω0) + 2𝐽(2ω0)}        (2.26) 

where b is, a constant defined as: 

𝑏 = 
µ0𝛾1𝛾2ℏ

4𝜋𝑟3
           (2.27) 
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where µ0 is a physical constant, 𝛾2 and 𝛾1 are gyromagnetic ratios of two spins, r is the 

distance between the two spins. 

  The longitudinal relaxation time T1 depends on correlation time τc. Correlation 

times are inversely related to rate of re-orientational motion. For small molecules that move 

fast correlation times are very short and T1 are correspondingly long. For large molecules 

that move slow, τc is long and T1 is short, T1 decrease until it hit (τc= 
1

𝜔0
 ) where it slowly 

increases with τc, as illustrated in the curve below as shown in Figure 2.9.  

 
Figure 2.9. Longitudinal relaxation time constant as a function of correlation time varying 

field fluctuation. 

  From this curve, it can be observed that at room temperature, gaseous molecules 

have small correlation time, followed by a non-viscous liquid. When the molecule becomes 

bigger or in viscous liquids, the correlation times are larger. The longitudinal relaxation 

times also depends on temperature. This is because the random fluctuation begins around 

the molecule, and correlation times is temperature-dependent. Heating the sample makes 

the motion faster, hence, long τc. The T1 relaxation time effect on temperature depends on 
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τc. Therefore, for a sample with long τc, heating the sample reduces T1. For a sample with 

short τc, heating the sample increases T1, as illustrated in Figure 2.10.   

 

 

Figure 2.10. (a) Showing that at long correlation, heating the sample decreases T1 (b) Short 

correlation time, heating the sample increases T1 

  The mechanism that causes the motion of a molecule to randomly fluctuate, and to 

generate magnetic field for abundant nuclei with large gyromagnetic ratio. The dipole-

dipole coupling interaction, drives relaxation. The dipolar interaction between spins occur 

when the magnetic field of one spin interacts with that of another. The relationship of this 

interaction is dependent on the internuclear distance r following approximately 1/r6, the 

spins, and the gyromagnetic ratios of the spins involved Figure 2.11.  For instance, 1H has 

larger gyromagnetic ratio as compare to 13C, and will therefore have a larger magnetic 

moment. 
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Figure 2.11. Dipole-dipole coupling between two spins A and B at the presence of an 

external magnetic field along the z-axis. 

  Practically, distance between the nuclei must be less than 5 Å for this pathway to 

be efficient. However, additional spins that have strong magnetic moment can give rise to 

relaxation. Comparing T1 and T2 with respect to correlation times, when the correlation 

time is short, the values of T1 and T2 are the same and both decrease monotonically with τc  

which is known as the “extreme narrowing limit.” However, for larger molecules with 

larger correlation times, T1 passes through a minimum value beyond which it then increases 

while T2 continues to decrease. 

 

 
Figure 2.12. Curve of T1 and T2 with respect to correlation times. 
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  Apart from the T1 and T2 relaxation measurement, another relaxation phenomenon 

is known as cross relaxation which is responsible for the Nuclear Over-Hauser Effect 

(NOE). The NOE is used to measure the spatial proximity of protons; and thus, depends on 

the dipole-dipole interaction. In the original NOE , low-power irradiation is applied 

selectively to a resonance of interest whose α and β populations are perturbed away from 

the Boltzmann’s causing saturation Figure 2.13.  

 

 

Figure 2.13. Distribution of population levels of a two-spins system IS consisted of a 

nuclear spin I and an electron spin S, which leads to inversion and saturation of signal. 

The steady sate population of α and β that is achieved under the saturation signals, is a 

consequence of the dipolar interaction between spins I and S. The deviation change in 
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population The, attempt to restablish  via Double Quantum Coherence (DQC), and Zero 

Quantum Coherence (ZQC).both resonance, where the intensity of the resonance not 

irradiated is enhanced. 

2.4. One-Dimensional (1D) NMR Spectroscopy 

2.4.1. 1H NMR Spectroscopy 

   Proton NMR Spectroscopy which has a ½ spin is one of the most sensitive nuclei 

in NMR spectroscopy. This is because of their high abundance 99% and large gyromagnetic 

ratio, which makes them detectable even at very low sample concentrations. The 

combination of J-coupling and chemical shift can be used for full structural and dynamic 

characterisation of both large and small molecules. For an electronegative substituent such 

as Br, I, or Cl attached to the nucleus, the nucleus experiences substituent effect more 

strongly, because electron is drawn away, therefore removing electron density near the 

proton. Other contributions to chemical shift change are solvent and temperature. Although 

proton NMR is the experiment that is first observed for most NMR assignment, the long-

range coupling between the protons and the overlap observed in complex molecules make 

it difficult for complete structural elucidation of molecules. For example, when 13C is not 

attached to a proton (quaternary carbon), the signal of the proton cannot be observed in 1H 

spectrum, which results in the study of 13C NMR. 

2.4.2. 13C NMR Spectroscopy 

  As compared to 1H NMR, carbon NMR spectroscopy has a low sensitivity which is 

due to their low gyromagnetic ratio. Their isotopes consist of 12C and 13C. 12C has 98.9 % 

natural abundance but is not magnetic in nature, while 13C has about 1.1% which is 

magnetic. Therefore, to acquire better resolution of signal, the sample must be very 
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concentrated. The advantage of 13C NMR spectroscopy is that, it can be easily analysed 

because 13C-13C coupling are absent and 1H-13C are removed. 13C are very useful in 

structural characterisation since they are less sensitive to factors such as temperature, 

solvent, and pH.   

  The 13C chemical shift ranges from 0-200ppm, this large range allows the signal to 

be dispersed such that the overlap is less of a problem. To get a qualitative assignment of 

13C NMR sensitivity needs to be enhanced which can be done using Polarization transfer 

pulse sequence (INEPT and DEPT). 

  In the Insensitive Nuclei Enhancement by Polarization Transfer (INEPT), 

polarization is mostly transferred from 1H into 13C, which results in an increase of intensity 

of 13C signal. Scalar coupling between the sensitive nuclei 1H and the insensitive nuclei 13C 

is mostly used in INEPT. As compared with INEPT experiment, another experiment that 

can be used to improve the sensitivity in 13C NMR is known as Distortionless enhancement 

by polarization transfer (DEPT). In this experiment, like INEPT, polarization of 

magnetization is also transferred from sensitive nuclei 1H into 13C, however the signal 

intensity depends simply on the flip angle of the last pulse applied on the 1H nuclei. This 

angle could be either 45o also known as (DEPT 45), 90o (DEPT 90), or 135o (DEPT 135).  

  In DEPT 135 spectra, the signals of methyl and methane carbon are positive while 

the methylene signal is negative. In DEPT 90 spectra, only the methine (CH) carbon are 

observed and are positive.  

2.4.3. 31P NMR Spectroscopy 
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  Phosphorus NMR spectroscopy is also a very sensitive nucleus of ½ spin and their 

spectrum are easy to interpret. The sensitivity of 31P is due to its high natural abundance 

100% and large gyromagnetic ratio. 31P can be found in most organometallic compounds, 

metal co-ordinated complexes, and nucleic acids; and can be used to study the lipid bilayer 

of biological molecules.70 31P has also been used in analyzing the dynamics and orientation 

of binding in protein with the lipid bilayers. 

  The chemical shift range of 31P varies from 200 to -200 ppm and depends on the 

paramagnetic shielding tensor of the nuclei. The chemical shift of 31P is generally 

referenced to phosphoric acid H3PO4 which absorbs at 0 ppm, are mostly observed with 1H 

decoupled and give a sharp spectrum.  

2.5. Two-Dimensional (2D) NMR Spectroscopy 

  One-dimensional NMR Spectroscopy experiments are routinely used in the 

determination of molecular structure. It suffers from the overlapping of signals obscuring 

the splitting patterns and signal position, making analyses next to impossible. To resolve 

this issue, 2D NMR spectroscopy is used which allows for the full assignment of small and 

large molecules. The signals in the 2D experiment are distributed over a second dimension, 

removing overlap. 2D NMR experiments are now rapid procedures that can produce 

reliable results if the acquisition parameters are properly calibrated. 

2D NMR spectroscopy can be classified into two groups: Homonuclear 

experiments which shows the correlation between the same nuclei (e.g. 1H- 1H). And 

Heteronuclear experiment that shows the correlation between two spins of different nuclei 

(e.g. 1H- 13C). The general pulse sequence in 2D NMR experiment is categorized into four 

major time intervals: preparation, evolution period (t1), mixing time, and the detection time. 
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During evolution, a 90o pulse leads to transverse magnetization, which evolves in (t1) and 

results to chemical shift in the indirect dimension.  

The ability to understand how these experiment work is of great importance for 

characterizing the complexation in biomolecules such as DNA and peptides. In the next 

pages, I explained the four 2D experiments (COSY, NOESY, HSQC, and HMQC) that 

were used in this project.11 

2.5.1 Correlation Spectroscopy (COSY) 

 COSY experiment is a Homonuclear 2D NMR experiment that relates the 

correlation between protons that are coupled to each other. This experiment requires two 

90o pulses, the first pulse creates a transverse magnetization which evolves about a time t1 

corresponding to the f1 domain in the spectrum. Another 90o pulse transfers coherence 

between the two spins, and relax at delay time t2 which detects the f2 domain as illustrated 

in Figure 2.14. 

 

Figure 2.14. The two-dimensional 1H-1H COSY pulse sequence. 

The spectrum shows cross peak and diagonal peak. The spin that changes the 

frequency during the delay time gives rise to the cross peak, while the part that does not 

change frequency gives rise to the diagonal peak. The cross peak shows the peak at both f1 

and f2 frequencies that are related offset  f1 = ΩA,  f2 = ΩB, which indicates that spin at an 
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offset ΩA is coupled to a spin at an offset ΩB as shown in Figure 2.15 . The diagonal peaks 

also have the same offset as f1 and f2 . 

 

Figure 2.15. Schematic diagram of COSY spectrum for two spin system HA, HB. Red peaks 

are the cross peak; blue peaks are the diagonal peaks. Dotted line shows the correlations 

between HB and HA spins. 

 

2.5.2. Nuclear-Overhauser Effect Spectroscopy (NOESY) 

 The NOESY experiment is also similar to COSY, the only differences between 

them is that in COSY, cross peak between the spins are acquired through a coherence 

transfer driven by the scalar coupling (through bond coupling) while in NOESY, cross 

peaks result from cross-relaxation between spin i and j (driven by dipolar coupling). The 

pulse sequence in NOESY is similar to COSY until the second 90o pulse. After this pulse, 

a longitudinal z-magnetization that has either a positive or negative vector orientations; 

there is a mixing time tm Figure 2.16, which depends mostly on the dipolar relaxation of 

the molecule. For instance, for small molecules the dipolar relaxation can be reduced to be 

less than T1 (e.g. 0.7- 1.0), in large molecules, mixing time should be about (50-100ms). 

Finally, the last 90o pulse produces a transverse magnetization and is acquired at time t2. 
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Figure 2.16. Pulse sequence for two-dimensional 1H,1H NOESY spectroscopy. 

 NOESY spectral shows cross peaks that are due to cross relaxation, mixing time,  

and diagonal peaks illustrated in Figure 2.17. Apart from the cross peak and the diagonal 

peak, axial peaks that arises from the magnetization that was recovered during the mixing 

time shows in the spectrum. The intensities of these peaks are opposite to the diagonal peak.  

 

Figure 2.17. NOESY spectrum for two spin system during cross relaxation, positive peaks 

shown in blue (diagonal) and negative peaks in red (cross), grey axial peaks (f1=0). 

The problems that can be encountered in NOESY experiments arises from the zero 

quantum peaks due to protons that are scalarly coupled which gives a peak that resembles 

COSY. This type of artifact is mostly observed in small molecules that have sharp lines. 

For larger molecules, the zero-quantum effects are cancelled out during mixing time. 

Exchange peaks can also be observed in NOESY spectrum, if the spins are in a slow 

exchange regime.   

2.5.3. Heteronuclear Single Quantum Coherence (HSQC) 
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Heteronuclear Single Quantum Coherence (HSQC) is a 2D NMR experiment used 

to measure the correlation between sensitive nuclei such as 1H and an insensitive nucleus 

such as (13C or 15N) in which the proton is observed (inverse method). The correlations 

between the two spins are usually about 150 Hz. The efficiency of the magnetization 

transfers from 1H to 13C in HSQC experiment depends on the size of the coupling between 

them.  

The HSQC experiment consist of three major steps: firstly, transfer of the 

equilibrium magnetization from 1H to 13C spin; secondly, evolution of 13C spin 

magnetization of T1, and finally transfer of 13C magnetization to 1H spin and then detection. 

As illustrated in Figure 2.18. 

 
Figure 2.18. Pulse sequence for heteronuclear correlation of a HSQC 1H-13C experiment. 

In Figure 2.18, the first set of the pulse is like the INEPT experiment in which 

evolution t1 takes place in 13C spin magnetization at a 180o pulse on 1H magnetization. This 

refocuses the evolution of the coupling, another 90o pulse is then applied to transfer 

magnetization back to 1H where it is detected. The intensity of the peak depends on delay 

period (
1

4𝐽
 , 
1

2𝐽
,..). The transfer of magnetization from 1H to 13C is also to improve the 

sensitivity of the signal, because proton has a higher Larmor frequency than carbon. 

2.5.4. Heteronuclear Multiple Quantum Spectroscopy (HMQC) 
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 Heteronuclear Multiple Quantum Coherence (HMBC) experiment as compared to 

HSQC experiment uses a long-range coupling between protons and 15N, 13C which has an 

advantage in observing quaternary and carbonyl carbon that can’t be observed in HSQC. 

 As compared to HSQC pulse sequence, in HMQC experiment, the first 90o pulse 

allows transverse magnetization after a delay period τ, the equilibrium of 1H spin becomes 

an anti-phase. A 180o on 1H is used to created a DQC which evolved according to the 1H 

ad 13C frequencies. The  1H frequency is eliminated by refocussing the pulse on the 1H. 

And finally, the signal is acquired and observed under broadband 13C-spin decoupling, 

illustrated in Figure 2.19. 

 
Figure 2.19. Pulse sequence of heteronuclear correlation of a HMQC 1H-13C experiment. 

 

 

 

 

CHAPTER 3 

 

3. STRUCTURAL ELUCIDATION OF SINGLE-STRANDED DNA AND 

DOUBLE-STRANDED DNA 5’-AGTCC-3’ USING SOLUTION-STATE 1D 

AND 2D NMR SPECTROSCOPY 
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3.1. Overview 

  In this chapter, the structural characterization of single stranded and double 

stranded DNA was analysed using 1D and 2D NMR experiments. 1D -1H and 13C NMR 

experiments were employed to assign the proton and carbon resonances of the DNA. Also, 

1D- 31P NMR experiment was used to assign the phosphorus resonance of the DNA 

backbone. 

 
Figure 3.1. A schematic diagram showing the order of NMR experiment carried out for 

single stranded and double stranded DNA 5’-AGTCC-3’, to assign the chemical structure 

and obtain full assignments. 

2D NMR experiments such as COSY and NOESY was employed to understand the 

interaction between the bases and the sugar-phosphate backbone and also the sequential 

assignment of the DNA. 2D 31P-1H and 13C-1H HMBC NMR experiments were also to used 

to assign phosphorus, carbon and germinal protons interactions. 

 

 

 

3.2. Experimental details 

3.2.1 Materials and Methods 

  The single-stranded DNA 5’-AGTCC-3’ and its complementary strand 5’-

GGACT-3’ was purchased at IDT (Ref no 136577768,136577767) and were estimated to 

be > 98% purity. The amino acids to be investigated are; Arginine (R), Tri-Arginine (RRR), 
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Nona-arginine(RRRRRRRRR) and Tat2 (RKKRRQRRRKKRRQRRR) which were 

synthesis using Canpeptide, were estimated to be > 98% purity. 

  NMR samples of single-stranded DNA 5’-AGTCC-3’ were prepared in D2O 

at a concentration of 5mg/ml. For double stranded DNA, 5’- AGTCC-3’ with its 

complementary strand 5’-GGACT-3’ was prepared in 1:1 molar ratio with a total 

concentration of 5 mg/ml (3.4 Mm). All the CPP samples were also prepared in D2O at 

concentrations of (14.35 mM) arginine, (5.14 mM) R3, (7.02 mM) R9, and (7.5 mM) Tat2. 

3-trimethylsilyl-1-propanesulfonate DSS was used as an internal reference for both 1H and 

13C NMR measurements. Acetate buffer was used to adjust the pH to 7; by adding 114.5μl 

acetic acid (Sigma - 23315) into 50 ml D2O (Sigma - 151882) and adjusting the pH with 

deuterium chloride solution (Sigma - 5430470) and sodium deuteroxide (Sigma - 372072). 

3.2.2. One-dimensional NMR experiments 

 All NMR spectra presented were acquired using a temperature that ranges from (10- 

45oC) and collected using Bruker Avance III HD 700 MHz spectrometer; equipped with a 

variable temperature unit (-150 -250oC). The magnetic field strength is 16.5 Telsa, with 

corresponding larmor frequency of 700.4 MHz for 1H, 176.12 MHz for 13C, and 283.53 

MHz for 31P. 

 A typical 1D 1H NMR spectrum for DNA molecules was recorded using a 90o pulse 

width of 17.0 as 128 transients, with a relaxation delay of 4.0 s. For each transient, 128 K 

points were collected over a spectral window of 77 kHz for DNA. For the peptides, 16 

transients were recorded, with a relaxation delay of 2 s and 56 kHz spectral window. 

Likewise, 1D 13C NMR spectra for DNA molecules were obtained as 10,000 transients, 

using a 90o pulse width of 12.0 µs, with a recycle delay of 5 s. Each transient has 256 K 

points over a spectral window of 416 kHz. 1D 31P NMR spectra were also obtained using 
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a 90o pulse width of 13.0 and 200 transients, with a relaxation delay of 4 s. For each 

transient, 32 K points were collected over a spectral window of 8.5 kHz. 

3.2.3. Two-dimensional NMR experiments 

 A homonuclear gradient 1H COSY spectrum of the DNA was obtained in magnitude 

mode at 25 oC as 512 increments. Each increment consists of 4 scans and collected over 

2048 points, using relaxation delay of 8.0 s. Both direct and indirect dimensions have a 

spectral window of 58.0 kHz (8.4 ppm) and a digital resolution of 5.0 Hz and 1.1 Hz 

respectively. 

 The 1H NOESY spectrum of DNA was also acquired at 25 oC as 128 increments 

over a spectral window of 5952.4 Hz (8.5 ppm) in both dimensions, using a relaxation delay 

of 8.4 s and mixing times of 0.3, 0.6, 0.9, and 1.0 s respectively. Sixteen transients were 

collected for each increment having 4096 data points. The direct and indirect dimension 

have a digital resolution of 5.8 and 93 Hz respectively, before zero-filling. 

 The 1H-31C HSQC spectrum was acquired as 256 increments, over a spectral 

window of 5952.4 Hz (8.5 ppm) in the direct dimension (1H) and 29069.8 Hz (165.0 ppm) 

in the indirect dimension (13C), using a relaxation delay of 1.8 s. Eighty transients were 

collected for each increment before zero-filling. The digital resolution for the direct and 

indirect dimension was 2.9 and 227 Hz respectively.  

 1H-31P HMQC spectrum was acquired in 256 increments, covering a spectral 

window of 9090.9 Hz (12.9 ppm) in the direct dimension and 2835.3 Hz (10.0 ppm) in the 

indirect dimension at a relaxation delay of 4.0 s. Linear forward prediction to 256 points 

were on the t1 dimension and subsequently zero filled to a total of s8192 points. The digital 

resolution for the direct and indirect dimensions were at 2.2 and 22.1 Hz respectively. 
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3.3. Results and Discussion 

3.3.1. NMR Assignment of Single-stranded DNA 5mer 5’-AGTCC-3’ 

 The NMR assignment of the single-stranded DNA 5mer 5’-AGTCC-3’ was carried 

out the methods discussed earlier in sections 3.2.2 and 3.2.3. The aromatic protons located 

on the bases are labelled H8, H6, H5, H2, CH3 while the aliphatic protons on the sugar-

phosphate backbone are labelled H1’, H2’/H2’’, H3’, H4’, H5’/H5’’.  

 
Figure 3.2. The chemical structure of single-stranded DNA 5mer 5’- A1G2T3C4C5-3’ 

showing the protons in their different chemical environments. It can also be observed from 

the structure that both 5’ and 3’ ends of adenine (A1) and cytosine (C5) have no linkage to 

a phosphate group as compared to the others. 

Assignment of the 1H-NMR Spectrum 

The assignment for single-stranded DNA 5mer 5’-AGTCC-3’ was carried out using 1D 1H 

NMR experiments with phosphorus decoupling. Resonances corresponding to the sugar-

phosphate backbone and the aromatic bases were assigned, corresponding to a total of 

seven proton resonances from the bases and thirty-five resonances from the sugar-

phosphate backbone. The integration of isolated peaks seen in the spectrum allows the 

determination of the relative number of protons identified.  
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In the 1D 1H-NMR, the aromatic protons are deshielded, and appeared at the high frequency 

(green) region, while the aliphatic protons mostly seen in the sugar-phosphate backbone 

are shielded, and appeared at the low frequency (red) region as shown in Figure 3.3.  

 

Figure 3.3. 1H-NMR spectrum of single-stranded DNA 5’-AGTCC-3’, measured in 99.9% 

D2O at 22oC. The chemical structure of DNA 5’-AGTCC-3’ is shown in figure 3.2. Two 

different regions have been highlighted, the aromatic region (green) and the aliphatic 

regions (red) respectively. The different region of the spectrum has been zoomed to show 

some of the splitting patterns. 

In addition, the protons in the H3’ of C5 and H5’ of A1 show a significant difference in 

their chemical shift (4.49, 3.50 ppm) as compared to the other bases at (4.51-5.00 ppm, 

3.90-4.10 ppm) respectively. The difference in the chemical shift for A1 and C5 (H3’/H5’) 

protons is because, oxygen were directly connected to them, whereas, the other bases were 

connected to phosphate groups, which leads to the higher chemical shifts observed. A 

similar observation can be made for the cytosine’s base protons where H5 (6.02, 6.08 ppm) 

appears in the aliphatic region and H6 (7.90, 7.81 ppm) appears in the aromatic region of 

the spectrum, due to H6 being close to a nitrogen atom, as compared to H5 with a carbon 

atom. The sharp singlet at 1.70 ppm was assigned to the methyl group of T3.  
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Significant overlap was observed for protons H2’/H2’’ at (2.26 – 2.75 ppm) however, 

each proton gave a well-resolved doublet of doublets; proton H2’/H2’’ is split into doublet 

(2JH2’-H2’’ 14 Hz) due to germinal proton H2’’/H2’. Another doublet comes from 

H2’/H2’’coulpling with H1’ (
3JH1’- H2’/ H2’’ ≈ 6 Hz) and a doublet from H2’/H2’’coulped with 

H3’ which also splits into doublet due to coupling with neighbouring protons H1’/H3’ (
3JH3’-

H2’/H2’’ ≈ 3/6 Hz). Proton of H1’ (5.9 - 6.25 ppm) appear as triplets or doublets of doublets 

due to couplings with H2’/H2’’ (
3JH1’- H2’ ≈ 6 Hz), (3JH1’- H2’’  ≈ 9 Hz). The cytosine’s protons 

H5 and H6 also show a splitting pattern of doublets (3JH5-H6 ≈ 7 Hz) Figure 3.4 due to 

coupling with each other. 

 

 
Figure 3.4. 1H NMR spectrum of single-stranded DNA 5mer 5’-AGTCC-3’ at 25 oC in 

99.9 % D2O. The experimental spectrum is shown in green and the simulated spectrum in 

red. An inset showing the H5, H6, H1’ of cytosine and thymine is provided to confirm the 

close agreement between experimental and simulated spectrum. 

Overlapping of signals can be observed for H5’/H5’’ coupling with H4’ protons. The 

H3’ (4.80 - 5.02 ppm) protons were not completely resolved at 22 oC because they have the 

same chemical with the water signal at 4.70 ppm. To increase the resolution of these signals, 
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1H NMR at different temperature was performed at 15, 25, 35, and 45 oC Figure 3.5. 

Increasing the temperature resulted in decreasing chemical shift of the water signal and 

better peak resolution in the H3’ signals. The decrease in the chemical shift of water signal 

results from the fact that the hydrogen bond in the water molecule is weakened as the 

temperature increase, which results from an increase in the average distance of the 

hydrogen bond acceptor and donor. 

Finally, coupling of the H3’ with phosphorus (3JH3’- P ≈ 6 Hz) was observed in A1, G2, 

T3, and C4 bases except for C5 base. 

 
Figure 3.5. The effect of variable temperature to increase resolution. (black arrow) shows 

decrease in chemical shift of water signal as temperature increases and increase in 

resolution of H3’ signals as temperature increases. 

Assignment of the COSY Spectrum 

The assignment of single-stranded DNA 5mer 5’-AGTCC-3’ was further analyzed 

using the 2D COSY experiment. This experiment allows correlation via scalar coupling of 
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protons that are over 2 to 3 bonds. In the aromatic region, three strong correlation were 

assigned between H5-H6 in the cytosines and CH3-H6 in thymine Figure 3.6. 

 
Figure 3.6. A schematic diagram showing the two bond couplings of; (a) sugar-phosphate 

(H1’-H2’/H2’’, H2’/H2’’-H3’, H3’-H4’, H4’-H5’/H5’’) (b) Cytosine’s (H5-H6), (c) Thymine 

(CH3-H6). 

 

 

 
Figure 3.7. The aromatic region of COSY in 99.9% D2O at 22oC. COSY cross peaks 

correspond to the H5-H6 of the cytosines and CH3-H6 of the thymine (red circle) 

correlations. 

In the aliphatic region (Figure 3.7), a total of 10 strong cross-peaks were observed between 

H1’-H2’/H2’’ and H3’-H2’/H2’’. Cross-peak between geminal protons H2’/H2’’ also 

appeared but are overlapped due to strong coupling between them.  

 a) 
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 b)

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Aliphatic region of COSY in 99.9 % D2O at 22oC. (a) Cross-peak is correlating 

to H2’/H2’’-H1’ (b) cross-peaks is correlating to H2’/H2’’-H3’. 

 

Assignment of the NOESY spectrum 

2D NOESY experiment was employed in order to assign protons that are close to each 

other in space. In the analyses of single-stranded DNA 5mer 5’-AGTCC-3’ connectivity 

between the base and the sugar ribose phosphate were observed. Cross-peaks from the 

aromatic base protons H6/H5/H8 to the aliphatic sugar-ribose phosphate protons 

H1’connects the base to appropriate sugar according to the sequence of the DNA Figure 

3.9. 
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Figure 3.9. 700MHz 1H-1H NOESY spectrum (tm=300 ms) of single-stranded DNA 5’-

AGTCC-3’ in 99.9 %. Correlation between aliphatic and aromatic protons are indicated in 

the boxes. 

Assignment of the HSQC spectrum 

To confirm the assignment of single-stranded DNA 5’-AGTCC-3’, a 2D HSQC NMR 

experiment was obtained. The 1D-13C and DEPT-135o NMR spectra were first measured,  

the 13C spectra shows 46 carbon peaks in the DNA spectrum. In DEPT 135o spectrum 34 

signals were seen, as the carbonyl and quaternary carbons do not appear. The CH2 

methylene carbons H2’/H2’’and H5’/H5’’ were inverted in the spectra while the methine 

carbon H1’, H3’, H4’, H2, H5, H6, and H8 as well as the methyl carbon were in phase. After 

assigning the DNA carbon resonance, it is very important to identify which carbons are 

attached directly to which protons in the DNA. 
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Figure 3.10. The area of the aromatic region of NOESY spectrum shown in Figure 3.9 

above. Showing the sequential walk from A1-G2-T3-C4-C5, which confirms DNA sequence. 

 

 
Figure 3.11. 700MHz 1H-13C HSQC spectrum of single-stranded DNA 5’-AGTCC-3’ in 

99.9 % D2O at 22 oC. The F2(vertical) dimension is the proton axis, and the F1(horizontal) 

dimension is the carbon axis. The spectrum has been zoomed to show correlations between 

carbon and H3’, H5’, H2’/H2’’, with emphasis on the A1 5’end (red) and C5 3’end (green) 

boxes. 
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Using a 2D HSQC 13C-1H NMR experiment, the assignment for carbon chemical shifts 

that has one bond (1J) coupling to protons were identified. This experiment also allows the 

confirmation of both carbonyl and quaternary carbons, as they did not show any cross peaks 

for HSQC. The confirmation of geminal (H2’/H2’’, H5’/H5’’) protons in the sugar phosphate 

were analyzed, as the protons show the different chemical environments in the F2 

dimension and connects to the same carbon chemical shift in the F1 dimension Figure 3.11. 

The spectra also shows different carbon chemical environments for both H5 and H6 as was 

previously observed from COSY spectra Figure 3.11. The 5’end of A1 and 3’ for C5 also 

shows cross peaks with the protons. Finally, methyl carbon shows the lowest shift at 11.77 

ppm with an H6 aromatic proton.  

Table 3.1. 1H-NMR chemical shift (ppm) assignment of single-stranded DNA 5mer 5’-

AGTCC-3’. Values were measured at 25 oC in 99.9% D2O, using NOESY and COSY cross 

peaks as described above. Standard error was calculated to be ±0.01- 0.1 ppm in all cases. 

 
 

Table 3.2. 1H coupling constants (Hz) of the sugar-phosphate backbone and cytosine 

protons residues of single-stranded DNA 5mer 5’-AGTCC-3’. Values were measured at 25 
oC in 99.9% D2O. Standard error was calculated to be ±0.1- 0.2 Hz in all cases. 
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3.3.2. NMR Assignment of the Complementary DNA 5mer 5’-GGACT-3’ strand 

 The NMR assignment of complementary DNA 5mer 5’-AGTCC-3’ strand was also 

carried out using the experimental schemes mentioned earlier in sections 3.2.2 and 3.2.3 

respectively. The sequence of the DNA bases in (section 3.2.1) is entirely different from 

the complementary DNA, thus it is important to assign them. Figure 3.12.   

 
Figure 3.12. The chemical diagram of complementary DNA 5’-GGACT- 3’ strand, 

showing the protons in their different chemical environments.  
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Using the same experimental procedures in section 3.3.1, the full assignments of the 

complementary DNA were assigned. In both DNAs, the same splitting patterns were mostly 

seen in the 1H NMR spectrum Figure 3.13, but with slight changes in their chemical shifts 

which may be due to the rearrangement of the DNA sequence. The major difference in both 

DNAs was observed in the 31P NMR spectrum which will be discussed later in this chapter.  

 
Figure 3.13. 1H-NMR spectrum of single- stranded DNA (green) and complementary DNA 

(red), measured at 45 oC in 99.9 % D2O. Showing the similar splitting patterns in H1’/H5 

region, and confirming two cytosine H5 (blue stars) signals observed in the single- stranded 

sequence and one cytosine H5 signal (black star) in the complementary DNA. 

Table 3.3. 1H-NMR chemical shift (ppm) assignment of complementary DNA 5’-GGACT-

3’ strand. Values were measured at 45 oC in 99.9 % D2O, using the same procedure 

discussed in section (3.2.2) above. Standard error was estimated to be ±0.01- 0.1 ppm in 

all cases. 
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3.3.3. NMR Assignment of the double-stranded DNA 5mer 5’-AGTCC-3’ 

 Having shown the assignment of both single stranded and complementary DNA 

strand, further work was done on the double-stranded DNA 5’-AGTTC-3’. Double-

stranded DNA 5’-AGTTC-3’ was prepared in 1:1 molar ratio of both single-stranded and 

its complementary DNA strand following the procedure discussed in section (3.2.1). In this 

case, a total number of ten bases are present, where each purine (C, T) is bonded to 

pyrimidines (A, G) Figure 3.13. 

 
Figure 3.14. Schematic diagram of double-stranded DNA 5’-AGTCC-3’, showing the 

complementary DNA strand(blue) DNA and the connectivity of the bases (black). 

 
Figure 3.15. 1H-NMR spectrum of double- stranded DNA in 99.9 % D2O. Showing the 

H5’/H5’’ region. 
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Table 3.4. 1H-NMR chemical shift (ppm) assignment of double-stranded DNA 5’-

AGTCC-3’ strand. Values were measured at 35 oC in 99.9 % D2O, using the same 

procedure discussed in section (3.2.2) above. Standard error was estimated to be ± 0.01- 

0.1 ppm in all cases. 

 
 

3.3.4. 31P NMR Assignment of single-stranded, complementary and Double-stranded  

           DNA 

                

 Although, 1H and 13C-NMR experiments have provided insight into the 

characterisation of DNA which is of great importance to know the proton and carbon 

chemical environment of the DNA. However, to study the backbone and the conformational 

changes in the DNA, 31P NMR spectroscopy which is very sensitive to these changes was 

observed. A complete assignment of the 31P-NMR of single-stranded DNA 5’-AGTCC-3’, 

complementary DNA 5’-GGACT-3’, and double-stranded DNA 5’-AGTCC-3’ was 

investigated using 1D and 2D 1H-31P HSQC/HMQC experiments. All the assignments were 

carried out at 35 oC in 99. 9% D2O.  
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Figure 3.16. Schematic diagram showing the different chemical environment of 

phosphorus in the (a) Single-stranded DNA (b) Complementary DNA strand, and (c) 

Double-stranded DNA. 

 The 1D 31P-NMR spectra show all the phosphate resonances in the DNA molecule. 

It also shows that the trend in DNA phosphate backbone corresponding to H3’-O3’-P-O5’-

H5’ throughout the sequence. More so, in the single-stranded and complementary DNA 

strand spectra; only four phosphate resonances were seen, which confirms that at the 

backbone, 5’and 3’ends have no phosphate attached to them. In the double-stranded DNA, 

although overlap of phosphate resonances were observed, integration gave eight phosphate 

resonances, which is expected for ten base sequence. 31P chemical shift variation of -0.6 

ppm were observed for all the phosphate signals of the DNAs. 
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Figure 3.17. 31P 1D-NMR experiment shows the stacked plot of (red) single-stranded 

DNA, (green) double-stranded DNA, (blue) complementary DNA strand. All experiments 

were measured at 35 oC in 99.9 % D2O Arrows indicates changes in the 31P resonance of 

ss-DNA and complementary DNA in the double-stranded DNA. 

 In the single stranded and complementary DNA strand as shown in Figure 3.15 

above, it can be observed that the phosphate groups of the bases that are located at the 

beginning of the sequence (G1PG2 and A1PG2) have the lowest chemical shift of (-1.13 and 

-1.10 ppm) respectively. The observed chemical shift at (-1.13 and -1.10 ppm) is because 

phosphate group rotates freely which makes them more flexible, and it also has only one 

substituent as opposed to two. The bases located in the centre of the sequence (T3pC4, G2PT3, 

G2PA3, A3PC4) are seen at higher chemical shifts due to less motion, which is from the other 

sugar-phosphate group attached to them. However, the (T5PC4 and C4PC5) bases positioned 

at the end of the sequence have the highest chemical shift (-0.77 and -1.25 ppm) that shows 

even more rigidity at that region. In the double-stranded DNA spectrum, the phosphate 

resonance of the sugar backbone shows at the same region with a slight change of chemical 

shift as indicated by the arrow shown in Figure 3.17. 

 To further confirm the assignments, a 2D 31P-1H HMQC NMR experiment was 

performed at 35 oC in 99.9 % D2O. In this experiment, short and long range heteronuclear 
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couplings were observed between 31P and H3’/H4’/H5’/H5’’. As shown in Figure 3.16 

below, 31P- H3’, 
31P-H4’ and 31P-H5’/H5’’ have very strong cross-peaks with each other. 

a) 

 

b)   

 

                                           c) 

 
Figure 3.18. HMQC NMR spectrum of single-stranded DNA 5’-AGTCC-3’at 35 oC 

showing the DNA backbone 31P resonances cross-peak with a) H3’ b) H4’ c) H5’/H5’’. 

 

Furthermore, in both Figure 3.18 (a) and Figure 3.18 (b), four and eight different cross-

peaks observed confirm the assignment of the single-stranded DNA having only four 

phosphorus backbone, and eight phosphorus backbone in the double stranded DNA. 
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Figure 3.19. HSQC-HMQC NMR spectrum of double-stranded DNA 5’-AGTCC-3’at 35 
oC showing the DNA backbone 31P resonances cross-peak with a) H3’ b) H4’ and 

H5’/H5’’. 

Table 3.5. 13P-NMR chemical shift (ppm) assignment of single-stranded DNA 5-

AGTCC-3’, complementary DNA strand and double-stranded DNA 5-AGTCC-3’ strand. 

Values were measured at 35 oC in 99.9 % D2O, using the same procedure discussed in 

section (3.2.2). Standard error was estimated to be ±0.01- 0.1 ppm in all cases. 
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CHAPTER 4 

 

4. THE ASSIGNMENT OF CPP AND ITS INTERACTION WITH DNA USING 

SOLUTION-STATE 1H NMR SPECTROSCOPY 

 

  4.1. Overview 

 The interaction of cell-penetrating peptides (CPPs) with the lipid membrane of  

living cells has been known to alter the stability of the membrane bilayer.3 CPPs achieve 

this by electrostatic interactions of positively charge peptides with the negatively charged 

nucleotide. However, questions still arise on the exact mechanism by which the peptide 

induces their activity, how they interact and distort the membrane bilayer to reach their 

target cell, and their size distribution. It is important to study the structure of the peptide 

and the DNA to understand the features of how they can carry on these activities. NMR 

spectroscopy is considered71 the method of choice for studying the dynamic changes in 

DNA and peptide complexation. 

 In the preceding chapter, the full NMR assignment of pentamer single and double 

stranded DNA solution structure was assigned. In this chapter, the assignment of CPPs (R, 

R3, R9, Tat2) and their interaction with pentamer ssDNA and dsDNA will be presented 

using solution-state 1D-1H and 2-D HMBC NMR experiments. The results showed herein 

emphasize on the solution-structure of the peptide, and how the DNA interacts with 

different peptides. For this study, the NMR assignment of the peptides was assigned by 

Samira Azimi and will be briefly reviewed in this chapter.  
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4.2. Results and Discussion 

4.2.1 NMR Assignment of R, R3, R9 and Tat2 peptides 

In general, these peptides have side chains that consists of the backbone, C-terminal, 

N-terminal, and the guanidinium head group. The guanidium head group has been proposed 

to function in hydrogen bonding interactions crucial to the structure and stability of peptide 

complexes.72 These peptides also consist of α, β, γ, and δ carbons Figure 4.1. The 

guanidium head groups are positively charged at pH 7. Also, the amino group next to the 

α-carbon is positively charged, while the carboxylate group which is negatively charged at 

pH 7. Thus, at neutral pH the arginine has +1 charges. Equation 4.1. 

[𝑅]2+
𝑝𝐾𝑎1
→    [𝑅]1+  

𝑝𝐾𝑎2
→    [𝑅]0        (4.1)                                               

 

Figure 4.1. The chemical structure of arginine at pH 7, showing the protons in their 

different chemical environments, α-H and δ-H (red). 

 In this work, four different peptides were analysed; Arginine (R), Tri-arginine (R3), 

Nano-arginine (R9), and Tat2 (RKKRRQRRRRKKRRQRRR). These CPPs were chosen 

due to their high number of arginine residues which was known to increase complexation.73 
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The experiments were carried out using the scheme discussed earlier in sections ( 3.2.1 ), ( 

3.2.2 ), and ( 3.2.3) respectively.  

1D and 2D NMR spectrum 

 The assignment of arginine, tri-arginine, nano-arginine, and Tat2 was carried out 

using 1D 1H NMR and 2D 13C-1H HMBC experiment at 22 oC, and pH ranging from 2 

to10. The resonances corresponding to α-H and the δ-H were observed. 

For the arginine molecule at pH 7, the signals corresponding to the α-H was seen at 

higher chemical shift of 3.47 ppm as compared to the δ-H at a lower chemical shift of 3.21 

ppm. The difference in chemical shift is because of the inductive effect from both amine 

and carboxylate ion. However, the carbon connected to the δ-H is attached to only carbon 

and nitrogen atoms, thus making it less deshielded than the α-H and therefore found at a 

lower chemical shift Figure 4.2. 

 
Figure 4.2. 1H-NMR Arginine in acetate buffer at pH 7, measured in 99.9 % D2O at 22 oC. 

The chemical structure of arginine is shown in Figure 4.1. Showing α-H, and δ-H region. 

The 1H-NMR experiment for the arginine molecule at pH ranging from 2 to10 at 22 oC was 

carried out.  In the spectra, Figure 4.3 it can be observed that as the pH increases the 

chemical shift of the α-H decrease, this is because the carboxylate group close to the α-H 
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is deprotonated. It can be observed that from pH 5.2 to 9, the chemical shift almost stays 

the same until pH 10 where the guanadinium close to the amino group is deprotonated and 

thus the α-H move to lower shift.  

 
Figure 4.3. 1H-NMR stacked plot of Arginine at pH 2-10, measured in 99.9 % D2O at 22 
oC. Highlighted signal shows the additional signal observe at δ-H region when dimerization 

occurred. 

In the case of R3, R9, and Tat2 peptides, there are four major sets of protons namely; 

α-H C-terminus (close to the carboxylate ion), α-H N-terminus (close to the ammonium 

ion), α-H backbone (center of the C and N terminus), guanadinium δ-H. 
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Figure 4.4. The chemical structure of tri-arginine at pH 7, showing the protons in their 

different chemical environments, α-H of C-terminus (bold red), N-terminus (bold-blue) and 

backbone (bold-black). 

In R3, R9 and Tat2 peptides, the α-H backbone has the highest chemical shift of 4.37 

ppm as a result of the steric hindrances causes deshielding. The α-H of the C-terminus, N-

terminus chemical shift are 4.25 and 4.11 ppm. The δ-H and γ-H have chemical shifts of 

3.22 and 2.99 ppm Figure 4.5. 

 
Figure 4.5. 1H-NMR stacked spectrum of R3, R9 and Tat2 peptide in acetate buffer at pH 

7, measured in 99.9 % D20 at 22 oC. Showing the α-H, δ-H and γ-H region. 
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The difference in the chemical shift of the α-H of N and C terminus could not only 

be assigned solely on their chemical environments. Therefore, to assign the protons 

correctly, HMBC experiment was carried out to analyze 13C-1H long and short-range 

between the carbonyl group and the α-H’s at pH 6. The N-terminal carbonyl carbon (1) has 

a cross a peak with the α-H backbone, the α-H backbone also has a cross-peak with the 

backbone carbonyl carbon (2) Figure 4.6. 

 

 
Figure 4.6. The schematic structure of tri-arginine peptide, showing the long-range 

coupling between the carbonyl carbon and the neighbouring connected protons (red). 

The carbonyl (3) has a cross peak with α-H C-terminus, which also has a cross-peak 

with the amide backbone carbonyl carbon (2). However, α-H at the N-terminus only has a 

cross peak with N-terminal carbonyl carbon (1). These confirm that α-H at the N-terminus 

has a lower chemical shift at around 4.11 ppm, while the α-H at the C-terminus has a higher 

chemical shift at around 4.25 ppm.  

From all the results stated above, it is no doubt that the pH dependence of the 

peptide maybe key to nanoparticle complex formation. For instance, it has been shown 

arginine can function as an acid or base in a number of enzymatic mechanisms.74 
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Figure 4.7. 13C-1H HMBC NMR spectrum of tri-arginine measured in 99 % D2O at 22 oC. 

The spectrum was measured at pH 6. Cross-peaks shows long-range coupling between 

carbonyl carbon and proton. 

4.2.2. NMR Assignment of Single-stranded DNA with Arginine Interaction  

 1H and 31P-NMR of ssDNA 5’AGTCC3’ with Arginine 

The 1H and 31P NMR of ssDNA 5’AGTCC3’ with arginine was measured at pH 7, 

over a range of mole ratios. The experiment was carried out to observe the changes in 

chemical shift of peptides when it interacts with the DNA. 

 
Figure 4.8. 1H-NMR stacked plot of a) R- ssDNA b) free Arginine c) free ssDNA, in 

acetate buffer at pH 7, measured in 99.9 % D2O at 22 oC. Arrows show the direction of 

change in chemical shift to α-H. 
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The spectra above in Figure 4.8, show that the chemical shift of the α-H in arginine 

increases when complexed with ssDNA at mole ratio of 1:1. To understand the change in 

the chemical shift of the α-H, spectra were obtained at Arginine: ssDNA mole ratios of 1:1, 

2:1, 3:1, 6:1, and 10:1 at pH 7 as shown in Figure 4.9.  In these spectra, only  changes in 

the α-H and the δ-H were observed.  

 
Figure 4.9. 1H-NMR stacked plot of R-ssDNA in mole ratio ranging from 1:1 to 6:1 in 

acetate buffer at pH 7, measured in 99.9 % D2O at 22 oC.  

 
 

Figure 4.10. Experimental plot of the observed chemical shift against mole ratio. 
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Figure 4.11. Theoretical plot of the relative chemical shift average against mole ratio. 

The changes in the chemical shift of the α-H arginine compared to the complexed 

arginine at a mole of 1:1 is quite apparent Figure 4.9. These indicate a change in 

conformation of arginine upon binding to ssDNA. In Figure 4.11, the stoichiometry of R-

ssDNA complexation was calculated from a quadratic equation derived from the 

equilibrium concentration, assuming a 1:1 molar concentration. The α-H signal in the NMR 

spectrum of  R-ssDNA, and free arginine were observed. From the result Figure 4.09, the 

chemical shift observed was the average chemical shift of the free R and the complexed R 

amino-acid. These chemical shifts follow the same trend with the relative chemical shift in 

the theoretical Figure 4.10. These results assume a stoichiometry of 1:1 complexation of 

R-ssDNA, with a small equilibrium constant. The results also indicate that the binding of 

arginine to ssDNA may not be very strong, which results to excess arginine molecule upon 

increase in the concentration of arginine complex, and leads to decrease in the chemical 

shift observed.  
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Figure 4.12.  31P-NMR stacked plot of R-ssDNA at mole ratio of 1:1 to 6:1 in acetate buffer 

at pH 7. Showing the difference resonances of phosphorus, measured in 99.9 % D2O at 22 
oC.  

 31P-NMR chemical shift gives information about the backbone conformation of the 

DNA upon binding.77 The 31P-NMR spectra show similar changes as shown previously in 

the 1H-NMR spectra upon complexation with ssDNA. In the 31P spectra, at 1:1 ratio we 

observe a decrease in the chemical shift of T3pC4, but the other signals were not affected 

nearly as much. However, as the concentration of arginine increases, the T3pC4 signal start 

to increase in chemical shift. These indicate that, at 1:1 ratio, the phosphate signal at T3pC4 

have experienced a change in conformation upon binding with arginine. As the 

concentration of arginine increases, the conformation of the T3pC4 signal changed slightly. 
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4.2.3. NMR Assignment of Single-stranded DNA with Tri-arginine (R3), Nano-

arginine (R9) and Tat2 Interaction. 

1H and 31P-NMR of ssDNA 5’-AGTCC-3’ with R3 

The 1H and 31P NMR of ssDNA 5’AGTCC 3’ with tri-arginine was measured at pH 

7, and at various mole ratios of peptide-DNA. In the tri-arginine 1H spectra Figure 4.13, it 

can be observed that at 1:1 mole ratio of complex R3, the chemical shift of the N-terminus 

α-H decrease and slightly increases with increase in R3 concentration. Similarly, the 

stoichiometry of R3-ssDNA complexation was calculated from a quadratic equation derived 

from the equilibrium concentration, assuming a 1:1 molar concentration. The N-terminal 

proton signal in the NMR spectrum of R3-ssDNA, and free R3
 were observed. In the result, 

Figure 4.14, the chemical shift observed was the average chemical shift of the free R3 and 

the complexed R3 peptide. These chemical shifts follow the same trend with the relative 

chemical shift in the theoretical Figure 4.15. These results assume a stoichiometry of 1:1 

complexation of R3-ssDNA, with a large equilibrium constant. These indicate that one 

molecule of R3 binds with ssDNA. The C-terminus at the α-H and the backbone α-H 

chemical shift does not change, however, their linewidths became broader. These 

observations show that the DNA interaction with the peptide increases as the concentration 

of R3 increase, as a result of the binding or conformational of R3. 
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Figure 4.13.  1H-NMR stacked plot of R3-ssDNA at 1:1 to 3:1 mole ratio, in acetate buffer 

and at pH 7., measured in 99.9 % D2O. Arrows show the direction of change in chemical 

shift corresponding N-terminus. 

 
Figure 4.14. Experimental plot of the observed chemical shift against mole ratio. 

 

 
 

Figure 4.15. Theoretical plot of the relative chemical shift against mole ratio. 
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,  

Figure 4.16. 31P-NMR stacked plot of R3-ssDNA at 1:1 ratio showing the difference 

resonances of phosphorus, measured in 99.9 % D2O at 22 oC.  

The 31P-NMR spectrum at 25 oC was also measured for R3-ssDNA at 1:1 molar 

ratio Figure 4.16. The phosphorus signals at the C4pC5, G2pT3 moved to a lower chemical 

shift, while the phosphorus signal of T3pC4 moved slightly to higher chemical shift and 

A1pG2 does not show a major change in chemical shift. These indicate that upon binding 

with the DNA, the conformation of C4pC5 and G2pT3 has been altered, while T3pC4 and 

A1pG2 conformational has not change. The above result also shows that the binding takes 

place at the centre of the DNA. These observations were also reported for spermine binding 

the Z-DNA of d(ATGCAT)2 hexamer.79 It was shown that at 1:1 mole ratio of 

spermine/DNA, the 31P NMR chemical shift signal of the complexed moved to a lower 

chemical shift compared to the uncomplexed. A two-dimensional NOE studies on this 

complex also revealed a negative NOE contact between each spermine protons, indicating 

a longer correlation time τc (slow motion) upon binding with the DNA. 
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1H and 31P-NMR of ssDNA and dsDNA 5’-AGTCC-3’ with R9 

The 1H NMR of R9-ssDNA at 1:1 ratio shows that as the concentration of R9 

increases the shift in the chemical shift of N-terminus decrease Figure 4.15. This 

observation was confirmed from the chemical shift of the N-terminus α-H signal at 2:1 ratio 

compared to 1:1 mole ratio. The signal of the N-terminus at 1:1 shows a lower chemical 

shift, while the C-terminus α-H does not change. These results show that as the 

concentration of the peptide increases the interaction between R9 and ssDNA seems to 

increase, therefore more conformational changes should be experienced by the peptide. 

Similarly, the stoichiometry of R9-ssDNA complexation was calculated from a cubic 

equation derived from equilibrium concentration, using the N-terminal proton signal in the 

NMR spectrum of  R9-ssDNA, and free R9. The chemical shift observed Figure 4.18, was 

the average difference of the free R9 and the complexed R9 peptide. The chemical shift 

seems to follow the same trend with the relative chemical shift in the theoretical Figure 

4.19. The close chemical shift range could possibly be an indication of weak equilibrium 

constant, assuming the complexation is a 2:1 stoichiometry. 

 

Figure 4.17. 1H-NMR stacked plot of free R9 and R9-ssDNA at 1:1 - 6:1 mole ratio, 

measured in 99.9 % D2O at 22 oC.  
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Figure 4.18. Experimental plot of the observed chemical shift against mole ratio. 

 

Figure 4.19. Theoretical plot of the relative chemical shift against mole ratio. 
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Figure 4.20. 31P-NMR stacked plot of R9-ssDNA at 1:1 mole ratio showing the difference 

resonances of phosphorus, measured in 99.9 % D2O at 22 oC.  

The 31P NMR spectrum of R9-ssDNA at 1:1 ratio also shows significant changes 

occurring to the backbone of the DNA upon complexation with R9 Figure 4.14. As 

compared to the signals seen in R3-ssDNA, the C4pC5 and G2pT3 of the R9-ssDNA move 

further to a lower chemical shift. Also, the A1pG2 signal has also moved to a lower shift, 

while the T3pC4 signal has not changed as much. The 31P indicate conformational changes 

to the DNA backbone upon binding to R9 which lead to significant changes in the chemical 

shift. 
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1H and 31P-NMR of ssDNA and dsDNA 5’-AGTCC-3’ with Tat2 

The interaction of DNA-peptide complexation was also observed with Tat2-ssDNA 

and Tat2 -dsDNA molecules at 1:1 ratio. 

 
Figure 4.21. 1H-NMR stacked plot of a) free Tat2 b) Tat2-dsDNA, 1:1 mole ratio c) Tat2-

ssDNA, 1:1 ratio, measured in 99.9 % D2O at 22 oC. Arrow showed the direction of change 

in chemical shift corresponding C-terminus α-H. 

The 1H-NMR spectra of the ssDNA and dsDNA with Tat2 mole ratio 1:1 spectra 

show an increase in the chemical shift of both ssDNA and dsDNA upon complexation with 

Tat2. The dsDNA-Tat2 complex N-terminus α-H signal is slightly higher in chemical shift 

than that of ssDNA-Tat2 complex. These results were further confirmed from the 31P-NMR 

spectroscopy of the complex. In the 31P-NMR spectrum of the Tat2-ssDNA in 1:1 Figure 

4.17, the drastic change in the chemical shift of the phosphate signal and the broadening of 

the linewidth indicate a strong binding of Tat2 with the phosphorus backbone of the DNA 

molecule. The phosphate signals of the DNA moved to a lower chemical shift upon 

complexation with Tat2. Also, a comparison of the 31P-NMR of the R9-ssDNA and Tat2-
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ssDNA at 1:1 ratio was observed to see the how the DNA backbone behave with different 

peptides Figure 4.18.  

 
Figure 4.22. 31P-NMR stacked plot of free DNA and Tat2-ssDNA at 1:1 mole ratio showing 

the difference resonances of phosphorus, measured in 99.9 % D2O at 22 oC.  

 
Figure 4.23. 13P-NMR stacked plot of a) free ssDNA b) Tat2-ssDNA, 1:1 mole ratio c) R9-

ssDNA, 1:1 mole ratio, measured in 99.9 % D2O at 22 oC.  
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Figure 4.24. 31P NMR plot of sugar phosphate backbone of free ssDNA (5’-AGTCC-3’) 

and its interaction with R, R3, R9, and Tat2, mole ratio 1:1 at pH 7. 

 In Figure 4.24, the 31P chemical shift was plotted against the free ssDNA and the 

complexed R/ssDNA, R3/ssDNA, R9/ssDNA, and Tat2/ssDNA. The chemical shift shows 

how the peptide interacts differently with the sugar phosphate backbone. The results show 

that in the R/ssDNA complex, only the G2pT3 sugar backbone is affected by the binding 

with a difference of -0.02 ppm compared to the free ssDNA while the other sugar backbone 

remains the same. In the R3/ssDNA complex, the C4pC5 and G2pT3 backbone was also 

shifted while the other backbone remains the same. However, in the R9/ssDNA and 

Tat2/ssDNA complex, the phosphorus chemical shift has significantly shifted compared to 

the free ssDNA. Surprisingly, the T3pC4 phosphate backbone was not affected by the 

complexation. This implies that the peptides have no specific interaction with the T3pC4 

backbone. This is unexpected because, if the negatively charged phosphate group was 

directly interacting with the positively charged N-terminus of the peptide, then the chemical 

shift of the phosphorus signal should decrease. This observation implies that the peptide 

might be binding to other regions in the DNA, thereby causing slight conformational 
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changes to the sugar phosphate backbone. This is contrary to the reported studies of 

spermine with Z-DNA complexation. It was observed that spermine binds with the 

phosphate backbone but no specific interaction with the base region.79 Therefore it may be 

interesting to study at the base region of the DNA.  

 
Figure 4.25. 1H-NMR stacked plot of free ssDNA and complexed R/ssDNA, R3/ssDNA, 

R9/ssDNA, and Tat2/ssDNA at 1:1 mole ratio, measured at pH 7. Arrows show the direction 

of change in chemical shift corresponding H8, H6, H5 base protons. 

 In Figures 4.23 ,4.24, and 4.25, the 1H NMR spectra of the free ssDNA with 

complexed R, R3, R9, and Tat2 were studied. Changes in the chemical shift of the purine 

and pyrimidine base and sugar regions were observed upon complexation. In the R/ssDNA 

spectra, no changes were noticed in the chemical shift of the base protons H8, H6, H5, and 

CH3 and the sugar prorton H1’. This implies that arginine has a weak interaction with all 

the bases in the DNA. The spectra of the R3/ssDNA however show a slight change (0.3-

0.5ppm) in the chemical shift of the bases in the complexed ssDNA compared to the free 

ssDNA. This result suggests that although R3 maybe interacting with the bases in the DNA, 

it does not neccesarily result in direct contact with the bases. 
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Figure 4.26.  1H-NMR stacked plot of free ssDNA and complexed R/ssDNA, R3/ssDNA, 

R9/ssDNA, and Tat2/ssDNA at 1:1 mole ratio, measured at pH 7. Arrows show the direction 

of change in chemical shift corresponding H1
’ sugar and H5 base protons. 

 In contrast to this, the R9/ssDNA and Tat2/ ssDNA spectra shows significant 

changes in the chemical shift of the complexed protons in the bases and the sugar backbone. 

Comparing the bound ssDNA to the free ssDNA in this case, it was observed that the 

linewidth of the C4H6, C5H6, T3H6, A1H8 and A1H2 resonances have decrease and 

broadened. More so, the sugar proton H1’ close to the bases for C5H1’ have two 

comformations  Figure 4.26 (indicated with the thick straight lines) resulting from an extra 

C5H1’ signal. Similarly, the C4H6 and C5H6 resonances also shows the same comformation. 

These conformations together with the chemical shift changes can be attributed to a strong 

interaction of R9 and Tat2 with the DNA, which may be as a result of a hydrogen bonding 

from the DNA base binding with the side chains of the peptides. A study has shown that 

the interaction of pentalysine and T7 DNA was driven by an electrostatic interaction 

between them82. The results show the effect of pH on the complexation of (Lys)5-T7 DNA, 

similar behavoiur was also reported in oligolysine binding DNA83 and in promine-DNA 

complexes84. The increase in the pH of the complex reduces the net charge on the lysine 
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due to the deprotonation of the ε and α-NH2 groups, and therefore binding consant was 

reduced.  It has also been reported that the weak binding of some repressor to DNA may 

play a major role in the process of locating an operator sequence by the repressor.85 

 
Figure 4.27. 1H-NMR stacked plot of free ssDNA and complexed R/ssDNA, R3/ssDNA, 

R9/ssDNA, and Tat2/ssDNA at 1:1 mole ratio, measured at pH 7. Arrows show the direction 

of change in chemical shift corresponding methyl base proton. 

  In Figure 4.26, 4.27, 4.28, and 4.29, the 1H NMR spectra of the free dsDNA with 

complexed R, R3, R9, and Tat2 were studied. Changes in the chemical shift of the purine 

and pyrimidine base and the sugar regions were observed upon complexation. The 

complexed R/ssDNA spectra shows no major changes in the chemical shift of the base 

protons H8, H6, H5, and CH3, and sugar H1’proton as compared to the free dsDNA spectra. 

This observation maybe be due to the small size of arginine amino acid, rotating fast in 

solution with the dsDNA causing no mjor interaction to take place. In the R3/ssDNA 

complex, a slight increase in the chemical shift of C5H6 and G5H8 were observed but no 

change in the C5H5 signal. This change suggests a sort of hydrogen bonding at the end of 

the dsDNA strand, where the side chains in R3 is interacting with the base pair of C5 and 

G5.  
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Figure 4.28. 1H-NMR stacked plot of free dsDNA and complexed R/dsDNA, R3/dsDNA, 

R9/dsDNA, and Tat2/dsDNA at 1:1 mole ratio, measured at pH 7. Arrows show the 

direction of change in chemical shift corresponding H6 protons. 

 
Figure 4.29. 1H-NMR stacked plot of free ssDNA and complexed R/dsDNA, R3/dsDNA, 

R9/dsDNA, and Tat2/dsDNA at 1:1 mole ratio, measured at pH 7. Arrows show the 

direction of change in chemical shift corresponding H8, H2 base proton. 

 

Similar changes were observed for R9/ssDNA and Tat2/DNA in this case, the 

binding of R9 and Tat2 causes major and significant changes to the conformation of bases 

and sugar pucker except for the G2H8, C2H5, and C2H6 . The strong binding of the R9 and 

Tat2 shows a linewidth broadening at the T3H6, C4H1’, T3H1’, and C4H5 protons. As 
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compared to the ssDNA complex with R, R3, R9, and Tat2, it is strongly evident that 

complexation of the peptide with the dsDNA is much stronger than with ssDNA. This 

maybe due to the larger size of the dsDNA 10 bases compared to ssDNA 5 bases, or the 

specific binding of the peptide to the dsDNA helix which results in more peptide binding.  

 
Figure 4.30. 1H-NMR stacked plot of free ssDNA and complexed R/dsDNA, R3/dsDNA, 

R9/dsDNA, and Tat2/dsDNA at 1:1 mole ratio, measured at pH 7. Arrows show the 

direction of change in chemical shift corresponding H1
’ sugar and H5 base proton. 

The binding affinity of T4 coded gene 32 protein with oligonucleotide and 

polynucleotide was reported.86-87 The results shows that the binding of the protien with 

oligonucelotide was independent of the base composition or sugar type, and binding took 

place at the end of the oligonucleotide and the DNA is not free to move at this site. 

However, the binding of the polynucleotide with the protein cause conformational changes 

that results in the pulling apart of the cluster of the postively charged residues on the 

protein. 88 From this study, it can be deduced that the size of the DNA plays a major role in 

the complex formation of peptide-DNA. 
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Figure 4.31. 1H-NMR stacked plot of free ssDNA and complexed R/dsDNA, R3/dsDNA, 

R9/dsDNA, and Tat2/dsDNA at 1:1 mole ratio, measured at pH 7. Arrows show the 

direction of change in chemical shift corresponding methyl base proton 
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CHAPTER 5 

 

5.  DYNAMIC STUDY OF CELL PENETRATING PEPTIDE AND DNA   

COMPLEXATION USING 1H AND 31P NMR RELAXATION MEASUREMENTS 

 

 

5.1. Overview 

 In the preceding chapter, the behaviour of peptide-DNA complexation was 

observed using both 1D-1H and 31P NMR spectroscopy. The results showed changes in the 

chemical shifts and linewidth of resonances in specific regions of the DNA and peptide 

spectra. These findings were important for observing changes that occur within the 

chemical and physical environments both of DNA and peptide in their free and complexed 

states. However, only few major structural changes were observed from the analysis. 

Therefore, more experimental work is needed to observe the dynamics of complexation 

over a broad range of timescale at an atomic level. 

In this chapter, we provide detailed 1H and 31P T1 and T2 relaxation analysis. 

Relaxation at specific sites in the DNA and peptide molecules will depend on the dynamic 

that drives the force of interaction between the DNA and peptide. The results acquired from 

the relaxation measurements will not only reflect on the different behaviour of the 

biomolecule, but rather the dynamic changes. In the DNA, the phosphorus backbone will 

be observed also the α-H of the C-terminus, N-terminus, backbone, and guanidinium 

regions in the peptides will also be observed. 
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5.2. Results and Discussion 

5.2.1. Relaxation time measurements of free peptides at different temperatures 

T1 relaxation measurement of Tri-arginine (R3) peptide 

The longitudinal relaxation time constant (T1) for the α-H backbone, C-terminus, 

N-terminus and δ-H (Figure 4.4) resonances in the 1H NMR spectrum of tri-arginine (R3) 

is shown in Table 5.1. 

Table 5.1. Longitudinal relaxation (T1) time measurement for the 1H NMR peaks of un-

complexed R3 peptide at varying temperatures. 

 

 
 

 Four regions in the 1H spectrum of the peptide was carefully selected; the α-H of the 

backbone, C-terminus, N-terminus, and guanidinium δ-H. These selections were based on 

the possible role they play in the study of complexation with the DNA molecule. The four 

sets of longitudinal relaxation time constants are depicted in Table 5.1. 
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Figure 5.1. The stack plot of the T1 against the temperature of the α-H backbone, C-

terminus, N-terminal and guanadinium δ-H of the R3 molecule. 

 

 From Figure 5.1 above, the four regions of the peptide T1 relaxation time constants 

increase as the temperature increases, indicating faster motion within the peptide molecule. 

The δ-H T1 relaxation time constant is shorter than the others, indicating higher 

conformational flexibility in the region as compared to elsewhere within the peptide. 

T1 relaxation measurement of Tri-arginine (R9) peptide 

The longitudinal relaxation time constant (T1) for the backbone, C-terminus, N-

terminus, and guanadinium δ-H peaks in the 1H NMR spectrum of Nano-arginine (R9) 

peptides 
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Table 5.2. Longitudinal relaxation (T1) time measurement for the 1H NMR peaks of free 

R9 peptide at varying temperatures. 

 

 
 

 The relaxation time constants T1 observed in the R9 peptide is quite different from 

the R3 peptide. In this case, the T1 time constant of the C-terminus α-H and δ-H decreases 

with increasing temperature, indicating reduced motion. However, in the α-H backbone and 

α-H N-terminus regions, the increase in T1 relaxation time constants with increase in 

temperature indicates higher degree of motion Figure 5.2. This indicates reduced motion in 

the inner domain of the peptides.  

 

Figure 5.2. The stack plot of the T1 against the temperature of the α-H backbone, C-

terminus, N-terminal and δ-H of the R9 molecule. 
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T1 relaxation measurement of Tat2 peptide 

The longitudinal relaxation time constant (T1) for the backbone, C-terminus, N-

terminus, and δ-H peaks in the 1H NMR spectrum of Nano-arginine (Tat2) peptide. 

Table 5.3. Longitudinal relaxation (T1) time measurement for the 1H NMR peaks of free 

Tat2 peptide at varying temperatures. 

 

In the Tat2 peptide, increasing temperature leads to increase in the T1 relaxation time 

for all four regions, indicating high motion within the molecule. However, comparing the 

T1 relaxation rate constants of R3 and R9 with Tat2 peptide, it can be observed that Tat2 

peptide shows a longer T1 relaxation rate constants as compared to R3 and R9 peptides 

Figure 5.3. In R3 and R9 peptides, the δ-H proton shows the shorter T1 relaxation constant. 

This results show that s the peptide length becomes longer, the equilibrium constant 

become bigger, and the motion becomes rigid. 
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Figure 5.3. The stack plot of the T1 against temperature of the α-H backbone, C-terminus, 

N-terminal and δ-H of the Tat2 molecule. 

 

5.2.2. Relaxation time measurements of free DNA at different temperatures 

 The dynamic behaviour of the single stranded DNA 5mer 5’-AGTCC-3’ was 

investigated by analyzing the relaxation time of selected phosphorus 31P nuclei at the 

backbone of the DNA molecule. The phosphorus backbone of the DNA was chosen based 

on its dynamic effect in the determining the binding site of peptide-DNA complexation. 

The dynamics of the DNA molecule was observed using T1 relaxation measurements 

 The longitudinal relaxation rate constant T1(s) of single stranded DNA 5mer 5’-

AGTC-3’ is shown in Table 5.4. 
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Table 5.4. Longitudinal relaxation T1(s) time measurement for the 31P NMR peaks of free 

DNA at varying temperature 

 
 

The A1pG2 and C4pC5 Figure 3.14 T1’s increase with increasing temperature, while 

the T1’s of T3pC4 and C4pC5 decreases. The differences observed in the T1 relaxation 

constants within the phosphorus backbone implies that A1pG2 and C4pC5 have shorter 

correlation time τc, thus are more flexible as they are located at far ends of the DNA strand. 

In contrast, the T3pC4 and C4pC5 backbone that are located on the centre of the DNA strand, 

thus having longer correlation time τc, hence, resulting in longer T1’s that decrease with 

increasing temperature. 

5.2.3. Relaxation time constant measurements of un-complexed peptides 

In biomolecules, when the molecular motion occurs at the same rate with the 

Larmor frequency ωo, T1 passes through a minimum value. When the molecular motion is 

slower than the Larmor frequency, T1 time constant increases while continue T2 decreasing. 

At this point, the ratio of T1/T2 provide useful an overall estimate of the relative time scale 

motion in molecules, i.e. if the molecular motion is reduced, T2 decreases and T1 increases, 
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thus T1/T2 increases dramatically, this can occur when complexation takes place within a 

molecule. 

Table 5.5. Longitudinal relaxation and transverse relaxation time T1 /T2 ratio measurement 

for the 1H NMR peaks of free peptide 

 

The dynamic behaviour of the peptides as shown above indicate that, the molecules 

are still in the fast regime where the correlation time τc is about (0.001-0.1ns) because, the 

T1 /T2 time ratio is just slightly greater than 1. Although, the trends in the T1 /T2 time ratio 

of the R3, R9, and Tat2 backbone region shows an increase in the time constant as the peptide 

becomes larger, the mobility of the peptide is becoming less flexible, as τc becomes larger. 

It can also be observed that the relaxation constant of α-H and δ-H in arginine (R) is also 

in fast motion regime where the τc is short. For instance, a 15N relaxation rate constant of a 

N-labelled hen lysozyme a 28-amino acid peptide was reported. The measurement shows 

an increase in motion for the C-terminus chain of the arginine residue (0.03 - 0.5), where 5 

of 6 tryptophan residues located at the middle core of the chain have high parameter of ( ≥ 

0.8).89In conclusion, it can be observed that the value of T1 /T2 ratio relaxation constant 

differs for different types of peptides. Therefore, as the size of the peptide becomes longer, 

the relaxation rate constant also becomes bigger and the correlation time τc becomes longer. 
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5.2.4. Relaxation time constant measurements of peptide-bound DNA 

 The longitudinal and transverse relaxation time constants measurement 1H T1 /T2 

ratio have been analysed for R-bound ssDNA, R3-bound ssDNA, R9-bound ssDNA and 

Tat2-bound ssDNA, R9-bound dsDNA, and Tat2-bound dsDNA peptides as shown in Table 

5.5. Also, longitudinal and transverse relaxation time constant measurement 31P T1 /T2 ratio 

have been analysed for R-bound ssDNA, R3-bound ssDNA, R9-bound ssDNA, and Tat2-

bound ssDNA 

Table 5.6. Longitudinal relaxation and transverse relaxation time T1 /T2 ratio measurement 

for the 1H NMR peaks of peptide-bound DNA 

 
 

 

The 1H T1 /T2 ratio relaxation measurements show that the binding of ssDNA to free 

peptide caused significant changes in the peptide’s dynamic as shown in Table 5.6. The 

difference in the parameters between free and complexed arginine shows that, arginine 

molecule is a little affected by the binding to ssDNA. In R3-bound ssDNA, significant 

changes in the peptide backbone and α-H N and C-terminus relaxation parameters for free 

R3 was initially 1.59-1.05, and has increased to 2.83-1.98 when complexed to ssDNA. 

These observations suggest significant binding to the ssDNA, because the time ratio is at a 
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regime where the correlation time is becoming longer, and therefore less flexibility. 

However, the T1 /T2 ratio of the δ-H in free and complexed state shows higher motion, 

indicating that the guanidium group may not be directly involved in binding. 

Furthermore, comparing R9-ssDNA in their free and complexed states, in this case, 

show an increase in the ratio of the peptide α-H backbone, C-terminus, N-terminus, and δ-

H in the complexed. To some extent this result suggests that, the ssDNA binds much more 

strongly to R9 residues. Similar changes were also observed for Tat2-bound ssDNA, where 

the relaxation parameters are even more dramatic at the α-H backbone, C-terminus, N-

terminus, and δ-H of the peptide regions. Surprisingly, the relaxation constants of R9-bound 

ssDNA and Tat2-bound ssDNA are nearly identical.  

Lastly, the dynamic properties of R9-bound dsDNA and Tat2-bound dsDNA in free 

peptide and complexed was observed. In this case, it was observed that the T1/T2 ratio 

relaxation constant of the backbone, C-terminus, N-terminus, and δ-H has increased 

drastically, suggesting strong binding and is consistent with longer τc of the ssDNA. 

Table 5.7. Longitudinal relaxation and transverse relaxation time T1 /T2 ratio measurement 

for the 31P NMR peaks of peptide-bound DNA 
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The dynamic behaviour of free DNA with complexed peptide was also observed using 31P 

T1/T2 relaxation measurement. In this analysis, the changes in the T1/T2 ratio of the 

phosphate backbone in the DNA was carefully observed for complexation. From Table 5.7, 

R-bound ssDNA ratio shows a small increase in T1/T2 ratio of G2pT3 region of the DNA 

suggesting a strong binding with the ssDNA at that region compared to the other sites. 

However, in R3-bound ssDNA T1/T2 ratio, all the phosphorus backbones experience 

significant dynamic changes, suggesting stronger binding with ssDNA, and a higher 

stoichiometry.  

 Furthermore, as observed for the 1H T1/T2 ratio parameter in the R9-bound ssDNA 

and Tat2-bound ssDNA, the 31P relaxation measurement of the two complexes also show 

similar behaviour of complexation in the observed DNA backbone. The 31P T1/T2 ratio of 

both complexes shows strong binding with the ssDNA backbone, suggesting that 

complexation is taking place within the molecules. 
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CHAPTER 6 

 

6.  CONCLUSION AND FUTURE DIRECTIONS 

 

 The structural analysis of CPP: nucleic acids complexes have been characterized 

through solution-state nuclear magnetic resonance (NMR). Although, information has been 

gained in regards to aggregation behaviour of CPP-nucleic acid polyplexes, little has been 

done in the way of their structural dynamic behavior. In this thesis, one of the primary 

objectives was to understand the dynamic details of the CPP- nucleic acid polyplexes, and 

relate the observations to the mechanism of their function. Of the various techniques 

employed for CPP- nucleic acid polyplexes, NMR spectroscopy is one of the most valuable, 

not only providing the quantitative and qualitative structural characterization, but also 

dynamic information.  

The first aspect of this thesis focused primarily on the use of solution-state NMR 

analysis of 5mer single and double stranded DNA. Complete 1H, 13C and 31P 1-D and 2-D 

NMR techniques were performed in D2O to verify the full structural assignment of the 

compounds in solution. The analysis helps to confirm the relative assignment of all the 

proton, carbon and phosphorus within the spectra. The overall assignment provided a 

greater understanding of the structural features of the DNA that gave rise to their unique 

binding properties. 

In the second part of this thesis, the complexation of CPP-DNA behavior was 

investigated using 1H and 31P solution sate NMR spectroscopy. The complexation 

behaviour was monitored between single stranded DNA 5mer 5’-AGTCC-3’ and arginine, 

tri-arginine, nano-arginine, and Tat2 using a NMR titration experiment. The titration was 

restricted to the analyzes of N-terminus α-H of the peptides. The 1H NMR spectra of R-
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ssDNA shows rapid decrease in the chemical of the α-H. From the titration curve Figure 

4.10, the result seems to show a 1:1 stoichiometry complex of R-ssDNA with equilibrium 

constant greater than one. The R3-ssDNA 1H NMR titration curve also seems to be a 

stoichiometry of 1:1 complex, although with a small equilibrium constant. However, R9-

ssDNA complex appears to be a 2:1 stoichiometry complex. This is not surprising because 

R9 peptide has more positively charge amino group that can bind to the ssDNA, and as such 

will have more binding affinity as compared to arginine and tri-arginine. The 31P NMR 

spectroscopy was also used to observe complexation behaviour at the backbone of the DNA 

molecules. In this analysis, it was observed that as the length of the peptide complexed with 

the DNA became longer the linewidth of the 31P spectra became broader, particularly for 

R9-ssDNA and Tat2-ssDNA spectra. It was also observed that the 31P chemical shift 

difference of 0.2ppm at the backbone of the ssDNA upon complexation with R9 and Tat2, 

indicate similar behaviours of these two peptides. This observation was also reported by 

Jordan pepper et al. It was reported that the values known as “jerk” parameter that describes 

the change in the acceleration of growth upon complexation of R9 and Tat2 with 

oligonucleotide was 13.39nm/hr3 and13.39nm/hr3 for R9 and Tat2 respectively.81 The 

complexation behavior of these CPPs and DNA shows that the length of the peptide is 

dependent on the complexation of CPP-nucleic acids. 

In the third part of this thesis, a time-scale relaxation NMR measurement was 

analysed to investigate the dynamic behaviour of CPP-DNA complexes. This NMR 

technique offers a great deal of insight into dynamic and structural orientational motion of 

the complexes. Using T1 and T2 relaxation measurements, more flexibility was observed in 

the interaction of DNA with R and R3, although the mobility is somewhat reduced relative 
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to the free DNA. The relaxation parameter of the R9 and Tat2 upon complexation with 

ssDNA and dsDNA indicates relatively less mobility. 

Finally, the complexation behaviour of CPP-DNA was investigated using 1H NMR 

spectroscopy. In this case, complexation was observed at the base region of the ssDNA and 

dsDNA upon interaction with R, R3, R9, and Tat2. The results show a strong interaction of 

R, R3, R9, and Tat2 with both ssDNA and dsDNA at 1:1 mole ratio. The chemical shift of 

the proton close to the nitrogen group (acceptor and donors) in the DNA has changed 

drastically upon interaction with the peptide. These might indicate a sort of hydrogen 

bonding interaction taking place between the side chains of the peptide and the major and 

minor groove of the DNA. For instance, in the 1H NMR spectra of the complexation 

between R9/dsDNA and Tat2/dsDNA, the base signals were broadened because of stronger 

interactions. This observation was also reported for spermine binding Z-DNA form of 

d(CGCCGCG)2, where the complexation of spermine with the DNA at mole ratio 1:1 

results in the broadening of the 1H NMR chemical shift of the NH and NH2 signals of the 

DNA.79  

In the case of the R9 and Tat2 complexation with ssDNA and dsDNA, pH must be 

investigated further. This is because the structure of the complex in various protonated 

conditions may contribute to the transfection efficiency. For instance, as shown in Chapter 

3 the 1H chemical shift of arginine changes drastically as the pH decreases. This indicates 

that lowering the pH below 7 might increase complexation, thereby inducing the 

internalization mechanism before the translocation of CPP-cargo complexes. It was shown 

that at pH 5 the size of the complexes formed between polyhistidine and DNA increases 

the electrostatic interaction between them, and was useful for the transfer of DNA to cells 

for the purpose of gene therapy.90 
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In the case of the size of the polypeptides, it appears that longer chains of arginine 

rich polypeptides will be viable option when considering the type of CPP to be used for 

cellular uptake. This was evident in Chapter 4, in which the interaction of the small peptide 

and amino acid (R and R3) show a 1:1 stoichiometry complexes which may not be strong 

enough to deliver DNA to cell. However, R9 peptide shows a strong binding of 2:1 

stoichiometry with large equilibrium constant. with the ssDNA behaviour but also stronger 

interaction with the DNA. It may also be helpful to increase the dsDNA strand up to 22mer, 

this will result in less tumbling of the DNA helix, thereby allowing stable interaction with 

polypeptide that can be easily observed using NMR techniques. 

 While the studies presented within this thesis maybe the starting point into the NMR 

structural dynamic behavior of CPP-nucleic acid complexations, there remain several 

confirmatory studies which must be carried out. The future work will likely take the shape 

of taking advantage of the length of the peptide and DNA (DNA or RNA, single stranded 

versus double stranded) specialized for delivery in plant cells. This is because one of the 

results in this thesis shows a change in equilibrium constant, and stoichiometry ratio as the 

length of the peptide increases. Also for the DNAs, we saw changes in the signals of the 

base protons for ssDNA and dsDNA. 

 Secondly, the actual mode of binding has to be further investigated. One of the 

results we found in this work is that, the N-terminal proton signals of the peptide is a good 

indicator of how the peptide behaves upon binding with the DNA. Another mode of binding 

has been shown for spermine a polyamine peptide. In these studies, it was shown that the 

binding of spermine and DNA occur through hydrogen bonding interaction at the base 

region of the DNA. A similar behaviour was observed at the base region of the ssDNA and 

dsDNA 1H NMR spectra. The changes in the chemical shift of the complex peptide-DNA 
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compared to the free DNA seems to be an indication of hydrogen bonding, although further 

experiments need to be performed to confirm it. 

 More so, the effect of temperature on CPP-nucleic acid aggregation behavior has not been 

studied in this thesis, which is an important factor to consider. Studying how the 

complexations are affected by temperature, the role of entropy can be determined. 1-D 1H 

NMR and relaxation measurements can be used for this purpose and can reveal how the 

interactions between CPP- nucleic acids change with temperature. 
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