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Abstract 

 

Characterisation of ss-RNA Structures using Vibrational Spectroscopies 

 

 Antisense-Oligonucleotides (ASOs) are a next generation of therapeutic pharmaceutical, synthesised 

to be complementary to short lengths of mRNAs that are implicated in diseases such as Huntington’s and 

Spinal Muscular Atrophy. ASOs reduce or alter the expression of target mRNA. The secondary structure of 

ASOs is intrinsically linked to their binding affinity and efficacy. Secondary structure unfolding and folding can 

occur as a result of pharmaceutical (temperature and concentration changes) and environmental stresses 

(buffer and pH changes).  Structural characterisation of ASOs using crystallography and Nuclear Magnetic 

Resonance (NMR) can be both expensive and challenging. Vibrational spectroscopies (Raman Spectroscopy, 

Fourier-Transform Infrared Spectroscopy, Raman Optical Activity and Circular Dichroism) have the potential 

to be quick methods for relating small changes in oligonucleotide secondary structure to stability or efficacy, 

prior to experiments with Small Angle X-Ray Scattering (SAXS) / NMR for more detailed structural analysis.  

 

 Vibrational spectroscopies were used on increasingly complex single-stranded RNA (ss-RNA) 

structures. Raman spectroscopy is used to look at distinct spectral features of nucleotides; examples include 

the sugar pucker of the Ribose ring and Imidazole ring peaks in Purines. A collaboration to generate Density 

Functional Theory (DFT) data has been used to improve on assignments of RNA nucleotides. Raman 

spectroscopic peaks are then identified for mono-, di- and tri- phosphate RNA nucleotides as well as Poly-

RNA samples (Polyuridylic acid) and the hybridisation of a short 12-mer oligo. This library is used to assign 

the identity of an additional nucleotide within an N+1-mer of an AstraZeneca / Ionis Pharmaceuticals ASO: 

AZD9150. 

 

Combining Raman Optical Activity with Raman spectroscopy has previously been used to 

characterise secondary and tertiary RNA structural motifs, including a U-C mismatch and a hairpin (Hobro, 

2007). In two AstraZeneca / Ionis Pharmaceuticals ASOs (AZD4785 and AZD Compound A), nucleotide and 

phosphate backbone modifications (such as Locked Nucleic Acids) affect spectroscopic assignments by 

inducing new secondary structure conformations. Raman spectroscopy has been used to look at experimental 

conditions related to pharmaceutical stresses (Hobro, 2008); concentration, buffer exchange and pH changes 

were observed to cause structural changes in AZD4785. SAXS is used to look at a fibril like hybridisation of 

ASO’s at a high concentration; following this, NMR NOESY data is used to demonstrate how heat can prevent 

this conformation, potentially increasing drug efficacy.  

 

Raman spectroscopy, ROA and SAXS were used to observe the structure of ss-RNA within the 

Cowpea Mosaic Virus and detect changes following modification of the RNA to encode for GFP. Transmission 

Electron Microscopy and SAXS were used to compare viral capsids of a CPMV virus and a Virus Like Particle. 

The potential of plant viruses to be used to produce unmodified RNA on a large scale, as well as act as a 

delivery system for ASOs, is discussed.  

 

References:  
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Introduction 
 

RNA Structure 
 

Physical Characteristics of Nucleotides 
 

An overview of the RNA nucleotide Structure 

is seen in Figure 0.1, whereby all four Ribonucleic 

acid (RNA) nucleotides form an oligomer chain 4 

nucleotides in length. The nucleoside/nucleotide 

nomenclature is broken down in Figure 0.2. A 

nucleoside consists of the base and the Ribose ring 

and the nucleotide contains an additional Phosphate 

group. Nucleotide structure is therefore broken down 

into three components: 

- Nucleobase: Pyrimidine bases are 

Cytosine and Uracil (RNA) / Thymine 

(Deoxyribonucleic acid [DNA]) and 

purine nucleobases are Adenine and 

Guanine. 

- D-Ribose sugars (RNA) or Deoxy-

Ribose sugars (DNA) 

- Phosphate group (backbone). 

Purines and Pyrimidines are Nitrogenous bases 

containing 2 Carbons rings and 1 Carbon ring 

respectively. The Pyrimidine base is a heterocyclic 

aromatic organic compound and contains two 

Nitrogen atoms at the 1’ and 3’ positions of the ring. 

A Purine base consists of a Pyrimidine ring fused to 

an additional imidazole ring, therefore containing 4 Nitrogen atoms (Blackburn et al, 2006). 

Nucleotides are not only important in Nucleic acids, the tri-phosphates also participate in biological 

processes by acting as energy donors and are used as substrates for enzymes and components 

for multiple coenzymes (Saenger, 1973). 

This difference in structure of the base gives rise to preferred Hydrogen bonding in Watson-

Crick base pairing; Adenine always forms a base pair with Uracil (or Thymine in DNA) and Guanine 

always forms a base pair with Cytosine. Uracil and Adenine are connected by two Hydrogen bonds 

whereas Cytosine and Guanine are connected by three, therefore an RNA sequence with a higher 

level of G-C base pairing is more stable as it requires more energy to break apart the three 

Hydrogen bonds.  

Figure 0.1. RNA Nucleotide Structure 
RNA Nucleotide subunits 

(Cytidine, Guanosine, 

Adenosine and Uridine) are 

shown linked by 

phosphodiester bonds. 
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Figure 0.2. Nomenclature of RNA  
Structures 
A base and Ribose ring are a 

nucleoside, whereas a base, 

Ribose ring and Phosphate 

group can be called either a 

nucleotide or a nucleoside 

Monophosphate (‘N’MP) (due 

to the addition of a single 

Phosphate group) Each 

additional Phosphate 

changes the nomenclature of 

the sample.  

Figure 0.3. Helix Structure and Associated Base Pairing 
The left Figure shows the A- and B- forms of Double-Helix, the type of Double-Helix 

formed is highly influenced by the dominant type base pairing.  

The Right figure from Germann et al (1995) shows Hoogsteen, Watson-Crick and 

reverse Watson-Crick binding between nucleobase pairs. Hydrogen bonds are 

indicated by a dashed red line.  
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It has been suggested that the base pairing of G:C is energetically preferred (as 

crystallisation of equimolar amounts of the two monomers always gives rise to Watson:Crick base-

pairing). In comparison, A:U base pairing is only energetically preferred due to the steric constraints 

of the sugar phosphate backbone and only Hoogsteen base pairing has been identified in co-

crystallisation of complexes of the two (Saenger, 1973, Hoogsteen, 1963); Hoogsteen base pairing 

can be seen in Figure 0.3. Other base pairings are possible (both heterologous and homologous) 

but the A:U and G:C complexes are more stable by a factor of 10 (Saenger, 1973).  

The Ribose ring of RNA has an additional 3’-OH in comparison to the Deoxy-Ribose ring 

of a DNA nucleotide. The 3’-OH group of RNA acts as a nucleophilic catalyst, allowing for rapid 

cleavage of the RNA Phosphodiester bond. There are two different conformations of the Ribose 

ring discussed with regards to RNA structure: A conformation and B conformation; A conformation 

involves an out of plane deformation of the 2’-C and B conformation is an out of plane deformation 

of the 3’-C, as seen in Figure 0.4. Both C2’-Endo and C3’-Endo conformations of the Ribose ring 

are seen in DNA however only a C3’-endo is seen in RNA. A constrained Ethyl (cEt) modification 

(to be further discussed) can be used to alter the structure of a DNA nucleotide to force a C3’-Endo 

conformation of the Ribose ring – this modification is shown in Figure 0.5. The conformation of the 

Ribose ring can encourage different helical structures to form following base-pairing, to be 

discussed further in “Structural Differences between Double-Stranded DNA and RNA”.  

Figure 0.4. Ribose Sugar Pucker 
Two separate conformations of the 

Ribose ring are shown, described as a 

‘sugar pucker’.  

Figure 0.5. Constrained Ethyl (cEt) 
Modification to a Ribose Ring 

A common RNA/DNA 

oligomer modification as seen 

in AZD4785 and AZD 

Compound A (Results 

Chapter 3).  
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The overall conformation of the nucleotide can change as the base changes orientation or 

position in relation to the Ribose ring; this is due to rotation about the glycosidic bond (Suck, 1962). 

This change in orientation is highly influenced by the type of Ribose sugar pucker and the various 

conformers can be seen, using Cytidine and Adenosine as examples, in Figure 0.6. Purines can 

rotate between anti- and syn- conformations, although the anti- conformation is preferred. 

Pyrimidines prefer to adopt an anti- conformation as the Oxygen on the Ribose ring at C2’ produces 

significant hinderance to the rotation of the Pyrimidine base around the glycosidic bond by 

interacting with the Hydrogen and Oxygens of the Furanose ring (Suck, 1962). The importance of 

the syn- conformation to RNA function is not clear but most syn nucleobases are involved in tertiary 

stacking and base-pairing interactions; Syn bases are also more likely to be found in regions of 

RNA structure which directly interact with a ligand or ribozyme active site. It has been observed that 

the syn- conformation of nucleobases may be able to enhance RNA folding and catalysis 

(Sokoloski, 2011).   

Figure 0.6. RNA Nucleotide Conformers 
As published by Wilson et al (2019), the conformation of Nucleotides can change 

due to the orientation of the base and the type of Ribose sugar pucker. Shown above 

are the different conformations of Cytidine and Adenosine to give examples for both 

Pyrimidine and Purine nucleotides. 
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The orientation of the base in terms of whether it has a ‘North’ or ‘South’ position, in relation 

to the Sugar, is important as it can highly impact the structure of a longer DNA/RNA oligo. An 

experiment was performed by Saneyoshi et al (2009) to synthesise a DNA aptamer dominated by 

locked South – Bicyclo Hexane pseudosugars – intended to induce a G-tetraplex structure (as 

confirmed by NMR); insertion of a single North/anti-G nucleoside in the centre of the DNA aptamer 

led to a complete disruption of the structure (Saneyoshi, 2009).  

 

Ionisation and pKa Dissociation Constants of Nucleotides 
  

An Acid Dissociation Constant (pKa) is a parameter used to measure the strength of an 

acid in solution. The pKa defines the pH required for a molecule to donate or accept a proton; an 

Acid will give up a proton whereas a base will accept a proton, therefore the pH and pKa are only 

equal when half of the acid has dissociated.  

Phosphate groups are dibasic nucleotides and therefore have two separate pKa values to 

indicate that they have two separate stages of proton loss (affecting the P-O bonds in the Phosphate 

group, the Oxygen is de-protonated) (Azher, 2018). The pKa values for the Phosphate groups of 

different nucleotides range from a pKa1 of 0.9 – 1 and a pK2 of 6 – 6.4 (Blackburn et al, 2006), 

therefore at a pH above this, the structure will predominantly be deprotonated. A deprotonated 

phosphate group is negatively charged at ~ pH 7.0 (Azher, 2018). 

Differences in the pKa of the Hydrogen donor and acceptor are referred to as Δ pKa.  

Guanosine and Cytosine have stronger Hydrogen bonds as they have a lower Δ pKa. Ribose sugars 

have a pKa of around 13 and in addition to this, most RNA nucleobases are neutral at a 

physiologically relevant pH, therefore the overall nucleoside structure is self-buffering at a neutral 

pH with no inclination to act as an Acid or a Base (Velikya, 2001, Azher, 2018).  

A 5’- Phosphate group of one nucleotide can be linked to a 3’- Hydroxyl group of another, 

forming an oligomer of RNA by creating a Phosphodiester bond; an oligo (oligonucleotide) of 

multiple joined nucleotides is therefore said to have ‘directionality’. Although the nucleoside (Ribose 

ring and base) are neutral at physiologically relevant pH’s, the Phosphodiester group is an anion at 

pH 7.4 and so oligonucleotides are highly negatively charged molecules. 

 

Structural Differences between Double-Stranded DNA and RNA  
 

The missing 2’-Hydroxyl group in DNA has a major effect on the structural differences 

between double stranded DNA structure and double stranded RNA structure. Double stranded DNA 

(ds-DNA) and RNA (ds-RNA) are composed of complementary, anti-parallel strands and these are 

connected by Hydrogen bonds between the base pairs. The Helical structure of ds-DNA primarily 

exists in B-form (as seen in Figure 0.3) but can exist in A- or B- forms dependent on the type of 

Hydrogen bonding between bases (Robinson, 2010). Both the A and B-form helices are ‘Right-

handed’. In contrast to the B-form structure of ds-DNA, ds-RNA refers to RNA in the ‘A’ helical form 
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as seen in Figure 0.3. As seen in Figure 0.3, both forms of Helix have a Major and Minor groove, 

the difference being that in the A- form the major groove is deep and the minor groove is very 

shallow. The Properties of the B and A form of Helix are seen in Table 0.1 (Dev, 2014). 

 

The B- and A- Helical structures seen in ds-DNA are based on the pucker of the Sugar 

Ribose: a C2’-Endo conformation induces a B-form Helix whereas a C3’ endo induces an A-form 

helix ; DNA does not have a 2’-OH of the Ribose ring and can therefore exist as either of these 

separate conformers.  

 

Preference for A-form in ds-RNA occurs as the Ribose is predominantly in the C3’-endo 

conformation; a steric clash between the 2’-OH of a Ribose ring and the 3’-OH of an adjacent 

Ribose ring / nucleotide disfavours the C2’-endo conformation, discouraging the B-form of ds-RNA 

(Broyde, 1978).  This 2’-OH - 3’-OH steric clash occurs due to crowding of atoms within the Van 

der Waals radii of other atoms, putting a constraint on any conformational changes that can occur. 

The RNA 2’-OH acts as both a Hydrogen donor and an acceptor and RNA structures are therefore 

incredibly stable. The helical structures of RNA/DNA hybrid oligos appears to be found exclusively 

in the A-form, to allow for the additional room required for the 2’-OH (Broyde, 1978).  

 

Characteristic Raman spectroscopy peaks can be assigned to the different Helix types. A 

peak at ~ 810 - 814 cm-1 is of a 5’C-O-P-O-C3’ group, which arises due to the C3’endo/anti 

conformers seen in an A-Type helix (Erfurth, 1972). In addition, a peak at ~ 782 cm-1 would be 

indicative of a B-Type helix (5'C-O-P-O-C3') with a C2’ endo/anti conformation of the Ribose ring 

(Benevides, 1983).  

 

 

 

 

 

 

Table 0.1: The properties of B- and A- form double-stranded Helix structures.  

 B – Form A - Form 

Strand  Antiparallel Antiparallel 

Handedness of Helix Right-handed Right-handed 

Overall Shape Long and Narrow Short and Wide 

Base Pairs per turn 10 11 

Distance between adjacent 

bases 

0.34 nm  0.23 nm 

Pitch / Turn of Helix 3.40 nm 2.82 nm 

Helical Diameter 2 nm 2.3 nm 

 



23 
 

Messenger RNA 
 

Messenger RNA (mRNA) was discovered in 1961 by Jacob and Monod (Jacob and Monod, 

1961), who hypothesised that it was acting as an intermediary between DNA and the proteins it 

encoded for. mRNA conveys genetic information from DNA (in the nucleus) to the ribosome (within 

the cytoplasm) which specifies the amino acid sequence required for protein synthesis (translation). 

Within the nucleus, RNA polymerase transcribes pre-mRNA (the primary transcript from DNA) into 

Mature mRNA, a large Poly (A) tail (several hundred Adenosine nucleotides) is added to the 3’ end 

to protect the mRNA from degradation and export it from the nucleus to the cytoplasm. Once in the 

cytoplasm, the mRNA is translated within the ribosome; the mRNA is read as individual triplets of 

nucleotides called codons, with each codon specifying for a different amino acid (with the exception 

being the Start and Stop codons which surround a coding region). Transfer RNA and Ribosomal 

RNA are also required (alongside mRNA) for codon recognition and protein-manufacturing.  

 

Messenger RNA features secondary structures, such as pseudoknots and hairpin loops (as 

seen in Figure 0.7), to prevent degradation of the coding regions. The start and stop codons are 

associated with relaxed secondary structures to facilitate initiation and termination of mRNA 

translation, whereas the functional domains (the 5’ and 3’ untranslated regions) are found to fold in 

on themselves, protecting the nucleotides key for amino acid synthesis (Shabalina, 2006).  
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-  Single Stranded RNA 

Double Stranded RNA 

Single Base Bulge 

Base Mismatch 

Hairpin 

(Stem-Loop) 

Symmetric (Left) and 

Asymmetric (Right) 

Internal Loop 

Pseudoknot 

Kissing 

Hairpins 

Figure 0.7. Single Stranded RNA Structures 
Examples of Single-stranded RNA structures that can occur as a result of self-

hybridisation in longer RNA oligonucleotides.  
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Single Stranded RNA Structure 
 

Watson-crick and Hoogsteen base pairing (as discussed above and seen in Figure 0.3) 

enable self-hybridisation of RNA. This is unlikely to occur in small oligos (<12-mer), unless a hairpin 

loop is specifically encoded for. However, human messenger RNA (mRNA) can be hundreds to 

thousands of nucleotides in length featuring multiple secondary and tertiary structures; NCBI news 

reported in 2003 that the average human gene (supported by mRNA alignments) has 12 exons with 

an average length of ~236 base pairs each, with each exon separated by introns ~5478 base pairs 

in length (NCBI News, 2003).  A well studied example of ssRNA structure is that of 16s rRNA, 

ribosomal RNA of the small subunit of ribosomes, which is highly conserved across Eukaryotic 

species and is used for phylogeny and taxonomy of bacterial species. 

 

Figure 0.7. shows a schematic diagram of common single-stranded RNA structures. ss-

RNA structures occur in longer lengths of oligo as a result of self-hybridisation. Online servers exist 

for nucleic acid folding and hybridisation prediction of ss-RNA such as MFold (Zuker, 2003) and 

RNAStructure (RNAStructure, 2017). The binding affinity of an Antisense Oligonucleotide of ss-

RNA to its complementary target ss-mRNA sequence is affected by the secondary structure of both 

oligos – but is far more likely to be affected by the structure of the mRNA due to its much greater 

length (compared to a 12-16 mer ASO). The binding affinity is also affected by the G:C content of 

an ASO; Thermodynamic calculations can be used to determine the strength of a binding affinity, 

by calculating at what temperature the sample would ‘Melt’ and the Hydrogen bonds would break 

apart, a commonly used calculator is OligoCalc (Kibbe, 2007). The melting temperature of a G:C 

rich ds-RNA 12-mer (GGGCCCGGGCCC) is around 48°c whereas the melting temperature of an 

A:U rich ds-RNA 12-mer (AAAUUUAAAUUU) is only around 24°c due to the lower number of 

Hydrogen bonds in an A:U rich oligo.  
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Antisense Oligonucleotides 

 

An Introduction to Antisense Oligonucleotides  
 

Antisense-Oligonucleotides (ASOs) are a next generation of therapeutic pharmaceutical for 

diseases such as Huntingtons and Spinal Muscular Atrophy. ASOs are synthesised to be 

complementary to target short lengths of messenger RNA (mRNAs) that are implicated in the 

disease of interest. ASOs reduce or alter the expression of the target mRNA, for example by 

stopping the production of a disease causing protein (such as Huntingtin protein in Huntington’s 

disease) (Evers, 2015). A number of chemical modifications (such as modifications to the backbone 

and sugar component) have been used to increase stability and prevent degradation within the 

body (Evers, 2015). ASOs activate RNase-H dependent pathways in the cytoplasm to cause the 

down-regulation of gene expression (Tse, 2012).  

ASOs are able to target diseases which have previously had no direct inhibitors; AZD4785 

(AZD - AstraZeneca Prefix) (Ross, 2017) has recently been used to target KRAS-dependent 

tumours which are thought to account for around 20% of all human cancers (Cox, 2014).  Other 

examples of ASOs include Mongersen for Inflammatory Bowel Disease and ISIS-SMNRx for Spinal 

Muscular Atrophy. 

There is therefore a high pharmaceutical demand for ASOs due to their high marketability 

and potential therapeutic impact on diseases that may not have efficient treatments. Examples of 

Antisense Oligonucleotides (currently undergoing clinical trials) include AZD5312 (ISIS-ARRx) for 

androgen-dependent prostate cancer, ISIS-SMNRx for Spinal Muscular Atrophy and Mongersen 

for Inflammatory Bowel Disease.  

 

Potential advantages of ASO’s (as opposed to current therapies such as chemotherapy) include: 

• They allow for high specificity towards a specific target mRNA sequence, resulting in a 

lower possibility of off-target binding and protection from the suppression of closely related 

gene products. 

• The result of gene suppression by ASOs can be well predicted following clinical trials in 

model systems (Murine).  

• ASOs can be used against biological targets considered to be ‘non-druggable’, such as 

with AZD4785 targeting of the KRAS oncogene, as discussed in Results Chapter 3. 
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Ribosome 

Translation into a 

Protein, causing 

Disease 

Traditional 

Drug 

Antisense Oligonucleotide 

binds to mRNA 

ds-RNA is broken down 
(e.g by RNase-H 

mediated degradation) 

Traditional drugs 

target the Protein  

There is no formation of 
a Protein 

ASO  

RNA 

Polymerase 

DNA 

mRNA 

mRNA mRNA 

mRNA 

ASO  

ASO  

mRNA 

Protein 

Protein 

The target mRNA Leaves the Nucleus and 

enters the Cytoplasm for Translation into a 

protein or hybridisation to an Antisense 

Oligonucleotide. 

Nucleus 

DNA is Transcribed into 

mRNA within the Nucleus 

mRNA 

RNase-H 

Cytoplasm 

Figure 0.8.  
Antisense 
Oligonucleotide  
Mode of Action 
 

The mode of action for 

an Antisense 

Oligonucleotide, 

targeting a specific 

mRNA sequence, to 

prevent protein 

translation; This is 

shown in comparison to 

traditional mRNA 

translation into a 

protein causing 

disease. 
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Structure and Physical Characteristics 
 

ASOs are synthesised strands of single stranded (ss)-RNA that can hybridize to specific 

target mRNAs, inhibiting expression of target proteins. Single stranded ASOs are made up of 

repeating nucleotide subunits linked together by phosphodiester bonds, creating a 3’ - 5’ 

phosphodiester backbone complementary to the target mRNA. Each nucleotide subunit is made of 

a ribose sugar residue (DNA – deoxyribose) which then links to either an organic purine (Guanine 

or Adenine) or a pyrimidine base (Thymine/Cytosine for DNA, Uracil for RNA) via a glycosidic bond 

(Okafo 2015), as discussed above. The optimal maximum length of an ASO is around 16-20 

nucleotides (Stein, 2001) and the reason for this is directly related to the mode of action, as 

discussed below. 

 

Both ASO ss-RNA and ASO target mRNA can fold into secondary and tertiary structures; 

folding gives rise to a number of different structural motifs such as hairpins, bulges, internal loops 

and pseudo-knots as discussed and seen in Figure 0.7 (Toulme, 1996).These structures can arise 

from both inter- and intra- molecular hydrogen bonding. Although most of the ASO binding sites (in 

the RNA targets) are found in ss-RNA regions, some target RNA sites can be folded into secondary 

structures which can reduce the binding affinity and potency of the ASO (Hiller 2006). Data from 

invitro studies suggests that even very small changes to ASO structure and sequence can have a 

an effect on ASO affinity for target mRNA; affinity is lowered when there are base mismatches in 

an ASO, but ASO are still able to cause degradation of the mRNA to a lesser extent (Woolf, 1992). 

The additional of an extra nucleotide, which may occur during synthesis of an oligo, is discussed in 

Results Chapter 2. 

The secondary structure of the target mRNA sequence has a significant but predictable 

effect on antisense activity, by affecting the proximity and ease of access that the ASO has to the 

target mRNA site (Vickers, 2000). ASOs have previously been used to target known sites of mRNA 

structure, such as that of a Pseudoknot (Ecker, 1992), but to variable success and are unable to 

invade very stable ss-RNA structures such as a stem loop (Vickers, 2000). Therefore, ASOs are 

generally designed to hybridise to mRNA sequences in areas where there is a lack of secondary 

structure. Both computational and experimental techniques are used for predicting binding affinity 

to mRNA structured targets, with computational methods being a cheap and fast approach used to 

identify high affinity sequences with ~60% accuracy (Walton, 2000). An oligonucleotide microarray 

can be used to assess the potential for hybridisation of multiple ASOs to a structured target, with 

this technique considered to be a form of ‘walking’ along a target mRNA until a strong hybridisation 

is identified (Vickers, 2000, Milner, 1997).  

Modifications to the ASOs are discussed further below, however to summarise they are 

often used to induce steric hindrance and a forced conformation of a particular structure (affecting 

the Ribose pucker and the nucleobase orientation); an example of a common modification is a 

Constrained Ethyl modification to a Ribose ring (Figure 0.5), locking it into a C3’ endo sugar pucker 
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as seen in Figure 0.6 (Pallan, 2012). Modifications are often used to improve the efficacy of the 

ASO by reducing degradation and are directly related to the mode of action.  

 

Mode of Action 
 

Antisense efficiency depends on the ability of the ASO to hybridise to the target mRNA 

(Sohail 2001) and induce down-regulation of target protein expression (Chan, 2006) via 

Ribonuclease-H (RNase-H) mediated degradation of the protein mRNA (Evers 2015).  

  

 Figure 0.8 is a schematic demonstrating the mode of action of an ASO targeting a section 

of a target mRNA strand, compared to the normal activity of an mRNA. The mRNA leaves the 

nucleus and enters the cytoplasm for translation into a protein causing disease; an example of a 

traditional drug is used to target the protein itself. ASOs prevent the need for traditional drugs by 

preventing protein formation. The ASO binds to the mRNA and this ds-RNA/ASO heteroduplex 

section is then broken down, in this case by RNase-H mediated degradation.  

 

RNase H-mediated dependent pathways occur in the cytoplasm and are used to cause the 

downregulation of gene expression.  The most potent method of ASO activity works by inducing 

this RNase H-mediated degradation (Tse 2012), and ~80-95% down-regulation of protein and 

mRNA expression can be reached (Dias, 2002). The mechanism by which RNase-H recognises 

duplexes is not yet understood but it has been demonstrated that only a 5 base pair region of 

homology is sufficient for inducing RNase-H activity (Dias, 2002, Monia, 1993).  ASOs that are able 

to activate RNase H-mediated degradation are up to 1-100 times more potent than ASOs which 

cannot activate this type of degradation (Campbell 2011).  

 

ASO can also induce translational arrest of mRNA by steric hindrance of ribosomal activity 

or splicing (Chan, 2006). Steric hindrance occurs when there are steric effects due to an 

overcrowding of atoms, this usually affects intermolecular interactions and slows down chemical 

reactions causing translation arrest. ASOs that induce steric hindrance, include modified 

nucleotides such as Locked Nucleic Acids (LNAs) and Peptide Nucleic Acids (PNAs) – discussed 

in chemical modifications. PNAs can inhibit splicing, interfering with mRNA maturation; splicing can 

also destabilise the pre-mRNA in the nucleus (Aartsma-Rus, 2009). However, steric hindrance 

oligonucleotides are only efficient when they target the 5’- initiation codon region (Aartsma-Rus, 

2009), whereas RNase-H ASOs are able to inhibit protein expression when they target any part of 

the mRNA structure.  

 

The optimisation of ASO length is necessary following chemical modifications to the 

backbone due to their impact on the mode of action; phosphorothioate and phosphodiesters 

(modifications discussed below) are polyanions that can bind to heparin binding proteins (VEGF, 
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CD4, gp120); a longer length ASO can block the binding of these proteins to their receptors (Stein, 

2001). The optimal length of an ASO is therefore around 16-20 nucleotides (Stein, 2001).  

 

ASOs have the potential to become a therapeutic option for the treatment of genetic 

diseases, including those associated with protein build-up and aggregation, such as Huntington’s 

disease. Chan (2006) suggests that improvements in ASO design, improvements in chemical 

modifications of ASOs (to increase stability and resist degradation) and improved delivery systems 

have made ASO a bright prospect in the field of therapeutic drugs. As a result of these recent 

improvements, there is a broad range of ASOs in pre-clinical and clinical test stages for a wide 

variety of human diseases (Havens 2013). 

 

Chemical Synthesis and Modifications  
 

Taking the mode of action into consideration, modifications primarily prevent degradation 

of the ASO. Furthermore, assuming that random collisions would occur between (and to) each 

nucleotide as they come into contact with solvent molecules, thermal fluctuations can alter the 

conformation of each individual nucleotide (Gopal et al, 2012) making the conformation of a linear 

polymer random unless constraints are imposed by the introduction of chemical modifications or a 

secondary structure. As ssRNA structures are unlikely to form in short ASOs, chemical 

modifications are used to induce steric hindrance.  

The most commonly modified ASOs are called MOE ASOs; An MOE modification creates 

a 2’-O-Methoxyethyl off the Ribose ring, increasing binding affinity to the target mRNA (Evers, 

2015). This modification forces a C3’-endo ribose conformation in an ASO, different from the C2’-

endo sugar pucker that can occur in native DNA oligos (Zhao, 2013). RNA cleavage rates are lower 

for C3’-endo ribose conformation than for C2’-endo (Guo, 2018). 

 

A locked nucleic acid contains a modified nucleotide with an extra methylene bridge to 

connect the 2’-Hydroxyl group and 4’-C. This bridge force the Ribose ring into a C3′-endo 

conformation. The conformational rigidity of this conformation increases the melting temperature of 

the RNA strand and also imposes the same conformation on adjacent unmodified residues 

(Grunweiler, 2007).  LNA’s are not able to induce RNase-H mediated degradation and so an 

unmodified gap of DNA nucleotides (~6-7 nucleotides in length) is required for RNase-H cleavage 

(Kurreck, 2002). An ASO modified to introduce locked nucleic acids is often called an LNA gapmer. 

A Locked nucleic acid at the 3’ end of an ASO improves the stability of the ASO against several 

types of exonucleases and all LNA modified oligos are resistant against cleavage by S1 

endonucleases. LNA gapmers are highly stable in serum when there are 3 LNA residues at both 

the 5’- and the 3’- end. LNA gapmers have strong binding affinity but have a higher propensity for 

self-annealing and forming single stranded structures (Evers, 2015). 
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A cEt nucleotide can be described as a hybrid LNA/MOE, adding a methyl bridge 

(characteristic of an LNA) to an MOE nucleotide (as seen in Figure 0.5); these cEt nucleotides have 

improved nuclease resistance and a strong binding affinity (Evers, 2015). Similar to LNA gapmers, 

cEt modified oligos work only by steric hindrance unless a central unmodified region is used to allow 

for RNase-H mediated degradation.  

 

A peptide nucleic acid ASO can be created (for high nuclease resistance), whereby the 

entire phosphate-ribose backbone region is removed and an uncharged, polyamide backbone takes 

its place; the new backbone consists of N-(2-Aminoethyl)glycine units, attached to the bases by 

methylene carbonyl linkers (Dias, 2002,  Nielsen, 1991).  Although PNAs are uncharged and have 

high binding affinity and low toxicity, they are rapidly cleared from the body and have poor uptake 

(Evers, 2015).  

 

Examples of Antisense Oligonucleotides 

AZD5312 - ISIS-ARRx, otherwise referred to AZD5312, is an Antisense Oligonucleotide 

generated as part of a collaboration with AstraZeneca to develop a single agent (and combination 

therapy) drug for androgen-dependent prostate cancers (Isis Pharmaceuticals, 2015). ISIS-ARRx 

works by inhibiting the androgen receptor; problems associated with this receptor can cause both 

growth and proliferation of androgen-dependent tumours (making ISIS-ARRx effective for all stages 

of associated cancers). Over-expression of the AR gene is seen in ~1/3rd of prostate cancers (Linja 

et al, 2001).  AZD5312 will help patients who are unable to tolerate androgen deprivation therapies 

(such as those in the later stages of prostate cancer).   

AZD9150 - AZD9150 prevents production of the STAT3 (Signal transducer and activator 

of transcription factor 3) protein; It is complementary for the mRNA encoding STAT3. Inhibition of 

STAT3 can cause apoptosis in lymphoma cells making it a potential drug for lymphoma patients 

and patients with advanced cancers. It has been offered to researchers for clinical and pre-clinical 

research through the AstraZeneca: Open Innovation Program (AstraZeneca, 2014). This drug may 

be effective for lymphoma patients where previous therapies have been unsuccessful and the 

cancer has progressed (Springer, 2015). 

ISIS-SMNRx, - ISIS-SMNRx (Isis Pharmaceuticals, 2015) is being developed and 

commercialised by Biogen to treat infants and children with spinal muscular atrophy (SMA). SMA 

can lead to infant mortality and affects ~30k-35k patients across the US, Europe and Japan. SMA 

is characterised by the loss of, or a defect in the SMN1 (survival motor neurone 1) gene which 

produces SMN protein. An SMN protein, with reduced functionality, can also be synthesised from 

the SMN2 gene. ISIS-SMNRx works by altering SMN2 splicing, to increase the amount of functional 

SMN protein produced by SMN2. A Phase 1 clinical trial showed improvements in muscle function 

for up to 14 months following only one dose of ISIS-SMNRx (6mg or 9mg) (Isis Pharmaceuticals, 

2015).  
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Mongersen - The role of SMAD7 in Inflammatory Bowel Diseases (IBD) was confirmed 

by the discovery of SMAD7 involvement in the TGF- β pathway in 2012 by Monteleone et al (2012). 

Following this discovery a new 21-mer ASO, Mongersen, was generated to target chronic 

inflammation caused by high levels of SMAD7. It has induced significantly high rates of remission 

in Crohns disease patients following a phase 2 clinical trial in 2015 (Monteleone et al, 2015). 

SMAD7 is an intracellular protein that is able to decrease the activity of Transforming growth factor 

- β 1 (TGF-β), by binding to and inhibiting SMAD2 and SMAD3 in the TGF-β cell signalling pathway; 

inhibition of SMAD2 and SMAD3 prevents gene transcription (Monteleone et al, 2015). TGF-β is an 

immunosuppressive cytokine, low levels of which are seen in Crohns disease patients during 

periods of gut inflammation. Mongersen works by down-regulating SMAD7 by hydridising to the 

SMAD7 mRNA and inducing degradation. Degradation occurs through RNase H– mediated 

degradation. It was necessary to modify the drug by encasing it within a ‘release tablet’ specifically 

designed to release the active ingredient in the targeted location, in this case the terminal ileum 

and right colon, via a pH-dependent coating of methacrylic acid-ethyl acrylate copolymers. This trial 

has shown how Antisense Oligonucleotides can provide a welcome alternative to IBD patients that 

are unable to tolerate immunosuppressant or anti-TNF drugs and the specific SMAD7 targeting 

may also work for other diseases associated with deregulation of SMAD7 expression, such as 

tissue fibrosis and carcinogenesis. (Yan, 2009). Mongersen also shows the importance of a robust 

and targeted drug delivery system for ASOs.  

 

ASOs are also being used as a method of combating antibiotic resistance in bacterial cells. 

Antibiotic resistance in a global public health concern and increasing amounts of antibiotics are 

being handed out every year, contributing to the rise of superbugs (such as methicillin-resistant 

Staphylococcus aureas) (Woodford, 2009). It has been suggested that ASOs could provide an 

innovative method for inhibiting resistance mechanisms of antibiotics at a genetic level. A class of 

β-lactam antibiotics work by preventing bacterial cell wall synthesis; an example of how an ASO 

can be used to combat β-lactam antibiotic resistance is to directly inhibit Bacterial β-lactamases, 

which are used by bacterial cells for cell wall synthesis (Drawz, 2010).  
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Aims of the PhD  
 

This section outlines the Aims of the PhD, as looked at in Results Chapters 1-4. 

 

Building up an RNA Library 
  

The intention of this thesis is to be able to use spectroscopic techniques to predict the 

secondary structure of RNA oligonucleotides (oligos) and characterise changes in these structures 

that occur as a result of Pharmaceutical stresses. The spectra of basic ss-RNA structures such as 

hairpins and bulges have been well studied in literature, but assigning the spectra of more complex 

structures and longer oligos of unknown structures / sequences has proved difficult.  

The primary aim, of Results Chapters 1 and 2, is to build up a library of Raman and ROA 

(Raman Optical Activity) assignments based on the spectra of various ss-RNA samples, for detailed 

analysis of the structure of RNA oligos. By building up a library of features associated with individual 

RNA nucleotide monomers and RNA homopolymers in solution, it should be possible to more easily 

assign spectral features that are introduced into the spectra as a result of ss-RNA secondary 

structures. Structural changes include those made to the Ribose ring conformation and the 

orientation changes of the nucleobase around the Glycosidic bond. A Density Functional Theory 

(DFT) collaboration is used to increase understanding of the Raman spectra of RNA nucleotides to 

give specific assignments for peaks. 

A secondary aim is to use the assignment library to aid in the identification of oligo impurities 

containing additional nucleotides (N + 1-mers) – this is discussed in Results Chapter 2. AZD9150 

is used as an example RNA oligo whereby an additional nucleotide (of unknown base) has been 

introduced into the oligo. DFT Raman assignments based on RNA nucleotides are used to assign 

this single additional nucleotide as an Adenosine. This is believed to be the first known published 

example of assigning a previously unknown nucleotide added to an ASO using Raman 

spectroscopy. 

Determining the Structure of AstraZeneca Antisense Oligonucleotides 
 

Spectroscopic methods (Raman spectroscopy, ROA and Circular Dichroism) are used to 

determine the structure of two AstraZeneca ASOs: AZD4785 and AZD Compound A in Results 

Chapter 3: Antisense Oligonucleotides. The secondary structure of RNA Antisense 

Oligonucleotides (ASOs) is of interest as it can affect their binding affinity and potency. Both the 

ASO single stranded RNA (ss-RNA) and the target mRNA can fold into secondary and tertiary 

structures such as hairpin knots, bulges and pseudoknots (Toulme, 1996). Folding and unfolding 

of both the ASO and mRNA target secondary structures can affect the number of bases available 

for ASO binding and interactions (Hiller, 2006). NMR is the current gold standard for observing 

secondary structures, however other spectroscopic methods can be cheaper and much quicker.  
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Raman spectra of a short RNA-mer with no secondary structure would be relatively easy 

to interpret, providing distinct spectral regions associated with the different components of the 

nucleotides and Phosphate backbone. However, any introduction of secondary structure increases 

the complexity of Raman spectra, making spectra peak assignments difficult. AstraZeneca drugs 

are modified from Methylation of the bases and cEt Ribose modifications forcing a locked ribose 

pucker. These modifications may affect the structure of the AZ oligonucleotides and Raman peaks 

associated with these modifications will be identified.  

Of interest to AstraZeneca is any structural changes that may occur as a result of increased 

concentrations and ASO inter/intramolecular hybridisation. Hybridisation could render an ASO 

ineffective as it must be single stranded to bind to the target mRNA. It is hypothesised that changes 

in secondary structure will be observed as changes in Raman spectroscopy, ROA and CD spectra. 

NOESY NMR is used to look at the breakdown of any secondary structure within and between 

AZD4785 oligos. 

Furthermore, Circular Dichroism (CD) is used to collect structural information on a ss-RNA 

sample – AZD4785. CD detects the absorption of both right- and left- circularly polarized light that 

has passed through a liquid sample and expresses the difference (the dichroism) in absorbance 

between the two (Kelly 2000). Circular Dichroism has not so far been used to look at AZD4785 and 

results are discussed in Results Chapter 3. 

It is hypothesised that, following determination of ASO structure, any changes in secondary 

structure that occur as a result of Pharmaceutical stresses can be observed as changes in Raman 

and ROA peak shifts. 

Observing the Effect of Pharmaceutical Stresses on ASO Structure 
 

Also shown in Results Chapter 3: Antisense Oligonucleotides are examples of 

spectroscopic methods being used to observe the effect of Pharmaceutical stresses on ASO 

structure. Pharmaceutical stresses during the manufacturing process, such as changes in 

temperature, humidity and sheer stress can drive oligonucleotide folding and unfolding. Different 

buffer environments for ASO drugs, involving changes in pH and the introduction of Salts, will also 

cause secondary structure changes.  Changes in structure are associated with a loss of ASO 

stability and efficacy. Stresses can also cause aggregation and denaturation of ASOs which would 

make them unable bind to the target mRNA. Induced changes to the conformation of the Ribose 

pucker, or the orientation of the nucleobases will be detected by Raman spectroscopy as a peak 

shift. Any induced changes to the phosphate backbone (and thus the secondary structure of the 

ASO) can be identified using ROA spectra is used to observe changes in the chirality of the structure 

(Bell, 1998).  

Raman spectroscopy, Raman Optical Activity, Circular Dichroism and Small Angle X-Ray 

scattering (SAXS) will be used to observe changes in structure of AZD4785 as a result of change 

in concentration, pH and buffer change (to a physiologically relevant buffer). Raman spectroscopy 
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and SAXS are also applied to AZD Compound A. Small Angle X-Ray scattering data and NOESY 

NMR spectra are acquired at varying temperatures to observe the break-down of either an 

intramolecular or intermolecular structure affecting AZD4785.  

 

Using SAXS to Complement Raman Spectroscopy 
 

For an mRNA sequence 1000 bases long, the linear length would be around 300nm; this 

is assuming that the structure is single stranded with no secondary structure. As discussed, there 

are many different ss-RNA structures that occur as a result of self-hybridisation. Oligo calculators 

exist to predict secondary structures that might occur from a given sequence (RNAStructure, 2017) 

but structural determination of an unknown sequence is difficult with increasing lengths of oligo (the 

length of an unknown sequence can be calculated from the mass via mass spec or gel 

electrophoresis). A useful statistical measure to view the spatial extent of an RNA secondary 

structure is Small Angle X-Ray scattering (SAXS). SAXS allows for a radius of gyration calculation, 

which gives information about the distance of the average electron density from the centre of the 

molecule. SAXS is discussed in more detail in the Methods chapter and has been used in Results 

Chapters 2, 3 and 4 to look at small ASO’s and Cowpea Mosaic Virus molecules.  

SAXS is used to complement Raman spectroscopy by producing bead models of AZD4785 

and AZD Compound A, to observe the overall structure of the ASOs and look at the effect of the 

chemical modifications on the rigidity of the structure. Also observed is inter-molecular interactions 

between adjacent ASOs as a result of sheer stress or potential interactions due to the chemical 

modifications imposed on the drugs. SAXS has not previously been used to look at Antisense 

Oligonucleotide structure and Results are shown in both Results Chapters 2 and 3 

. 

Looking at the RNA Structure of Cowpea Mosaic Virus 
 

The synthesis of RNA can be both difficult and expensive, as discussed in Results Chapter 

2.  As part of the PhD, a collaboration was organised to look at the conformation of ssRNA within a 

Cowpea Mosaic Virus (CPMV) with the George Lomonossoff group at the John Innes Centre. This 

expands on work previously undertaken by Blanch et al (2002).  

Examples of CPMV being used as a drug delivery system or as a therapeutic drug itself 

include: 

- CPMV has been tested as an in-situ cancer vaccination and shows increased secretion 

of cytokines, activation of antigen-presenting cells and increased abundance of tumour 

infiltrating T-cells when used in combination with chemotherapy for treating Murine 

breast tumours (Cai, 2019).  

- CPMV has been conjugated to the chemotherapeutic drug doxorubicin (DOX) to 

increase the cytotoxicity toward HeLa cells (Aljabali, 2013).  
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- CPMV has been used in-situ to promote tumour regression and prevent tumour 

recurrence in murine ovarian cancer models (Wang, 2019). 

- CPMV had been used to directly target and expose Vimentin on the surface of cells 

involved in inflammation (Steinmetz, 2012). 

 Virus Like Particles (VLPs), produced from a construct based on the CPMV virus, are 

examined as a potential drug delivery system for ASOs. The alteration of the construct RNA 

sequence is performed to induce Green Fluorescent Protein (GFP) production in the CPMV viral 

host: Nicotania Benthamiana. This shows the potential of modifying the construct to produce ASOs 

on a large scale in a conveniently pre-packaged VLP. Results are discussed in Results Chapter 4.  
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Methods  
   

An Introduction to Vibrational Spectroscopy 
 

The spectroscopic methods discussed are Raman spectroscopy, Raman Optical Activity 

(ROA), Fourier Transform Infrared spectroscopy (FT-IR) and Circular Dichroism. Vibrational 

Spectroscopy allows for detailed analysis of Antisense Oligonucleotide secondary structure; these 

methods are also used to characterise structural changes that occur as a result of pharmaceutical 

stresses (such as changes in concentration, buffer, temperature and pH). Vibrational Spectroscopy 

utilises the electromagnetic radiation. 

 

The electromagnetic spectrum is fundamental to vibrational spectroscopy. Light acts as a 

wave possessing an amount of energy (in Joules) that exists as a result of both magnetic and 

electric fields. The electromagnetic spectrum is used to categorize different types of 

electromagnetic radiation (light) based on the frequenzy (Hz), wavenumber (cm-1) or wavelength 

(nm). The spectrum is seen in Figure 0.9, outlining the differences between shorter and longer 

wavelengths. Very high energy electromagnetic radiation has a shorter wavelength (gamma rays) 

whereas radio waves are associated with lower energy and a longer wavelength. Only the 

wavelengths 400-700nm can be seen by the human eye and this region is called ‘visible light’. Most 

Raman and FT-IR spectroscopic methods use Visible and IR light to look at molecular vibrations. 

 

Figure 0.9.  Electromagnetic Spectrum 
An outline of the Electromagnetic spectrum, from shorter to longer wavelengths. 
The bottom diagram outlines some of the Wavelengths (nm) typically involved with 
Spectroscopic methods (the entire UV-spectrum is not shown, but ranges from 
10nm to 400nm as shown in the top diagram). Note that Ultraviolet (UV), Near-UV 
and Near-IR are not associated with a colour as they are not visible to the human 
eye.  
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Spectroscopy has several 

different parameters to discuss the 

electromagnetic spectrum; these 

parameters are based on observations 

by Einstein and Planck that 

electromagnetic radiation is comprised 

of photons which arrive / move as 

discrete bundles (rather than a 

continuous wave of electromagnetic 

radiation). The energy of the photons in 

a specific bundle can be determined by 

their frequency (Planck, 1914., Einstein, 

1905., Fayer, 2010). To look at how 

these parameters interact, definitions 

and equations for the most common 

Spectroscopic parameters are seen in 

Table 0.2 (Paar, 2019): 

 

Due to the energy associated with 

different wavelengths, they have 

different excitation effects on atoms and 

molecules. During spectroscopy, an 

incident light beam of known 

parameters, hits a sample under 

observation; the interaction of photons 

with the molecules within the sample can 

be informative by providing information 

about the molecular structure. The 

interaction between photons and 

atoms/molecules, may result in a change 

of energy of both; this change of energy 

is called an Excitation process. The 

three main excitation processes involved 

in Spectroscopy are: Absorption (of 

photons), Fluorescence (the re-emission 

of absorbed light with a longer 

wavelength than the originally absorbed 

light) and Scattering. Scattering can be 

either elastic or inelastic: 

 

Scissoring 

Asymmetrical 
Stretching 

Symmetrical 
Stretching 

Rocking 

Twisting 

Wagging 

Figure 0.10.  Examples of Molecular 
Vibrations 
 
Schematic showing examples of typical stretching 
and bending vibrations in molecules. Dark blue 
circles show the original orientation of the 
molecules, Grey circles indicate the potential 
movement of the molecules. 
 

Vibrational 
Energy 
States 

4 

3 

2 

0 

1 

Virtual 
Energy  
States 

Infrared 

Absorption 
Rayleigh 

Scattering 
Stokes  
Raman 

Scattering 

Anti- 
Stokes 
Raman 

Scattering 

Figure 0.11. Vibrational Energy States  
 
The effect of Raman scattering and IR absorption 
can be discussed in terms of a change in the 
Vibrational energy state of a molecule. Raleigh 
scattering does not result in a change of energy 
state, however Raman can induce both Anti-
Stokes and Stokes scattering. 
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- Elastic scattered light has the same wavelength as the Incident beam of light as there is no 

change of energy when the incident light beam interacts with the molecules it hits; this type 

of scattering is called Rayleigh scattering. 

 

- Inelastic scattered light is scattered when the incident light beam interacts with the 

molecules within the sample it hits; Photons cause polarisation of the electron cloud of the 

molecule they interact with, resulting in an energy transfer to the molecule from the incident 

photon beam. The scattered light will then have a different energy to that of the incident 

beam, this phenomenon was first identified by C.V. Raman in 1928 (Raman, 1928). 

Typically, only around 1 in every 106-108 photons will interact with the molecules in this 

way. 

 

The change in energy from Inelastic light scattering can increase the vibrational energy of a 

molecular bond, which is why Raman spectroscopy is often described as a Vibrational spectroscopy 

(with IR spectroscopy being an exception as it is also a vibrational spectroscopy but does not 

involve scattering). Vibrational energy can differ depending on the interactions between atoms of 

the same molecule relevant to each other (Intramolecular Covalent bonds) and interactions 

between the atoms of adjacent molecules (Intermolecular Hydrogen bonds); These bonds can 

stretch resulting in increasing and decreasing bond lengths, or bend resulting in increasing and 

decreasing angles between adjacent atoms (deformation vibrations [δ]) (Bridgeman, 2015) as seen 

in Figure 0.10. Vibrations within a molecule are classified as either symmetrical or asymmetrical 

based on their maintenance of the molecules symmetry (Kleinschmidt, 2001). The lowest vibrational 

energy state of a molecule is known as the ‘ground state’ (Lavelle, 2012) (Figure 0.11) and different 

vibrational spectroscopies are used to observe the different types of interactions that occur as a 

result of a change in vibrational energy state (Figure 0.11).  
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Table 0.2.     An Outline of Spectroscopy Parameters 
Equations, units and definitions for spectroscopy parameters associated with both 

Raman and FT-IR spectroscopies. Where c = Speed of Light (299792458 ms-1). 

 

 Symbol Equation Unit Definition 

Energy E E  ∝  ν  ∝  1/λ J (Joule) The energy contained in a single light wave, 

not to be confused with light intensity which 

is the number of Photons of a particular 

frequency contained in a beam of light. 

Frequency ν ν = c / λ  

 

Hz = 1/s 

(Hertz) 

The rate of oscillation of the light wave – 

required to calculate the energy.  

Wavelength λ λ = c / ν  

 

nm 

(Nanometer) 

The distance between two consecutive 

wave troughs / crests (when Light waves 

are defined by a Cosine function) 

Wavenumber ṽ ṽ  =  1 / λ   

=  ν / c 

cm-1 

(Reciprocal 

Centimetres) 

The reciprocal to the wavelength of the 

wave, giving information about how many 

wavelengths fit into a unit of distance, in this 

case: cm-1. Wavenumbers therefore 

represent an energy scale whereby a low 

wavenumber is of a low energy, and a high 

wavenumber is of a high energy. 

 

Raman Spectroscopy 
 

Introduction and Background theory 
 

 Raman scattered light was first identified in 1928 by Chandrasekhara Venkata Raman 

(Raman, 1928) in a rudimental experiment involving various liquids (used as scattering materials) 

with sunlight used as a source of Photons. C.V. Raman was consequently awarded the Nobel prize 

for Physics in 1930. Raman spectroscopy uses Raman scattered light (the inelastic collision 

between a photon and a molecule) to produce a ‘fingerprint’ like spectrum of a sample. The resulting 

spectrum corresponds to vibrational frequencies of the sample molecule’s bonds. 

Raman spectroscopy uses a monochromatic beam in the IR, visible or near-UV range of 

the electromagnetic spectrum (Figure 0.9). During confocal Raman spectroscopy, an incident beam 

is chosen in a wavelength that will not be absorbed by the molecule and will therefore induce 

scattering (with the exception being Resonance Raman spectroscopy which deliberately uses a 

wavelength corresponding to an electronic absorption seen in the UV-Vis spectrum). As discussed 

above, most photons from the incident beam are re-emitted/scattered by the sample molecule as 

Rayleigh light, whereby the absorbed photon has the same wavelength as the emitted/scattered 

photon (Wartewing, 2003). However, the small proportion of photons scattered from the molecule, 

alongside Rayleigh light, that have undergone a change in energy are said to be Raman scattered.   



44 
 

Raman scattering is therefore defined as an inelastic collision between a photon and a 

molecule. The incident beam will either have a loss or gain in energy (in terms of photons) once it 

is re-emitted from the molecule being sampled.  This loss or gain of energy corresponds to the 

vibrational frequencies of the sample molecules bonds (Bridgeman, 2015). The energy difference 

between the incident beam and the scattered Raman light, is measured in wavenumber shift (cm1).  

Raman spectroscopy specifically measures the energy required for a molecule or atom to 

change between discrete vibrational energy levels (Stuart, 2004) (Figure 0.11). This gives rise to 

two different types of Raman scattering: 

Stokes scattering: The molecule will enter an ‘excited vibrational state’ if it gains photons 

(Figure 0.11), in which case the incident beam re-emitted in Raman light must have lost the 

same amount of energy (in photons) required to enter this vibrational state (Widmer-

Cooper, 2015), this is called Stokes scattering.  

Anti-Stokes scattering: If the molecular is left in a lower vibrational state or returns to its 

‘ground state’ from an excited state (Figure 0.11), then it is assumed that the incident beam 

has gained the same amount of energy (Widmer-Cooper, 2015). 

Most molecules at room temperature are in the ‘ground state’ so there is a lower percentage of Anti-

Stokes scattering than Stokes, making it hard to detect (Wise, 2000).  

The electrical field of light is oscillating and so a polarisable molecule will have an induced 

dipole that will oscillate at a changed frequency (loss or gain in energy) following the incident beam 

hitting the molecule. The polarity of a molecule is the ease of which electron clouds are distorted in 

the presence of electric fields (Petrucci, 2007). The photon incident beam causes distortion, 

creating induced dipoles. The larger the polarizability, the easier it is for electric fields (and the 

photon beam) to create induced dipoles. The induced dipole moment is defined as: 

μind=α′E 

- μind is the induced dipole moment 

- α′ is the polarizability 

- E is the strength of the electric field. 

Ultimately, this means that only molecules that have a change in polarizability can be 

detected via Raman spectroscopy. The molecule will oscillate at its own characteristic frequency 

depending on the types of bond in the molecule (Widmer-Cooper, 2015).  The different bond types 

have different characteristic stretching and bending energies (frequencies) which are often best  

resolved in either the IR or Raman spectra (however the two are not mutually exclusive, many 

bands appear in both IR and Raman spectra). Transitions to an increased energy state are not 

observed as changes in the frequency of the spectral peaks as the energy involved is often outside 

of the normal spectral window (often described as Overtone bonds and most commonly seen in 

Near-IR Spectra). Assigned Raman peaks are used to discriminate between different structural 

features of samples. 
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 Although molecules have to have a change in polarizability to be detected via Raman 

spectroscopy, they do not have to possess a permanent dipole moment as small changes in 

polarizability due to induced dipole moments can easily be detected. Large atoms and molecules 

are more polarizable, this is because the more electrons there are, the less control the nuclear 

charge will have on charge distribution (Widmer-Cooper, 2015). Furthermore, nuclear charge also 

has less control on electrons that are further away from the nucleus (Petrucci, 2007). 

The main advantages of Raman spectroscopy, summarised, are: 

- There is less absorption of light / photons, resulting in less damage to the specimen; it can 

also be used with imaging techniques such as microscopes, as this is visible light.  

- Raman spectra are unique for different Compounds which allow for fast and specific 

analysis (fingerprinting) (Widmer-Cooper, 2015).   

- Raman spectroscopy strongly complements IR spectroscopy; vibrations appear as strong 

peaks in IR spectra tend to be weak in Raman spectra and vice versa (Widmer-Cooper, 

2015). A change in dipole moment is required for IR spectroscopy (as further discussed in 

the FT-IR section); Vibrations of Homo-atomic bonds (C-C, N-N) do not tend to have a 

change in dipole moment when they vibrate, appearing weak in the IR spectra, but the 

polarizability change is large making them strong in the Raman spectra (the converse is 

true for Heteroatomic bonds such as C-O, C-H). Symmetric polarizability changes are 

particularly strong in Raman spectra (Widmer-Cooper, 2015).  

- Raman spectra can be taken from almost all samples, however gas samples are more 

challenging because the concentration is lower; solids, powders and liquids can easily be 

analysed with Raman spectroscopy (Horiba, 2015). 

 

 

 

 

Figure 0.12. Raman Spectroscopy Equipment Schematic 
Schematic Diagram of Laser Raman spectrometer showing the microscope and 
diffraction gratings as discussed in the text. CCD: Charge-coupled device. 
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Raman and IR Spectroscopy Selection Rules 
 

Vibrational spectroscopies Raman spectroscopy and Infrared spectroscopy both provide a 

vibrational fingerprint unique to an IR/Raman active molecule; the methods are complementary in 

that they rely on selection rules for molecules to determine whether a vibrational mode is ‘IR active 

and Raman inactive’ or vice versa.  

A vibration is IR active when a change in dipole moment occurs during a vibration; 

information about whether this is likely to occur can be found in character tables. These vibrations 

that occur due to a change of dipole moment will have the same symmetry properties as translations 

(seen in the molecular properties column of Character tables as an x, y or z). For a molecule of 

water, there would be three peaks in an IR spectrum – two with A1 symmetry (z in the column) and 

one with B1 (x in the column) symmetry (Jones, 2015).  

A vibration is Raman active when there is a change of polarizability of the molecule – if this 

vibration or normal mode has the same symmetry as xz, yz, xy, x2, y2 or z2 (seen in a Character 

table) then it involves a change in the polarizability due to the product of two translations – for a 

molecule of water, all three vibrations will be Raman active (Jones, 2015).  

There are some generalities that can be made for Raman and IR spectroscopy: 

• Symmetric vibrations often give strong Raman peaks and give no IR signals 

• Asymmetric vibrations and Bending vibrational modes give weaker Raman peaks and can 

give strong IR signals  

• If a molecule gives both IR and Raman peaks at the same wavelength / frequency then one 

will tend to be strong and the other weaker.  

Raman spectroscopy requires a change in polarizability. Polarizability describes the ease of 

which an electron cloud is distorted, larger atoms are more polarizable than small atoms as their 

valence electrons are further away from the nucleus; larger molecules have more electrons to 

polarize (Widmer-Cooper, 2015). The distortion of the electron cloud occurs during vibration, 

following interaction with an incoming photon. A molecule has 3N-6 degrees of vibrational freedom 

(3N-5 in a linear molecule), whereby N is the number of atoms in the molecule and ‘-6’ removes the 

degrees of freedom based on translations / rotations of the molecule itself; the vibrational modes 

are seen in Figure 0.10. Raman spectroscopy is based on scattering.  

In contrast, IR spectroscopy is based on absorption bands, which arise when a molecule 

absorbs a photon. Although some molecules can be both IR and Raman active, whether a vibration 

is pre-dominantly Raman or IR active (as seen in Figure 0.10.) heavily depends on whether there 

is a dipole moment change as a result of photon absorption. Molecular bonds that undergo a dipole 

moment change, during vibration/oscillation, are strongly detected by IR spectroscopy (Wartewing, 

2003); this is because the interaction with a photon affects the electronegativity of the atom (the 

dipole moment). In two atoms with different electronegativity values, a photon can be absorbed; the 
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molecule is excited following photon absorption and enters a higher vibrational state. If there is no 

difference in electronegativity between two atoms in a molecule, a photon is not absorbed and so 

the molecule does not enter the higher vibrational state (examples include O2 or N2).  

Whether a molecule is Raman or IR active is further discussed in more detail in the relevant 

sections for both Raman and IR spectroscopy below. 

 

Raman Data: Acquisition, Pre-processing and Chemometrics  
 

Chemometrics is defined as “the science of relating measurements made on a chemical 

system or process to the state of the system via application of mathematical or statistical methods” 

by the International chemometrics society (Wise et Kowalski, 1995); To simplify, it is analysis of a 

collection of data that allows for a prediction to be made (via mathematical or statistical methods) 

about the state of a chemical system. As opposed to univariate statistical methods (e.g. only looking 

at changes to a single Raman Band or raman peak intensity changes), a multivariate approach 

using chemometrics methods allows for study of the whole spectrum or multiple spectra 

simultaneously (Smith, 2019).  

Throughout this thesis, the chemometrics multivariate data analysis method of Principal 

Component Analysis (PCA) is used to look at multiple Raman spectra of an Antisense 

Oligonucleotide to analyse multiple spectra simultaneously and detect trends in the data. The 

problem with analysing a large set of data is that there may be a lot of detail that is redundant or 

correlated - for example, peak intensities may be correlated with changes in laser fluctuation rather 

than structural changes in a sample of interest. Data must be compressed so that the key 

information is easily visible - it is therefore important to pre-process data before analysis.  

As part of pre-processing of the data, Raman baselining is performed to ensure that key 

peaks (the desired spectrum) are easily visible for analysis and PCA. It also allows for the removal 

of undesirable background spectra  from noise, machine artefacts, sample holder and sample 

buffer.  

A range of techniques are used for Raman baseline correction including polynomial fitting, 

asymmetric least squares and combinations of approaches (He et al, 2014). Polynomial fitting of 

an entire spectrum is a quick and easy method of baselining and for RNA spectra it is made possible 

when a buffer subtraction is first performed using a buffer spectrum, removing the ‘background’ of 

a Raman spectrum of the RNA sample in buffer. Too high a degree of polynomial function could 

however cause Runge’s phenomenon, causing oscillation at the edges of the intervals of the 

baselined data and reducing accuracy of the baseline fitting (Hu, 2018).  

Asymmetric least squares baselining finds a baseline using a combination of Whittaker 

smoothing and asymmetric weighting of deviations from the smoothing ‘trend’ - lowering the weight 

for any points above the line and repeating until a convergence is reached (Carey, 2015); A 
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disadvantage of this type of baselining is that over-fitting can weaken the intensity of the desired 

Raman spectrum as well as the background. For the purpose of this thesis, baselining was 

performed as an automated technique using already available MatLab codes - these are discussed 

in more detail in baselining methods. The benefit of performing automated baselining was being 

able to pre-process a large amount of data rapidly to focus on univariate and multivariate 

chemometrics analysis (PCA). The most obvious disadvantage of automated baselining is over-

baselining and potentially losing information about the spectra or inducing false features in a 

spectrum, particularly around the water background region (as discussed further, later in the thesis). 

 Raman spectra for aqueous and solid samples were collected using a confocal Raman 

microscope (Renishaw Invia, UK), a schematic of which can be seen in Figure 0.12. Spectra were 

acquired with a 532nm laser and viewed using the Renishaw analysis software Wire 4.1 which is a 

windows-based Raman environment with an integrated camera for confocal microscopy (as seen 

in Figure 0.13). Wire 4.1 TM 4.1  was used to control the acquisition of the Raman data and gave 

easy to use data processing and analysis options, for example providing the ability to export spectral 

data into third party file formats for Matlab/Origin. Wire 4.1 software contains a patented intelligent 

fitting baseline subtraction technique that can be used to remove background fluorescence from 

Raman spectra. The integrated baseline subtraction technique is a modified multi-polynomial fitting 

technique combined with a reference spectrum of a known spectral contaminant; the technique has 

been discussed in Applied Spectroscopy (Zhao 2007); the technique discussed by Zhao et al also 

includes a peak-removal procedure and a statistical method that is used to account for signal to 

noise ratio effects.  

The .SPC files generated using the Raman Renishaw were exported unbaselined and 

baselined separately within Matlab using an Asymmetric least squares baseline algorithm 

(previously described by Eilers et al, 2005) that is used as a Graphical User Interface (GUI) in the 

Goodacre group (now University of Liverpool) cluster toolbox. A polynomial line cannot be fitted to 

the data in a Raman spectrum, therefore Least squares baselining is used as a type of mathematical 

regression analysis to assign the line of best fit for a set of data, looking at the relationships between 

different data points. In Asymmetric least squares baselining, positive deviations with respect to the 

baseline are weighted differently to negative deviations. 

Aqueous Raman spectra were also acquired using a ChiralRaman spectrometer (BioTools 

Inc) which gave the additional benefit of simultaneously acquiring a Raman Optical Activity 

spectrum. Raman spectra acquired using the Chiral Raman spectrometer were baseline corrected 

using a Raman Toolbox, generated by Gardner et al (2014) for quick processing with Matlab 

software; both .PLT and .SPC files can be imported into the Toolbox. The associated automatic 

baselining technique also uses a previously described asymmetric least squares smoothing 

approach by Eilers et al (2005). A screenshot of the GUI toolbox interface can be seen in Figure 

0.14. 
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The fitting parameters for both the Goodacre cluster toolbox and the Raman toolbox 

generated by Gardner et al (2014) are very different, showing obvious differences when baselining 

a spectrum for a sample of dH20 acquired in a quartz cuvette (Figure 0.15). The ROA toolbox does 

not appear to cause as much distortion around the aqueous background spectral peaks (1600-1800 

cm-1), however this is because the Raman data collected for Figure 0.15 was acquired on the 

ChiralRaman spectrometer which appears to be less affected by water peaks (most likely due to 

the longer data accumulation time). There appears to be an increased amount of Fluorescence in 

the spectra acquired on the Raman Renishaw equipment, this fluorescence interference 

exacerbates the weakness of the Raman scatter and the baselining parameters of the Goodacre 

cluster toolbox are stronger to reflect this weaker signal.  

Figure 0.13. Insoluble Guanosine 
 
A 50mg/ml sample of Guanosine sample in de-ionised water 
buffer, as seen through a x50 liquid objective and confocal 
microscope; allowing for observation of an insoluble sample 
of Guanosine. The two images show different regions of the 
same sample. This image is used to show the difficulties 
associated with solubilising Guanosine for Raman 
spectroscopy and demonstrate why it is possible to acquire a 
Raman spectra of ‘solid’ Guanosine at a high concentration 
that has not dissolved properly. 
 

 

 

Figure 0.14.  Raman Optical Activity Toolbox 
The graphical user interface (GUI) used for pre-processing of Raman and Raman 
Optical Activity (ROA) spectra. The GUI tool box, written for use with Matlab, was 
created by Gardner, Ashton and Blanch (2014) for Baselining and Processing ROA 
spectra, as discussed in methods. 
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Figure 0.15. The effect of baselining on a water sample 
The effect of two different baselining techniques are shown on a Raman spectrum 
of a sample of dH2O within a quartz cuvette. ‘Toolbox’ baselining is performed on 
Matlab using a Toolbox which features an automatic baselining technique for data 
acquired on a ChiralRaman Spectrometer. ‘Matlab’ baselining was performed using 
Matlab code provided from the Goodacre research group. Data has been acquired 
on a ChiralRaman Spectrometer over 1 hour of data acquisition that has been 
averaged – 532nm laser at 0.8W.  

 

Figure 0.16. Total Explained Variance (TEV) and Principal Component Analysis (PCA) 
An example of Total Explained Variance (TEV) is shown on the left; the values of 
all 6 Principal Components add up to a total of 100% of the TEV. On the right is an 
example of a 2D PCA plot, whereby PC1 and PC2 are plotted to observe the 
separation of two different samples. The samples shown are Astrazeneca 
hybridisation samples discussed in more detail in Results chapter 2; data acquired 
on a ChiralRaman spectrometer and pre-processing and chemometrics performed 
in MATLAB.  

 

Raman Shift (cm-1) 
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Principal Component Analysis and Loadings Plots 
 

 Principal component analysis (PCA) is an unsupervised statistics method used to 

emphasise variation and look at patterns and relationships within a data set or between multiple 

data sets. PCA is a multivariate statistical procedure to convert a set of observations of correlated 

variables into linearly uncorrelated variables (a new data set), this is done by orthogonal 

transformation. Principal Component Analysis is used here only in 2 – Dimensions (PC 1 and PC 

2), these are mutually independent of one another following orthogonal transformation. PC 1 and 

PC 2 are also referred to as orthogonal variables, they are given values that determine the extent 

to which they contribute to the Total Explained Variance (TEV) between samples. An example of 

Total Explained Variance (a Scree plot showing the size of each of the Principal Components) and 

a Principal component analysis graph can be seen in Figure 0.16.  

Corresponding loadings plots look at the relationships between the variables based on the 

PCA scores plots, identifying key peaks that enable the separation along the PC 1 and PC 2 axis 

of the scores plots. PCA and loadings plots are used to compare Raman spectra to look at spectral 

differences such as peak shifts and hidden relationships between samples.  

 

Previous Raman of RNA 
 

‘Fingerprint’ spectra, unique to the structure of RNA, are generated by both Raman and IR 

spectroscopy. This section aims to provide an overview of the amount of information that can be 

obtained from these spectroscopic methods when looking at oligonucleotides and other ss-RNA 

structures. There are four main regions of interest when looking at the Raman spectra of RNA 

samples (Garcia-Rico, 2018): 

500-820 cm-1 - is dominated by the ring stretching bands of the nucleobases 

820-1150 cm-1 - is dominated by bands associated with the Ribose linked Phosphodiesters, 

1150-1650 cm-1 - is associated with overlap between spectral features assigned to the four           

different nucleobase ring vibrations  

1650-1800 cm-1 - which is associated with carbonyl stretching modes 

These assignments are demonstrated in Figure 0.1- , highlighted on two spectra discussed 

further in this thesis of: A) Poly-adenosine and B) An antisense oligonucleotide; the figure 

demonstrates how similar the spectra between an unmodified homopolymer of RNA and a modified 

heteropolymer of an ASO are due to the spectral features associated with ring stretching, ribose 

ring and nucleobase vibrations. Previously published spectroscopic studies on RNA and Antisense 

Oligonucleotides have focussed on identifying structural motifs, observing different types of tertiary 

folds and identifying single nucleotide polymorphisms. Further studies have used spectroscopic 
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methods to observe the impact of pharmaceutical post-transcriptional modifications (Chan 2006) 

and stresses (such as temperature (Phillips, 1972) on RNA and ASOs. 

  

Figure 0.17. Raman spectra domains for RNA Oligomers 
Raman spectra assignments for both Poly-Adenosine and an Antisense Oligonucleotide 

show high similarity in the separate domains as previously identified by Garcia-Rico, 

2018. Both spectra have been acquired on a ChiralRaman spectrophotometer and are 

discussed in more detail in Results Chapters 2 and 3 respectively. 
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Raman spectra can be used to identify small changes in nucleotide conformation and 

changes of nucleobases – for example, Thymine/Uracil base substitution causes shifts in carbonyl 

stretching and some peaks associated with nucleobase ring breathing. (Garcia-Rico, 2018). In 

addition to this, Raman has been used to look at the conformation of the phosphate backbone in 

longer ssDNA and RNA oligos; ssDNA structures are dominated by B-type backbone 

conformations, however single stranded RNA’s mostly exist in the A-form secondary structure. The 

A-form secondary structure in ssRNA oligos is indicated by a Raman spectral peak at ~660 cm-1, 

with residual B-type backbone conformations indicated by a peak at ~684 cm-1 (Garcia-Rico, 2018). 

This region is usually dominated by the ring stretching bands of the nucleobases but introduces the 

concept of overlap in Raman spectra due to the introduction of secondary structures in RNA. 

Raman spectroscopy has shown high sensitivity for investigating binding specificity of a 9-

mer DNA oligo and it’s complement strand by Nemecek et al, 2004. A duplex is formed between 5′‐

GCATNTCAC‐3′ (where N = A, C, T or G) and a 5′‐GTGATATGC‐3′ complement. The match duplex 

(N = A) has a B-Form conformation, the mismatches (N = A, C or T) only weakly disturbed the 

overall B-Form conformation of the duplex; Raman detected the weak disturbance of the 

conformation by peak shifts attributed to the neighbouring Thymidine bands (at ~1377, 1650 and 

1675 cm-1). In Chapter 2 (RNA Library), Raman is used to detect whether self-hybridisation of a 

short 12-mer RNA oligo is occurring in solution.  

It has been shown that cellular processes such as mRNA maturation, ribosome assembly 

and tRNA processing and recognition require the presence of structurally simple modifications such 

as Methylation of a nucleobase or 2’-O-ribose modifications (Grosjean et al, 1995, Simons, 1998 

and Micura, 2000). Methylation of a nucleobase at a Watson-Crick base pairing site has previously 

been shown to substantially affect RNA structure by inducing folding into different secondary 

structure motifs such as Hairpin and duplex conformations. Methylation of 5-methylcytosine within 

a Murine embryonic stem cell has been identified using Raman spectroscopy (Daum et al, 2019).  

 
Constrained Ethyl Modification to a ribose ring (seen in Figure 0.3 and discussed in the 

Introduction) induces a conformational change in the Ribose ring, locking it into a C3’ endo sugar 

pucker (Pallan, 2012). The cEt modification has not been previously observed with Raman 

spectroscopy however the conformation of the Ribose residue has been well studied for many 

decades; Raman spectra of a Ribose residue attached to a Guanine residue were first shown to 

cause peak shifts associated with different Ribose conformations in 1983, the associated spectra 

assignments were: ~ 682 cm-1 (C2’ End- anti), ~665 cm-1 (C3’ Endo-anti), ~625 cm-1 (C3’ Endo-

syn) (Nishimura, 1983). Raman spectra associated with the cEt modification are presented in 

Results Chapter 3: AstraZeneca Oligonucleotides and are novel results. 
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Peak Assignments using Density Functional Theory 
 

Computational prediction (Density Functional Theory) of vibrational spectra is used to 

assign Raman spectra, allowing for the determination of vibrational normal modes of a given 

structure (Johnson & Florian, 1995). DFT is able to distinguish between different conformers of 

small molecules such as different conformers of Ribose ring. A structural ensemble for each 

nucleotide is created to provide a sample pool of conformers and 5 μs classical molecular dynamics 

(MD) simulations are then carried out for each nucleoside within a H2O buffer. The output data 

(trajectories of molecular polarizability) is Fourier transformed into Raman spectra.  

Previous Density Functional Theory (DFT) for nucleotides have only been published as 

gas-phase structures (Barone, 2008), due to the computational expense associated with modelling 

molecules in an explicit solvent. As part of a collaboration on a paper entitled “Deconvolution of 

conformational exchange from Raman spectra of aqueous RNA nucleosides”, experimental spectra 

for RNA nucleotides were supplied to an internal University of Manchester collaborator to improve 

upon DFT calculations for RNA structures. It is hoped that the paper will allow for improvements of 

DFT for molecules in computationally modelled aqueous buffers so that they can be linearly scaled 

much quicker. For the final experimental Raman spectra used within the paper, each of the 12 

spectra (from the 2nd hour of acquisition) were averaged and baselined using an asymmetric least 

square smoothing approach. The data was supplied as both raw data and baselined data, according 

to previously discussed methods (Eilers et al, 2005). Using DFT, the intensity of each Raman peak 

is weighted according to its population; for the purpose of the paper, an averaging of 1000 

computational spectra for each nucleoside were used to generate a single overall Raman spectrum 

for each. 

A further contribution was made to the paper by using Avogadro software, following DFT 

calculations by the collaborator, to visualise all four RNA nucleotide structures and create a large, 

detailed table of assignments for Raman spectra. DFT data supplied from Dr Andrew Almond and 

Alex Wilson (Manchester Institute of Biotechnology) were generated based on the most populous 

structure from a classical MD simulation; this allowed for the visualisation of the four nucleosides 

using the Avogadro software. Avogadro software is an open-source molecular builder and 

visualisation tool created by Hanwell et al (2012). Each spectral peak (Wavelength) is associated 

with a molecular movement such as a Ring deformation or Molecule stretching (as seen in Figure 

0.10). The contribution to the paper consisted of visualising the DFT determined data as a moving 

video in Avogadro; this was used to individually assign the movements and stretching types for 

each spectral peak. Assignment was done by interpretation of the person viewing / using the 

software which can be time-consuming as often the peaks can be caused by a contribution of two 

different types of movement (or more, such as both out of plane Ribose ring deformations as well 

as Base asymmetric stretching occurring simultaneously). The table of assignments associated 

with this collaboration is seen in Results Chapter 1.  
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Raman Optical Activity 

Background Theory of Raman Optical Activity 
 

Light can be linearly polarized, however as seen in Figure 0.18 it is possible to also 

circularly polarize light (using Filters and Half-wave plates). Photons in light move linearly whilst the 

perpendicular electric and magnetic vectors move in a helix, however light as a sum is shown as a 

helix moving along a central axis away from a light source, as seen in Figure 0.19, the direction of 

this helix can either be right or left – handed. Raman Optical Activity (ROA) measures, and can be 

used to analyse, the difference in intensity between the right and left-circularly polarized component 

of incident light scattered by chiral molecules (Zhu, 2005); ROA can therefore provide information 

on the chirality of secondary and tertiary structures of ss-RNA structures. ROA spectra have 

previously been acquired for ss-RNA structures in previous studies by Professor Ewan Blanch et al 

(Hobro, 2007).  

The majority of the chiral and rigid parts of proteins are within the backbone of the 

structures, therefore the signals from these peptide backbones dominate the spectrum seen by 

ROA (Zhu, 2005). Zhu et al (2005) use the pattern recognition method of Principal Component 

Analysis (PCA) to separate ROA spectra into clusters of different types of structure (α-helix and β-

sheet content). The chiral (and rigid) parts of ss-RNA structures are around the phosphate 

backbone and in the ribose as a sugar pucker, however nucleotides have an innate chirality (as 

discussed in the Introduction) which can be used to distinguish between different conformers (e.g 

syn/North / syn/South) and Purines/Pyrimidines. This makes it a potentially valuable tool for looking 

at the backbone of Antisense Oligonucleotide structures and their chemical modifications. 

Benefits include: 

- ROA provides extra sensitivity and specificity to the details provided by Raman 

spectroscopy regarding the three-dimensional structure of molecules, providing information 

on the chirality of secondary and tertiary structures (Zhu, 2005).  

- A small sample volume is required as spectra of the sample can be acquired over a long 

period of time, increasing the signal to noise ratio and potentially reducing experimental 

costs. 

 

The main disadvantage of ROA is that is has very poor signal:noise ratio, so it requires a long 

acquisition time and a high concentration of sample – this can be costly and risks degrading a 

sample due to the heat of the laser.  
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Raman Optical Activity Data Collection 

and Analysis 

 

Raman Optical Activity spectra were 

acquired using a ChiralRaman spectrometer 

from BioTools Inc (Hug, 1999) with a 533nm 

exciting laser. Rectangular quartz cells used to 

hold a sample (of 100 - 200 μl) were purchased 

from Starna Scientific Ltd (coated with 

Magnesium Fluoride). Chiral Alpha (α) and Beta 

(β) Pinene samples were used for alignment of 

both the Raman and ROA spectra. A schematic 

of the ROA Components is seen in Figure 0.20. 

ROA measures the circularly polarized 

component of scattered light using half wave 

plates to transform an unpolarised incident light 

source; the incident laser beam is switched 

between right and left circularly polarized light by 

the EOM (electro-optic modulator).  

Components, seen in Figure 0.20, that 

are used to assist with Raman Optical Activity 

data acquisition, include: 

- The CCD (charged-coupled device 

detector) - this is used to measure the 

full spectral range, as a multichannel 

detector, during a single acquisition 

(Hecht 1999). The CCD can be over-

saturated if there are high amounts of 

Raleigh scattering, as the finite charge 

capacity of individual photodiodes or the 

maximum charge transfer capacity of 

the CCD can be reached.  

- Collimating Lens – The curved optical 

collimating lens allows for adjustment of 

the spatial resolution (by narrowing the 

beam of Photons), as well as being used 

to alter the angles of the laser beam for 

alignment.  

- Holographic Notch filter – Used to 

increase the spectral range for back- 

Linearly Polarized: 

Circularly Polarized: 

Figure 0.18.  Schematic of Linearly and 
Circularly polarized light. 
 
The direction of light is indicated by the blue 
solid line / circles. The direction of light away 
from the source is indicated by the red solid 
line and arrow. Faint grey lines on the 
Linearised light schematic indicate the 
symmetry of the wave of light as it moves 
away from the source. 
 
 

Figure 0.19.  The movement of Circularly 
polarized light. 
 
Schematic of Circularly Polarised light, the 
light spirals along the central Axis as it 
moves away from the light source / polarizer 
(Figure from Hurlburt, 2019). 
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- scattered ROA measurements of biological molecules in aqueous solutions towards lower 

wavenumbers, due to rejection of Rayleigh scattered light (Hecht and Barron, 1995). 

- Lambda Research Optics polarisation optic – waveplate polariser. The ½ wave plate 

shifts the polarisation of linearly polarised light and the ¼ wave converts linearly polarised 

light into circularly polarised light. Made of Birefringent quartz.  

- Liquid crystal retarder – for polarisation control. Acts as a wave plate to allow for 

electronic modulation, either by phase retardation or rotation of the plane of polarisation. 

ROA Spectra processing was performed using the MATLAB toolbox, which automatically 

carries out a number of functions to produce one singular ROA spectrum from the ROA data 

provided; this is performed by summing the spectra, generating and subtracting a baseline by using 

an 80-point median filter of the spectra (to remove any anomalous spikes in the spectrum), followed 

by noise removal using a 15-point Savitzky-Golay filter (Gardner, 2014).  

 

 

 

Figure 0.20.  Photo and Schematic of ROA Components 
A ChiralRaman Spectrometer from Biotools Inc was used to acquire Raman Optical Activity 
spectra using a 533nm laser. Components are labelled and the incident Argon ion laser 
beam is seen in green. CCD: Charge-coupled detector. 
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Previous Raman Optical Activity Studies on RNA 
 

Whilst Raman is used to look for changes in structure associated with changes in molecular 

bonds, ROA observes how the chirality of the structure can change, with the two techniques 

complementing each other well. Raman and ROA spectroscopy may be used to observe the impact 

of chemical modifications on the structure of ASOs. Phosphorothioate (PS) modification of the RNA 

backbone is used to protect the oligo from nuclease degradation. Peak shifts associated with 

phosphorothioate modification will be possible to see using Raman and ROA (if a change of chirality 

in the conformation of the Phosphate backbone is induced or the wavenumber of the spectra band 

changes). 

Structural changes of the ss-RNA backbone as a consequence of modifications may be 

visible with both Raman and ROA. Ion binding (Mg2+) to RNA, to increase secondary structure 

stability, can be detected using ROA. Mg2+ bound RNA shows significantly stronger and sharper 

ROA bands than RNA without Mg2+ (Bell 1998). The differences in ROA spectra may reflect the 

structural differences in the backbone (Bell, 1998); Phosphates are able to be packed in closer 

together, forming increased amounts of secondary structure, in the presence of Magnesium ions 

due to the decreased electrostatic repulsions.  

 

The two combined methods of Raman and ROA have previously been used to study the 

structures of both L11 binding domain ribosomal RNA (LBD rRNA) and a 37 nucleotide RNA 

fragment from Domain I of the Encephalomyocarditis virus (EMCV) internal ribosome entry site 

(IRES) RNA (Hobro 2007). IRES from EMCV is a noncoding RNA fragment that is used to express 

proteins in eukaryotic cells; The wild-type (WT) IRES sequence has a complex secondary structure 

which allows ribosomal subunits to bind to it and initiate high levels of cap-independent translational 

activity to initiate EMCV protein translation (Bochkov 2006). The structure of the IRES RNA is 

crucial for proper functioning (initiation of cap-independent translation of the EMCV protein) making 

it a valuable tool for observing and analysing RNA structural motif changes.  

 

 ROA and Raman spectra were obtained simultaneously by Hobro et al (2007) for the EMCV 

IRES and LBD rRNA, and showed a large amount of changes between the two Raman spectra, 

specifically within the ~1200 – 1400 cm-1 region. Hobro et al suggested the differences in spectra 

can be attributed to different conformations of ribose moieties in the ribose-phosphate backbone, 

implying that Raman can be used to distinguish between secondary and tertiary structures of RNA. 

The rigidity and compact folding of the LBD RNA structure (compared to the more flexible structure 

of the IRES RNA) was indicated by increased intensity spectral peaks in the ROA spectra (at ~907, 

1047 and 1083 cm-1) – these peaks are associated with the chirality of the Phosphate backbone, 

This demonstrates the capabilities of ROA to detect chiral elements of the RNA backbone and 

shows its efficiency when being used in conjunction with Raman to observe differences between 

RNA tertiary structures.  
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 ROA and Raman were also used by Hobro et al (2007) to observe induced structural 

changes (to purposefully induce a known/predicted ss-RNA structure). Three RNA oligonucleotides 

were synthesised, that each added a single structural motif of interest to the hairpin 37-nucleotide 

RNA seen in Domain I of EMCV IRES. The three oligonucleotides generated were: 

 

1. A hairpin RNA incorporating the GCGA tetraloop seen in the EMCV IRES (hairpin 

RNA).  

2. A hairpin RNA with a single nucleotide polymorphism (mismatch RNA) – an A531→ 

C change. 

3. A hairpin RNA with a pyrimidine-rich asymmetric bulge (bulge RNA).  (AACCCCC) 

 

Hobro et al (2007) compared the Raman and ROA spectra of the three different oligonucleotides to 

the Raman and ROA spectra of the corresponding hairpin sections in the EMCV IRES.  

 

It was observed that Raman and ROA were able to detect these known structural motifs 

(Hobro et al, 2007). A lower intensity of the Raman band around ~813 cm-1 was seen for the 

mismatched base pair compared with the Hairpin RNA; a band at this wavenumber is associated 

with O-P-O stretching as a result of intra-strand base pairing of the ss-RNA (Hobro, 2007). The 

mismatched base pair oligonucleotide design showed that Raman is sensitive enough to identify 

single nucleotide polymorphisms that lead to a disruption of a-form helix structure (Hobro, 2007). 

The seven additional residues creating the pyrimidine-rich bulge oligonucleotide showed an 

increased intensity spectral peak at ~ 1098 cm-1 in the Raman spectra compared to both the Hairpin 

and Mismatch RNA samples. This increase in intensity, at ~ 1098 cm-1, can be attributed to the 

PO2
- stretching (phosphodioxy symmetrical stretching of the O-P=O linkages in the phosphate 

backbone (Laane 2009)) showing that Raman can detect bulges by analysing the intensity of the 

Raman band at ~1098 cm-1 and comparing the intensity of the same Raman band of an identical 

sequence without the bulge feature.   

 

A benefit of ROA is that it can be used when X-Ray crystal structures do not provide nucleic 

acid information. Blanch et al (2002) showed that ROA was able to determine that the conformation 

of Cowpea Mosaic Virus (CPMV) viral RNA was that of an a-form ssRNA. This information was 

obtained from the ROA spectra by removing the spectrum of an empty CPMV protein capsid, 

revealing only the spectral features associated with the viral RNA from within the capsid. Blanch et 

al (Blanch, 2002) suggest that ROA can therefore be used for structural virology. As a 

pharmaceutical application, ROA could observe the structure of ASOs within delivery capsids used 

for targeted therapeutics. A method of altering the RNA within a CPMV capsid is discussed in 

Results Chapter 4 (CPMV).  
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Fourier Transform Infrared Spectroscopy (FT-IR) 
 

Background Theory: Comparison with Raman Spectroscopy 
 

IR spectroscopy is used to complement Raman spectroscopy, to give a large amount of 

structural information across the IR spectrum and it can be used to analyse a wide range of samples 

in gas, liquid or solid forms (Osibanjo, 2015). Other advantages of IR spectroscopy include: 

- It is non-destructive, therefore it has a high suitability for looking at unstable substances 

that might decompose quickly, due to the fast nature of acquiring an IR spectrum (Osibanjo, 

2015). 

- It has a high resolution and a high sensitivity due to Fourier transformed IR spectroscopy 

(FTIR), allowing for the observation of low concentrations of sample. 

 

An Infrared spectrophotometer is used to pulse an Infrared radiation (IR) broadband 

illumination at a molecule of interest. IR radiation has a longer wavelength, with a slightly lower 

energy, than visible light. (Figure 0.9). As previously discussed, vibrational energy exists between 

a molecule’s covalent bonds and these bonds can stretch or bend in response to increasing and 

decreasing bond lengths, as seen in Figure 0.10.  

 

A molecule is said to have an oscillating dipole when a bond has atoms of different 

electronegativity, as the molecule vibrates around the mid-point and oscillates as the nuclei move. 

IR light can only be absorbed by a molecule if the energy of the light corresponds directly to the 

energy that is required to vibrate the molecules’ covalent bonds (this can be based on the current 

oscillating dipole) (Bridgeman, 2015). The lowest vibrational energy state of a molecule is known 

as the ‘ground state’, at room temperature most molecules exist in the ground state (Figure 0.11). 

IR radiation has the energy to excite the bond vibrations and cause the molecule to enter the 

‘excited vibrational state’. Therefore, the frequency of energy of which molecules absorb IR light is 

characteristic of their structure and the bonds within it. 

 

If the energy of a photon, from the Incident beam, matches that of the energy gap between 

the sample molecule’s ground state and vibrationally excited state then the photon can be 

absorbed; upon absorption of a photon the molecular bond can bend and/or stretch (with stretching 

resulting in a change of the bond length). When the Photon of the right energy hits a covalent bond 

and induces a change of electrical dipole, the energy from the IR light wave is absorbed and the 

covalent bonds oscillate, increasing in vibrational energy (Ng and Simmons, 1999).  Different types 

of bonds will require different amounts of energy to enter the excited vibrational state; triple bonds 

being the strongest (single bonds being the weakest) will require more energy.  
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Beers law can be used in IR spectroscopy to deduce the relation between absorbance and 

concentration of a sample (Osibanjo, 2015), the equation is: A = εlc    where A = Absorbance,   

ε = Absorptivity, l = Pathlength and c = concentration 

 

Background Theory: IR Spectroscopy observations 
 

 
Some groups already have a strong dipole moment (e.g. C-O, C-Cl, O-H, C=O) whereas 

others have a small difference in electronegativity and therefore only have a minor dipole moment 

(e.g. C-H, C-C, C=C). Vibrations involving polar bonds (C-O, N-O and O-H) are weak Raman 

scatterers as a change in length of their bond, as a result of vibration, does not have a large effect 

on the polarizability of the molecule. However, a polarised bond (unless symmetrical) can have a 

large net dipole moment change as a result of vibration, resulting in a strong IR spectrum band.  

 

A large net dipole moment change can occur in a molecule containing polar bonds, as 

within the same molecule it is possible to have both active and inactive vibrations (e.g. CO2); this is 

because IR light interacts with the individual bonds rather than the overall molecule. Therefore, an 

overall molecule may not be polar whilst, at the same time, the bonds within it can be slightly polar 

(giving rise to strong IR spectrum bands). A molecule of CO2 has a symmetrical stretching mode, 

whereby the carbon atom is located at the centre of symmetry: O  C → O  (this makes it inactive 

in the IR, active in Raman); However, it also has some asymmetric stretching:  O →  C → O, and 

some bending ^O^ - vCv – ^O^. Therefore, CO2 can have an oscillating dipole despite having no 

overall permanent dipole.  

 

Symmetrical bonds between the same atoms (homonuclear bonds e.g. C-C, C=C, N-N) 

don’t tend to change dipole moment when they vibrate, so tend to be weak in the IR; this is because 

these bonds have little difference in electronegativity with no permanent dipole; IR light can induce 

a weak dipole, therefore they can undergo large changes in polarizability when they vibrate but will 

only absorb IR light strongly when there is a change in the dipole moment (Wartewing, 2003). 

However, the polarizability change is large, making them strong scatterers in Raman spectroscopy.  

 

In contrast, heteroatomic bonds (e.g. C-O, C-H, N-H) have a small polarizability change but 

a large change in the dipole moment when they vibrate, therefore they are weak scatterers of 

Raman but strong absorbers of IR; C-H stretches are one of the characteristic signals in the IR 

spectra of organic molecules. Polar molecular bonds (a covalent bond in which the atoms share 

electrons unequally) are therefore weak Raman scatterers (Wartewing, 2003). However, some 

polar functional groups such as Carboxylic acids, give rise to Strong IR spectrum bands as they 

can Hydrogen bond extensively and have a dipole moment, whereas non-polar functional groups 

give rise to strong Raman bands.  
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Using C=C and C=O as examples: the C=O carbonyl stretching vibration appears as a 

strong peak in an IR spectrum as a large dipole moment changes occurs during vibration, whereas 

there is only a weak dipole moment in C=C and this will appear weak in an IR spectrum. In 

comparison, the C=C bond appears as a strong peak in a Raman spectrum as there is a large 

change in polarizability of this group (greater than the polarizability seen in C=O).  

 

To summarise, the frequency of energy at which molecules absorb IR light is characteristic 

of their structure and the bonds within it and the Raman technique is used to complement IR 

spectra.  

 

A few general regions that can be identified in IR spectra were described by Crosby et al 

(2015):  

 

600-1450 cm-1 - The fingerprint region, in which you tend to see various stretch and   

  deformation bands – this region is seen as a ‘signature’ of a specific molecule that 

  can be used for molecular identification. 

1500-1700 cm-1  - Amide I and Amide II region 

1500-2000 cm-1 - Double bond stretches such as those in carbonyls and alkenes (C=O and C=C  

  respectively). 

2000-2500 cm-1 - Triple bond stretches such as those in acetylenes, triplet carbenes (carbenes  

    with two unpaired electrons) and nitriles.  

2550-3500 cm-1 - The ‘Higher wavenumber region’ is used to look at single bond ‘stretching’  

  vibrations such as those between C-H, O-H and N-H.  

 

IR Spectroscopy: Data Collection and Analysis 

  

IR methods include transmission, transflection and attenuated total reflection (ATR):  

 

- Transmission IR spectroscopy places the sample directly in the path of the IR beam of 

light, the beam passes through the sample and the transmitted energy is measured.  

- Transflection IR spectroscopy occurs when the beam passes through the sample and is 

reflected back via a reflective surface that the sample sits on (Baker et al, 2014).  

- ATR IR spectroscopy directs the IR beam onto an optically dense crystal, this crystal has 

a high refractive index and the sample must come into contact with the surface of the 

crystal. Total internal reflectance forms an evanescent wave which extends into the sample 

(Griffiths, 2007). Internal reflectance from ATR allows for a sample to be examined directly 

in a solid or liquid state, quickly and without prior preparation; Very small sample volumes 

(0.01ml) can be used as long as the sample is in contact with the crystal. 
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Due to the small volumes of high-concentration ss-RNA (due to the high cost of the sample), ATR 

would be the preferred method for looking at Antisense Oligonucleotides (ASOs); however, as the 

technique is non-destructive, any volume of sample used for IR spectroscopy can be salvaged for 

further experiments. Furthermore, if trying to analyse solutions, water is a strong interferent. 

  

After the molecule of interest is subjected to IR radiation, the fraction of the radiation that 

is un-absorbed at each IR wavenumber is collected (the transmittance) and plotted against the 

wavenumber of the IR radiation; thus, when no absorption occurs the transmittance would be at 

100% (Bridgeman, 2015). The frequency and intensity of the spectral ‘bands’ generated can be 

used to solve structures of molecules and identify molecules; this way of solving/identifying 

structures is performed by comparing the frequency of IR absorption (of the molecule in question) 

to the values to that of known structures or molecules (Ng and Simmons, 1999). FT-IR is often used 

alongside NMR or Raman spectroscopy. 

 

Fourier transform infrared spectroscopy (FTIR) spectra of solid nucleosides were obtained 

using a Bruker VERTEX 70v spectrometer / vacuum optics bench (also Bruker); An attached micro 

ATR (attenuated total reflectance) stainless steel, leak free unit was used (a HARRICK bioATRcell 

II). The attached ATR unit uses a Germanium ATR crystal with a 45-degree single reflection 

horizontal ATR configuration. A bench-top Agilent Cary 630 IR spectrometer was used for further 

work on AstraZeneca oligos with a Diamond ATR but the data is not presented due to the effects 

of evaporation causing crystallisation of the RNA oligo. All FT-IR data is presented unbaselined. 

 

Circular Dichroism  

 

Background theory 
 

A Circular Dichroism (CD) instrument, a spectropolarimeter, is also used to look at chiral 

molecules. If one of the components (right- or left- circularly polarized light) is absorbed at a greater 

extent than the other (unequal absorption) then it results in Electromagnetic radiation being 

elliptically polarised (Kelly, 2000). The CD spectropolarimeter detects both right- and left- circularly 

polarized light (as seen in Figure 0.18) separately and expresses the dichroism as the difference in 

absorbance between the two (Kelly 2000); The Dichroism is measured against the parameter of the 

wavelength of radiation used.  

Far UV (240-180nm) can be used to calculate the amount of α-helix and β-sheet content in 

a protein, and the near UV region (320-260nm) gives information about the tertiary structure. It 

complements Raman and ROA as a faster, cheaper method of analysing the structure of proteins 

that can be used for preliminary or orthogonal experiments. Vibrational circular dichroism can be 

used to further explore secondary structure of molecules by detecting differences in attenuation 

(the vibrational transition absorption) of the left- and right- hand circularly polarized light within the 
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IR and near-IR spectrum to look at specific bond vibrations (Bormett 1994). Phillips and Bobst 

(1972) also showed that Circular Dichroism (CD) can detect sulfur-containing bases in RNA. 

Data Collection and Processing 
 

CD results were obtained on an Applied Photophysics Chirascan qCD. A water bath and 

temperature Peltier attachment are used to maintain a constant specified temperature throughout 

an experiment. The sample container used is a Quartz cuvette, the diameter of which varies in 

length depending on experimental parameters (discussed in Results Chapters 1 and 3). Spectra 

were converted from MDEG (millidegrees) into Molar Ellipticity (cm2 dmol–1) for analysis where 

possible and all analysis was performed in Microsoft Excel with graphs created in Origin software.  

 

Small Angle X-Ray Scattering 

 

Background theory 
 

Small Angle X-Ray Scattering (SAXS) was developed in 1939 as a concept by Andre 

Guinier (Guinier, 1939); SAXS is a form of Elastic Static light scattering and measures the intensity 

of  scattered light (from a molecule in suspension) to calculate the average Molecular Weight or 

Radius of Gyration (Rg) and therefore the effective size of the molecules’ structure. It is used to look 

at monodispersed dilute solutions of proteins or molecules such as RNA and can also provide an 

overview of how the molecules in the solution are interacting with each other. It can be combined 

with Raman spectrometry to therefore determine whether the Raman spectra is that of a single 

molecule or a molecule which is interacting with others in an aqueous sample suspension. 

 

 The high atomic number of Phosphates found in the RNA/DNA backbone causes a high 

amount of X-Ray scattering (more so than some proteins), this is because the ability of an atom to 

scatter X-Rays increases with atomic number, defined as the X-Ray scattering length density 

(Kuzmanovic et al, 2016). SAXS has previously been used to look at secondary structures in RNA 

and the interaction with ions (Magnesium) and proteins. Magnesium ions do not directly bind to the 

Phosphate groups of DNA or RNA but their interaction is mediated by the presence of a water 

molecule, introducing conformational changes such as folding. A structural conformational change 

of a tandem aptamer riboswitch (VCI-II) occurs in the presence of Magnesium and Glycine (in 

buffer); SAXS has been used to demonstrate increased Riboswitch folding in the presence of 

Magnesium without Glycine (Lipfert et al, 2007). 

 

The calculations related to SAXS are not discussed here but a good introduction to these 

has been produced by EMBL Hamburg (EMBL, 2012). However, in all analysis, q is the momentum 

of the photon transfer or scattering vector. A monochromatic incident wave vector (Ki) hits the 

sample, the scattered intensity is collected (as a function of a scattering angle) and as there is no 

energy transfer, the final wave vector Kf is equal to Kf. This interaction defines q as q = Ki – Kf.  
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SAXS observations are usually discussed as belonging to a particular q -domain: High -q, 

Low -q or Intermediary, as seen in Figure 0.21: 

 

The High q domain is also known as the Porod’s region, providing information about how 

the molecule interacts with the buffer by looking at the interface between the two. Porod and Porod-

Debye analysis looks at the point of scattering intensity decay to elucidate information about how 

compact or flexible a particle is. 

 

The Intermediary domain is used to collect information on the form factor F(q) of a sample, 

this is the contribution of scattering from one individual molecule and can be used to measure 

internal distances in one molecule, contributing to calculating the shape of the molecule.  

 

The Low q domain gives information about the structure factor S(q), which is used to look 

at how densely packed molecules are within an aqueous solution. It is possible to identify 

interference patterns between neighbouring molecules which may contribute to the overall 

scattering (whereby intermolecular distances are within the same magnitude as intramolecular 

distances). The samples must therefore be diluted as analysis will only be correct (and not affected 

by a Structure Factor) if the photons are not scattered multiple times by the sample before detection. 

It is assumed in SAXS analysis that each detected photon has only been scattered once.  

 

 

  

Figure 0.21.  SAXS Observations (q-Domains) 
 
The High q domain is otherwise known 
as the Porod’s region and provides 
information on the interface between 
the surface of the sample and the 
buffer. 
 
The Intermediary domain allows for 
calculation of the form factor, P(q); it 
measures the internal structure, size 
and shape of a single particle.  
 
The Low q-domain can give 
information about how the particles 
are interacting in the buffer (e.g 
aggregation), otherwise known as the 
Structure Factor.  
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The Low q region appears on the left of a SAXS scatter curve, as seen in Figure 0.22. The 

Low q region ultimately looks at the overall shape of the molecule. Protein folds are seen in the 

Intermediary domain (mid q region) and the secondary structure of the molecule is seen in the High 

q region. Aggregated proteins and a concentrated sample usually have a structure factor greater 

than 1 in the Low q region.  

 

Data Collection and Analysis 

 
Small Angle X-Ray Scattering of aqueous samples was performed at Diamond Light Source 

(Synchotron) on Beamline 21. The Beamline uses a bending magnet source to send -3 x 1012 

photons per second towards the sample. The scattering vector (q) range measured is from 0.0032 

to 0.38 Å-1. All samples were measured through a temperature controlled capillary by a BIOSAXS 

Robot. The intensity of the beam through the sample is measured by a photodiode in the beamstop, 

this and buffer subtraction is used to normalise the scattering data (Diamond, 2019).  

 

Analysis is performed using SCÅTTER, a JAVA-based platform developed by Robert 

Rambo at the Diamond Light Source downloaded via BioIsis.net (Rambo, 2019) and the ATSAS 

suite of programs (Franke et al, 2017) downloaded from EMBL. A flowchart outlining the steps taken 

for data pre-processing and analysis is seen in Figure 0.23. The background theory related to each 

of the data analysis types is further discussed below.  

 

  

Figure 0.22.  SAXS Resolution Limits 
 
The graph above is the scatter curves for 

multiple protein structures as previously 

published by Sokolova, 2003. SAXS 

Scatter curves can be used to look at the 

shape of molecules, protein folds and 

secondary structure of proteins in a 

sample. The overall shape of a molecule 

can be seen in the Low q region (Blue), 

protein folds are seen in the mid q region 

(Green) and the secondary structure of  

the proteins is seen in the high q region 

(Red). 

 
 



67 
 

 

  
Figure 0.23.  A flowchart for SAXS data pre-processing and analysis using SCÅTTER  

SAXS data was acquired at Diamond Light Source and analysed afterwards using 
SCÅTTER downloaded via BioIsis.net (Rambo, 2019) and the ATSAS suite of 
programs (Franke et al, 2017) downloaded from EMBL. Further tutorials for SAXS 
analysis are found on Bioisis.net.  
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Radius of Gyration  
 

The Radius of Gyration (Rg) is the distribution of mass around a particles’ centre of inertia. 

It can be used to determine the size of a molecule and observe changes in structure that result in 

a reduced or increased Rg; It can therefore be used to observe hybridisation in RNA molecules that 

may result in an increased length of oligonucleotide, as well as changes in secondary structure.  

 

Guinier Analysis  
 

Guinier analysis is used to analyse the SAXS scattering curve at small scattering angles 

(small angle X-Ray scattering) and can be used to approximate the Radius of Gyration (Rg) – it is 

named after Andre Guinier (Guinier & Fourmet, 1955). As the RNA Antisense Oligonucleotide 

samples are elongated structures, a Guinier analysis can be used to find the cross-sectional Radius 

of Gyration (Rc). Any hump in the data (seen in the Low q region) before Guinier fitting (trimming of 

data) is a result of the first sinusoid of the Fourier Transform and is associated with a large Rg value, 

the aim is therefore to trim the data to find the first linear region on the right hand side of the hump. 

Data points are trimmed from the high q region until q x Rc < 1.3 to provide an Rc value. The Rg and 

Rc can be used to estimate the maximum dimension of the structure in Angstroms. The Guinier 

region can indicate sample aggregation (or a structure factor) if there is a non-linear dependence 

of log(I(q)) vs q2 as seen in Figure 0.24. Superimposing scatter curves from multiple concentrations 

can be used to look at concentration-dependent scattering as a result of repulsion or aggregation.  

 

A Kratky plot produced within SCÅTTER can be used to look at the flexibility of a structure, 

but is not normally used to compare molecules of different sizes. The degree of flexibility is 

assessed at by calculating an exponent of decay for a SAXS curve, a decay at q-2 indicates a flexible 

protein whereas a decay at q-4 indicates a globular protein. This decay is shown be a plateau in a 

Porod, Porod-Debye or Kratky plot, whichever plot the molecule decays in first indicates the type 

of structure (Kratky indicates an unfolded or random coil likeness, whereas Porod / Porod-Debye 

Figure 0.24.  SAXS Scattering from Aggregated samples  

When calculating Rg and I(0) from the Guinier plot, a linear dependence of log (l(q)) 

vs q2 indicates no aggregation; a non-linear dependence indicates aggregation. 

This aggregation can strongly influence the data and calculations of the Rg / Dmax. 

Removing the data points from Low q region where a structure factor (aggregation) 

is affecting data can help (the data can be ameliorated), however further processing 

can be made difficult. Figure from Rambo (2019).  
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indicate a compact folded particle). A globular structure was found by Professor Chris Putnam 

(University of San Diego) to have a Guinier peak at (q x Rg)2  of ~1.5 on a normalized plot (Rambo, 

2019), which should be seen in a globular virus-like structure. 

 

Real Space R(g) Determination 
 

A real space Radius of gyration gives a much more accurate size of the structure and is 

calculated using a modification of the Moore function within SCÅTTER to implement constrains on 

the second derivative of the P(r) distribution (Rambo, 2019). The P(r) is defined as: 

“The P(r)-distribution function describes the paired-set of all distances between points within an 

object” 

- Robert Rambo, Bioisis Tutotials: The P(R) Distribution, 2019. 

-  

The Pair-wise distribution, P(r), is determined in SCÅTTER using an Indirect Fourier Transform 

method. The representative function within the Fourier Transform method used is a representative 

function of real-space and therefore the P(r) can be plotted against the X-axis in Angstroms 

(Rambo, 2019). The analysis tab on scatter for determining the real-space Rg looks at how well the 

data fits the P(r) distribution that is defined by a d-max (Rambo, 2019).  – in this case, the Dmax is 

300 Å.  

Bead Modelling 
 

The shape of the sample structure can also be reconstructed using the ATSAS suite of 

programs to perform bead modelling / dummy atom modelling (DAM) (Franke et al, 2017). The 

bead models are reconstructured from the 1D SAXS Curve using DAMMIF. DAMMIF simulates 

annealing to construct a compact model that fits the scatter curve, Rg and Dmax provided by the 

experimental data. Several Independent runs of DAMMIN/F are averaged with DAMAVER to 

produce a bead density model whereby each bead belongs to the particle under observation. A 

hydrophobicity surface is predicted by DAMMIN/F and can be modelled to observe an overall 

structure of the molecule (whereby the surface indicates where molecules are interacting with the 

buffer). Bead model generation correlates well with negative stain Electron Microscopy (Troilo, 

2014) and X-Ray Crystallography (Pillon & Guarne, 2017). Although DAMMIN/F modelling is 

extensively applied to proteins, the algorithms have previously been used to produce low resolution 

bead models of Nucleic acids including a 24 base pair B-DNA duplex (of a known Dmax) and an L-

shaped ss-RNA structure from yeast tRNAPhe (Lipfert et al, 2007). 
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NMR 
 

Background Theory - Using NMR for RNA Structural Determination 
 

Around half of the known, published, RNA structures have been determined using NMR 

techniques, providing information about the structure and interactions of RNA oligos up to 100 

nucleotides in length (Fürtig, 2003). Examples include NMR being used to look at Protein and ss-

RNA complexes (Foot, 2014), isotopically labelled RNA (Scott, 2008) and ss-RNA secondary 

structures such as a Pseudoknot (Kolk, 1998), Pentaloop (Nagaswamy, 2001) and a 14-mer RNA 

hairpin (Nozinovic, 2010).  

Assignment of an NMR spectrum can be time consuming however inter and intra molecular 

interactions of a sample can be observed using Nuclear Overhauser Effect Spectroscopy (NOESY) 

experiments. The Nuclear Overhauser Effect (NOE) occurs when atoms within ~5 Å distance from 

each other undergo cross relaxation (related to a spin-lattice relaxation mechanism). Distance 

information provided by the NOE signal is used to determine the glycosidic torsion angles in RNA. 

NMR determination of RNA is made more difficult than that of Proteins due to the increased number 

of free torsion angles (the conformation of the RNA backbone is defined by 6 rotatable bonds 

compared to only 2 in Proteins); there is also variation of the Ribose ring conformation and it’s 

interaction with the nucleobase (additional free torsion angles).  

NOESY is a 2-D experiment, correlating protons which are close enough and those which 

may be distant in terms of space (i.e belonging to nucleotides at opposite ends of an RNA oligomer) 

but that may be interacting and closer in space as a result of a secondary structure (intramolecular) 

or interactions between adjacent molecules (intermolecular) (Schirra, 1996). An NOE signal is only 

observed if the distance between the protons is less than ~5 Å; the intensity of an NOE signal is 

proportional to the distance between the photons (1 / r6 where r is the distance in Å). NOESY has 

previously been used to observe the structure and interactions of short DNA oligos: a 6-mer of DNA 

and two self-complementary DNA duplex samples (a 10-mer and 16-mer) (McKenna and 

Parkinson, 2014). 

Data Acquisition 
 

Nuclear Overhauser Enhancement Spectroscopy (NOESY) experiments are performed on 

AZD4785 to look at both inter and intramolecular interactions. The sample lacks isotope enrichment 

but is of a high-concentration, providing NMR spectra that is not noisy and of good quality. This 

experiment was undertaken on a Bruker 800MHz AVIII Spectrometer equipped with a TCI-H-C/N-

cryoprobe with z-gradients. Parameters are discussed in the relevant methods in Results Chapter 

3.  
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An Overview of Methods 
 

An overview of methods used for each sample is seen in Figure 0.25. RNA samples can 

be expensive for the concentrations and volumes required for structural techniques such as Raman 

spectroscopy. The priority of the PhD was to look at the information that could be collected from 

Raman spectroscopy on single-stranded RNA Structures, however several other methods were 

used alongside Raman spectroscopy, picked to complement the data acquired. Raman Renishaw 

InVia equipment was first used to acquire initial Raman spectra of RNA Nucleotides and AZD 4785, 

due to small sample volumes Raman spectra continued to be acquired instead on a ChiralRaman 

spectrometer which gave the additional benefits of requiring a lower sample volume, giving high-

quality spectra for RNA in solution and simultaneously collecting a Chiral Raman optical activity 

spectrum.  

The ChiralRaman spectrometer was used to collect an ROA spectrum for the RNA 

Nucleotides, Homopolymers and AZD 4785 before it unfortunately stopped acquiring a reliable ROA 

spectrum due to machine faults.  

Circular Dichroism data was collected for Nucleotides and AZD 4785 but did not provide 

any additional information about the structure of such small molecules – which will be discussed 

further in results. The volume of sample used was high and it was felt that other techniques could 

be used instead to acquire more information. FT-IR was not used consistently throughout the thesis 

/ PhD as the RNA gave stronger bands in Raman spectroscopy.  

NOESY NMR spectra were acquired for two of the AstraZeneca samples to look briefly at 

the effect of temperature on secondary structure unfolding. Further experiments were used to look 

in more detail at the secondary structures and structural modifications of the RNA oligos (SAXS, 

Molecular dynamics simulations) but were not required for looking at RNA Nucleotides. 

Transmission Electron Microscopy (TEM) was used to look at the viral capsid of VLP / CPMVs. 

These methods complemented each other well and it wasn’t necessary to use all methods for each 

sample as each sample was used for an independent study to answer at a specific structural 

question. 
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Figure 0.25.  An overview of Methods used for each Sample 

An overview of the techniques used for various samples throughout this Thesis – 

highlighted are the Raman Optical Activity experiments that failed due to machine faults. 

As can be seen in the table, some techniques provided little value to the understanding 

of RNA secondary structures and were not continued to be used (Circular Dichroism. 
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Results Chapter 1: Nucleotides 

 

Introduction 
 

The intention is to provide clear Raman spectra of nucleotides and nucleosides and 

observe the effect on Raman spectra of the introduction of additional phosphates to the nucleotides. 

Clear data implies that the spectra are of a good quality, with little noise and sharp spectral features 

that can be assigned easily (are not too broad). The raw data is often not made available for the 

statistical comparisons of nucleotide spectra to those of longer Antisense Oligonucleotides (ASOs). 

This library of nucleotide Raman spectra acquired on both the Renishaw Raman and ChiralRaman 

Spectrometer will allow for the spectral assignments of increasingly complex ss-RNA oligos 

acquired using either technique. 

The use of a ChiralRaman Spectrometer specifically designed for the collection of Raman 

and Raman Optical Activity (ROA) spectra of aqueous samples is proposed as a method for 

reducing the noise associated with the water background seen in the spectra of small molecules 

(with a low signal intensity). The ChiralRaman Spectrometer from BioTools Inc (Hug, 1999) has the 

added benefit of acquiring ROA spectra simultaneously. The cuvette system utilised by the 

ChiralRaman Spectrometer allows for prolonged acquisition of a  77 without evaporation of the 

sample. This is important for RNA samples whereby the concentration of a sample may be limited 

by cost or availability. Continuous, automatic export of data allows for automation of the acquisition 

process and observation of thermodynamic effects on the structure of samples (associated with 

heating from the ROA laser). The periodic export of Raman data (every few minutes) allows for 

separation of the data into multiple individual Raman spectra, therefore Principal Component 

Analysis can be used to easily separate samples and loadings plots can be used to identify Raman 

shifts between samples that may not be visible by eye.  

As discussed in the Methods chapter, ROA has previously been used to distinguish 

between RNA structural features (Hobro et al, 2007); used alongside Raman spectra it has been 

used to look at longer ss-RNA oligos with complex secondary structures. ROA can also be used to 

observe the conformation of the nucleoside base as coupled / attached to the Ribose ring in the 

1200-1500 cm-1 region (Bell, 1997). The experimental acquisition of an ROA spectra is time 

consuming as ROA suffers from a low signal:noise ratio and a high concentration of sample is 

typically required (>25mM of RNA, >1mg/ml of Virus or Protein), but disadvantages are vastly 

outweighed by the amount of data ROA can provide about the chirality of a structure that Raman 

can not as easily identify.  

ROA has not previously been used to observe the structure of a chemically modified 

Antisense Oligonucleotide (ASO); therefore, prior to complex ROA assignments, it was important 

to build a library of structural features to assign spectra peaks. It can be difficult to amass ROA 

assignments from published papers as it is a relatively niche vibrational spectroscopy technique 
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and assignments can be debated and assigned to multiple secondary structure features. The ROA 

spectra of Cytidine and Uridine are presented to identify ROA peaks associated with a mixture of 

C2’ and C3’ endo conformations of the Ribose ring and peaks associated with the Pyrimidine bases 

which are found in multiple orientations around the Glycosidic bond (as discussed in the Introduction 

chapter). The assignment of the ribose features / conformations in ROA is key for identifying 

structural changes associated with ASO’s modified to contain a constrained Ribose ring.  

Also discussed is the difference in Raman spectra between samples of solid and aqueous 

RNA nucleotides. Antisense Oligonucleotide drugs are of a high concentration (AZD4785 is 150 

mg/mL) and are confirmed to be soluble, however acquisition of ROA spectra can take up to 72-

Hours and therefore it is important that the sample does not fall out of solution during data 

acquisition; The assignment of peaks associated with solid spectra allows for observation of Raman 

spectra (acquired alongside ROA spectra) to confirm no change in composition of the aqueous 

sample is occurring and the sample remains dissolved. 

 Further spectroscopic techniques: Circular Dichroism and Fourier Transform Infrared 

Spectroscopy (FT-IR) are used to identify structural conformations of the RNA nucleotides. Circular 

Dichroism can be used to look at chiral molecules and will be key for looking at the conformation of 

the phosphate backbone in Antisense Oligonucleotides; Circular Dichroism (CD) spectra were 

acquired of Uridine, Cytidine, Guanosine and Adenosine as well as their 5’monophosphate 

disodium salt counterparts and are presented in the Results below with a critique of the technique 

for looking at these monomers. FT-IR using a micro-ATR attachment is used to acquire spectra of 

solid Uridine and Adenosine samples; FT-IR assignments are key for assigning unknown Raman 

peaks. 

Key to this chapter is a collaboration using Density Functional Theory (DFT) data to improve 

upon already published assignments for nucleotides / nucleosides. Specifically discussed in this 

Chapter are the DFT and Avogadro assignments for RNA nucleotides: Guanosine, Adenosine, 

Uridine and Cytidine. The associated paper for publication is presented in the Appendix. As DFT 

for Raman assignment is improved, it is possible to both visualise and assign vibrational modes. 

As part of the collaboration, the experimental data was supplied for the Raman spectra of RNA 

nucleotides. Following DFT calculations by a collaborator, as discussed below, Avogadro software 

was used for this thesis to directly assign the peaks to molecular vibrations and stretching; the 

Avogadro assignments will be presented in the paper and have been used to confirm the calculated 

ratios of C2’ and C3’- endo conformations discussed in the paper for the RNA nucleotides. This 

allowed for detailed peak assignments spanning the key 900 – 1800 cm-1 region for RNA. These 

DFT / Avogadro assignments have been crucial for assigning the spectra of AstraZeneca 

oligonucleotides as seen in Results Chapter 3.   
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Methods 

 

Sample Preparation  
 

Solid samples of nucleotides and nucleosides were purchased from Sigma Aldrich with a 

Purity (HPLC) of > 98%.  Solid samples were placed upon a Caesium Chloride (CsCl) disc and 

discarded after Raman acquisition to prevent sample burning. Aqueous samples were dissolved in 

Merck Milli-Q dH2O and all concentrations were confirmed by nano-drop following vortexing (30 

seconds) to within 1mg/ml. Samples were vortexed for 30 Seconds again before being pipetted into 

the quartz wells. Concentration of aqueous samples was dependent on their solubility; Uridine and 

Cytidine were dissolved at 50 mg/mL, Adenosine at 12.5 mg/mL and Guanosine at 6.25 mg/mL. 

Prepared aqueous samples were self-buffering between pH 7-8, therefore the decision was made 

not to pH adjust the samples so as not to introduce spectral features associated with salts. No 

particular conformation of Ribose ‘sugar pucker’ can be induced prior to data acquisition as there 

are no modifications introduced, the sugar pucker will therefore be a mixture of both C2’-endo and 

C3’-endo. 

Raman Renishaw Data Acquisition and Pre-processing of Solid Samples 
 

 A Calcium Fluoride disc was used to hold solid nucleotide samples – this was cleaned with 

distilled water, ethanol (70%) and acetone (100%). All spectra were taken using a 50X objective, 

532nm laser and 1200 l/mm grating. An average of twelve spectra was taken of each sample, three 

spectra at four different locations. The depth was not automated as the solids had different ‘profiles’ 

as seen under the Microscope but using depth acquisition studies to focus on the surface of each 

sample gave high intensity, good quality spectra. The Charge coupled device detector (CCD) was 

often over-saturated by solid samples and so the microscope was moved minimally out of focus to 

ensure a 10 Second spectrum could be taken without over-saturating the CCD to still give high 

intensity spectra. Both exposure time and accumulations were adjusted dependent on the sample 

to produce spectra with better signal to noise ratios and an increased spectrum intensity. Baselining 

of spectra was performed using MATLAB (using code provided by the BioSpec group – Professor 

Roy Goodacre, University of Liverpool).  

 

Raman Renishaw Data Acquisition and Pre-processing of Aqueous Samples 
 

Raman spectra collected using a confocal Raman microscope (Renishaw Invia, UK) were 

acquired with a 532nm laser and viewed using the Renishaw analysis software Wire 4.1 which is a 

windows-based Raman environment with an integrated camera for confocal microscopy. A 532nm 

laser, 1200 l/mm grating and a 50X liquid objective gave the best spectra for nucleoside/ nucleotide 

samples. Spectra were acquired between 50-100% laser power (0.8W at 532nm) and an acquisition 

time of between 6 and 10 Seconds, spatial resolution of 1nm. A 785nm laser resulted in noisy 
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spectra in the region where nucleotide spectral features are identified and a 2400 1/mm grating 

saturated the spectra of all liquid nucleotide samples with water peaks at 1800 cm-1. Baselining the 

spectra using MATLAB (using code provided by the BioSpec group – Professor Roy Goodacre, 

University of Liverpool) allowed for the removal of the spectral features associated with the water 

background. The Raman frequencies were calibrated prior to acquisition based on the assignment 

of the 520 cm-1 Raman band of Silicon. 

 
 All liquid samples were prepared in deionised water. Originally, a Hellma Analytics (UK) 96-

well plate with a well diameter of 6.6mm and a sample volume of 300µl was used to collect spectra, 

however this caused an issue when analysing samples for which there was a limited volume. The 

96-well microplate was immobilised using a purpose-built stage allowing data acquisition to be 

automated on the Wire 4.1 program for quick analysis of multiple samples.  A purpose-built stage 

for holding quartz capillaries (holding a sample volume of 80µl) was created; Unfortunately, various 

spectra of Alcohol (70%) acquired using these capillaries proved time consuming and the technique 

could not be automated as it was difficult to focus onto the sample itself within the capillary due to 

the small internal diameter of the capillary.  

An open-top shallow Quartz cuvette was therefore used to acquire aqueous Raman 

Renishaw data; the cuvette was 15mm in diameter by 1.5mm in depth, holding a sample volume of 

180µl. The cuvette allowed for the collection of good quality nucleotide Raman spectra. Spectra 

were taken consistently at the same depth to ensure the spectra were not affected by any 

concentration dependent dissolution – this was done by focussing the laser on the metal plate 

underneath the cuvette and raising the objective by the same amount (around 1.2mm) for each 

sample using the WiRE TM 4.1 software. Using this technique to find a reliable spectrum quickly 

ensured the sample was not left to sit for long enough to fall out of solution; this is important as, 

whilst undertaking the experiment, depth acquisition studies showed that some nucleosides (such 

as Guanosine) would fall out of solution at higher concentrations (50mM) (indicated by the spectrum 

becoming more solid in appearance and a reduction of the water background at 1800 cm-1). Wells 

were cleaned after each use with Hellmanex (100%), Ethanol (70%), Acetone (100%) and Distilled 

water. This technique ultimately caused evaporation of the sample and so a closed Quartz cuvette 

was then used on a ChiralRaman Spectrometer.  

The spectra were on average around 9 accumulations over 3 separate sample ‘well 

locations’ to increase reliability and check reproducibility of results through Principal Component 

Analysis (PCA), whilst also lowering the signal:noise ratio. These nine spectra were then averaged 

to give an averaged, reliable, spectrum for each liquid sample. Acquisition time for liquid samples 

was 10 Seconds; Increasing the acquisition time rather than the number of accumulations avoided 

readout noise being added to the spectra.  
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ChiralRaman Spectrometer - Data Acquisition and Pre-processing of Samples 
 

Raman spectra were acquired using a ChiralRaman spectrometer from BioTools Inc (Hug, 

1999) with a 533nm exciting laser. Rectangular quartz cells from Starna Scientific Ltd (coated with 

Magnesium Fluoride) were used to hold a sample volume of 150 - 200 μl; a cuvette lid / stopper 

was used to avoid evaporation of the samples over a prolonged period. Samples were studied at 

ambient temperature (~20-24℃). The Laser power was between 0.8-1.2W dependent on the 

sample, with a spectral resolution of ~3 cm-1. Spectra are displayed as a function of the Stokes-

Raman wavenumber shift (Y) along a 532nm exciting laser wavelength of 500-1800 cm-1.  

Concentrations of ss-RNA used in previous studies have been in the range of 19-35mg/ml (Hobro 

2007), however a concentration of 25-50 mM (around 6 – 12 mg/mL for a sample of Uridine) was 

found to be sufficient for preliminary Raman experiments on nucleosides and nucleotides. 

 

ROA spectra of Alpha (α) and Beta (β) Pinene were taken both before and after spectra of 

samples, to ensure the laser was aligned properly and the spectral features had not migrated, this 

is sufficient to confirm Raman alignment also. Raman spectra were acquired after an initial 

fluorescence burn off / laser stabilisation of 1 Hour – the time over which spectra were accumulated 

is indicated in the Results sections. Raman spectra had a laser illumination period of 1.25s, spectra 

were saved (as an average accumulation) every 5 or 6 Minutes, giving between 10 - 12 spectra per 

Hour. The illumination period varied depending on the concentration of the sample; a neat liquid 

gives a very strong spectrum and needs an illumination period of <1 Second and a high 

concentration aqueous sample (above 50mg/ml) needs an illumination period between 1 and 2 

Seconds; as the concentration of the sample decreases the illumination period is increased. 

 

 Principal Component Analysis was performed and loadings plots were generated using 

spectra acquired over an indicated period (as per Results). Spectra were averaged and baselined 

using a previously described asymmetric least squares smoothing approach by Eilers et al (2005), 

performed on a Raman toolbox as generated by Dr Ben Gardner (2014) for quick processing on 

Matlab software. ROA spectra are processed in the Raman Toolbox on Matlab by subtracting an 

80-point median filter of the spectra; noise was removed using a 15-point Savitzky-Golay filter.  

 

 If a high incidence of Raleigh scattering was observed within the spectra, the cuvette was 

checked for cleanliness and to see if the laser was hitting the meniscus of the sample, or if there 

were any undissolved particles in the sample. Samples were left in the ChiralRaman Spectrometer 

for over 24 Hours where possible to acquire an ROA spectrum and for Principal Component 

Analysis. Cuvettes were cleaned with 70% Ethanol, 100% Acetone and dH2O between samples.  
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Density Functional Theory and Avogadro 
 

Density Functional Theory for Raman spectroscopy is discussed in the Methods chapter. 

As part of a collaboration on a paper entitled “Deconvolution of conformational exchange from 

Raman spectra of aqueous RNA nucleosides”, experimental data for RNA nucleotides were 

supplied to an internal University of Manchester collaborator to improve upon Density Functional 

Theory calculations for RNA structures. For the final experimental Raman spectra used within the 

paper, each of the 12 spectra (from the 2nd hour of acquisition) were averaged and baselined using 

an asymmetric least squares smoothing approach. The data was supplied as both raw data and 

baselined data, according to previously discussed methods (Eilers et al, 2005).    A contribution 

was made by comparing Experimental Raman spectra to the predicted DFT spectra. Using DFT, 

the intensity of each Raman peak is weighted according to it’s population; for the purpose of the 

paper, an averaging of 1000 computational spectra for each nucleoside were used to generate a 

single overall Raman spectrum for each. 

A further contribution was made to the paper by using Avogadro software, following DFT 

calculations by the collaborator, to visualise all four RNA nucleotide structures and create a large, 

detailed table of assignments for Raman spectra. DFT data supplied from Dr Andrew Almond and 

Alex Wilson (Manchester Institute of Biotechnology) were generated based on the most populous 

structure from a classical MD simulation; this allowed for the visualisation of the four nucleosides 

using the Avogadro software. Avogadro software is an open-source molecular builder and 

visualisation tool created by Hanwell et al (2012). Each spectral peak (Wavelength) is associated 

with a molecular movement such as a Ring deformation or Molecule stretching (as seen in Figure 

0.10). Movements could be visualised as a moving video in Avogadro and have to be individually 

assigned by interpretation of the person viewing / using the software which can be time-consuming 

as often the peaks can be caused by a contribution of two different types of movement (or more, 

such as both out of plane Ribose ring deformations as well as Base asymmetric stretching occurring 

simultaneously).  

 

Fourier Transform Infra-Red Spectroscopy 
 

Fourier transform infrared spectroscopy (FTIR) spectra of solid Uridine and Cytidine 

nucleosides were obtained using a Bruker VERTEX 70v spectrometer / vacuum optics bench (from 

Bruker) with an external sample compartment. For solid samples a micro ATR (attenuated total 

reflectance) stainless steel, leak free unit was used (a HARRICK bioATRcell II). This unit can be 

temperature controlled but was left at ambient room temperature. The unit uses a Germanium ATR 

crystal with a 45-degree single reflection horizontal ATR configuration. The ATR attachment unit 

was purgeable with Nitrogen gas to remove the CO2 and water in the air – both of which show 

strong IR absorbance in the mid-IR region that would interfere with spectra; CO2 strongly absorbs 

at 2350 cm-1 / 667 cm-1, and water at 3900-3400 cm-1 / 1850-1350 cm-1 (Smith 1996). A background 
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spectrum was taken using the integrated OPUS software and subtracted from the sample spectra 

– the Nitrogen gas level was maintained throughout the experiment to prevent the ratio of 

background gases and water vapour from changing (and affecting the sample spectra).   

 

 Samples were placed directly into the ATR solid samples attachment and 100 scans at 

resolution 4cm−1 were performed between wavenumbers 600-1800 cm−1. Spectral data was later 

converted into graphs using Origin software, which was also used to label several of the significant 

peaks in the graphs seen in Figure 1.8.  

 

Circular Dichroism 
  

Circular Dichroism (CD) spectra were acquired of Uridine, Cytidine, Guanosine and 

Adenosine as well as their 5’monophosphate disodium salt counterparts. There were problems 

associated with Guanosine and Adenosine absorption (resulting in noisy spectra) in de-ionised 

water, so data is presented for Uridine, UMP, Cytidine and CMP only.  

 

CD results were obtained on an Applied Photophysics Chirascan qCD. Nitrogen purging of 

the Chirascan qCD was performed before use as Oxygen absorbs strongly below ~200nm. A water 

bath and temperature Peltier attachment were used to maintain a constant temperature of ~24℃ 

throughout the studies. The UV lamp was allowed to heat up for 30 Minutes prior to use. Background 

spectra (the sample buffer on its own) were taken as a control to ensure no contamination of the 

cuvettes and to subtract the background from the spectra.  Quartz cuvette slides were cleaned with 

1M Nitric acid, 5% Decon™ 90, 100% Acetone and dH2O to remove any contaminants.  

 

The recommended cuvette and volume sizes varied dependant on which sample 

(nucleotide or ss-RNA oligo) and UV range are chosen:  

Far UV:         < 200 nm – 0.1 mm cuvette – 50 µl 

Near UV:  -     200 - 280nm – 0.5 mm cuvette – 175 µl 

- 280 – 320 nm – 1 mm cuvette – 350 µl 

- 320 – 400 nm – 1 cm cuvette – 1000 µl 

 

 Circular Dichroism studies on nucleoside/tide RNA samples were performed with a step 

resolution of 0.5nm and a time per point of 1 Second; 4 acquisitions were taken to provide an 

average spectrum and minimise the signal:noise ratio. Spectra were converted from MDEG 

(millidegrees) into Molar Ellipticity (cm2 dmol–1) for analysis where possible.  
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Results 
 

Raman Spectra of Solid Nucleotides 
 

All Raman spectra of wolid samples of nucleotides were acquired using Raman Renishaw 

equipment and acquired / baselined as per Methods (above).  

 

Figure 1.1 shows the Raman spectra for solid samples of Uridine, Cytidine, Adenosine and 

Guanosine between Wavenumbers 800-1800 cm-1. Solid samples were acquired as per methods, 

with a 10 second acquisition time; each Spectrum is the average of 9 separately acquired spectra 

across 3 locations, baselined in Matlab (Zhao, 2007) using code from the BioSpec group (provided 

by Roy Goodacre, University of Liverpool). The spectrum of Guanosine was of a very low intensity 

and appeared noisy; the Guanosine appeared to be more crystalline in structure upon observation 

with the confocal microscope. The crystallinity of the Guanosine sample therefore meant that results 

were not replicable between locations as it appeared that the denser areas of sample gave a higher 

level of fluorescence, producing noisy spectra. 

 

The PCA and loadings plot for data associated with Figure 1.1 are seen in Figure 1.2. Each 

PCA data point is a Raman spectrum for a solid sample of RNA nucleotide. The spectra all cluster 

closely for each nucleotide, with the exception of the Guanosine nucleotides (G, GMP, GDP, GTP) 

which were relatively insoluble and so the spectra were not replicable. PC 1 = 35.27% and PC 2 = 

17.78% of the Total Explained Variance (TEV). PC1 separates the data based on the peaks in 

Adenosine (1332 cm-1), Guanosine (1485 cm-1) and Uridine (1654 cm-1) and is picking out high 

intensity peaks that are specific to different nucleotides. PC2 separates the data based on similar 

peaks but focuses on the peaks specific to Cytidine between 1200 and 1300 cm-1. Assignments for 

the Raman spectra of solid RNA nucleosides in cm-1 are seen in Table 1.1 for easy comparison 

between nucleotides. As expected, Cytidine and Uridine (Pyrimidines) share a lot of similar peaks, 

as do Adenosine and Guanosine (Purines). 

 

Figure 1.3 shows the Raman spectra of solid samples of Cytidine, Cytidine Monophosphate 

and Cytidine Triphosphate with loadings plot and PCA plot (PC 1 = 66.36%, PC 2 = 33.28% TEV). 

Peak 1009/1006 cm-1 is seen only in the CMP and CTP spectra and is associated with the additional 

Phosphates. Peak shifts in the Ribose Region (1190-1300 cm-1) between the Cytidine and the CMP 

sample are indicative of a conformational change in the Ribose ring and possible vibrations in the 

Ribose ring induced by the introduction of the Phosphate. Also in Figure 1.3 is the PCA and loadings 

plot associated with the spectra; each PCA plotted data point is the average of 3 spectra, each point 

is spectra acquired at a different ‘location’ in the sample. PC1 is 66.36% of the TEV and is 

associated with changes in the Ribose region. It may also be due to the intensity of the peak at 

1255 cm-1 in CTP. PC2 (33.28%) is associated with peaks 1253 cm-1 and 1291/97 cm-1 which 

appear in either Cytidine or CMP spectra but neither are in the CTP spectra. 
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Figure 1.1. Solid Raman Spectra of Adenosine, Guanosine, Uridine and Cytidine 
Solid Raman Spectra acquired on a confocal Raman microscope (Renishaw Invia, 

UK) with a 532nm laser using a 50X objective, 1200 l/mm grating and a 10 second 

acquisition time. The samples were placed upon CsCl discs. Each spectrum is the 

average of 9 separately acquired spectra and has been baselined in Matlab as per 

methods (Zhao, 2007). 

Raman Shift (cm-1) 
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Figure 1.2. PCA and loadings plot for Raman Spectra of Solid RNA Nucleotides 
PCA and loadings plot for all solid Raman spectra of nucleotide samples acquired as 

per methods. Each of the 9 separately acquired spectra have been baselined in 

Matlab (Zhao, 2007). PC1 = 35.27%, PC2 = 17.78% - the percentage refers to the 

Total Explained Variance (TEV). 
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Figure 1.3. Solid Raman Spectra of Cytidine, 
CMP and CTP with loadings plot and PCA plot 

Solid Raman spectra acquired on a 

confocal Raman microscope (Renishaw 

Invia, UK) with a 532nm laser using a 

50X objective, 1200 l/mm grating and a 

6 second acquisition time. The samples 

were placed upon CsCl discs. Each 

spectrum is the average of 9 separately 

acquired spectra and has been 

baselined in Matlab as per methods 

(Zhao, 2007). PC1 = 66.36%, PC2 = 

33.28% TEV. 
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Table 1.1. Assignments for the 

Raman Spectra of Solid RNA 

Nucleosides 

 

Table associated with the Raman 

spectra peaks seen in Figure 1.1 – 

in Raman Shift (cm-1). 

 

Table 1.2. Assignments for the 

Raman Spectra of Solid CMP, CTP 

and UMP 

 

Table associated with the key Raman 

spectra peaks seen in Figure 1.3 and 

Figure 1.7. for Cytidine 5’ 

Monophosphate, Cytidine 5’ 

Triphosphate and Uridine 5’ 

Monophosphate – in Raman Shift (cm-1). 
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Raman Spectra of solid samples of Adenosine, Adenosine Monophosphate, Adenosine 

Diphosphate and Adenosine Triphosphate are compared in Figure 1.4. Each spectrum is the 

average of 9 acquired spectra at 532nm. A Peak at 1406/1402 cm-1 appears in the Di- and Tri- 

Phosphate samples of Adenosine, implying a change in conformation of the base. A spectra band 

appears around 900-916 cm-1, growing in intensity with the addition of Phosphates. A band at 

1107/1121 cm-1 in ADP and ATP also appears to increase with the addition of Phosphates. PCA 

and loadings plots associated with Figure 1.4 are seen in Figure 1.6; PC1 = 74.29% and PC2 = 

12.84% of TEV. PC1 seems to separate based on a peak shift from 1572 cm-1 (in Adenosine) to 

1551 cm-1 (in ATP) which is indicative of a changing base conformation / orientation. PC2 appears 

to separate based on a strong peak at 1320/1326 cm-1 (seen in ADP and ATP). Table 1.3 shows 

the key assignments for the Raman spectra of solid Adenosine, Adenosine Monophosphate, 

Adenosine Diphosphate and Adenosine Triphosphate for comparison. 

 

Raman spectra of solid samples of Guanosine, Guanosine Monophosphate, Guanosine 

Diphosphate and Guanosine Triphosphate are seen in Figure 1.5; the table of assignments is seen 

in Table 1.4 for comparison. The spectra for Guanosine was noisy due to poor solubility. As the 

number of phosphates increased, the spectra showed broader peaks, indicative of more 

conformational changes and deformations in the structures.  

 

Figure 1.6 shows the PCA and loadings plots for the Raman spectra of Adenosine (PC 1 = 

74.29%, PC 2 = 12.84% TEV) solid nucleotides (associated with Raman spectra in Figure 1.5). PC1 

separates based on the broad peaks that appear in GDP and GTP over the 1300-1400 cm-1 region. 

Broad peaks are often indicative of a mixture of base conformers. PC2 is separating based on 

peaks in the Ribose ring region (960-1000 cm-1) in GMP that become broader and less 

distinguishable in GDP/GTP (implying increased vibrations / conformational changes in the Ribose 

ring as the number of phosphates attached is increased) and changes in Intensity of a strong peak 

in the 1481-1494 cm-1 region – it is not apparent why there is a reduction in intensity for this peak 

but it does appear to become broader as the number of phosphates is increased.  

 

Figure 1.7 shows the Raman spectra of solid samples of Uridine and Uridine 

Monophosphate with loadings and PCA plots (PC1 = 61.16%, PC 2 = 38.08% TEV). PC1 is 

associated only with a change in Raman intensity between the two samples and represents the 

overall spectrum as seen in the loadings plot. PC2 is associated with a new peak in UMP at 1238 

cm-1 as well as the introduction of phosphate bands between 978 and 1011 cm-1.  

 

Analysing solid spectra of RNA nucleotides provided assignment tables for comparison with 

aqueous samples. Table 1.2 outlines the assignments for the Raman spectra of solid samples of 

Cytidine Monophosphate, Cytidine Triphosphate and Uridine Monophosphate, for comparison. The 

Phosphate band appears at 1006-1011 cm-1 in all samples.  
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Figure 1.4. Solid Raman Spectra of Adenosine, AMP, ADP and ATP 
Solid Raman spectra acquired on a confocal Raman microscope (Renishaw Invia, 

UK) with a 532nm laser using a 50X objective, 1200 l/mm grating and a 6 second 

acquisition time. The samples were placed upon CsCl discs. Each spectrum is the 

average of 9 separately acquired spectra and has been baselined in Matlab as per 

methods (Zhao, 2007).  
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Table 1.3. Assignments 
for the Raman Spectra of 
Solid Adenosine, AMP, 
ADP and ATP 
 

Table associated with the 

Raman spectra peaks seen 

in Figure 1.4 for Adenosine, 

Adenosine 5’ 

Monophosphate, 

Adenosine 5’ Diphosphate 

and Adenosine 5’ 

Triphosphate  – in Raman 

Shift (cm-1). 
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Figure 1.5. Solid Raman Spectra of Guanosine, GMP, GDP and GTP 
Solid Raman spectra acquired on a confocal Raman microscope (Renishaw Invia, 

UK) with a 532nm laser using a 50X objective, 1200 l/mm grating and a 6 second 

acquisition time. The samples were placed upon CsCl discs. Each spectrum is the 

average of 9 separately acquired spectra and has been baselined in Matlab as per 

methods (Zhao, 2007).  

600 800 1000 1200 1400 1600

0.0

5.0x103

1.0x104

1.5x104

2.0x104

R
a

m
a

n
 I

n
te

n
s
it
y  Guanosine

878

917
784

1071

1130
1171

1201,

1220,

1249

1323, 

1339,

1351,

1365

1395,

1403,

1411,

1423,

1485

1578

1544696

672

600 800 1000 1200 1400 1600

0.0

2.0x104

4.0x104

6.0x104

R
a

m
a

n
 I

n
te

n
s
it
y  GMP

678

687 784 828

868,

881,

892

629,

640,

653

974
983

1006

1020

1171,

1179

1200

1232,

1254

1306

1323

1366

1343

1386,

1404,

1420

1455 1538

1581

1494

1986,

1100

600 800 1000 1200 1400 1600

0

1x104

2x104

3x104

4x104

R
a
m

a
n
 I
n
te

n
s
it
y  GDP

1590

1547

1490

1432

1374

1343

1260
1219

1188

1116

1078
1052

1021

974

917

881

834
788728

696630,

649

600 800 1000 1200 1400 1600

0

1x104

2x104

3x104

4x104

R
a
m

a
n
 I
n
te

n
s
it
y  GTP

780

824

878686
674

960 1012 1068

1127

1179

1209
1242

1334

1362

1423 1536

1582
1481

622,

637

Wavelength (cm-1)Raman Shift (cm-1) 

1086 
1100 

142

3 



93 
 

 

  

Adenosine Nucleotides 

Guanosine Nucleotides 

Figure 1.6. PCA and loadings plots for Raman Spectra of Adenosine and Guanosine 
     Solid Nucleotides 

PCA and loadings plot for all solid Raman spectra of Adenosine and Guanosine 

nucleotide samples acquired as per methods. The 9 separately acquired spectra for 

all 8 samples (Adenosine, AMP, ADP, ATP, Guanosine, GMP, GDP, GTP) have been 

baselined in Matlab (Zhao, 2007). For the Adenosine samples PC1 = 74.29, PC2= 

12.84. For the Guanosine samples PC1 = 59.05%, PC2 = 34.30% TEV.  
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Figure 1.7. Solid Raman Spectra of Uridine 
and UMP with loadings plot and PCA plot. 

Solid Raman spectra acquired on a 

confocal Raman microscope 

(Renishaw Invia, UK) with a 532nm 

laser using a 50X objective, 1200 

l/mm grating and a 6 second 

acquisition time. The samples were 

placed upon on CsCl discs. Each 

spectrum is the average of 9 

separately acquired spectra and has 

been baselined in Matlab as per 

methods (Zhao, 2007). PC1 = 

61.16%, PC2 = 38.08% TEV. 
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  Table 1.4. 
Assignments for the 
Raman Spectra of 
Solid Guanosine, 
GMP, GDP and GTP 
 

Table associated with 

the Raman spectra 

peaks seen in Figure 1.5 

for Guanosine, 

Guanosine 5’ 

Monophosphate, 

Guanosine 5’ 

Diphosphate and 

Guanosine 5’ 

Triphosphate  – in 

Raman Shift (cm-1). 
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FT-IR Spectra of Solid Uridine and Cytidine  
 

Fourier Transform – Infrared spectroscopy (FT-IR) spectra of solid samples of Uridine and 

Cytidine were taken as outlined in Methods. Absorbance spectra for Uridine and Cytidine are shown 

in Figure 1.8. Results were taken between wavenumbers 600-1800cm−1. Data before 800cm−1 was 

excluded as noise. There are some peaks which are appearing in both samples (around 

1099/95cm−1, 1033 cm−1, 852/854 cm−1) showing that the same structural features are seen across 

all samples (such as those related to the Ribose ring). 

 

The assignment of FT-IR of solid Uridine and Cytidine samples is not new, with data being 

published in detail in 1987. However, the raw data is unable to be downloaded and it can therefore 

not be analysed in more detail or used for PCA comparisons with new samples of RNA (e.g 

comparison with a modified RNA from an ASO, or comparison with a homopolymer sample). The 

1000 – 1137 cm-1 region is assigned to D-Ribose and is sensitive to structural changes within the 

nucleotide. The following assignments were assigned by Xu & Butler, 1987:   

 

• 869 – 950 cm-1         – C-C Stretching  

• 941 –  983 cm-1             – C-C-H Deformations (990 cm-1 in Raman) 

• 1058 – 1086 cm-1         – C-OH Bending / Deformations (1059 cm-1 in Raman) 

• 1271 – 1363 cm-1         – CH2 Deformations 

• 1413 cm-1                            – CH3 Deformations (1414 cm-1 in Raman) 

 

Pyrimidine ring deformations are seen below 950cm-1 in FT-IR and the ring breathing mode for 

Uridine is seen at around 791 cm-1 (IR) and 793 cm-1 (Raman). Bands associated primarily with 

Uridine include: 

• 791 cm-1                               – Ring Breathing mode for Uridine (793 cm-1 in Raman) 

• 815 – 819 cm-1              – C-H Stretching 

• 1097 –  1102 cm-1      – NC/CH Vibrations 

• 1117 – 1173 cm-1          – C-O Stretching 

• 1269 cm-1           – C-1’ – N-1 Stretching 

• 1269 – 1289 cm-1          – Uracil Ring Stretching (1253 cm-1 in Raman) 

• 1421 cm-1                             – Ring Stretching / NH Bending (1419 cm-1 in Raman) 

• 1716 cm-1                             – C-2=O stretch in Uracil (1715 cm-1 in Raman) (shifted to  

1681cm-1 in Uridine, due to the bending motions of the       

Carbonyl groups) 

 

It is important to note that a number of vibrational modes for the Ribose ring overlap with those for 

the Pyrimidine ring of Uridine. 
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Figure 1.8. Solid FT-IR spectra of Uridine and Cytidine 
FT-IR spectra of Uridine and Cytidine (measured in absorption) at wavelengths 600-

1800cm−1. Data acquired using a VERTEX 70v spectrometer / Bruker vacuum optics 

bench – solid samples were placed in a HARRICK bioATBcell II micro-ATR (silicon). 

The main spectral features are labelled with their wavenumbers. 100 scans at 

resolution 4cm−1. 
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Aqueous Raman Spectra of RNA Nucleotides 
 

Aqueous Raman spectra of RNA nucleotides were acquired with a Raman Renishaw 

spectrometer (532nm) using a liquid microscope objective as discussed in Methods. Presented in 

Figure 1.9 is the Raman spectra of Uridine, UMP, Cytidine and CMP, at concentrations 25 – 

100mM. Peak shifts (such as those in the 840-920 cm-1 region) are associated with the addition of 

the Phosphate. The addition of the Phosphate also induces conformational changes / deformations 

in the Ribose ring in the 1000-1200 cm-1 region.  

 

Figure 1.10 is the PCA and loadings plot related to the spectra seen in Figure 1.9 (PC1 = 

56.99%, PC2 = 28.42% TEV). PC1 is separating based on a peak at 786 cm-1 (intensity changes, 

the peak is higher in the Cytidine spectra) and peaks 1247 and 1297 cm-1 seen only in the Cytidine 

spectra. PC2 is separating based on intensity of the overall spectra (100mM samples for both 

Cytidine and Uridine groups of samples appear at the top of their respective ‘groupings’ on the PCA 

plot) as well as a sharp peak at 1236 cm-1 seen only in the Uridine spectra. 

 

Figure 1.11 shows the Raman spectra of aqueous RNA samples and their mono-, di- and 

tri-phosphates, acquired on a Raman Renishaw, in separate Raman graphs for each RNA 

nucleotide sample ‘group’. In all spectra, the addition of a Phosphates causes peak shifts in the 

Ribose ring region (1000-1200 cm-1 ) with peaks shifting to the right (towards higher wavelengths) 

with each subsequent phosphate addition.  The associated PCA and loadings plot are seen in 

Figure 1.12 (PC1 = 56.91%, PC2 = 17.98% TEV).  PC1 is associated with a sharp peak ~780 cm-1 

which is absent in the Guanosine data, as well as a sharp peak at 1247 cm-1  which is seen only in 

Uridine and Cytidine. PC2 therefore seems to be separating the data based on whether the sample 

is a Purine or Pyrimidine.  

 
 A shift in a medium intensity peak from ~970 to 990 cm-1 appears between each of the 

Uridine and Cytidine nucleotide and nucleotide 5’-Monophosphates samples as seen in Figure 1.11 

A and B; weak Raman bands in this region (below 1140 cm-1) have previously been assigned to 

ribose and phosphate linkages (Hobro, 2007).  However, more specifically, in ROA data bands 

observed between ~950 and 1150 cm-1 have previously been associated with the sugar phosphate 

backbone; this confirms that shifts in the spectra are most likely due to the additional phosphate 

bonds (Hobro, 2007).   

 Aqueous Raman spectra closely resemble those already assigned in papers such as that 

by Badr et al (2006). A Cytidine specific peak around 800 cm-1 is in the region (~786 cm-1) assigned 

to Cytidine ring breathing. Adenosine peaks 1311, 1341 and 1382 cm-1 are in a region (~1362 - 

1455 cm-1) previously assigned to in-plane ring vibrations of Adenine as well as NC-CN and CC-

CN stretching (Badr, 2006). Similar peaks can be identified in Guanosine however the Raman 

spectra is of much lower intensity and the peaks are broader. Peaks ~1480 cm-1 and ~1580 cm-1 in 

Guanosine can be seen and peaks in this area (around 1455 and 1529 cm-1) have also previously 

been assigned to in-plane Guanine ring vibrations (Badr, 2006). 
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Figure 1.9. Concentration Study - Raman Spectra of Uridine, UMP, Cytidine and CMP  
Raman spectra of Uridine, UMP, Cytidine and CMP nucleotides at concentrations 

(25-100mM) – acquired using a 533nm laser on a ChiralRaman Spectrometer 

(BioTools Inc). The total data accumulation time was ~1hr per sample, each spectrum 

is an average of 10 acquired spectra during this hour. Laser power of 1.2 W. 

Baselined as per methods using a MATLAB ROA tool box. 

Raman Shift (cm-1) 

Raman Shift (cm-1) 
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Figure 1.10. Principal Component analysis and loadings plot for the Raman spectra of  
  Uridine, UMP, Cytidine and CMP  
PCA plot and loadings plot for the Raman spectra of Uridine, UMP, Cytidine and CMP 

nucleotides at concentrations (25-100mM) – as seen in Figure.1.9. PC1 = 56.99%, 

PC2 = 28.42% TEV. 
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  Figure 1.11. Raman Spectra of Aqueous RNA Samples 
Aqueous Raman spectra taken at room temperature with a 532nm laser using 

Raman Renishaw equipment – each spectrum is the average of 9 repeats per 

sample. Baseline has been subtracted as per methods. 100% laser power was used 

with a 10 Second laser exposure, 50x liquid objective. The buffer for all samples is 

de-ionised water. 
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Figure 1.11. (CONTINUED) Raman Spectra of Aqueous RNA Samples 
Aqueous Raman spectra taken at room temperature with a 532nm laser using 

Raman Renishaw equipment – each spectrum is the average of 9 repeats per 

sample. Baseline has been subtracted as per methods. 100% laser power was used 

with a 10 Second laser exposure, 50x liquid objective. The buffer for all samples is 

de-ionised water. 

A – Uridine 

B – Cytidine 

C – Guanosine 

D - Adenosine 

C – Guanosine 50 mg/mL 

D – Adenosine – 50 mg/mL 
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Comparison of Solid and Aqueous Raman Spectra of Nucleotides 
 

Figure 1.13 shows PCA and loadings plots directly comparing the Raman data for both 

aqueous (at 50mM) and solid samples (PC1 = 29.21%, PC 2 = 48.2% TEV) acquired on a Raman 

Renishaw. Each dot (an aqueous sample) or square (a solid sample) is the average of 12 different 

spectra. Uridine and Cytidine are Pyrimidine derivatives and appear on the left hand side of the plot 

and both Adenosine and Guanosine are Purines (containing an extra imidazole ring fused to the 

Pyrimidine ring) and appear on the right hand side of the plot; it seems therefore that PC1 is 

separating based on the base type and perhaps the number of carbon-nitrogen bonds. PC2 seems 

to be separating the liquids, at the top of the plot, from the solids clustered together towards the 

bottom. It is presumed that the better reproducibility of the solid spectra compared to the liquids has 

played a large factor in the solids clustering so closely together in this PCA plot. 

  

Figure 1.12. PCA graph and loadings plot for Aqueous RNA samples  
PCA graph and loadings plot of all spectra taken for Nucleotide aqueous samples 
at 50 mg/mL – 9 repeats were taken for all samples across 3 different locations, 
all at equal depth of liquid within the quartz well. All spectra were taken for 10 
seconds and 100% laser power on a 532nm laser using a 50x liquid objective. The 
buffer is de-ionised water. PC1 = 56.91%, PC2 = 17.98% TEV. 
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Figure 1.13. Principal Component 
analysis of both Solid and Aqueous 
nucleotide  

samples. 
PC1 (29.21% TEV) vs PC2 

(18.99% TEV [48.20 – 29.21]) of 

the averaged spectra for both 

solid (Squares) and aqueous 

samples (circles) appears to 

show separation as a result of 

both the base identity and the 

sample type (solid or aqueous). 

Solid and aqueous Raman 

spectra acquired as per methods, 

using a 532nm laser. The 

baseline has been subtracted 

using Matlab as per methods. A 

100% laser power was used and 

a 10 second laser exposure. 
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DFT and Avogadro assignments for Aqueous RNA Nucleosides  
 

Raman spectra of aqueous RNA nucleosides (Adenosine, Guanosine, Uridine and 

Cytidine) for the DFT collaboration were acquired on a ChiralRaman spectrometer. The 

ChiralRaman spectrometer provided high quality data, a lower background associated with the 

buffer and the ability to acquire spectra over a longer period of time without evaporation of a sample. 

Spectra were acquired in a closed Quartz cuvette, at 533nm as per Methods. The laser power for 

all nucleotide samples was 1.2W and each spectrum is the average of multiple spectra acquired 

over 1 Hour. Figure 1.14 shows the experimental Raman data. Key peaks have been annotated for 

comparison of samples.  

 

Figures 1.15 and 1.16 compare the Raman spectra of the aqueous Purine and Pyrimidine 

RNA nucleotides respectively.  In Figure 1.15, Adenosine (12.5mM) and Guanosine (6.25mM) 

spectra appear alongside the PCA and loadings plots from the data (PC1 = 99.43%, PC2 = 0.43% 

TEV). Each data point on the PCA plot was 1 of the 12 acquired spectra during the 1 Hour of data 

acquisition (collected every 5 minutes). PC1 is high and separating based on features specific to 

the Adenosine (peaks at 734 cm-1, 1311 cm-1 and 1341 cm-1, associated with vibrations in the 

Adenosine base. PC2 is negligible (< 0.5 of TEV) but appeared to be associated with differences 

in Raman Intensity.  

 

Figure 1.16 shows the Raman spectra of Cytidine and Uridine Pyrimidines, alongside PCA 

and loadings plots, both at 50mM.  PC1 (99.43% TEV) is separated based on peaks 1247 and 1297 

cm-1 (seen only in the Cytidine spectra) as weak as a sharp peak at 1236 cm-1 seen only in the 

Uridine spectra. PC2 is negligible (0.01%) and again appears to be separated based on differences 

in Raman intensity between the samples; PC2 for both Figure 1.15 and 1.16 could be attributed to 

experimental variation such as minor fluctuations in laser intensity.  

 

Key spectra assignments for the experimental Raman spectra of aqueous RNA 

nucleosides as seen in Figures 1.15 and 1.16. can be seen in Table 1.5.  

 

 Table 1.6 shows the assignments (as seen on Avogadro) based on DFT data supplied from 

Almond et al at the University of Manchester. The aggregated experimental Raman of the 

Guanosine spectra does not closely agree with the DFT (theoretical) calculation of the monomer 

but the assignment of the DFT peaks is shown for comparison.  

 

As previously stated in the Introduction, if it is assumed that random collisions occur 

between adjacent nucleotides in solution (and to each nucleotide as it comes into contact with a 

solvent molecule) then thermal fluctuations and changes in concentration will alter the conformation 

of each individual nucleotide. The conformation of the nucleotides is therefore assumed to be 

random as no constraints are introduced (no chemical modifications) - this can cause peak widening 

in experimental Raman spectra as the peaks of closely related conformers can overlap.  
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Conformational freedom of the nucleotides in solution was confirmed when calculating DFT 

data; Almond et al observed that different conformations of the nucleosides may result in 

broadening of peaks, as a wide range of chemical environments is being sampled. Examples of 

conformations were discussed in the Introduction (Chapter 1) discussion of nucleotide structure. 

Adenosine and Uridine contained > 96% syn /south conformation of the base, Cytidine contained 

around 92% anti./south conformation of the base (distributed evenly around low and high anti) and 

Guanosine comprised approximately 50% syn /north and 50% low anti /north of the base – this 

50:50 split goes some way to explaining why peaks in the Guanosine data appear broader in the 

regions associated with the Guanine base. In solution, it is likely that the most populous conformer 

in Pyrimidines is the low anti / south. There is a syn dominance of Purines in solution whilst the anti 

conformer dominates Pyrimidines. Broad bands can occur due to the low energy barriers between 

Ribose and base conformers at a given temperature, as well as ambient room temperature 

changes, giving rise to rapid conformational exchange. The intensities and therefore the weighting 

of different fingerprint peaks may vary by conformer populations (Wilson et al, 2019). These 

conformations of RNA nucleotide monomers are to be discussed in the published paper 

collaboration.  

 

 

  

Table 1.5. 
Assignments for the 
Raman Spectra of 
Aqueous RNA 
Nucleosides 
 

Table associated with 

the Raman spectra 

peaks seen in Figure 

1.14 for acqueous 

RNA Nucleotides  – in 

Raman Shift (cm-1). 
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Figure 1.14. Aqueous Raman Spectra of Adenosine, Guanosine, Uridine and Cytidine 
Aqueous Raman Spectra of four RNA nucleotides dissolved in dH2O pH 7.0 – 7.3. 

Each Raman spectrum is the average of 12 Raman spectra acquired over a 1 hour 

period on a 533nm ChiralRaman Spectrometer (BioTools Inc). Baselined as per 

methods (Matlab ROA Toolbox). Laser power of 1.2W.   
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Figure 1.15. Aqueous Raman 
Spectra of Adenosine and 
Guanosine 
 

Raman spectra of Adenosine 

and Guanosine at 12.5mM and 

6.25mM respectively – acquired 

using a 533nm laser on a 

ChiralRaman Spectrometer 

(BioTools Inc). The total data 

accumulation time was ~1hr per 

sample, each spectrum is an 

average of 12 acquired spectra 

during this hour. Laser power of 

1.2 W. Baselined as per 

methods using a MATLAB ROA 

tool box. PC1 = 99.43%, PC2 = 

0.43% TEV. PC1 (99.43%) 
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Figure 1.16. Aqueous Raman 
Spectra of Uridine and 
Cytidine 
 

Raman spectra of Uridine and 

Cytidine at 50mM – acquired 

using a 533nm laser on a 

ChiralRaman Spectrometer 

(BioTools Inc). The total data 

accumulation time was ~1hr per 

sample, each spectrum is an 

average of 12 acquired spectra 

during this hour. Laser power of 

1.2 W. Baselined as per 

methods using a MATLAB ROA 

tool box. PC1 = 99.43%, PC2 = 

0.01% TEV. 
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Table 1.6 – Raman assignments based on DFT and Avogadro analysis 

Key: 

● In Plane     ○ Out of Plane     ○d Out of Plane deformations 

Ѵ – Stretching  (Ѵs – Symmetric, Ѵas – Asymmetric)  

δ – Scissoring 

ω – Wagging 

τ – Twisting 

ρ  – Rocking 

Peaks of Interest  Avogadro Assignments 
U C A G U  C A G 
558 560 556 555 547 –  

●Ѵs Base (N-C).  
○d Ribose Ring. 

587 –  
○ ρ (C-N-C). 
τ Base (H-N-H). 

556 –  
τ (H-N-H). 
○d Base. 

 

551 –  
●Ѵs Base.  
○ρ Ribose Ring. 

571    568 –  
●Ѵ Base (N-C). ○d 
Ribose Ring. 

   

 602 606 606  587 –  
●ρ (C-N-C). 

610 –  
●Ѵs Base and 
Ribose Ring. 

577 –  
●Ѵs Ribose 
Ring. 

  613 613 613 –  
●Ѵs Base and 
Ribose Ring. 

617 –  
○d Base. 
ω (C-N-C). 

629 628   646 –  
●ρ Base and 
Ribose Ring. 

635 –  
●ρ Base and 
Ribose Ring.  

  

650    657 –  
●Ѵ C-N in Base. 

   

  734     735 –  
●Ѵ Base (C-N).  
●Ѵs Ribose Ring. 

 

786 786 801 793 776 –  
○d Base (ω N-C-
N). 

786 –  
○d Base. 

819 –  
●Ѵ Base (C=C).  
○ρ Base (O-H).  

796 –  
○ρ / Ѵas Base 
(C=C-C). 

873 869 873 881 866 – 
○d Ribose Ring 
(○ρ C-O-C). 

672 –  
●Ѵs and ○d 
Ribose Ring. (C-
N). 

866 –  
○Ѵs Ribose Ring 
(C-C and C-O). 
 
891 –  
●Ѵs Ribose Ring 
(C-C). 

881 –  
●Ѵs Base (C=N, 
C=C).  
○d Ribose Ring.   

916 912   902 –  
●Ѵ Ribose Ring 
(C-C)  
●Ѵ Base (C-N) 

906 –  
●Ѵ Ribose Ring 
(C-C)  
●Ѵ Base (C-N) 

  

1002 995 1013  994 –  
○Ѵω Base (C-C 
and C-O). 
●Ѵ Ribose Ring.  

993 –  
○d Base (5’ and 6’ 
C=C).  
ρ (C-N and N-H) 
●Ѵ Ribose Ring 
(C-O)  

1001 –  
●Ѵ Base (C=N). 
ρ (N-H)  

 

1045 1040   1048 –  
○ρ Ribose Ring (2’ 
3’ C-C). 
●Ѵ Base. 

1043 –  
○ρ Ribose Ring (2’ 
3’ C-C). 
●Ѵ Base. 

1046 –  
Ѵas (C-O) forcing  
○d in Ribose Ring. 

 

  1059 1062   1055 –  
●Ribose Ring (C-
C, C-O). 
 
1068 –  
●Ѵ and ρ (O-H) 
Ribose Ring and 
Base. 

1064 –  
●Ѵas  Ribose 
Ring (C-C-N). 
●Ѵ  Base (C-N). 

1091 1088   1096 –  1089 –  1092 –   
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●Ѵ (C-O) and ρ (C-
H) Ribose Ring. 
●Ѵ Base. 

●Ѵ (C-O) and ρ (C-
H) Ribose Ring. 
●Ѵas Base (N-C-
N). 
ρ Base (H-N-H). 

●Ѵ Ribose Ring 
(C-O). 
ρ (C-H) Ribose 
Ring. 

1136 1139   1133 –  
○d/ρ Ribose Ring 
(2’ 3’ C-C).  
●Ѵ Base (C-N). 
ρ Base (C-H). 

1043 –  
●Ѵs   Base (N-C-N 
and C=C). 
○ρ Ribose Ring (2’ 
3’ C-C). 

  

 1196 1181 1184  1191 –  
○d Ribose Ring 
(2’C).  
ρ Base (C-H). 

1183 –  
ω (O-H and C-H). 

1190 –  
○d Ribose Ring 
(2’C).  
●Ѵ Base (C-H). 

 1218 1217   1215 –  
●Ѵ (C-N) between 
Ribose Ring and 
Base  
ρ (C-N) in Base. 
●Ѵ Base (C=C, 
C=N) and ρ (C-H). 

1213 –  
●Ѵ Base (C-N). 
ρ (C-H).  
 
1223 –  
●Ѵ Base (C=C, 
C=N) 

 

1236    1235 –  
○d Ribose Ring 
(HOCH2). 
ρ Ribose Ring and 
Base (C-H). 

   

 1247 1254   1239 –  
Ѵ Between Base 
and Ribose Ring 
(C-N).  
●Ѵ Base (C=C, C-
N, C=N). 
 
1255 –  
○d  Ribose Ring 
(HOCH2). 
●Ѵ (C-C). 

1256 –  
○d Ribose Ring 
(2’C).  
●Ѵ Base 
 

 

 1297    1302 –  
●Ѵ Ribose Ring 
(C-C). 
●Ѵ Base (C-N). 
ρ (C-H). 

  

  1311  .  1312 –  
●Ѵ Base (C=N).  
●Ѵ Ribose Ring. 

 

   1325    1320 –  
●Ѵ Base (C-N).  
ρ Ribose Ring 
and Base (C-H). 

  1341    1341 –  
●Ѵ Base (C-C, C-
N and C=N). 

1335 – 1347 – 
●Ѵas Base (N-
C=C and N-
C=N). 

 1373  1371  1371 –  
ρ Base (C-H and 
N-H). 
●Ѵ Base (C=C and 
C-C). 

 1368 –  
●Ѵas Ribose (C-
C-C). 

  1382    1381 –  
○ρ/Ѵ Ribose Ring 
(C-C and HOCH2). 

 

1400    1401 –  
Ѵas Base (C-N-C, 
C-C). 
●Ѵ Ribose Ring.  
ρ Ribose Ring and 
Base (C-H) 

   

 1414 1434 1420  1406 –  
●Ѵ Base (C-N).  
○d Ribose Ring 
(2’C). 

1437 –  
●Ѵ Base (C=C and 
C=N) 

1426 –  
●Ѵ (C-N) 
between Base 
and Ribose 
Ring.  
●Ѵs Base (N-C)  

 1459 1465   1436 –  
●Ѵ Base. 

1467 –  
●Ѵ Base. 
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ρ Base and Ribose 
Ring (C-H). 

ρ Base (C-H). 

1478    1471 –  
○d (HOCH2)  

  1471 –  
○d (HOCH2)  

 1495 1489 1489  1509 –  
●Ѵ Base (C=C. C-
N and C=N). 
ρ (C-H). 
δ (H-N-H). 

1498 –  
●Ѵ Base (C-N and 
C=N). 
δ (H-N-H). 

1514 –  
●Ѵas Base (N-
C=N and N-
C=C).  
ρ (C-H). 

 1531 1512   1509 – 1563 – 
●Ѵ Base (C=C. C-
N and C=N). 
ρ (C-H). 
δ (H-N-H). 

1526 –  
●Ѵas Base (N-
C=N ).  
●Ѵ Base (C=C). 

 

  1588 1582   1608 –  
●Ѵas Base (N-
C=N).  
●Ѵ Base (C=C). 
δ (H-N-H). 

1584 –  
●Ѵas Base (N-
C=N and N-
C=C). 
●Ѵ Base (C=O). 
ρ (C-N). 

 1612    1612 –  
●Ѵ Base (C=C, 
C=O).  
●Ѵas (C=C-N). 
δ (H-N-H). 

  

1631    1671 –  
●Ѵ Base (C=C). 
ρ (C-H). 
●Ѵs (C-N-C). 

   

  1641 1641   1644 –  
●Ѵas (N=C-C, 
C=C-C). 

1649 –  
●Ѵas (N=C-N). 
δ (H-C-H). 
●Ѵ Base (C=O)  

 1654    1654 –  
Ѵas Base. 
δ (H-N-H). 
ρ (C-H). 

  

1685    1671 –  
●Ѵ Base (C=C). 
ρ (C-H). 
●Ѵas (C-N-C). 

   

 

 

ROA Spectra of Aqueous Uridine and Cytidine  
 

The ROA spectra of aqueous Uridine and Cytidine were used to identify spectral features 

associated with Pyrimidine nucleotides, it is possible to see differences in the Raman spectra of 

these samples however the chirality of the nucleobase to Ribose ring should be similar in each. 

Spectra of aqueous Uridine and Cytidine, both at 50mM, acquired on a ChiralRaman Spectrometer, 

are seen in Figure 1.17. Spectral features between Uridine and Cytidine are similar. The region 

between 800-1200 cm-1 is dominated by normal modes localised to the Ribose ring, between 1200-

1500 cm-1 the peaks are assigned to coupling between the base and Ribose ring and ROA peaks 

above 1550 cm-1 are associated with the normal vibrational modes of the planar base rings and are 

not affected by chirality (Bell, 1997). It therefore appears that there is a different conformation of 

the Ribose ring coupled to the base in Cytidine compared to Uridine (based on the Raman shift in 

the strongest negative peak at 1234 cm-1 in Uridine and 1245 cm-1 in Cytidine). This provides strong 

evidence to support the findings that Uridine contained > 96% syn /south conformation of the base 

whilst Cytidine contained around 92% anti./south conformation of the base. An example of these 

conformations were seen in the Introduction (Chapter 1). 
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Figure 1.17.  Raman Optical Activity Spectra of Uridine (top) and Cytidine (bottom) 
Raman Optical Activity spectra of Uridine (top) and Cytidine (bottom) at 50mM – 

acquired using a 533nm laser on a ChiralRaman Spectrometer (BioTools Inc). The 

total data acquisition time was ~48hr per sample, each spectrum is an average all 

acquired spectra throughout. Laser power of 0.65 W. Processed as per methods 

using a MATLAB ROA tool box.  

Raman Shift (cm-1) 
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Comparison of Aqueous Raman Spectra of RNA Nucleoside and Nucleotides 
 

Figure 1.18 shows Raman spectra of Uridine, UMP, Cytidine and CMP, all at 50mM, 

acquired on a ChiralRaman spectrometer and labelled for comparison. This data collection of 

Raman spectra of the RNA samples was repeated to acquire multiple spectra (10-12 spectra over 

a 1 hour period) for direct comparison using principal component analysis. The ChiralRaman 

spectrometer provided the additional benefit of having a reduced water background – making 

baselining much easier and reducing the noise around the 1600-1800 cm-1 water background 

region, allowing smaller peaks in this region to be identified. Peak shifts are as discussed for the 

same samples acquired on the Raman Renishaw.  

 

Raman Spectra of DNA Nucleosides 
 

The Raman spectra of DNA nucleosides were acquired as many ASOs contain modified 

DNA nucleotides, however it was expected that there would be minimal differences between the 

spectra of RNA and DNA nucleosides.. Figure 1.19 shows the Raman spectra of aqueous DNA 

nucleosides: 2’-Deoxyadenosine, 2’-Deoxyguanosine, Thymidine and 2’-Deoxycytidine, all at 

50mM and acquired on a ChiralRaman spectrometer. Table 1.7 outlines the key assignments for 

the Raman spectra of aqueous DNA nucleosides and many of the peaks are the same as those 

calculated for the DFT spectra of RNA nucleotides.  
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Raman Shift (cm-1) 

Raman Shift (cm-1) 

Figure 1.18. Raman Spectra of Uridine, UMP, Cytidine and CMP 
Raman spectra of Uridine, UMP, Cytidine and CMP all at 50mM – acquired using a 

533nm laser on a ChiralRaman Spectrometer (BioTools Inc). The total data 

accumulation time was ~1hr per sample, each spectrum is an average of 12 acquired 

spectra during this hour. Laser power of 1.2 W. Baselined as per methods using a 

MATLAB ROA tool box.  
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Figure 1.19. Aqueous Raman Spectra of DNA Nucleosides 
Aqueous Raman Spectra of four DNA nucleotides dissolved in dH2O pH 7.0 – 7.3. 

Each Raman spectrum is the average of 12 Raman spectra acquired over a 1 hour 

period on a 533nm ChiralRaman Spectrometer (BioTools Inc). Baselined as per 

methods (Matlab ROA Toolbox). Laser power of 1.2W.   
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Table 1.7. 
Assignments for the 
Raman Spectra of 
Aqueous DNA 
Nucleosides 
 

Table associated with 

the Raman spectra 

peaks seen in Figure 

1.19 for acqueous DNA 

Nucleotides  – in 

Raman Shift (cm-1). 
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Circular Dichroism of RNA Nucleosides and Nucleotides  
 

The aim was to determine the lowest concentration of nucleosides/tides that could be 

detected using Circular Dichroism and observe whether there were any differences between the 

nucleotide samples. Circular Dichroism spectra of RNA nucleotides: Uridine, Uridine 

Monophosphate, Cytidine, Cytidine Monophosphate, at concentrations 5 – 20 mg/mL, are seen in 

Figure 1.20. There does not appear to be any distinguishing features between the samples. Spectra 

are plotted for wavelength 220-280nm.  

 

There was a sharp peak at around 280-290nm that, from previous literature, was not 

expected and appears to be a machine artefact. A number of experimental variables were changed 

to find the source of this peak including: the Circular Dichroism equipment used, cuvettes, buffer 

and new Uridine and Cytidine samples bought in from another supplier (Fisher Scientific) – 

however, unusually, the peak remained. Peaks around this area are usually associated with 

proteins and so Liquid chromatography – mass spectrometry (LC-MS) (ESI +ve and –ve full scans) 

was performed on Uridine, 2mg/mL in deionised water; the LC-MS results on the Uridine sample 

confirmed that the sample was pure with no contaminants. Other samples tested on the same 

instrument (Ferritin, Mucins) do not seem to contain this peak. It cannot be ascertained what the 

peak is, however when converting the results from MDEG to Molar Ellipticity it was unfortunately 

evident that the intensity of the signal was very poor. It may be that this peak is a machine artefact 

and is usually ‘disguised’ in other samples where the intensity is much greater.  

 

 The concentrations seemed to have no impact on the CD spectra in any of the samples 

tested, with molar ellipticity being greater in some cases for the lowest concentrations (5mg/mL) of 

sample. It seems that CD cannot be used to compare such small molecules as the results had poor 

reproducibility, due to very low peak intensity, and could not be used for concentration dependant 

studies.  
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Figure 1.20. Circular Dichroism of RNA Nucleotides 
Circular Dichroism of Uridine, UMP, Cytidine and CMP at concentrations (converted 

from mdeg to Molar Ellipticity) at wavelengths 220-320nm. A Step of 0.5 and an 

acquisition time per point of 1 second was used. The Quartz cuvette path length used 

was 1mm and Temperature was stabilised at 12°C. Each spectrum is the average of 

four repeats.  
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Conclusion and Discussion 
 

Overall, building a library of RNA and DNA nucleotide Raman spectra was successful and 

it was possible to generate key tables and spectra that can confidently be used for reference for the 

assignments featured in the next few chapters when looking at increasingly complex 

oligonucleotides. Issues with the acquisition of aqueous samples were successfully addressed 

before spectra were acquired on samples for which there was limited availability of sample. A 

ChiralRaman spectrometer, allowing for both Raman and Raman Optical Activity spectra, has been 

found to be the best machine for high quality and prolonged data acquisition for RNA samples. This 

proved important for AZD9150 results seen in Chapter 2: RNA Library, as a limited amount of 

sample could be used for Raman at a relatively low concentration of ~ 5 mg/mL, allowing for further 

sample to be used for Small Angle X-Ray Scattering (SAXS). Principal component analysis and 

loadings plots, generated from the multiple spectra acquired on the ChiralRaman spectrometer, 

was essential for separating the experimental data prior to the DFT collaboration and proved 

indispensable for identifying key peaks to assign using Avogadro. 

 

Although the population of conformers changes from solid to aqueous monomer nucleotide 

samples, Raman spectra for solid samples provide a foundation for assigning hard to define peaks 

in aqueous samples. Raman spectra of solid nucleotide samples are of a greater intensity and 

feature sharper peaks than those of aqueous samples which can feature broad Gaussian peaks 

and are often affected by noise (due to low signal intensity) and multiple conformers causing overlap 

of peaks. The solid Raman spectra are good quality with high intensity and little noise; confidence 

in the spectra is high as there have been no concentration problems as seen with aqueous samples 

of monomers of both Guanosine and Adenosine; this provides a foundation for assigning the 

aqueous spectra of Purine nucleotides in longer RNA sequences whereby the solubility is 

increased.  

 

Raman spectra could be assigned using DFT results from the collaboration and both 

support and enhance assignments that have been previously published. ROA spectra of Uridine 

and Cytidine support DFT findings of different dominant populations of conformers (as a result of 

Ribose ring pucker and changes in nucleobase orientations) between different nucleotides. 

Avogadro proved to be an incredibly useful tool for visually observing the vibrations and stretching 

of nucleotides as determined by DFT; ultimately the method proposed in the paper (seen in the 

appendix) should speed up molecular dynamics and DFT for looking at short oligomers of RNA and 

DNA. The aim would be to eventually be able to model the ASOs and their modifications to calculate 

DFT Raman spectra without the need for running experimental Raman. The DFT collaboration has 

proved integral for assigning AstraZeneca ASOs (as seen in Results Chapters 2 and 3) and the 

structure of RNA within a Virus Like Particle (as seen in Results Chapter 4). The results strongly 

emphasise the importance of corroborating experimental Raman spectra with DFT analysis when 

peaks are difficult to assign.  
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From the assignments, several regions are identified within nucleotide Raman spectra: 

- Domain I (>1500 cm-1) and Domain II (1250-1500 cm-1) contain fingerprint bands 

associated with vibrations of the bases.  

- Domain III (1000-1250 cm-1) contains fingerprint Phosphate bands and bands 

associated with the Ribose ring. 

- Domain IV (<1000 cm-1) contains bands associated with the Ribose ring. 

Some of the bands associated with both the Ribose ring and the bases overlap.  

 

Assignments for the Raman spectra of aqueous DNA nucleosides closely resembled those 

for the RNA nucleotides, as expected, without the associated Phosphate bands of nucleotides. The 

similarities in assignment are important for assigning spectra of Antisense Oligonucleotides which 

tend to include modified DNA nucleotides (to resemble RNA). An example of this type of 

modification is a cEt (Constrained Ethyl) nucleotide, which is the primary modification seen at the 

5’- and 3’- ends of AZD9150, AZD Compound A and AZD4785 and is associated with increased 

conformational stability and reduced degradation of the ASO by RNase-H. The assignments seen 

in Table 1.7 are therefore used for future assignments discussed in results Chapters 2 and 3. 

 

FT-IR results demonstrate the potential for using a micro-ATR for looking at a very limited 

sample of ASO. However, FT-IR did not provide any information about secondary structure that had 

not already been determined from the DFT calculations and Raman spectra. It is likely that FT-IR 

will prove to be more important for looking at secondary structure in ASOs for assisting with the 

assignment of Raman. Ultimately, the choice to use Raman for looking at ASOs rather than FT-IR 

is due to the choice of buffer for ASOs being water, which is strongly absorbed in the IR. It is 

possible to freeze-dry and resuspend the ASO in DMSO but this results in a loss of sample for 

which there is already a limited quantity and could change the conformation of the sample. An 

aqueous sample solution ran on a Raman spectrometer can be re-used for Small Angle X-Ray 

scattering provided there is no damage to the sample. 

 

Circular Dichroism (CD) results showed poor reproducibility of CD spectra and, despite the 

high sample concentration, it seems a lack of ‘structure’ in a nucleotide monomer means it isn’t 

appropriate to use CD to compare the differences between RNA nucleotides. It was expected that 

the difference in population of conformers found in different samples of RNA monomer (e.g 50:50 

ratio of syn/ north and low anti/ north conformers of Guanine compared to a primarily syn/ south 

conformation of Cytosine) would be visible in the CD results but this was not the case and the 

conformations only appear to be  visible in the presented Raman spectra. Circular Dichroism is 

used to look at a sample of AZD4785 in Chapter 3 to confirm whether it can be used as a technique 

for observing ASO structure; there may be more induced chirality in a longer chemically modified 

oligomer. The results in this chapter seem to indicate that there is unfortunately poor signal to noise 
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ratio when using CD to look at RNA compared to standard proteins, resulting in a high concentration 

of RNA being required for clear spectra which is a disadvantage when looking at costly ASOs. 
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Results Chapter 2: RNA Library 

 

Introduction 
 

Building up an RNA Library 
 

The aim to build a library of increasingly complex ss-RNA oligos is to ultimately be able to 

refer to spectral assignments when looking at AstraZeneca Antisense Oligonucleotides (ASOs). A 

step by step schematic showing the build up on an RNA library is seen in Figure 2.1. The 

introduction of a Pyrimidine-rich bulge (causing a decrease in A-type Helix conformation), and the 

introduction of a GNRA tetraloop and a U-C mismatch base pair have previously been assessed by 

Hobro et al, 2007. The synthesis of DNA/RNA oligos using a Mermade 12 Synthesiser, as seen in 

Figure 2.2, is discussed. However, the high concentration of samples needed for a reliable and 

clear Raman / ROA spectra is an issue due to the high costs of purchasing synthesised RNA; 

Homopolymer samples are a relatively inexpensive solution. A mixture of 2 oligos (RNA 

homopolymers) both Complementary and Non-Complementary is discussed in this chapter.  

 

 

Single Base Oligo 

Mixture of 2 Oligos (Non-

Complementary)  

Mixture of 2 Oligos 

(Complementary)  

Left:           Hairpin 

Loop  

Right:           Bulge  

Right:           Single 

base Mutation / 

Bulge  

Right:              Base 

Mismatch  

Figure 2.1. Building up an RNA  
Spectra Library 
Schematic showing 

the intention to build 

up an RNA spectra 

library gradually. 

Common ss-RNA 

and ds-RNA features 

are shown. The aim 

of such a library is to 

identify progressively 

complicated ss-RNA 

spectra of longer 

oligos.  
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Also examined is whether Raman spectroscopy and Small angle X-Ray scattering can be 

used to detect whether or not there is self-hybridisation of a 12-mer DNA oligo, as seen in Figure 

2.3. Results are then used to make a preliminary assignment of the complementary oligo to an 

AstraZeneca drug (AZD9150) and two related oligos as seen in Figure 2.4.  

Synthesis of ss-RNA/DNA Oligos 
 

A MerMade 12 synthesiser from BioAutomation, UK was made available to use from Dr 

Philip Day at the University of Manchester. The RNA Synthesis cycle is shown in Figure 2.2. 

Chemical reagents were purchased from LINK Technologies Ltd, UK. The aim was to synthesise 

simple strands of DNA (for example 18-mers of Cytidine) to build up a library of samples to look at 

using Raman. DNA phosphoramidites were used to calibrate the Mermade synthesiser, to calculate 

our percentage yield and purity. Argon purging is used to create an environment free of atmospheric 

Oxygen, this is crucial as DNA/RNA synthesis re-agents can react with atmospheric Oxygen and 

any air-borne contaminants can degrade RNA; DNA/RNA synthesis machines therefore tend to 

synthesise a high purity of sample. Argon gas also increases the pressure in the machine to ensure 

re-agents flow through the tubes at the correct speed – changes and drops in Argon pressure can 

affect yield. The benefit therefore is that these high purity samples can be analysed using mass 

spectrometry before being stored for up to a year at 2-8°C. Synthetic DNA is more stable than 

synthetic RNA for long-term storage as it is less likely to be degraded by enzymes in the lab; 

Synthetic DNA is also cheaper and quicker to synthesise due to shorter coupling times compared 

to RNA. The protocol for RNA synthesis is slightly different due to the steric hindrance introduced 

by the additional 2’-protecting group and therefore takes more time as the coupling efficiency of the 

phosphoramidite is reduced (Link technologies Ltd, 2016).  

 

Work to synthesise RNA library components was stopped due to issues preventing the 

synthesis of oligos of more than 6 nucleotides in length. The MerMade program indicated, via the 

Trityl log, that oligos were truncating at very short lengths (5-6 nucleotides in length). This was 

ultimately found to be due to a leak that was consuming a large amount of Argon gas and could not 

be fixed. Column, Phosphoramidite and reagent (deblock, oxidiser, ETT/BTT activator, Cap Mix 

and Diluent) costs were calculated based on DNA results and were excessive for the predicted 

amount of RNA yield. The Mermade columns allowed synthesis of a concentration of only 1µmol, 

which based on the sequence required, was deemed not high enough for Raman and ROA 

experiments due to their lack of sensitivity.  
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Figure 2.2. RNA Synthesis Cycle 
RNA synthesis cycle whereby 

BASE 1 and BASE 2 are 

ambiguous. DMTO is the 5’-

Trityl (DMT) protecting group. 

The Purple sphere indicates 

an RNA.MerMade support 

column as discussed in 

Methods. 
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Progress in building up an RNA library was continued by purchasing Poly-RNA acid 

potassium salts from Sigma Aldrich with a purity of > 99%. Poly-RNA (RNA homopolymers) were 

of an unknown length, produced using the relevant RNA diphosphates and polynucleotide 

phosphorylase. The molecular weight of each of the RNA homopolymers ranged from 800 kDa to 

>1000 kDa (pre-analysed using electrophoresis by Sigma Aldrich). The length was unimportant for 

the acquisition of a Raman spectra as the intention was to observe changes made to the Raman 

spectrum with the addition of a Phosphate backbone – it was irrelevant how long this Phosphate 

backbone was as ss-RNA structures were highly unlikely to form. Following this contribution to the 

RNA library, the next step involved looking at more complex ss-DNA and RNA structures provided 

by AstraZeneca. 

 

 

  

Figure 2.4. AZD9150 Sample  

Schematic 

Schematic showing samples 

for AZD9150 experiments. 

Sample 1 = cN 

(complementary to N)  

Sample 2 = N + 1  

Sample 3 = N – 1  

Whereby N is the original 

nucleotide 16-mer oligo. 

Figure 2.3. AstraZeneca  

Hybridisation  

Sample Schematic 

Schematic of the oligo 

strands used to 

observe dimerization 

under Raman. A and B 

show the samples 

provided by 

AstraZeneca, sample 

B is expected to 

dimerise as seen in  C, 

with 6 complementary 
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AZD9150 
 

AZD9150, also known as Danvatirsen or ISIS STAT3Rx, is a novel Antisense 

Oligonucleotide therapy acting as a STAT3 transcription factor inhibitor, targeting the 3’- 

untranslated part of STAT3 and preventing the production of the STAT3 protein; the STAT3 protein 

is involved in tumour cell growth and survival. For example, in diffuse large B-cell lymphoma, STAT3 

is associated with an aggressive disease phenotype. AZD9150 has been used in clinical trials for 

colorectal, bladder, pancreatic cancers and solid tumours, demonstrating the potential of a single 

Antisense Oligonucleotide therapy for targeting multiple different cancer types (Ionis 

Pharmaceuticals, Inc. 2018). As noted in the Introduction chapter, structural and chemical 

modifications such as the cEt nucleotides found in AZD9150, can reduce the toxicity of ASO 

therapies and improve the efficiency of targeting mRNA. Recent clinical trials may support this 

hypothesis although the authors do not discuss a link between structural modifications and toxicity 

(Reilley et al, 2018, Ionis Pharmaceuticals, Inc. 2018).  

The complement (cN) to AZD9150 (N) was provided by AstraZeneca and two separate 

samples whereby a nucleotide had been added or subtracted from the original AZD9150 sample 

(N+1 and N-1); However, AZ did not provide information about the additional or subtracted 

nucleotides. Raman spectra is used to look for differences between the cN and N+/-1 samples due 

to the different ratios of Purines: Pyrimidines in each. Raman is also used to assign the additional 

nucleotide added in the N+1 sample. Structural changes as a result of the addition or subtraction 

of a single nucleotide are unlikely but will be investigated using Raman.  
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AstraZeneca Hybridisation Samples 
 

Two 16-mer RNA samples were provided from AstraZeneca; Sample A of sequence 

‘GGGAAACCCTTT’ should show no signs of hybridisation, however it is possible that the Sample 

B sequence ‘GGGCCCAAATTT’ may show some base stacking or temporary hybridisation at room 

temperature as seen in Figure 2.3, due to Watson-Crick hybridisation of the central six nucleotides. 

The predicted hybridisation of Sample B is indicated as Sample ‘C’ in Figure 2.3. OligoCalc (Kibbe, 

2007) indicates that the Melting Temperature of these 6 complementary nucleotides would be 

around 24℃ / room temperature and therefore it is expected that the Raman spectra acquired at 

Ambient room temperature will be indicative of a sample containing a fluid mixture of both ss and 

ds-RNA.  

The aim therefore, is to use Raman to observe differences between Samples A and B due 

to hybridisation (to create Sample C). Hybridisation (Hydrogen binding) will only be seen in the 

spectra if it induces a structural change in the ASO or a change of conformer in the Ribose ring / 

base compared to Sample A. 

 

Figure 2.5. AZD9150 Structure 
The chemical structure of AZD9150, supplied by AstraZeneca, of structure 5’-

[MeC][MeU][A]TTTGGATGTMeC[A][G][MeC]-3’ and molecular weight 5752.2 Da. 

Modifications including Modified Ribose sugar are as discussed in Methods. 
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Small Angle X-Ray Scattering of AZD9150 and Hybridisation Samples 
 

SAXS requires less sample preparation and data analysis than NMR and cryo-EM and is 

relatively easier than Raman at diagnosing structural changes. It has the added advantage of the 

acquired SAXS data being able to be used to provide a bead modelling image of structure for easy 

visualisation of a structure. It has previously been used to identify structures of both RNA (alone) 

and RNA:Protein complexes (Cantara, 2017). Molecules as small as ATP have been observed, 

using SAXS, inducing a change in the conformation of a nucleotide binding domain of the Cystic 

Fibrosis transmembrane conductance (CFTR) (which is the defective protein in Cystic Fibrosis) 

(Galeno, 2011); the binding of ADP has been shown to induce a structural change in a thermophilic 

bacterium, using SAXS (Furuno, 1983). SAXS at Diamond synchrotron on Beamline 21 is 

specifically optimised for solution state SAXS, and can measure a resolution range from 0.0031 to 

0.38 Å-1 – making it more than suitable for looking at short ss-RNA oligos (Diamond, 2018). 

SAXS has been used to look at single stranded DNA homopolymers and identified an 

elongated Poly-A structure compared to that of Poly-T; this was attributed to the tendency of 

Adenine to form stronger base-stacking interactions (Sim, 2012). SAXS data was collected on a 

sample containing an RNA GNRA tetraloop and its receptor by Yang et al (2010); using SAXS to 

successfully observe intermolecular interactions between RNA oligomers; However, it was not 

possible to generate a bead model for this data and the results were confirmed by an increase in 

the sample R(g). 

 SAXS will be used in this chapter to identify changes of Rg as a result of Hybridisation of 

the AstraZeneca hybridisation samples. Hybridisation of such a short base pair (6 nucleotides in 

length) is unlikely to induce a conformational structural change that can be observed by Raman 

spectroscopy but would be likely to show an increase in the R(g) of the self-complementary sample 

compared to the R(g) of the non-self-complementary oligomer.   
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Methods 

 

RNA Homopolymers: Sample Preparation and Hybridisation 
 

All RNA homopolymer samples were purchased from Sigma Aldrich, with a Purity > 99%, 

and dissolved in Merck Milli-Q dH2O. All concentrations were confirmed by nano-drop to be within 

1mg/ml of the target concentration (relevant concentrations are indicated in the Results). Prepared 

samples were self-buffering between pH 7-8; the decision was made not to adjust the pH of the 

samples so as not to introduce spectral features associated with salts. Samples were studied and 

disposed of within 24-hrs to prevent degradation affecting the spectra.  

Hybridisation buffer often contains salts (e.g. KCl, MgCl2) but requires the sample to be 

buffered (most commonly in HEPES). To avoid introducing extra Raman peaks into the spectra, 

hybridisation was attempted by mixing equal volumes (100μl) of the oligonucleotide samples 

(dissolved in de-ionised water, as above) without hybridisation buffer. The samples were heated to 

95℃ using a heat block for 5 Minutes. The Eppendorf tube, containing the sample, was then slowly 

cooled to room temperature over the next Hour. The presence of Potassium salts in the solid 

samples from Sigma Aldrich will have affected the dissolved samples, however this was not 

removed and may assist with the hybridisation of the oligos. Spectra were acquired immediately 

after the sample had been lowered to room temperature, using a laser power of 1.2W.  

 

Synthesis of Oligonucleotides 
 

Synthesis is carried out on an automated Mermade 12 synthesiser and occurs in the 3’- to 

5’- direction. A universal support (containing a controlled pore glass bead – CPG) contains the first 

base which has already had the 5’Dimethoxytrityl (DMTO) group removed to make the 5’-OH group 

reactive (de-tritylation) (Caruthers et al, 2011). The solid support contains an Aminopropyl CPG, a 

nucleoside succinate is covalently attached to the reactive amino group in the CPG. The 3’O-

succinyl arm is attached to the 3’hydroxy group of the 3’-terminal nucleoside which becomes the 

first nucleoside base in the sequence (Link Technologies Ltd, 2016). Reagents are passed through 

the column in cycles and synthesis is repeated in these cycles until the desired length of oligo is 

reached (for example 16-18 bases in length), following which the oligo is cleaved off the support 

and de-protected (Link Technologies Ltd, 2016). The cycle is outlined below and can be seen in 

Figure 2.2). 

Step 1 - Activation and coupling 

An ETT or BTT activator (an Ethylthio or Benzylthio tetrazole-like product) activates the 

phosphoramidite corresponding to the second base. A phosphate linkage is formed between the 

first and second nucleoside via the 5’-OH. This typically occurs with ~ 99% efficiency (Link 

Technologies Ltd, 2016). 
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Step 2 – Capping  

Around 1% of the reactive 5’-OH groups are untreated in Step 1 and are therefore capped before 

oxidation can occur. Capping with Cap Mix (containing acetic anhydride and N-methylimidazole) 

acetylates the unreacted 5’-OH (McLean et al, 1994). This stops truncated oligos from reacting 

further and causing oligos that have unwanted deletion mutations, this could make samples difficult 

to purify. 

 

Step 3 – Oxidation 

Oxidation of the trivalent phosphite triester linkage to the pentavalent phosphotriester is done by 

using an Iodine-phosphorous adduct, typically Iodine in a THF/Pyridine/Water solution. Oxidation 

allows the formation of the phosphate DNA/RNA backbone. 

 

Step 4 - De-tritylation (De-blocking) 

The DMTO group is removed so that the 5’ primary hydroxyl group is free to react with the next 

nucleotide phosphoramidite (Link Technologies Ltd, 2016). The cleaved DMTO group is commonly 

used by a synthesiser to record the trityl yield for the cycle; If the trityl yield drops, it can imply 

synthesis has stopped as this step hasn’t been able to occur. The final Trityl group can be left on 

as a purification handle. At this point in the cycle there are two options: to either go around the cycle 

again to add a further nucleotide, or to cleave the oligo from the support column.  

 

Step 5 - Cleavage of Oligo from support column 

Cleavage removes the resin from the oligo via ester hydrolysis. Cleavage solution AMA is a 1:1 

mixture of Methylamine  (30% aqueous) and Ammonium Hydroxide (30% aqueous). Around 500µl 

of AMA is required per 1µmole of oligo synthesised. AMA flows through the support column, 

cleaving the oligo from the resin support. The AMA solution containing the oligo is heated to allow 

for de-protection of the nucleobase. AMA is evaporated completely and the remaining oligo can be 

re-constituted for further analysis or to be freeze-dried.  

 

Step 6 - De-protection 

De-protection and cleavage can be done at the same time, as above. This removes the protecting 

groups on the oligonucleotide bases. Sample truncation is checked using the Mermade 12 software. 

 

AZD9150: Structure and Sample Preparation 
 

AZD9150 samples were provided directly by AstraZeneca. The sequences for the 

AZD9150 samples are seen in Figure 2.4, the chemical structure is seen in Figure 2.5 including 

modifications. In Figure 2.4, the oligonucleotide 16-mer sample (AZD9150) is indicated by ‘N’; only 

the complement oligo strand could be provided by AstraZeneca and is hereby referred to as Sample 

1 - indicated by the label ‘cN’. Sample 2 is AZD9150 with the addition of 1 nucleotide, Sample 3 is 

AZD9150 with the subtraction / omission of 1 nucleotide; it is not known whether a nucleotide was 
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added or subtracted to the 5’- or 3’- end of the oligo. AZD9150 is modified (as seen in Figure 2.5) 

and it was confirmed by AstraZeneca that the samples provided have the same cEt and Methyl 

nucleobase modifications. The structure is seen in Figure 2.5 and is as follows: 

5’-[MeC][MeU][A]TTTGGATGTMeC[A][G][MeC]-3’ 

• The 6 bracketed nucleotides are constrained Ethyl, cEt, Nucleotides (2-O, 4’-C-

[(S)-ethylidene]-D-ribose sugar residues).  

• The 10 unbracketed middle nucleotides are 2’-deoxynucleosides derived from 2-

deoxy-D-ribose.  

• The meU and T residues have the same structure; the meU is a cEt nucleotide 

containing 5-methyl Uracil, the T is a 2’-deoxy-D-ribose nucleotide.  

Samples for Raman Spectroscopy were prepared at 5 mg/mL in a sterile environment to a 

final volume of 120-150μl, dissolved in Merck Milli-Q dH2O. All concentrations were nano-dropped 

to within 1mg/ml. All Raman spectra were acquired using a ChiralRaman Spectrometer (BioTools 

Inc) and the samples were studied at ambient room temperature (~20℃) at a laser power of 1.2W. 

Spectra were acquired over a 72 Hour period; 10 spectra were collected per hour giving a total of 

720 spectra for analysis. Results show all data acquired over the 72 Hours, however the final 

spectra with assignments were collected between 24-48hrs.  

AstraZeneca Hybridisation Sample: Structure and Sample Preparation 
 

Two DNA oligonucleotide samples were provided by AstraZeneca freeze-dried; the 

samples were warmed slowly to Room temperature and dissolved into Merck Milli-Q dH2O. All 

concentrations were vortexed and nano-dropped to within 1mg/ml. The samples were prepared 1-

Hour prior to Raman spectra acquisition to avoid degradation. Spectra were required using a laser 

power of 1.2W. The nucleotide sequence (also seen in Figure 2.3) is as follows: 

Sample A = GGG AAA CCC TTT  

Sample B = GGG CCC AAA TTT   

Both samples A and B have a molecular weight of 3725.39 Da.  It is possible that Sample 

B could self-dimerise as seen in Sample C. The sample C dimer would therefore have a Molecular 

Weight (MW) of ~7450 Da assuming the samples are 100% pure and there is a 100% dimerization 

rate within the sample. The samples have been freeze-dried, prior to freeze-drying they have been 

in a water/ethanol (~10% ethanol) solution and may have been exposed to a small amount of 

ammonia during the oligonucleotide synthesis process – therefore it is expected that Ethanol and 

Ammonia peaks will need to be subtracted from the spectra (these should however be minor as 

they are more volatile than water).  

 
 Any dimerization to produce Sample C would hypothetically be concentration dependent, 

as the higher the concentration the more likely the strands are to ‘meet’ and intermolecular 
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interactions will occur. Raman and ROA spectra are therefore acquired at the highest possible 

concentration. Assuming that only a short section of the oligo (6 base pairs – GGGCCC) is 

dimerised, the melting temperature of this section of strand should be 24°C as calculated using 

OligoCalc (Kibbe, 2007); therefore dimerization is only expected to occur below this temperature. 

As the temperature of the ChiralRaman Spectrometer cannot be controlled, the experiment is 

undertaken at room temperature and so the resulting spectra is likely to be a snapshot of a mixture 

of hybridised and unhybridized sample.    

 

Raman and ROA Acquisition and Pre-Processing 
 

Raman spectra were acquired using a ChiralRaman spectrometer (BioTools Inc) with a 

533nm exciting laser. Rectangular quartz cells from Starna Scientific Ltd (coated with Magnesium 

Fluoride) were used to hold a sample volume of 120-200μl, a cuvette lid / stopper was used to avoid 

evaporation of the samples over a prolonged period, samples were studied at ambient temperature 

(~24℃). Laser power was 1.2W, with a spectral resolution of ~3 cm-1. Spectra are displayed as a 

function of the Stokes-Raman wavenumber shift (Y) along a 532nm exciting laser wavelength of 

500-1800 cm-1.  The Raman frequencies were calibrated prior to acquisition based a spectrum of 

Alpha Pinene. 

Experimental Raman spectra were acquired after an initial fluorescence burn off / laser 

stabilisation of 1 Hour. Raman spectra had a laser illumination period of 1.25 seconds. Spectra 

were saved every 5 minutes, giving 12 spectra per hour; Principal Component Analysis was 

performed and loadings plots were generated using all 12 spectra. For the Experimental Raman 

graphs, the 12 spectra (from the second Hour of acquisition), were averaged and baselined using 

a previously described asymmetric least squares smoothing approach by Eilers et al (2005), 

performed on a Raman toolbox as generated by Dr Ben Gardner (2014) for quick processing on 

Matlab software, as discussed in the Methods chapter.  

Small Angle X-Ray Scattering (SAXS) 
 

Small Angle X-Ray Scattering of aqueous samples was performed at Diamond Light Source 

(Synchotron) on Beamline 21. Samples were measured through a temperature controlled capillary 

at 24℃. Analysis was performed using SCÅTTER, a JAVA-based platform developed by Robert 

Rambo at the Diamond Light Source downloaded via BioIsis.net (Rambo, 2019) and the ATSAS 

suite of programs (Franke et al, 2017) downloaded from EMBL. An outline of the analysis for SAXS 

is seen in the Methods Chapter under Small Angle X-Ray Scattering. Both the AstraZeneca 

Dimerisation samples and the AZD9150 samples were observed at different concentrations.  
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Results 
 

Raman Spectra of Aqueous RNA Homopolymers 
 

The aqueous Raman spectra of homopolymer RNA samples, acquired on a ChiralRaman 

spectrometer, are shown in Figure 2.6. Spectra were acquired over a 1 Hour period at 533nm and 

1.2W. Spectra acquired over the Hour were averaged and baselined using Matlab as per Methods 

for ChiralRaman samples. Figure 2.6 can be compared directly to Figure 1.14 in the nucleotides 

Chapter (aqueous Raman spectra of the four RNA nucleotides) however the key differences in 

spectra are outlined as follows: 

 

Poly-A / Adenosine: A large peak at 814 cm-1 and two smaller peaks at 773 and 884 cm-1 

in Poly-A are seen as two large peaks, with an indistinguishable shoulder of peaks in between, from 

804 - 873 cm-1 in the spectra of the Adenosine monomer. This implies a different conformation of 

the Ribose ring in Poly-A. A large peak at 1100 cm-1 is seen in the spectrum for Poly-A but does 

not appear in the spectra for the Adenosine nucleotide monomer, it is therefore assigned to the 

Phosphate backbone. The sharp 1306 and 1342 cm-1 peaks in Poly-A are also seen with a slight 

shift as 1311 and 1341 cm-1 in Adenosine monomer and show a consistent base and Ribose 

conformation across homopolymer/monomer.  

 

Poly-G / Guanosine: A large peak at 1095 cm-1 also appears in the spectrum for Poly-G 

and is not seen in Guanosine monomer, it is assigned to the Phosphate backbone region. A peak 

at 802 cm-1 in Guanosine monomer also becomes two separate, lower intensity, sharper, peaks 

(785 and 819 cm-1 ) in Poly-G which appear to be assigned to a different conformer of the Ribose 

ring in Poly-G. Previous assignments suggest a peak at ~ 782 cm-1 would be indicative of a B-Type 

helix (5'C-O-P-O-C3') (Benevides, 1983) whilst a peak at ~ 810 - 814 cm-1 is assigned to an A-Type 

Helix (5’C-O-P-O-C3’) (Erfurth, 1972) as discussed in the Introduction. This suggests Poly-G is 

forming a randomly coiled Helix (Liao, 2012).  This is supported by an additional spectral shift: there 

is a large broad peak at 1641 cm-1 in the spectra of Guanosine which appears as two separate 

peaks (1619 and 1645 cm-1) of lower intensity in Poly-G implying a change from one type of base 

conformation in aqueous Guanosine to two separate base conformations in aqueous Poly-G 

(appears to be a 50:50 split). A peak at 1609 cm-1 has previously been attributed to NH2 scissoring 

of the Guanine ring. The change of conformation identified in Poly-G is supported by the assignment 

of a peak at 1725 cm-1, which is associated with a previously assigned peak at 1723 cm-1 indicative 

of carbonyl stretching of self-associated PolyG (forming a quadruplex) (Mercier, 1999).  

 

Poly-U / Uridine: A large peak at 1095 cm-1 appears in the spectra for Poly-U and is not 

seen in Uridine on it’s own, it is assigned to the Phosphate backbone region. There is a peak shift 

from 1236 cm-1 in the Uridine spectra to 1243 cm-1 in the Poly-U spectra which seems to be a 

different conformer of the base in Poly-U. A peak at 786 cm-1 in the spectra of both Uridine and 
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Poly-U is indicative of a C2’ endo/anti conformation of the Ribose ring, whilst a shift from 873 cm-1 

in the Uridine monomer to 808 cm-1 is indicative of structure to introduce a C3’ endo/anti 

conformation of the Ribose ring. 

 

Poly-C / Cytidine: A large peak at 1103 cm-1 also appears in the spectra for Poly-C and is 

not seen in Cytidine on it’s own, therefore it is assigned to the Phosphate backbone region. A large 

peak at 1247 cm-1 in the spectra of Cytidine is shifted to 1254 cm-1 in the spectra of Poly-C implying 

a different conformer of the base. Minor shifts from 1377, 1419 and 1462 cm-1 in Cytidine to 1369, 

1409 and 1466 cm-1 in Poly-C also imply a change in conformer of the base in Poly-C. Similar to 

the spectra of Guanosine, peaks at 788 cm-1 and 812 cm-1 are indicative of both B- and A- type 

helix respectively, indicating Poly-C is self-hybridising into a random coil. A peak at 786 cm-1 in the 

spectra of Cytidine monomer indicates only one type of Ribose conformation (C2’ endo/anti). 

  

Overall, the conformation of the Ribose ring changes from a dominant C2’ endo/anti 

conformation in Uridine and Guanosine to a mixture of conformers (both C2’ endo/anti and C3’ 

endo/anti)  in Poly-U and Poly-G. The peaks for Poly-U and Poly-C are relatively broad (spanning 

2-3 cm-1 at the peak, as opposed to rising in what would be considered a sharp peak at a specific 

wavelength) across the Ribose ring region (900-1100 cm-1); this broadening is indicative of changes 

in the conformation of the Ribose ring. The peaks in the region associated primarily with the bases 

(1600-1800 cm-1) are also quite broad, implying different conformers of the base – this was 

expected as there were no modifications or hybridisation effects to enforce any specific 

conformation. The Peak at around 1100 cm-1 has previously been assigned to symmetric stretching 

vibrations of the PO-
2 group and it has been suggested that a broadening of this peak width in Poly-

C and Poly-U is related to the disordered backbone conformation (Liu, 2004). 

 

Poly-G and Poly-A provide good quality, un-noisy spectra each where Guanosine and 

Adenosine on their own could not, each of the two samples were more soluble than their nucleotide 

monomer due to the increased solubility of the phosphate backbone. A G/U rich ASO should 

therefore be quite soluble and the solubility of nucleotides on their own can not be used to predict 

the solubility of a longer ASO.  
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Figure 2.6. Aqueous Raman Spectra of Homopolymer RNA Samples 
Aqueous Raman Spectra of four homo-polymer RNA samples dissolved in dH2O pH 

7.0 – 7.3. Each Raman spectrum is the average of 12 Raman spectra acquired over 

a 1 hour period on a 533nm ChiralRaman Spectrometer (BioTools Inc). Baselined as 

per methods (Matlab ROA Toolbox). Laser power of 1.2W.   
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Hybridisation of RNA Homopolymers 
 

The Raman spectra from an attempted hybridisation of RNA homopolymer combinations is 

shown in Figure 2.7. Samples that have been heated for hybridisation are labelled as ‘Heated’, 

unheated but combined samples are labelled as ‘Unheated’. It is possible to see by eye (and 

assigning the peaks) that there were no differences in terms of Raman Shift between the spectra 

of heated and unheated samples for the Poly A + C and Poly U + C samples. As expected, there 

are no differences in the backbone region or the overall structure induced by hybridisation in the 

Poly A + C or Poly U + C samples. Furthermore, there were no differences observed between the 

spectra of heated and unheated samples for the Poly A + U samples, for which it would be expected 

that there would be sample annealing; this shows that a hybridisation buffer is necessary for 

adequate annealing of RNA homopolymers. A small peak shift from 1624 cm-1 to 1621 cm-1 is seen 

when sample Poly A + Poly U is heated, this may not indicate a structural change but peaks in this 

region are usually associated with asymmetric stretching of the base or changes in base 

conformation – if this peak is to be believed, this could imply a very minor change in base 

conformation as a result of either heating or intermolecular interactions between the Adenine and 

Uridine bases. 

 

Although there are little changes in Peak shifts, there are some noticeable changes in peak 

heights in Figure 2.7 of Poly A + U samples – this could be due to the sample becoming more 

concentrated if there is any loss of liquid due to the sample heating; more concentrated samples 

often give higher intensity peaks – which is what we are seeing overall when the Unheated samples 

are compared to the heated samples (intensity goes up from 3x107 to 4x107. The ratio of the peak 

1238 to 1344 cm-1 changes quite a lot from Unheated to heated samples – the peak of 1344 cm-1 

is much higher in unheated samples; based on DFT data, this peak is associated with vibrations in 

the Adenosine base and implies that after heating, this base is less likely to ‘stretch’ in solution – 

perhaps having made more inter or intra-molecular bonds to stabilise its position.  Peaks at 1483 

and 1512 cm-1  are also higher in comparison with the peaks at 1382 / 1397 cm-1 in the unheated 

sample, peaks in this 1483 and 1512 cm-1  region are also associated with the Adenosine base and 

so further suggests that heating the sample puts the base in a different position to the ribose ring 

where it is less likely to have as much fluidity of movement.  

 

Figure 2.8 shows the Raman spectra of all RNA homopolymers combined with an equal 

ratio of each sample to encourage an equal amount of hybridisation between Poly C + G and Poly 

U + A. This sample was then treated with heat as per Methods and is labelled again as Combined 

or Combined (heated) as there is now no hybridisation expected. There are no significant Raman 

peak shifts in the heated sample however there is a reduction in Intensity of the peak at 1240 cm-1 

compared to the peak at 1253 cm-1 (1236 and 1258 cm-1 in the unheated sample). This could 

indicate a greater ratio of one type of conformer in the unheated sample, becoming an equal ratio 

of two types of conformer in the heated sample – perhaps for the orientation of the base.  
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Figure 2.7. Raman spectra of RNA Homopolymers: Unheated vs Heated 
Each spectrum is the average Raman spectra from a 24 hour period. The Heated 

samples have been heated at 90*C for 1 hour and cooled to room temperature 

before data acquisition. Spectra were averaged and Baselined using the ROA 

Toolbox on Matlab, as per methods. Acquired on a ChiralRaman Spectrometer 

(BioTools Inc) with a 533nm laser at 1.2W. Peak Shifts were not observed between 

unheated and heated samples. 

Raman Shift (cm-1) 
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This is supported by an increased intensity peak appearing at 1529 cm-1 in the heated 

sample – which is in the region associated with the base vibrations/conformers. 

  

 Results from Figures 2.7 and 2.8 imply that hybridisation of ASOs and homopolymers may 

induce different conformations of the Ribose ring / base (or orientations of the base) which can be 

indicated by a change of peak intensity or a broadening of peaks.  

 

 

 

 

 

 

 

 

 

  

Figure 2.7. (Continued) Raman spectra of RNA Homopolymers: Unheated vs Heated 
Each spectrum is the average Raman spectra from a 24 hour period. The heated 

samples have been heated at 90*C for 1 hour and cooled to room temperature 

before data acquisition. Spectra were averaged and Baselined using the ROA 

Toolbox on Matlab, as per methods. Acquired on a ChiralRaman Spectrometer 

(BioTools Inc) with a 533nm laser at 1.2W. Peak Shifts were not observed between 

unheated and heated samples. 
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Figure 2.8. Raman spectra of RNA Homopolymers combined at 50mM 
Each spectrum is the average Raman spectra from a 24 hour period. The top 

sample has been combined and unheated, studied at room temperature. The 

bottom sample (Heated) have been heated at 90*C for 1 hour and cooled to room 

temperature before data acquisition. Spectra were averaged and Baselined using 

the ROA Toolbox on Matlab, as per methods. Acquired on a ChiralRaman 

Spectrometer (BioTools Inc) with a 533nm laser at 1.2W.  
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AZD9150 

 
All Raman spectra of AZDW9150 samples were acquired at a concentration of ~ 5 mg/mL.  

 

Figure 2.9 shows the Raman spectra and associated loadings plot for AZD9150 – ‘cN’ 

acquired over 72 Hours (PC1 = 90.83%, PC2 = 4.67% TEV). Data was acquired over 72 Hours on 

a ChiralRaman spectrometer using a 533nm laser at 1.2W; 10 spectra were taken per Hour. The 

averaged spectrum for the spectra acquired for each of the 24-Hour periods is plotted in the Top 

figure; all 720 spectra are plotted in the Middle figure to look at how the spectrum changes with 

acquisition time. It could be suggested from the loadings plot that PC1 (90.83%) is associated with 

differences in intensity between samples, this may be due to a reduction in Fluorescence or the 

heating of the sample. There are no peak shifts seen over the 72 Hours. This is replicated in Figures 

2.10 and 2.11 which show the Raman spectra and associated loadings plot for AZD9150 samples 

‘N+1’ and ‘N-1’ respectively. The loadings plots for Figures 2.10 and 2.11 show that PC1 is often 

associated with the peaks in the 1550-1600 cm-1 region; this is believed to be due to sample heating 

of the buffer (water) and laser fluctuations of the machine due to the prolonged data accumulation 

period.  

 

The PCA plots associated with Figures 2.9 – 2.11 are seen in Figure 2.12 and confirm that 

little change occurred in the spectra over time and the samples did not burn despite the prolonged 

acquisition period. The linkage seen on the PCA plots in Figure 2.12 may be due to small heating 

effects, the vibrations may change frequency a very small amount that cannot be seen by eye due 

to the sample heating from the laser. The linkage does not seem to be associated with peak shifts 

and was made worse when repeating the PCA including the 1800-2000 cm-1 region implying it is 

due to the sample heating of the buffer (water). By excluding this region, the PCA is forced to 

distinguish between only the 600-1800 cm-1 region of interest for RNA.  

 

In Figure 2.12, PC2 (4.67% TEV) for Sample c’N’ is affected by laser fluctuations whilst the 

laser heats up between 1 and 12 hours but could have been due to temperature fluctuations in the 

room on that day. PC2 (0.7% TEV) for Sample ‘N+1’ is negligible and appears to be due to very 

minor laser fluctuations again. PC2 (18.55%) for Sample ‘N-1’ is much higher and shows a 

separation based on a change in intensity in the 700-900 cm-1 region, associated with the Ribose 

ring and base in-plane vibrations – there could be an increase in Raman activity as the sample 

heats, stabilising at around 20-72Hrs.  

 

A direct comparison of AZD9150 samples ‘cN’, ‘N+1’ and ‘N-1’ is seen in Figure 2.13 – 

Raman spectra of AZD9150 samples, with Wavenumber labels (cm-1), alongside the associated 

PCA and loadings plots (PC1 = 91.24%, PC2 = 7.81% TEV). There are 9 Pyrimidines and 7 Purines 

in the original ‘N’ sample, therefore cN contains 7 Pyrimidines and 9 Purines. The different ratio of 

Pyrimidines and Purines in the spectra means the ‘cN’ Raman spectra is not comparable with the 

‘N+1’ and ‘N-1’ samples as the composition of the cN sample is fundamentally different. There are 
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no significant peak shifts between the ‘N+1’ and ‘N-1’ samples. Despite the different ratios of 

Pyrimidines and Purines between cN and N samples, PC1 is high at 91.25% - Associated with 

sharp peaks at 791 cm-1 and 1095 cm-1 in the cN sample. The peak at 791 cm-1, as seen in the 

Raman spectra for ‘cN’, was previously assigned (following DFT calculations in the nucleotides 

chapter) to out of plane deformations in the Purine bases. The peak at 1095 cm-1 was previously 

assigned to in plane vibrations of the Ribose ring in Pyrimidine bases; this is expected as the cN 

sequence has a higher percentage of Pyrimidine bases.  

 

PC2 in Figure 2.13 is only 7.81% of the Total Explained Variance but appears to be 

attributed to the peaks at 1307 cm-1 and 1342 cm-1 increasing in intensity in the ‘N+1’ sample. The 

most closely related assigned peaks (from DFT) are that of 1312 cm-1 found only in Adenosine 

(associated with vibrations in both the Ribose ring and the base) and 1341 cm-1 also found primarily 

in Adenosine and associated with vibrations in the base (C-C, C-N and C=N). It therefore appears 

that the N+1 features an additional Adenosine nucleotide, increasing the Purine content of the ASO. 

This provides an example for how the DFT data has enabled the assignment of a previously 

unknown additional nucleotide. Furthermore, it demonstrates that Raman can be used to aid in the 

identification of oligo impurities containing additional nucleotides (n + 1-mers). However, there are 

no changes in structure from the addition or subtraction of a single nucleotide. 

 

The DFT assignments from Results Chapter 1, based on the Raman spectra for RNA 

nucleotides, can also be used to assign the spectra of AZD9150 as although the ASO is DNA the 

Ribose rings are modified to appear RNA-like (cEt modification). The assignments for the ASO 

bases should also be equivalent to that of the nucleotides, therefore the DFT predicted assignments 

should vary minimally, if at all. The Constrained Ethyl (cEt) (CH3) modification to the Ribose rings 

does not appear to affect the Raman spectra – most C-H stretching is in the region of 2750 – 3000 

cm-1 and a CH3 deformation would be seen as a broad peak around 1480 cm-1, neither of which 

affect the spectra.  

 

Information provided from AstraZeneca suggested that the cN sample had the same 

chemical modifications as that of the ‘N-1’ and ‘N +1’; However, it is clear from the Raman spectra 

that the conformation of the Ribose ring that would be expected from the cEt modification is absent 

in the cN sample. As discussed in the introduction, characteristic Raman spectroscopy peaks can 

be assigned to the different Ribose conformations. A peak at ~ 810 - 814 cm-1 is of a 5’C-O-P-O-

C3’ group, which arises due to the C3’endo/anti conformers seen in an A-Type helix (Erfurth, 1972). 

In addition, a peak at ~ 782 cm-1 would be indicative of a B-Type helix (5'C-O-P-O-C3') with a C2’ 

endo/anti conformation of the Ribose ring (Benevides, 1983).  

 

Information regarding chemical modifications to the ‘cN’ (complementary sequence to 

AZD9150) can be predicted from the Raman spectra. Raman spectra for samples ‘N -1’ and ‘N +1’ 

feature a mixture of both C2’ endo and C3’ – endo ribose pucker as seen by peaks around 782 cm-
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1 and 810 – 814 cm-1 respectively;  indicative of the different conformations between the unmodified 

and the modified (cEt) nucleotides (which induce a C3’ endo conformation). These two different 

conformations can be identified by peaks at 776 cm-1 and 822/844 cm-1. The peaks are shifted to 

those expected (at 782 cm-1 and 810-814 cm-1) as there is no formation of a Helix-type structure.  

 

Sample cN (complementary to N) gives a Raman peak at 791 cm-1, with the peaks at 

822/842 cm-1 being absent; this is indicative of a purely C2’ endo-anti conformation of the Ribose 

ring and for this reason it is believed to be an unmodified oligo. This provides an example for how 

Raman can be used to assign (or detect the absence of) chemical modifications in ASOs. It is 

possible that the broad shoulder in the cN sample at 791 cm-1 could have disguised any peaks at 

882/842 cm-1, however it isn’t possible to pinpoint where this shoulder starts. It is possible that the 

broadness of the peak at 791 cm-1 is associated with a random conformation of Ribose rings in 

water, rather than two separate distinct conformations as a result of modification.  

 

The AZD9150 samples have been compared to a further modified oligo (AZD4785, 

discussed in Results Chapter 3: AstraZeneca Samples – Figure 3.9.), featuring the same 

modifications as the N+1 / N-1 samples; Both AZD4785 and the AZD9150 N+1 / N-1 samples 

contain cEt modified nucleotides at the 3’- and 5’- ends of the oligomer, surrounding a central region 

of unmodified nucleotides. In the Raman spectra for AZD4785 there is a strong peak at 776 cm-1 

and a defined (albeit weak) peak at 819 cm-1, the two separate peaks are indicative of the two 

separate ribose conformations that are expected from the sample and are quite distinct.  

 

Furthermore, the Raman peaks in the region 1022-1071 cm-1 in the N+1 / N-1 samples are 

almost identical to the peaks in the same region in the spectra of the AZD4785 sample. Based on 

the DFT assignments for nucleotides (discussed in the Results Chapter 1 – Table 1.6), it has been 

possible to assign this region to either the orientation of the nucleobase (to the Ribose ring) or the 

specific orientation of the cEt modified Ribose ring. The sharp peaks in this region seem to arise as 

the conformation / orientation is more ‘fixed’ as a result of the modifications. There is very little 

literature on modified nucleotides to confidently assign these peaks – However, the similarities 

between the spectra of AZD9150 N+1 / N-1 and AZD4785 arise due to the chemical modifications, 

whereas the spectra for the AZD9150 cN sample appears to be very different and the differences 

cannot solely be attributed to the different ratios of nucleobases. In conclusion, the Raman spectra 

of AZD9150 cN suggests the sample is unmodified.  
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Figure 2.9. Raman Spectra of AZD9150 ‘cN’  
Top: Raman of AZD9150 ‘cN’ at 5mg/ml over three 24 hour periods, the Raman spectra 

for each period have been averaged and baselined. Middle: As above; However the 

data has not been averaged, there are 240 spectra plotted for each 24 hour period. 

Bottom: Loadings plot based on PCA data of all 720 spectra, PCA plot in Figure 2.12 

shows PC1 = 90.83%, PC2 = 4.67% Total Explained Variance (TEV). 
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Figure 2.10. Raman spectra of AZD9150 ‘N+1’  
Top: Raman of AZD9150 ‘N+1’ at 5mg/ml over three 24 hour periods, the Raman 

spectra for each period have been averaged and baselined. Middle: As above; 

However the data has not been averaged, there are 240 spectra plotted for each 24 

hour period. Bottom: Loadings plot based on PCA data of all 720 spectra, PCA plot in 

Figure 2.12 shows PC1 = 98.77%, PC2 = 0.7% Total Explained Variance (TEV). 
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Figure 2.11. Raman Spectra of AZD9150 ‘N-1’  
Top: Raman of AZD9150 ‘N-1’ at 5mg/ml over three 24 hour periods, the Raman 

spectra for each period have been averaged and baselined. Middle: As above; 

However the data has not been averaged, there are 240 spectra plotted for each 24 

hour period. Bottom: Loadings plot based on PCA data of all 720 spectra, PCA plot in 

Figure 2.12 shows PC1 = 70.86%, PC2 = 18.55% Total Explained Variance (TEV). 
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  1) AZD9150 – ‘N’ 

2) AZD9150 – ‘N + 1’ 

3) AZD9150 – ‘N - 1’ 

Figure 2.12. PCA plots for AZD9150  
PCA plots for AZD9150  

samples. Each data point is the 

Raman spectra from one 6 

minute acquisition. 533nm laser 

and 1.2W. Linkage discussed in 

the text. PC % of TEV shown in 

brackets. 
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Raman Shift (cm-1) 

Figure 2.13. Raman spectra of AZD9150 
Samples and PCA and loadings plot 
 

Each spectrum is the average Raman spectra 

from a 24 hour period between 24-48hrs after 

acquisition. Averaged and Baselined using the 

ROA Toolbox on Matlab, as per methods. 

Acquired on a ChiralRaman Spectrometer 

(BioTools Inc) with a 533nm laser at 1.2W. 

Figure also includes the associated loadings 

plot and PCA whereby PC1 = 91.24%, PC2 = 

7.81% TEV. 
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AstraZeneca Hybridisation Samples 
 

AstraZeneca hybridisation samples A (GGGAAACCCTTT) and B (GGGCCCAAATTT) are 

seen in Figure 2.3 and it was questioned whether Sample B may show some sort of self-

hybridisation. Sample A concentration in buffer is 25 mg/mL, whereas Sample B concentration is 

15 mg/mL – these were the highest possible concentrations for the volume of sample provided by 

AstraZeneca and it can be assumed that the higher the concentration, the more hybridisation will 

occur. Figure 2.14 shows the Raman spectra of AstraZeneca hybridisation samples, with 

wavenumber labels (cm-1) for comparison. The spectra are not directly comparable to each other 

as the concentrations were different, however Raman shifts and changes in the Ratio of peak 

heights can be observed by eye and by PC2 on a PCA analysis (when PC1 is affected by intensity 

of the Raman spectra).   

Figure 2.15 shows the PCA plot of AstraZeneca hybridisation samples associated Raman 

spectra seen in Figure 2.14 and PC1 (98.94%) does indeed appear to be a result of differences in 

intensity between the spectra. However, PC2 is low at only 0.87% TEV and seems to be separated 

by fluctuations in the Raman spectra of Sample A; the tracking of data points implies a continuous 

reduction of fluorescence, however the effect on the data (once averaged) is negligible. There does 

not appear to be any PC separation of the two samples based on Raman Shifts.   

 There is an equal percentage of all four nucleotides in the 12-mer ASO, making it somewhat 

comparable to Figure 2.8. – the Raman spectra of combined RNA homopolymers at equal ratios. 

The peaks at 778 cm-1 and 1100 cm-1 remain the same. The peaks between 1140 and 1188 cm-1 

are relatively similar in both Figures, these are related to the Ribose ring and therefore it is assumed 

that the Ribose Conformation is the same as that of an unmodified nucleotide and these 

Hybridisation samples are therefore not cEt modified. However, differences between the Figures 

include: 

 

• New peaks appear in the Sample A and Sample B spectra that are not seen in Figure 2.8, 

these are at 1009 cm-1 and 1032 cm-1. It is possible that there is leftover Ethanol, introducing 

the peak at 1009 cm-1, from sample synthesis.  

• A peak at 1579 cm-1 in Figure 2.8 is the same, however the broad peak ridge between 1642 

and 1691 cm-1 migrates in Figure 2.14 to become a sharp peak at 1610 cm-1 and a broad 

peak at 1666 cm-1, this may be a change in the orientation of the base (as discussed in the 

Introduction) in the chemically synthesised samples due to structure factors (intermolecular 

interactions between Adjacent molecules). 

• A sharp peak at 1236/40 cm-1 in Figure 2.8 has decreased in the spectra of the samples 

provided by AstraZeneca (Figure 2.14) and migrated to 1245 cm-1. This is also associated 

with changes to the base conformer or vibrations in the base.  
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There are very few changes in the intensities of the peaks relative to each other, between 

spectra for Sample A and Sample B, therefore it is assumed that there are no major structural 

changes between the two samples as a result of any hybridisation. This experiment shows that 

Raman spectra of the two samples does not identify any hybridisation of Sample B.  

 

 

 

  

Figure 2.14. Raman spectra of AstraZeneca Hybridisation Samples 

Each spectrum is the average Raman spectra from a 24 hour period between 24-

48hrs after acquisition. Averaged and Baselined using the ROA Toolbox on Matlab, 

as per methods. Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 

533nm laser at 1.2W. Sample A concentration is 25mg/mL whereas Sample B 

concentration is 15 mg/mL. 
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AstraZeneca Hybridisation Samples 
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point is the average spectra 

acquisition per 1 hour period, 
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Small – Angle X-Ray Scattering of AZD9150 and Hybridisation Samples 
 

As discussed in the introduction, SAXS has been used to look at single stranded DNA 

homopolymers (Sim, 2012), single stranded RNA structures and intermolecular interactions 

between RNA oligomers (Yang et al, 2010). SAXS will be used here to identify changes in Rg as a 

result of hybridisation of the ‘AstraZeneca Hybridisation’ samples and the addition / subtraction of 

a nucleotide to a 16-mer oligo.  

Hybridisation of such a short base pair (6 nucleotides in length) is unlikely to induce a 

conformational structural change that can be observed by Raman spectroscopy. The scatter 

intensity graph showing the 10 mg/mL and 15 mg/mL data for both samples A and B is shown in 

Figure 2.16. Sample B is most likely to dimerise. There is an elongation of structure seen in the 

scatter intensity graph however it proved impossible to do a buffer subtraction of the data.  

An attempt was made to analyse the data for Sample A at 5 mg/mL, giving an R(g) of 9.6 

Å (a Dmax of less than 10 Å was also assigned to the data). Assuming that each amino acid is 3.5 

Å in length, 12 nucleotides in length would give a length of 14 Å – implying that this Sample A 

structure may be curved or flexible in solution. 

The scatter intensity graphs for the individual samples at various concentrations, are shown 

in Figure 2.17 and Figure 2.18. It would not be possible to state that a change in structure is 

occurring without determination of an R(g). It has to be questioned whether the structure factor 

persists due to the small size of the structure: the SAXS is unable to focus on only 1 molecule of 

oligo, or whether there are intermolecular interactions between oligos which seems unlikely due to 

the short length. No further analysis could be performed on the sample.  

SAXS data for ASOs related to AZD9150 were affected by a similar structure factor and 

poor buffer subtraction. This is due to a small amount of ethanol being introduced into the sample 

from the manufacturing process – it has been freeze dried and re-suspended in buffer. From looking 

at the SAXS curve, it is possible that there may be a structural change between samples of 5 mg/mL 

and 10 mg/mL however there are little differences in structure between the samples (cN / N+1 / N-

1) as they vary in length by only one nucleotide and have the same chemical modifications; the 

addition and subtraction of a nucleotide did not affect induce any conformational change as 

confirmed by the Raman spectra. 
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Sample A: GACT 15 mg/mL 
 
Sample A: GACT 10 mg/mL 
 
Sample B: GCAT 15 mg/mL 
 
Sample B: GCAT 10 mg/mL 
 

Figure 2.16. Scatter Intensity Graph of AstraZeneca Hybridisation Samples  
(Comparison) 
Scatter intensity graph for AstraZeneca Hybridisation samples (Not buffer 
subtracted). There appears to be a change in structure as seen as a shift in the X-
axis to the left in Sample A, however there is a high structure factor and poor buffer 
extraction prevents further analysis.  
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Figure 2.17. Scatter Intensity graph for AstraZeneca Hybridisation samples. 
Sample A (Top) and Sample B (Bottom). Scatter intensity graph for AstraZeneca 
Hybridisation samples were acquired at room temperature (~23℃) in water and 
have not been background subtracted. Produced using SCÅTTER.  
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Figure 2.18. Scatter Intensity graph for AZD9150 
Scatter intensity graph for AZD9150 (not buffer subtracted). Rg were unable to be 
determined for any of the AZD9150 samples due to poor buffer subtraction as a 
result of leftover Ethanol following freeze-drying of the samples (post-synthesis). 
 

Sample ‘cN’ – 15 mg/mL 
 
Sample ‘cN’ – 5 mg/mL 
 
Sample ‘N + 1’ - 15 mg/mL 
 
Sample ‘N + 1’ - 5 mg/mL 
 
Sample ‘N – 1’ - 10 mg/mL 
 
Sample ‘N – 1’ - 5 mg/mL 
 
 



155 
 

Conclusion and Discussion 
 

Building up a library of RNA homopolymers proved vital for the identification of Raman 

peaks associated with different Ribose conformation. The Raman spectra of Poly-G provided a 

fantastic example of an induced secondary structure that has occurred as a result of self-

hybridisation. Experiments to induce hybridisation in complementary RNA homopolymer samples 

were, unsurprisingly, unsuccessful due to the lack of a hybridisation buffer and it was unable to be 

used to contribute to a library of spectra based on oligonucleotides in a 100% water buffer.  

 

The building up of an RNA library of spectra and the assignments provided by DFT / 

Avogadro have also allowed for, what is believed to be, the first known example of assigning a 

previously unknown additional nucleotide addition to an ASO (AZD9150). This has important 

implications for AstraZeneca synthesis of ASOs as it can aid in the identification of base-

mismatches and additional nucleotides as a result of impurity.  

 

It was not possible, at the time of the experiment, to perform mass spec on the AZD9150 

samples to gain more information about the structure as the sample. However, since completing 

the assignments, AstraZeneca have confirmed that the ‘N +1’ and ‘N – 1’ samples have been 

chemically modified and that the additional nucleotide was a modified nucleotide with an Adenine 

base – as predicted from the Results. The structures are as follows (the third [A] from the left has 

been added/removed in the samples):  

 

AZD9150:       [MeC][MeU][A]TTTGGATGTMeC [A][G][MeC] 

N – 1:             [MeC][MeU]TTTGGATGTMeC [A][G][MeC] 

N + 1:          [MeC][MeU][A][A]TTTGGATGTMeC [A][G][MeC] 

 

(Whereby [ ] indicates a constrained ethyl cEt modification and an Me is indicative of a Methyl addition 

to the nucleobase.) 

 

Typically, LC/MS would be used for sequencing to determine where an addition or a 

subtraction has occurred. Raman is not sensitive enough to detect the location of an addition or 

subtraction but this novel experiments confirms that it can be used to identify the nucleotide 

involved; it is likely that Raman could also be used to confirm whether the additional nucleotide has 

been chemically modified based on the ratios of C2’- endo conformation and C3’-endo conformation 

Ribose ring peaks in the spectra. It has been discussed in the introduction how a single nucleotide 

of a different conformation to the rest of the oligo can induce large changes in the overall structure.  

 

Information provided from AstraZeneca suggested that the cN sample had the same 

chemical modifications as that of the ‘N-1’ and ‘N +1’; However, results from Raman analysis 

showed that peaks indicative of the C3’-endo conformation of the Ribose ring (expected from a cEt 
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modification) were absent in the cN sample. In contrast, it was shown that Raman spectra for 

samples ‘N -1’ and ‘N +1’ featured the expected mixture of both C2’ endo and C3’ – endo ribose 

conformation. The cN raman spectra was indicative of a purely C2’ endo-anti conformation of the 

Ribose ring and one explanation for this is that the cN sample is that of an unmodified oligo. This 

provides an example for how Raman can be used to assign (or detect the absence of) chemical 

modifications in ASOs.   

 

Small Angle X-Ray Scattering (SAXS) has previously been used to look at the differences 

between RNA and DNA homopolymers and RNA secondary structures, as discussed. However, 

SAXS has been used in this case to identify secondary structure changes introduced by a cEt 

modification to an oligomer, confirmed by Raman spectroscopy. SAXS of the AZD9150 samples 

seemed to indicate a structure factor in all three samples but there was poor buffer subtraction of 

the data and this could not be investigated further; it is likely that any modifications to the ASO 

promote inter-molecular interactions between adjacent ASOs or the sheer stress of the SAXS 

injection technique induces an alignment of the ASOs, promoting hydrogen bonding due to sheer 

stress. 

 

Raman was not sensitive enough to detect any hybridisation in Sample B of the 

AstraZeneca hybridisation study, for which a 6-nucleotide base pairs was hypothesised. There are 

no peaks identified that are indicative of a structural change induced by hybridisation. B-DNA is the 

most stable helical form of DNA, however free-floating aqueous DNA could adopt either a C2’ or a 

C3’ endo conformation, this was indicated by a broad peak in both the Raman spectra for Sample 

A and Sample B between 788 cm-1 and 848 cm-1 indicating that there was no secondary structure 

in either of the 12-mer oligos and the oligos are highly flexible.  

 

There appeared to be a slight elongation in the structure of Sample B indicated by SAXS, 

however poor buffer subtraction prevented further analysis and a calculated Dmax of 14 Å for the 

Sample A sample confirmed that the structure was flexible, rather than a rigid rod type structure, in 

solution. This data was acquired at room temperature, for which the melting point of the 

hypothesised 6-mer base paired strand would have started to break apart based on OligoCalc 

calculations (Kibbe, 2007). Therefore, the SAXS data is likely to be based on a ‘snapshot’ of a 

mixture of both hybridised and unhybridised sample B. This provides evidence that SAXS can be 

easily used to complement the information provided by Raman and SAXS is used successfully to 

look at the structures of AZD4785 and AZD Compound A in the next chapter (Chapter 3: 

AstraZeneca Oligonucleotides). 
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Results Chapter 3: AstraZeneca Oligonucleotides 

 

Introduction 
 

Antisense Oligonucleotides  
 

Antisense oligonucleotides are short synthetic strings of nucleotides designed to alter the 

expression of a targeted protein by selectively binding to the mRNA that encodes the targeted 

protein or targeting mRNA upstream of the target protein.  These Compounds bind to target mRNA 

with high affinity. The binding affinity to the mRNA is greatly affected by the structure of the 

Antisense Oligonucleotide (ASO), ASO structural folding reduces binding affinity. Short ss-

RNA/DNA ASOs 16-18 nucleotides in length are not believed to have a secondary structure at 

physiologically relevant temperatures, however this Chapter discusses how they may form a fibril 

like structure (associating with adjacent ASOs) due to their chemical modifications.  

 

AstraZeneca provided two ASOs for analysis with Spectroscopic methods – the structures 

of AZD4785 and AZD Compound A can be seen in Figure 3.1. Both ASOs are chemically modified 

and these are discussed along with the ASO structures in the Methods section of this chapter. 

Modifications to the two ASOs include a Constrained Ethyl modification to the Ribose ring (as seen 

in Figure 3.2) and a 3x GalNAc side chain attached to AZD Compound A. The concentration of the 

AstraZeneca ASOs is 150-160 mg/mL, for reference, the Solubility and pKa of single nucleotides 

can be seen in Figure 3.3 – solubility experiments were undertaken by AstraZeneca when 

determining the target concentration for the ASOs. The high concentrations allow for quick analysis 

with Raman and Raman Optical Activity but may induce concentration dependant structural 

changes.   

 

AstraZeneca were interested in how the pH of the buffer can affect the structure of an ASO 

– the samples currently self-buffer in water at around pH 7-7.5, however the structure may change 

once injected into a physiologically relevant buffer within the Human body (dependent on injection 

site). The pKa of single nucleotides can be seen in Figure 3.3 and would imply that this would be 

the case. However, although the pKas of the phosphate groups are near /around 1, high densities 

of phosphate groups show evidence of shifting the pKas of functionally important nucleotides. An 

example of this is seen in Hepatitis Delta Virus Ribozyme (HDVR) whereby there is a compact 

arrangement of phosphate groups associated with a pseudoknot helix and two major helical axes 

that converge at the ribozymes active site; this ds-RNA structure of HDVR seems to cause strong 

electrostatic potentials in the active site favouring elevated pKas (Tang et al, 2007). It may therefore 

be that a high concentration of ASO may not be greatly affected by differences in pH. 
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The potential impact of both buffer and temperature on the structure of ASOs was also 

investigated. NMR spectra have previously been assigned by AstraZeneca, however NOESY 

spectra have been collected at temperatures 36-160°C for quick analysis to observe whether heat 

can break down any intra or inter-molecular interactions between ASOs, for both AZD4785 and 

AZD Compound A. 

 

 

 Figure 3.3. Solubility and pKa of           

Nucleotides 

RNA nucleotide solubility and pKas.  

Figure 3.2. Constrained Ethyl  →  
(cEt)  Modification to the Ribose Ring 
A common RNA/DNA oligomer modification as seen 

in AZD4785 and AZD Compound A.  

  

 Figure 3.1. Structures 

of AZD4785 and AZD 

Compound A 

Me indicates a Methylated 

base, a dark grey 

nucleotide indicates a 

Locked Nucleic Acid. Both 

modifications are as 

discussed in Methods.  

AZD Compound A: 

AZD 4785:  
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AZD4785 
 

The structure of AZD4785 is discussed in Methods and can be seen in Figure 3.4  

 

AZD4785 is a 16-mer oligo targeting the KRAS oncogene. KRAS is one of three different 

human RAS genes that have been identified and is located downstream of growth factor receptor 

signalling. RAS genes are central mediators critical for cell proliferation, survival, and differentiation 

(Cooper, 2000).  KRAS is mutated in approximately 30% of all human cancers and is an oncogenic 

driver in 3 of the 4 most lethal cancers; 90% of pancreatic cancer, 40% of colorectal cancer, and 

30% of non-small-cell lung cancer (NSCLC) (Tan & Du, 2012). AZD4785 potently reduces KRAS 

mRNA in vitro in a KRAS-specific manner leading to a reduction in downstream signalling.  During 

in-vivo studies, AZD4785 showed robust mRNA knockdown with potential to inhibit tumour growth 

(Ross, 2017).  

 

High concentrations (150mg/ml) meant that the oligo was failing to pass the filter integrity 

test on the second filter in their manufacturing process, presumably due to the filters becoming 

blocked as the oligo may not have been fully dissolved during the prior mixing step. AZ were keen 

to avoid material losses during the next large-scale manufacture and wanted to understand the 

dissolution of the oligo.  

 

The aim was therefore to use spectroscopic methods to review the ss-RNA and determine 

whether concentration-dependant secondary structure changes may be occurring. The impact of 

the arrangement of the oligo in solution upon dissolution was also investigated (inter- and intra- 

molecular interactions) along with trying to build understanding of structural changes of AZD4785 

in solution with the aim of optimising the mixing step during pharmaceutical manufacture. Raman, 

Raman Optical Activity (ROA), Small Angle X-Ray Scattering (SAXS) and Circular Dichroism (CD) 

are used to investigate how the structure changes with concentration, buffer and pH changes. NMR 

has previously been undertaken by AstraZeneca but NOESY spectra have been generated to look 

at the effect of temperature on AZD4785.  
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Figure 3.4. Structure of AZD4785 
Structure of AZD4785 16-mer, modifications, as discussed in text, include Methylation 

of the Base and Constrained Ethyl (cEt) Nucleic Acids (Ribose Ring modification). 

The middle nucleotides (DNA) are unmodified. The oligo has a Molecular Mass of: 

5753.2 (AZD4785 pentadecasodium salt), 5423.4(AZD4785 free acid).  
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AZD Compound A 
 

The structure of AZD Compound A is discussed in Methods and can be seen in Figure 3.5. 

AZD Compound A differs from the other AstraZeneca samples (AZD9150, AZD4785) as it is an 

example of an ASO conjugated to a 3x GalNAc side chain / cluster at the 5’- end. The function of 

the GalNAc side chain is to assist with receptor targeting and solubility.  

GalNAc (N-Acetylgalactosamine) binds to the Asialoglucoprotein receptor (ASGPR) which 

is expressed on liver hepatocytes and provides a delivery route / target for liver hepatocytes and 

tissue targeting (Springer & Dowdy, 2018). ASGPR is known to be conserved across species and 

highly expressed in hepatocytes (~500,000 copies per cell), with a high turn-over rate (Huang, 

2017). It is believed that GalNAc enhances delivery of conjugated ASOs ~10-fold compared to free 

ASOs, requiring a lower dose for patients (Springer & Dowdy, 2018). GalNAc is cleaved from the 

RNA oligo by endosomal glycosidases and the linker arms degraded.  GalNAc-siRNA’s have been 

shown to trigger potent and long-lasting gene silencing in patients, for up to 9 months (Fitzgerald, 

2017); this is likely due to a rapid cellular uptake and slow renal excretion of the conjugates 

(Johannes & Lucchino, 2018). An efficient interference effect caused by ASO conjugated to GalNAc 

is reached within a day in patients (Dowdy, 2017).  

As previously discussed, most oligonucleotide synthesis occurs in the 3’- to 5’- orientation, 

the GalNAc attached to the 5’- end of an ASO allows for ‘on-column’ modification during 

manufacturing (Springer & Dowdy, 2018).  

The aim was to use spectroscopic methods to review the ss-RNA and determine whether 

concentration-dependant secondary structure changes may be occurring. Also investigated is how 

the addition of a 3x GalNAc side chain may affect the arrangement of the oligo in solution (structure) 

and how changes in structure may increase solubility of the oligo, in comparison to drugs with 

similar modifications without a 3x GalNAc side chain (AZD4785).  Raman spectra are used in 

combination with SAXS and NMR (NOESY spectra) to observe structural changes associated with 

concentration and temperature.  
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 Figure 3.5. Structure of  
AZD Compound A 
Structure of AZD 

Compound A 16-

mer, modifications, 

as discussed in text, 

include Constrained 

Ethyl (cEt) Nucleic 

Acids (Ribose Ring 

modification) and the 

addition of a 3x 

GalNAc side chain 

for receptor 

targeting. The 

middle nucleotides 

(DNA) are 

unmodified.  
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Using SAXS for Structural Determination of AZD4785 and AZD Compound A 
 

There is often a lack of correlation between an RNA sequence and its secondary or tertiary 

structure; secondary structure prediction based on computational methods is often considered to 

be best reserved for oligos less than 50 nucleotides in length (Bhandari, 2016). Bhandari et al 

(2016) suggest that combining experimental and theoretical modelling methods may be able to 

improve upon prediction calculations. 

Small Angle X-Ray Scattering (SAXS) has previously been used to obtain low resolution 

approximations of ss-RNA structures, first being used in 1964 to identify the structure of a tRNA 

(Witz,, 2003). SAXS has not been able to distinguish individual loop features of known ssRNA 

structures, but is often used to develop hydrophobic bead models to overlay with structures 

computationally modelled from NMR or crystallography data - allowing for an approximation of 

secondary structure size based on the calculated R(g)’s (Gadja, 2013). The Phosphate sugar 

backbone has a high electron density and therefore scatters X-Rays well, SAXS has been used to 

identify changes in the phosphate backbone conformation of longer ss-RNA structures; a study by 

Fang et al (2015) suggested this allows for secondary structure determination where tertiary 

structures may disguise the RNA conformation (Fang, 2015). SAXS is therefore a good method for 

low-resolution observations of conformational changes that may occur as a result of pharmaceutical 

stresses, as both the buffer and temperature are parameters in SAXS that can be easily controlled 

(Lipfert, 2007). SAXS has previously been combined with Raman to look at phase transitions in 

polymers that occur due to thermodynamic changes (Bryant, 1998). 

The aim is to use SAXS to obtain structural information about AZD4785 and AZD 

Compound A that corroborates and expands upon the findings of the Raman analysis and structural 

assignments. Bead modelling of SAXS data is used to visualise structures and show conformational 

changes that occur as a result of pharmaceutical stresses (pH, temperature and buffer change). 

This is the first example of SAXS being used to observe ASO structure and conformational changes 

as a result of pharmaceutical stresses. 
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Methods  
 

AZD4785 Sample Structure and Preparation 
 

AZD4785 is a 16-mer ASO wherein 10 of the 16 nucleotides are derived from 2’-deoxy-D-

ribose and the remaining 6 are from Constrained Ethyl / cEt (2’-O-, 4’-C-[(S)-ethylidene]-D-ribose) 

sugar residues and are indicated with brackets on the structure below. The cEt residues are found 

at both the 5’- and 3’- ends of the ASO. The nucleotides are linked by a 3’-O to 5’-O 

Phosphorothioate diester. The structure modifications are seen in Figure 3.4 and are as follows: 

5’- [G][MeC][MeU]ATTAGGAGTMeC[MeU][MeU][MeU] -3’  

• The MeU and T residues have the same structure; the meU is a cEt nucleotide containing 5-

methyl Uracil and the nucleotide sugar is a D-Ribose (RNA), the T is a 2’-deoxy-D-ribose 

nucleotide (DNA).  

• The MeC is a 2’-deoxy-D-ribose nucleotide containing 5-methyl Cytidine whilst the bracketed 

[MeC] is an RNA-like cEt nucleotide. 

As well as water/ethanol (~10% ethanol) there was a small amount of ammonia prior to 

freeze drying, introduced during the manufacturing process. The mass of the oligo was 5422.4 Da 

with a purity of 94.3%, the mass of the Pentadecasodium salt is 5753.2 Da and the product is 

formulated using the salt form. Viscosity and Osmolality trends were reviewed by AstraZeneca and 

the target clinical formulation was selected at 150mg/ml in water for injection, adjusted to a target 

pH of 7.8 (by HCl and NaOH). There was no need for an additional buffer to maintain pH throughout 

the product shelf life. A sample of the sterile dH2O injection buffer used by AstraZeneca was 

supplied for buffer subtraction in SAXS and Raman.   

All aqueous samples of AZD4785 are in Milli-Q water, however ‘buffer’ samples are in 

10mM HEPES 100mM NaCl at pH 7.5. The pH of the sample has been changed, where required, 

using Hydrochloric Acid and Sodium Hydroxide. Samples have been confirmed by nano-drop to be 

within 1mg/ml of the required concentration.  

AZD Compound A Sample Structure and Preparation 
 

AZD Compound A is a 16-residue ASO conjugated to a THA cluster / side chain, also 

known as 3x GalNAc. As with AZD4785, 10 of the 16 nucleotides are derived from 2’-deoxy-D-

ribose and the remaining 6 are from Constrained Ethyl / cEt (2’-O-, 4’-C-[(S)-ethylidene]-D-ribose) 

sugar residues and are indicated with brackets on the structure below. The structure 

modifications are seen in Figure 3.5 and are as follows: 

5’– THA – AHP=O [A][A][MeU]AATMeCTMeCATGT[MeC][A][G] – 3’ 

• THA is 5-N-{tris[(6-(2-acetamido-3,4,6-tri-O-acetyl-β-D-galactopyranosyloxy) 
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hexylamino)-3-oxopropoxymethyl]methyl}amino-t-oxopentanoyl.  

• AH is the location of the Aminohexyl linker 

• P=O is the location of the phosphate diester linkage, all other linkages are 

phosphorothioate diesters.  

• A, G and T are 2’-Deoxynucleosides 

• MeC is 5-Methyl-2’-Deoxycytidine 

• [A] is 2’-O, 4’-C-[(S)-Ethylidene]- Adenosine 

• [G] is 2’-O, 4’-C-[(S)-Ethylidene]- Guanosine 

• [MeU] is 2’-O, 4’-C-[(S)-Ethylidene]- 5’- Methyluridine 

• [MeC] is 2’-O, 4’-C-[(S)-Ethylidene]- 5’- Methylcytidine 

As with AZD4785, the MeU and T residues have the same structure; the meU is a cEt 

nucleotide containing 5-methyl Uracil and the nucleotide sugar is a D-Ribose (RNA), the T is a 2’-

deoxy-D-ribose nucleotide (DNA). The MeC is a 2’-deoxy-D-ribose nucleotide containing 5-methyl 

Cytidine whilst the bracketed [MeC] is an RNA-like cEt nucleotide. 

 The 16-base AZD Compound A oligonucleotide is conjugated at the 5’- end via an 

Aminohexylphosphate linker to a THA cluster. The THA side chain is also known as 3x GalNAc and 

is used to help with receptor targeting. Different hydrocarbon chains attached to the 3x GalNAc are 

used to increase solubility. UV spectroscopy and LC-UV-MS are used to confirm assay and purity 

profiles in AZD Compound A and also check that the 3x GalNAc side chain is correctly attached.  

 Experiments previously undertaken by AstraZeneca show the solubility of AZD Compound 

A Hexadecasodium salt to have a solubility in water of >250mg/mL at 25℃. The physiologically 

acceptable range for osmolality is defined by AstraZeneca as 260-340 mOsm/kg. The osmolality, 

pH and density for AZD Compound A in water at 160 mg/mL are as follows: 

• Osmolality: 277-279 mOsm/kg 

• pH: 7.48 

• Density: 1.07 g/cm3 

AZD Compound A samples were prepared in a sterile environment, vortexed and the 

concentrations confirmed my nano-drop to be within 1 mg/mL of the target concentration. Aqueous 

samples were kept at 4℃ prior to data collection. pHs were confirmed for all studies and are 

indicated in the results.  

Raman and ROA Acquisition and Pre-Processing 
  

Raman spectra acquired on an Invia Raman Microscope (Renishaw, UK) followed the same 

experiment procedures as those for the nucleotides chapter, whereby spectra were acquired using 

a 532nm laser (0.8W at 532nm), 1200 1/mm grating and a 50 x liquid objective – spectral acquisition 

was 10 seconds with spatial resolution around 2nm. The 180 microlitre quartz well had been 

optimised in the nucleotide studies and the same depth acquisition techniques gave a reliable, good 
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quality spectrum. Three spectra were taken at each of four different locations (at equal depths) of 

the sample at room temperature (~20℃). Spectra acquired on a Renishaw instrument have been 

baselined in Matlab (Zhao, 2007) and Principal Component Analysis was performed using code 

from the BioSpec group (provided by Roy Goodacre, University of Liverpool). 

 

Raman and ROA spectra acquired using a ChiralRaman spectrometer (BioTools Inc) used 

a 533nm exciting laser. Rectangular quartz cells from Starna Scientific Ltd (coated with Magnesium 

Fluoride) were used to hold a sample volume of 120-200μl, whilst a cuvette lid / stopper was used 

to avoid evaporation of the samples over a prolonged period, samples were studied at ambient 

temperature (~20℃). Laser power was between 1.2W and 1.4W dependent on the sample, with a 

spectral resolution of ~3 cm-1. Spectra are displayed as a function of the Stokes-Raman 

wavenumber shift (Y) along a 532nm exciting laser wavelength of 500-1800 cm-1.   

 

Raman spectra were acquired on the ChiralRaman Spectrometer after an initial 

fluorescence burn off / laser stabilisation of 1 hour. Raman spectra had a laser illumination period 

of 1.25s, spectra were saved every 5 minutes, giving 12 spectra per hour; Principal Component 

Analysis was performed and loadings plots were generated using all 12 spectra. For the 

Experimental Raman graphs, the 12 spectra (from the second hour of acquisition), were averaged 

and baselined using a previously described asymmetric least squares smoothing approach by 

Eilers et al (2005), performed on a Raman toolbox as generated by Dr Ben Gardner (2014) for quick 

processing on Matlab software, as discussed in the Methods chapter. Principal Component 

Analysis was performed using code from the BioSpec group (provided by Roy Goodacre, University 

of Liverpool). 

 

 ROA work was undertaken at ambient room temperature using a ChiralRaman 

Spectrometer from Biotools Inc. A 533nm laser was used, a laser power of 1.2W and an 

accumulation time of 72hrs provided a large amount of ROA data. ROA and Raman data are 

accumulated by adding repeat spectra that are taken every 5-6 minutes over the 72hrs. Spectra 

have had the baseline subtracted and have been processed in MATLAB using a code provided by 

Professor Ewan Blanch. Cuvettes are soaked in Hellmanex (100%) overnight and then cleaned 

with Acetone (100%) and Ethanol (70%).  

 

Circular Dichroism 
 

Circular Dichroism (CD) spectra of AZD4785 were acquired at various concentrations on 

an Applied Photophysics Chirascan qCD. Spectra were taken using a 0.1mm quartz cuvette, 0.5nm 

step and 5 second per time point. Results were converted into Molar Ellipticity using the mass of 

the Pentadecasodium salt (5753.2 kDa). 
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SAXS 
 

Small Angle X-Ray Scattering of aqueous samples was performed at Diamond Light Source 

(Synchrotron) on Beamline 21. Samples were measured through a temperature-controlled capillary 

at 24℃. Analysis was performed using SCÅTTER, a JAVA-based platform developed by Robert 

Rambo at the Diamond Light Source downloaded via BioIsis.net (Rambo, 2019) and the ATSAS 

suite of programs (Franke et al, 2017) downloaded from EMBL. An outline of the analysis for SAXS 

is seen in the Methods Chapter under Small Angle X-Ray Scattering. Both AZD4785 and AZD 

Compound A samples were observed at different concentrations, AZD4785 was looked at in both 

dH2O and a salt buffer (10mM HEPES 100mM NaCl at pH 7.5), AZD4785 was also observed as 

an aqueous solution (in dH2O) at body temperature (37℃).  

 

NMR 
 

NMR Data (1H and 13C NMR spectrum) for both AZD4785 and AZD Compound A have 

previously been acquired by AstraZeneca; this data therefore did not need to be repeated / 

assigned. However, NOESY spectra were acquired with the assistance of Dr Matt Cliff (Manchester 

Institute of Biotechnology) to determine whether NMR could be used to quickly identify changes in 

ASO secondary structure as the temperature of the sample was increased.  

 

As discussed in the Methods chapter, NOESY is used to correlate protons which are close in 

proximity; NOESY is also used to correlate protons which may be distant in terms of space, but that 

may be interacting as a result of a secondary structure or interactions between adjacent molecules 

(Schirra, 1996). An NOE signal is only observed if the distance between the protons is less than ~5 

Å. In this case, NOESY is used to observe whether nucleotides at either end of the ASO (AZD4785) 

are interacting with each other due to a secondary structure, or the nucleotides of an adjacent 

molecule due to aggregation / structure factor.  

 

Experiment temperatures used were as follows:  

 

• 298 Kelvin – 24.85 Degrees Celsius (room temperature) 

• 310 Kelvin – 36.85 Degrees Celsius (body temperature) 

• 330 Kelvin – ~57 Degrees Celsius (to force unfolding of any secondary structure).  

 

NOESY spectra were recorded on a Bruker 800MHz AVIII Spectrometer equipped with a TCI-

H-C/N-cryoprobe with z-gradients. Spectra were recorded at various temperatures (above). The 2d 

NOESY sequence used excitation sculpting water suppression and t1 noise suppression using the 

method of Thrippleton and Keeler (2003) - which eliminates Zero-Quantum Interference. Spectral 

widths were 10 ppm in both dimensions. The direct dimension acquisition time was 1 Second, with 
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a 1.5 Second recycle delay and 1024 indirect dimension increments were recorded. NOESY mixing 

time was 120 Milliseconds. To each sample, 1μl of TSP and 50μl of D2O was added. The NOESY 

experiment was first tried with higher mixing times of 200 - 500 Milliseconds but there was very little 

to no ‘nOe’ signal observed, most likely due to the large size of the molecule. 

 

Results 

AZD4785 
 

The solid Raman spectra of AZD4785 and PCA plot (PC1 = 95.145%, PC2 = 1.13% TEV) 

are shown in Figure 3.6. The data was acquired on the Renishaw instrument and the samples were 

placed upon a CsCl disc for acquisition. 15 spectra were acquired (5 in 3 separate randomly chosen 

‘locations’), all 18 spectra were averaged and baselined in Matlab as per methods. The average 

spectrum is seen in Figure 3.6 and key peaks are labelled (cm-1). PC1 was high at 95.14% and 

seems to be separated along the x-axis but a loadings plot showed PC1 was separated due to 

differences in intensity across the 3 locations. The sample was disposed of following data 

acquisition to prevent laser induced burning of the sample affecting the spectra.  

Figure 3.6. Solid Raman Spectra of  
AZD4785 and PCA plot 
Solid Raman spectra of 

AZD4785 acquired on a 

confocal Raman microscope 

(Renishaw Invia, UK) with a 

532nm laser using a 50X 

objective, 1200 l/mm grating 

and a 10 second acquisition 

time. The sample was placed 

on a CsCl disc. The spectrum 

is the average of 15 

separately acquired spectra 

across 3 locations and has 

been baselined in Matlab as 

per methods (Zhao, 2007). 

PC1 = 95.14%, PC2 = 1.13% 
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The aqueous Raman spectra of AZD4785 at concentrations 50, 100 and 150mg/ml, 

acquired on a Renishaw instrument, are seen in Figure 3.7. The sample was acquired and 

processed as per the methods, with 12 repeats being acquired over 4 different locations. The 

intensity of the spectra drops with a reduction in concentration and as expected, at lower 

concentrations, the spectra appears noisy. The 1600-2000 cm-1 region has been removed as this 

region was associated with the water background. Peaks of interest have been labelled on Figure 

3.7 (150 mg/mL sample); the only identifiable peak shift between concentrations was that at 1421 

cm-1 in the 150 mg/mL spectra which shifts to 1419 cm-1 in lower concentrations; However, it might 

not be possible to assign these as peak shifts related to structure, as it may not be within the 

resolution of the spectrometer. The resolution is typically around 0.5 cm-1 but there was some minor 

migration of peaks seen in this instrument and therefore these peaks could not confidently be 

assigned to a structural change. However, the 1419 cm-1 peak appears broader in the 50 mg/mL 

and 100 mg/mL spectra and may indicate minor changes in conformation of the base.  

 

Peak intensities may change as concentration increases / decreases due to a changing 

percentage of Ribose ring / base conformers. An example of this is at 1485 cm-1 which 

DFT/Avogadro experiments showed to be associated with out of plane deformations (HOCH2) and 

In plane stretching of the bases (C-N, C=N).  

 

Figure 3.8 shows a Principal Component Analysis (PCA) plot associated with the Raman 

spectra seen in Figure 3.7, based on the 12 spectra acquired for each of the three concentrations. 

The spectra of the three different concentrations cluster together nicely with PC1 = 98.54% and 

PC2 = 1.07% of the Total Explained Variance (TEV). PC2 appears to have separated for differences 

in the spectra of the 50 mg/mL sample, which may have more deformations due to less steric 

hindrance of the sample as a result of a reduced concentration. PC1 is separated based on the 

Raman intensity of the 3 concentrations. The loadings plot is not included as it reflected the intensity 

changes of the different concentrations rather than any changes in spectra. The spectra are shown 

separately as the spectra for 50mg/ml and 100mg/ml could not be scaled to the highest 

concentration (150mg/ml) as the signal to noise ratio was too low for the 50mg/ml concentration.  

 

 Raman spectra and PCA analysis of AZD4785 therefore appears to show no structural 

differences in concentration between 50 and 150 mg/mL when the sample is dissolved in water. 

The absence of a strong peak, characteristic of ds-RNA in the A-Helix form, at ~ 810 – 814 cm-1 is 

due to the strand being single stranded, this band is assigned to 5’C-O-P-O-C3’, which arises due 

to the C3’endo/anti conformers seen in an A-Type helix (Erfurth, 1972). However, a small peak at 

819 cm-1 can be seen in Figure 3.9, indicative of the cEt nucleotides forcing a C3’ endo Ribose 

conformation. In addition, there is an absence of a peak at ~ 782 cm-1 which would be indicative of 

a B-Type helix (5'C-O-P-O-C3') (Benevides, 1983). Raman peaks at 771 and 787 cm-1 are believed 

to be indicative of a C2’-endo conformation of the Ribose ring. This implies little or no hybridisation 
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of the sample sequence – if there is any self - hybridisation it does not appear to form an A-type 

helix. 

 

 

 

 
  

Figure 3.7. Concentration Study: Aqueous Raman Spectra of AZD4785  
Raman taken for AZD4785 aqueous samples at 50 – 150 mg/mL acquired on a 

Raman Renishaw. 12 repeats were taken for all samples across 4 different locations, 

all at equal depth of liquid within the quartz well. All spectra were acquired over 10 

seconds at 100% laser power on a 532nm laser using a 50x liquid objective. The 

buffer is de-ionised water. Each spectra has been baselined in Matlab as per methods 

(Zhao, 2007). 
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Spectral features that can be identified in Figure 3.7 based on published literature include:  

~ 601 cm-1   – Ribose  

~ 787 cm-1   – Breathing or stretching vibrational modes of Cytosine and Uracil bases 

~ 1017 cm-1   – Sugar Phosphate and P-O, C-O stretching 

~ 1380 cm-1   – Adenine content 

~ 1448 cm-1   – Adenine/guanine ring stretching and planar vibrations 

~ 1455-1527 cm-1 – In Plane Ring vibrations  

~ 1604 cm-1   – δNH and δC6H vibrations  

Acquired from a number of different references: Badr, 2006. Bell et al, 1998. Blanch et al, 2002. 

Hobro et al, 2007. Barron et al, 2000.  

Further aqueous Raman spectra for AZD4785 were acquired on a ChiralRaman 

spectrometer, as per methods, with a 533nm laser.  

 

The pH of an aqueous AZD4785 sample at 150 mg/mL was changed to look at the impact 

of pH on the structure of the ASO. Figure 3.9 shows the Raman spectra and loadings plot for 

aqueous AZD4785 (150 mg/mL) at pH 3.1 – 10.1 (PC1 = 74.78%, PC2 = 25.44% of the Total 

Explained Variance / TEV). The pH of the sample has been changed using HCl and NaOH to pH 

3.1 and pH 10.1. The Raman spectrum of AZD4785 at pH 7.3 has the key peaks labelled with peak 

shifts labelled in the spectrum for AZD4785 at pH 3.1 and the spectrum acquired at pH 10.1.  

 

Figure 3.8.  
Concentration Study: PCA 
Plot for Aqueous AZD4785 
Concentration Study 

 

PCA plot for aqueous samples 

of AZD4785, 50-150mg/mL, as  

shown in Figure 3.4. PC1 = 

98.54%, PC2 = 1.07% TEV. 

Plotted are 12 repeats, taken 

across four different locations, 

are plotted for each  of the 

concentrations. 
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Figure 3.9. pH Study: Raman Spectra and loadings Plot for Aqueous AZD4785  
Peak shifts from pH 7.3 are labelled in the spectra for pH 3.1 and pH 10.1. Each 

spectrum is the average Raman spectra from a 24 hour period between 24-48hrs 

after acquisition. Averaged and Baselined using the ROA Toolbox on Matlab, as per 

methods. Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 533nm 

laser at 1.2W. Loadings plot for PC 1 = 74.78 %, PC 2 = 25.44% TEV. 
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Spectral changes as a result of changes in pH occur. Examples of these changes include 

the Raman peak at ~776-791 cm-1 changing in intensity as the pH is dropped to pH 3.1. This region 

has previously been assigned to Cytosine and Uracil bases and is sensitive to the environment of 

these Pyrimidine bases particularly in non-helical regions (Hobro, 2007); Increases in intensity here 

(a shoulder at 791 cm-1) in both Acidic and Alkali spectra, compared to the pH 7.3 ‘Neutral’ sample, 

may indicate a change in conformation of the Pyrimidine base, they may have become more 

exposed structurally due to secondary structure unfolding.   

Raman peaks around ~1330 – 1390 cm-1 have previously been assigned to Adenosine 

bases (Hobro, 2007).; Intensity changes in this region (whereby the sample at an Alkali pH shows 

a stronger intensity peak), imply that structural changes could be occurring that involve a high 

number of Adenine bases within the oligo becoming more exposed. A number of Adenine bases 

appear in the middle of our sequence suggesting some type of un-folding to expose this middle 

region. However, the sequence is unlikely to form a hairpin structure of any sort and is very unlikely 

to form a ss-RNA structure. Another source of folding due to interactions of the chemically modified 

cEt nucleotides may be ‘hiding’ the unmodified middle nucleotide residues of the ASO.  

 The PCA plot for aqueous AZD4785 at different pH’s is seen in Figure 3.10 and is 

associated with the Raman spectra and loadings plot seen in Figure 3.9. Each PCA data point is 

the average Raman spectra per 1 Hour of sample acquisition. Each sample clusters closely together 

and PC1 appears to be separating the spectra based on peak shifts in the 1300-1400 cm-1 region, 

assigned to in-plane vibrations in Adenine and Guanine bases. PC1 also appears to be separating 

due to changing intensities in the 1488 cm-1, 1579 cm-1 and 1663 cm-1 regions, associated with in-

plane vibrations of all bases (1488 cm-1), H-N-H ‘scissoring’ in Pyrimidine bases (1579 cm-1) and 

Asymmetric stretches in the Cytosine base (1663 cm-1). PC2 also appears to be separating based 

on the intensity changes in the region 1200-1400 cm-1. 

 

Figure 3.10. pH Study: PCA Plot  
for Aqueou AZD4785  
 
PCA plot for aqueous 

samples of AZD4785 

at pH 3.1 – 10.1, as  

shown in Figure 3.4. 

Each data point is the 

average Raman 

Spectra per 1 hr of 

sample acquisition. 

PC1 = 74.48%, PC2 = 

25.44% TEV. 

 

AZD4785 – pH 3.1 

AZD4785 – pH 7.1 

AZD4785 – pH 10.1 

 

PC 1 (74.48%) 

 

P
C

 2
 (

2
5
.4

4
%

 [
9

9
.2

2
 –

 7
4
.7

8
])

 

 



176 
 

Figure 3.11 shows the ROA spectra for aqueous AZD4785 (150mg/mL) at pH 3.1 – 10.1 

with peaks labelled for comparison. ROA spectral features that can be identified, based on previous 

literature, in Figure 3.11 include:  

 

~ 786 cm-1   – Breathing or stretching vibrational modes of Cytosine and Uracil bases 

~ 950 – 1150 cm-1 - Vibrations due to the Sugar Phosphate backbone 

~ 996 – 1094 cm-1  – Negative, Positive, Negative triplet. Previously assigned to sugar 

phosphate vibrations as found in A-type helices (Bell et al, 1998) however 

the Raman spectra is missing the indicative peak at ~814 cm-1 and the 

AZD4785 sample is single stranded. This could therefore be assigned to 

the sugar phosphate backbone (Erfurth, 1972).  

~ 1200 cm-1  – Base and Sugar Rings (Blanch, 2000). 

~ 1396 cm-1  – This Negative peak has previously been assigned to hairpin bends 

(Barron, 2000), however it is highly unlikely that any hairpin bends are 

generated by the AZD4785 sequence.  

~ 1483 and 1574 cm-1  – Adenine and Guanine (Hobro, 2007). 

An ROA negative–positive couplet between ∼1600 and 1650 cm−1 in ROA spectra of RNA 

has previously been thought to be indicative of an A-type helix structure (Hobro, 2007). AZD4785 

is single stranded and does not form a helix structure, however a very weak couplet in this region 

is visible at pH 7.3 but disappears at pH 3.1; this difference in spectra between the Normal and 

Acidic samples does seem to indicate some sort of unfolding. Previous sample analysis by 

AstraZeneca tested this sample between 15 and 25°C, therefore spectra acquired on both the 

Raman and ROA machines were collected at room temperature; fluctuations in room temperature 

could account for minor structural differences. The intense negative peak at 1224 cm−1 are in a 

similar region to the negative peaks for Uridine (1234 cm−1) and Cytidine (1245 cm−1) seen in Figure 

1.17.  

The phosphate backbone region appears to be around the 950 – 1161 cm−1 region. There 

does not appear to be much variation in this region between pH’s in Figure 3.11, implying that pH 

changes primarily affect conformations of the Ribose ring or base. A strong positive peak also 

appears in the ROA spectra of Cytidine at 1273 cm−1, the ROA spectra for AZD4785 has a strong 

peak at 1278 cm−1 which increases in intensity as the pH is increased from pH 7.3 to pH 10.1. A 

Uridine spectra was not acquired, however if it is assumed that this peak can be attributed to 

Pyrimidines then it could provide further evidence that the middle Pyrimidine nucleotides are 

becoming more exposed as pH breaks down a hypothetical structure.  
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Figure 3.11. pH Study: Raman Optical Activity Spectra for Aqueous AZD4785  
ROA spectra for AZD4785 150 mg/mL at pH 3.1, 7.3 and 10.1 in water. Each 

spectrum is the average Raman Optical Activity spectra from a 72-hour period. 

Averaged and Baselined using the ROA Toolbox on Matlab, as per methods. 

Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 533nm laser at 

1.2W.  
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Figure 3.12. Buffer Study: Raman  
Spectra and PCA  
Plot for AZD4785  
 
Raman spectra for AZD4785  in 

10mM HEPES, 100mM NaCl at 

pH 7.5. Each spectrum is the 

average Raman spectra from a 

24-hour period. Averaged and 

Baselined using the ROA 

Toolbox on Matlab, as per 

methods. Acquired on a 

ChiralRaman Spectrometer 

(BioTools Inc)  with a 533nm 

laser at 1.2W. Each PCA data  

point is the average Raman 

Spectra per 1 hr of sample 

acquisition. PC 1 = 99.97%, PC 

2 = 0.02% TEV. 
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Salts may encourage stronger inter-molecular interactions between adjacent ASOs in a 

high concentration mixture. Figure 3.12 shows the Raman spectra (with the Salt background 

subtracted) and PCA plot for AZD4785 in a salt buffer (10mM HEPES, 100mM NaCl at pH 7.5) 

between 25 and 150 mg/mL. Each of the three spectra are an average from 24 Hours worth of 

sample acquisition, processed on Matlab as per methods. The data is acquired on the ChiralRaman 

Spectrometer at 533nm, 1.2W. The spectra peaks are labelled on the 150 mg/mL sample and peak 

shifts are labelled on the 50 and 25 mg/mL samples. A key shoulder appears at lower 

concentrations at 1074 cm−1 and is believed to be associated with minor structural changes in the 

Sugar Phosphate backbone. A peak shift from 1663cm−1 (at 150 mg/mL) to 1659 cm−1 (at 50 mg/mL) 

and 1654cm−1 (at 25 mg/mL) appears to be due to a broadening of the peak, associated with 

different conformations of the Purine bases at lower concentrations. In Figure 3.12, PC 1 (99.97%) 

is assigned only to concentration dependent changes in Raman Intensity.  

 

The samples for AZD4785 in both water and salt buffer (at 150 mg/mL) are directly 

compared in Figure 3.13. Both samples were acquired over a 24-hour period using a ChiralRaman 

Spectrometer and processed in Matlab as per methods. The salt buffer background has been 

subtracted from the spectra. The PCA plot shows PC1 was 99.96% of the Total Explained Variance 

and seems to be attributed to the differences in intensity between the spectra. PC2 (0.02%) is 

attributed to minor intensity drop in the spectra for the salt buffer sample. There does not appear to 

be any differences in the spectra (in terms of Raman Shift - cm−1) and this implies the structure of 

AZD4785 is persistent between buffers. There is also little difference in peak intensities between 

the spectra and this implies the conformation of both the Ribose ring and bases are stable despite 

the buffer change.  

 

 The ROA spectra for AZD4785 in a salt buffer (10mM HEPES, 100mM NaCl at pH 7.5) is 

seen in Figure 3.14 and appears almost identical to that of AZD4785 in water (Figure 3.11). This 

confirms that no structural changes are occurring as a result of buffer change.  

 

 The ROA spectra for AZD4785 in a salt buffer at various concentrations (25 – 150 mg/mL) 

is seen in Figure 3.15. There does not appear to be any peak shifts in the spectra however the 

intensity of the 150 mg/mL sample provides a clearer ROA spectra (of higher intensity) as expected. 

The negative / positive couplet from 1650 – 1700 cm−1 appears stronger in the salt buffer than in 

the water buffer of Figure 3.11, implying the salt buffer may be promoting the formation of ASO 

intra- or inter-molecular interactions.  
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Figure 3.13. Buffer Study: Raman Spectra and PCA Plot for AZD4785 in Water  
compared to AZD4785 in a Salt Buffer 
Raman spectra and PCA plot for AZD4785 in water compared to AZD4785 in 10mM 

HEPES, 100mM NaCl at pH 7.5. Each spectrum is the average Raman spectra from 

a 24-hour period. Averaged and Baselined using the ROA Toolbox on Matlab, as 

per methods. Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 

533nm laser at 1.2W. Each PCA data point is the average Raman Spectra per 1 hr 

of sample acquisition. PC 1 = 99.96%, PC 2 = 0.02% TEV. 
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Figure 3.14. Buffer Study: Raman Optical Activity Spectra for AZD4785 in a Salt Buffer 

ROA spectra for AZD4785 in 10mM HEPES, 100mM NaCl at pH 7.5. The spectrum 

is the accumulative Raman Optical Activity spectra from a 72-hour period. 

Processed and Baselined using the ROA Toolbox on Matlab, as per methods. 

Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 533nm laser at 

1.2W.  
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Figure 3.15. Buffer Study: Raman Optical Activity Spectra for AZD4785 in a Salt Buffer  

at Various Concentrations 

ROA spectra for AZD4785 in 10mM HEPES, 100mM NaCl at pH 7.5 at 

Concentrations 25, 50 and 150 mg/mL. Each spectrum is the accumulative Raman 

Optical Activity spectra from a 72-hour period. Processed and Baselined using the 

ROA Toolbox on Matlab, as per methods. Acquired on a ChiralRaman Spectrometer 

(BioTools Inc) with a 533nm laser at 1.2W.  
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AZD4785 – 150 mg/mL in Buffer 

AZD4785 – 50 mg/mL in Buffer 

AZD4785 – 25 mg/mL in Buffer 
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The Circular Dichroism Spectra of AZD4785, for concentrations 25-150 mg/mL in water, 

are shown in Figure 3.16. Wavelengths 200-360nm are shown. The spectra were acquired on a 

ChiraScan instrument whereby the temperature was stabilised at room temperature 24°C using a 

water controlled system. The intensity of the spectra at 280nm is stronger for the lower 

concentrations of sample, indicating more of a secondary structure at lower concentrations which 

is the opposite of what was expected; however, this peak appears to be artificial and is not related 

to the structure of the ASO. The structure therefore appears from 200-280nm and there seems to 

be a difference in structure between the lower concentration samples (25 and 50 mg/mL) and the 

higher concentration samples (100 and 150 mg/mL) as the curve becomes much sharper at a lower 

concentration. This implies a structural change between concentrations but the technique is not as 

sensitive as Raman spectroscopy.  

 

Circular Dichroism spectra of AZD4785 were similar to those of single nucleotides whereby 

an increase in concentration failed to correlate with an increase in Molar Ellipticity. Overall it seems 

that CD cannot be used to look at small RNA oligos. An unidentified peak at 280nm has plagued 

previous Circular Dichroism spectra of RNA nucleotides as seen in the Nucleotides Chapter. 

Spectra from the AZD4785 sample featured this same peak however when the study was repeated 

by AstraZeneca this peak was absent, therefore it is assumed to be an artefact of the Chirascan 

machine. Nitrogen purging ensures there is no oxygen within the machine to affect the spectra and 

the same cleaning technique (1M Nitric Acid and 5% Decon 90) has been  

Figure 3.16. Circular Dichroism of AZD4785 for Concentrations 25 – 150mg/mL 
Circular Dichroism of AZD4785 at concentrations (converted from mdeg to Molar 

Ellipticity) at wavelengths 200-360nm. A Step of 0.5nm and an acquisition time per 

point of 1 second was used. The Quartz cuvette path length used was 1mm and 

Temperature was stabilised at 24°C. Each spectrum is the average of four repeats.  
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used to remove contaminants. Cuvettes have also been cleaned in Ethanol (70%) and Acetone 

(100%) but this failed to remove the peak. Circular Dichroism spectra of MilliQ water and the sterile 

injection dH2O, provided by AstraZeneca, do not show this peak, it only appears as a feature in a 

spectrum of an RNA nucleotide or oligo.  

As part of a collaboration with Dr Andrew Almond at the University of Manchester 

(Manchester Institute of Biotechnology), a fully solvated molecular dynamics simulation was 

performed on the exact structure of AZD4785. The simulation was performed on one single 

molecule to look at how the chemical modifications might be affecting the intra-molecular 

interactions. From the Raman spectra it has been deduced that there is some sort of minor structure 

that becomes unfolded with pH, however it is not assigned to base stacking or inter-molecular 

interactions. The simulation strongly implied that the chemical modifications may result in the ASO 

sticking to itself at each end. The cEt modifications appear to be ‘sticky’ with the two ends attracting 

each other – whilst the middle unmodified nucleotides tend to have a flexible phosphate backbone 

Figure 3.17. Structures of AZD4785 based on a fully solvated Molecular Dynamics  
  Simulation 
The Secondary Structure of one single independent oligonucleotide / molecule of 

AZD4785 appears to form several different shapes when simulated in an aqueous 

solution (water).  The middle, unmodified, region appears to be more flexible 

encouraging the molecule to reach an Equilibrium of a Globular type structure. Based 

on a fully solvated molecular dynamics simulation performed by Dr Andrew Almond, 

Manchester Institute of Biotechnology. 
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which encourages this folding. The cEt modifications seem to therefore induce a steric hindrance 

to the backbone of the ASO, as the adjacent modified nucleotides attract each other.  

 

 The results from the Molecular Dynamics Simulation are shown as fixed ‘snapshots’ in 

Figure 3.17, it has been modelled in an aqueous buffer however the structures showed the flexible 

middle region of the ASO and the ASO bending in the centre with the two cEt ends attracting each 

other. The Middle diagram shows the cEt ends of the oligo aligning alongside each other and the 

structure does not unfold again once ‘locked’ into this position. This raises the question of whether 

there is Inter-molecular attractions between adjacent AZD4785 oligos, forming what could become 

a type of fibril-like structure at high concentrations.  

 

AZD Compound A 
 

AZD Compound A was analysed using the ChiralRaman only, at 533nm (1.2W). Data was 

collected over a 48-hour period however the first 24-hours showed a large amount of Raleigh 

scattering from fluorescence; spectra became less noisy between 24 and 48 hours of data 

acquisition as it appears the levels of fluorescence depreciated / burnt off.  

 

 Figure 3.18 shows Raman spectra for aqueous AZD Compound A at concentrations 20, 

40, 80 and 160 mg/mL. The spectra are almost identical to those of the spectra for AZD4785, due 

to having the same cEt modifications. The 3x GalNAc side chain does not appear to have much of 

an impact on the Raman spectra, there are two minor peaks at 607 cm-1 and 707 cm-1 which appear 

to be assigned to the 3x GalNAc (based on a SpectraBaseTM spectrum) however the spectra for 

the 3x  GalNAc appears to be disguised / covered by that of the ASO. There is minimal peak shifts 

in the spectra between concentrations, however there is a peak shift from 1666 cm-1 at 160 mg/mL 

to 1659 cm-1 at 20 mg/mL, associated with a broadening of the peak which may be associated (as 

with AZD4785) with a change in conformer of the Purine bases. 

 

 Principal Component Analysis on all 24 spectra acquired for each of the four concentrations 

of AZD Compound A, associated with the Raman spectra in Figure 3.18, is seen in Figure 3.19; 

PC1 = 99.97% of the Total Explained Variance and is associated with a reduction in Raman 

intensity. PC2 = 0.02% and only appears to be associated with fluctuations in the Raman spectra 

of the 160 mg/mL sample (believed to be due to high fluorescence of the higher concentration 

sample).  

 

The PCA confirms there are no concentration dependent peak shifts in the Raman spectra of the 

AZD Compound A samples.  
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Figure 3.18. Raman Spectra for Aqueous AZD Compound A at Concentrations 20 – 160 
mg/mL 

Each spectrum is the average Raman spectra from a 24 hour period between 24-48hrs 

after acquisition. Averaged and Baselined using the ROA Toolbox on Matlab, as per 

methods. Acquired on a ChiralRaman Spectrometer (BioTools Inc) with a 533nm laser 

at 1.2W.  
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NMR of AZD4785 / AZD Compound A  
 

The NMR spectra for both AZD4785 and AZD Compound A have previously been assigned 

by AstraZeneca, however there were no temperature dependent NMR spectra experiments 

undertaken. NOESY spectra were acquired for both ASOs at temperatures 298-330K (24.85℃ –

56.85℃) to observe whether temperature could induce an unfolding of structure, or a reduction of 

intra/inter-molecular attractions due to the cEt modifications. NOESY spectra were acquired as per 

methods, as part of a collaboration with Dr Matt Cliff at the Manchester Institute of Biotechnology. 

    

Figure 3.20 shows the NOESY NMR spectra for AZD4785 at 150 mg/mL at Temperatures 

298-330K (24.85℃ – 165.56℃). The top spectrum (at 298K) shows a small amount of structure or 

association between adjacent bases, most likely inter-molecular interactions between the cEt 

bases. The bottom spectrum (at 330k) shows minimal reduction of nOe signals, the signals 

disappear / weaken as temperatures increase; implying an increased temperature can reduce some 

of the interactions. These interactions are seen in Figure 3.21 (top spectra) which is at a 

physiologically relevant temperature of 310K (36.85℃).  

 

The same reduction in interactions is also seen in Figure 3.22 which is a NOESY NMR 

spectra for AZD Compound A at 160 mg/mL at Temperatures 298-330K (24.85℃ – 165.56℃). The 

AZD Compound A structure also contains cEt modified nucleotides. The NOESY NMR spectra for 

AZD4785 (at a concentration of 150 mg/mL) and AZD Compound A (160 mg/mL) 310K (36.85℃), 

in Figure 3.21 shows structure for both ASOs due to the interactions of the bases. The NOESY 

NMR spectra does not show structural change occurring to the phosphate backbone. 

 

 

  

Figure 3.19. PCA Plot for  
AZD Compound A 
Concentrations 
20-160 mg/mL 

Raman spectra and 

PCA plot for AZD 

Compound A in 

water. Based on 

Raman Spectra in 

Figure 3.17. Each 

PCA data point is the 

average Raman 

Spectra per 1 hr of 

sample acquisition. 

PC 1 = 99.97%, PC 2 

= 0.02% TEV. 
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Figure 3.20. NOESY NMR Spectra for AZD4785 at 150 mg/mL at Temperatures 298-330K  
  (24.85℃ – 56.85℃).  
NOESY spectra recorded on a Bruker 800MHz AVIII Spectrometer equipped with a 

TCI-H-C/N-cryoprobe with z-gradients. Spectra were recorded at 298K, 310K and 

330K to induce the unfolding of any secondary structures.  

AZD4785 – 298K / 24.85℃ 

AZD4785 – 330K / 165.56℃ 
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Figure 3.21. NOESY NMR Spectra for AZD4785 (150 mg/mL) and AZD Compound A  (160 
mg/mL)  

at 310K (36.85℃).  
NOESY spectra recorded on a Bruker 800MHz AVIII Spectrometer equipped with a 

TCI-H-C/N-cryoprobe with z-gradients. Spectra were recorded at 310K to imitate 

the structure at Body Temperature.   

AZD Compound A  – 310K/ 36.85℃ 

AZD4785 – 310K/ 36.85℃ 
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Figure 3.22. NOESY NMR Spectra for AZD Compound A at 160 mg/mL at Temperatures 
298-330K (24.85℃ – 56.85℃).  

NOESY spectra recorded on a Bruker 800MHz AVIII Spectrometer equipped with a 

TCI-H-C/N-cryoprobe with z-gradients. Spectra were recorded at 298K, 310K and 

330K to induce the unfolding of any secondary structures.  

AZD Compound A – 330K/ 165.56℃ 

AZD Compound A  – 298K / 24.85℃ 
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Small Angle X-Ray Scattering of AZD4785  
 

SAXS analysis has previously discussed in the Methods chapter, the data presented here 

is for AZD4785. Data analysis has been performed using SCÅTTER (Rambo, 2019) and the ATSAS 

suite of programs has been used for bead modelling of the overall structure (Franke et al, 2017). 

Different experimental conditions are used for the study of AZD4785 including buffer (Figure 3.23) 

and temperature (Figure 3.24) changes. Any change in the Radius of Gyration (Rg) between 

samples may indicate a change in structure.  

 
Figure 3.23 shows the scatter intensity graph for AZD4785 at concentrations in the range 

0.05 mg/mL – 150 mg/mL in dH2O. The data has not been baselined (the water background has 

not been removed) and is acquired at room temperature (~23℃). There appears to be a shift in the 

X-axis as the drug moves to a lower concentration, implying a change in structure is occurring; 

there is however a large structure factor in the Low q- region for all samples (indicating inter-

molecular interactions or aggregation of the sample) which could affect analysis of the data. 

A change of buffer to a Salt solution (10mM HEPES 100mM NaCl at pH 7.5) was tested to 

try to reduce the structure factor affecting the SAXS data. Figure 3.24 shows the scatter intensity 

graph for AZD4785 in water compared to AZD4785 in a salt buffer at both ~23℃ and 36℃. There 

appears to be a change in structure when the ASO is moved into a salt environment however the 

structure factor persists; this indicates that the change in the scatter curve visible as concentration 

is lowered is most likely due to structure factor between adjacent ASOs rather than conformational 

change as a result of concentration. This supports Raman analysis that no change in structure 

occurs with concentration change.  

However, the change in structure when AZD4785 is moved into a salt environment proved 

interesting, this is because the drug is currently supplied for injection in a water buffer but will be 

surrounded by physiologically relevant salts (and at a physiologically relevant pH) within the body. 

Of interest was also how the temperature change between the environment (~23℃) and the body 

(36℃) affects the structure of the ASO - two separate SAXS experiments were therefore performed 

to identify the change in structure with buffer change and temperature.  

The scatter curves for AZD4785 in a salt buffer at both ~23℃ and 36℃ are seen in Figure 

3.25. The scatter curves are not buffer subtracted however a shift in the x-axis occurs at higher 

temperatures, perhaps indicating an elongation of structure at the higher temperature. Any change 

in structure can typically be confirmed by calculating the Radius of Gyration, however due to the 

structure factor the analysis proved difficult at all concentrations; it was found that 3.125 mg/mL 

was the best data set to use for R(g) calculation and this line is indicated in Red. 

The Guinier fitting for AZD4785 in water is first seen in Figure 3.26, using the data set with 

a concentration of 0.3 mg/mL (acquired at ~23℃). Analysis gave a small R(g) of 16.48 Å. The first 

63 data points were removed to remove the Low q- region affected by the structure factor.  
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Figure 3.24. Scatter Intensity Graph for AZD4785 Buffer Comparison 
Scatter intensity graph for AZD4785 at 50 mg/mL at room temperature (~23℃) in 

water and salt buffer, as well as at ~36℃ in salt buffer (10mM HEPES, 100mM NaCl 
at pH 7.5).  The background buffer has been subtracted. 
 
 

AZD4785 (~23℃) in Water 
 
AZD4785 (~23℃) in Salt Buffer 
 
AZD4785 (~36℃) in Salt Buffer 

 

Figure 3.23. Scatter Intensity Graph for AZD4785 Concentration Comparison 
Scatter intensity graph for AZD4785 at room temperature (~23℃) in water. 
Produced using SCÅTTER. The 0.325 mg/mL sample used for further analysis 
(calculation of Rg) is seen in Red. Not buffer subtracted. 
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Figure 3.25. Scatter Intensity Graphs for AZD4785 at ~23℃ (Top) and ~36℃ (Bottom) 

Scatter intensity graph for AZD4785 at room temperature (~23℃) (Top) and Heated 

(~36℃)(Bottom) in salt buffer (10mM HEPES, 100mM NaCl at pH 7.5). Produced 
using SCÅTTER. The 3.125 mg/mL sample used for further analysis is seen in Red. 
The buffer backgrounds have been subtracted however there was poor buffer 
subtraction.  
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Figure 3.26. Guinier Fitting and Guinier Peak Analysis for AZD4785 in dH20 
Analysis using SCÅTTER on SAXS data for AZD4785 at room temperature (~23℃) in water at a 

concentration of 3.125 mg/mL. Analysis gave an Rg of 16.48 Å.  

 

Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 

corresponding residuals plot (residual data circles are seen in Black) with the line of best fit shown 

in Red. Data points 63-326 were used and ‘q x Rg’ Limits were : 000.3442 to 001.2987.  

 

Bottom - Guinier Peak Analysis. Data points 63-326 are Fitted (seen as red circles) and the data 

points excluded by Guinier fitting (All) are seen as light grey circles. The dashed red line shows 

the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier peak indicated at 1.5 

(q Rg)2 by the pale grey dashed line).  
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As previously discussed, molecular dynamics simulations (By Dr Andrew Almond) seemed 

to imply that the AZD4785 structure could become slightly globular by curling up on itself and 

forming intra-molecular interactions between the 5’- and 3’- ends. Therefore, Guinier peak analysis 

was performed to assess how spherical the structure was in solution. 

Guinier peak analysis plots are created by transforming the Guinier region into a peak by 

multiplying both sides of the Guinier approximation by q (Putnam, 2016). The characteristic curve 

shown via the Red dashed line in Figure 3.26 is the Guinier peak analysis plot for an ‘ideal’ perfect 

sphere, with the peak at 1.5 q-Rg2 highlighted by the intersect of the grey dashed lines. The data 

for AZD4785 in water at 0.3 mg/mL is plotted and shown as very faint circles, with only the data 

points used for Guinier fitting shown contrasted (in this case as red circles) and labelled as ‘fitted’. 

The structure does not appear to be spherical but does show some degree of folding that would not 

have been expected for an elongated oligomer of RNA, supporting the conclusion that this oligo in 

solution has an intra-molecular secondary structure. This is in addition to the inter-molecular 

interactions between adjacent oligos that is being observed as a structure factor in the data sets. 

The R(g) for AZD4785 (3.125 mg/mL) in a salt buffer at ~23℃ is seen in Figure 3.27 

alongside the corresponding Guinier Peak analysis. An R(g) of 16.55 Å has been calculated. The 

Guinier peak analysis suggests more of a globular structure again, matching the ideal fitting line 

(seen as a dashed red line) well.  The R(g) for AZD4785 (3.125 mg/mL) in a salt buffer at 36℃ is 

seen in Figure 3.28 alongside the corresponding Guinier Peak analysis. An R(g) of 16.62 Å has 

been calculated. Again, the data fits the Guinier peak analysis ideal line for a spherical structure 

well. The degree of flexibility has not been determined for this as a ss-RNA flexible structure. 

The real space R(g) determination for all three experimental conditions is seen in Figure 

3.29. For all samples, a large amount of data points were removed from the Low q region again to 

remove the structure factor. A real space radius of gyration gives a much more accurate size of the 

structure discussed in the methods section. The left hand graphs show the normalised P(r) 

distribution function and the right hand graphs show the one-dimensional scattering curves (with 

the water baseline removed) with a solid red line indicating the Indirect Fourier Transform from the 

P(r) distribution (Roessle, 2012). The real space R(g) and Dmax (Chi2) for each sample were as 

follows:  

AZD4785 – dH2O - 23℃ :               R(g): 16.26 Å       Dmax: 56 Å       Chi2: 0.99 

AZD4785 – Salt Buffer - 23℃ :          R(g): 16.75 Å       Dmax: 63 Å       Chi2: 0.53 

AZD4785 – Salt Buffer - 36℃ :          R(g): 18.23 Å       Dmax: 66.5 Å    Chi2: 0.84 

The difference in Dmax (therefore a change in the length of the oligo) as the sample is moved into 

a salt buffer and again as the sample is heated, implies a small change in structure. Chi2 values 

were low (<1) due to the removal of data from the structure factor and a poor buffer subtraction as 

the samples are believed to contain some ethanol from the manufacturing process prior to freeze-

drying and re-suspending in a salt buffer.  
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Figure 3.27. Guinier Fitting and Guinier Peak Analysis for AZD4785 in a Salt Buffer at 23℃ 
Analysis using SCÅTTER on SAXS data for AZD4785 at room temperature (~23℃) in salt buffer 
(10mM HEPES, 100mM NaCl at pH 7.5) at a concentration of 3.125 mg/mL. Analysis gave an Rg 
of 16.55 Å. 
 
Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 
corresponding residuals plot (residual data circles are seen in Black) with the line of best fit shown 
in Red. Data points 68-438 were used and ‘q x Rg’ Limits were : 000.3092 to 001.6557.  
 
Bottom - Guinier Peak Analysis. Data points 68-438are Fitted (seen as green circles) and the 
data points excluded by Guinier fitting (All) are seen as light grey circles. The dashed red line 
shows the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier  peak indicated 
at 1.5 (q Rg)2 by the pale grey dashed line).  
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Figure 3.28. Guinier Fitting and Guinier Peak Analysis for AZD4785 in a Salt Buffer at 36℃ 
Analysis using SCÅTTER on SAXS data for AZD4785 at ~37℃ in salt buffer (10mM HEPES, 
100mM NaCl at pH 7.5) at a concentration of 3.125 mg/mL. Analysis gave an Rg of 16.62 Å. 
 
Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 
corresponding residuals plot (residual data circles are seen in Black) with the line of best fit shown 
in Red. Data points 197-444 were used and ‘q x Rg’ Limits were : 000.7431 to 001.6849..  
 
Bottom - Guinier Peak Analysis. Data points 68-438are Fitted (seen as green circles) and the 
data points excluded by Guinier fitting (All) are seen as light grey circles. The dashed red line 
shows the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier  peak indicated 
at 1.5 (q Rg)2 by the pale grey dashed line).  
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Figure 3.29. Calculating a Real Space Radius of Gyration for AZD4785 ASO’s 
Real space radius of gyration analysis for AZD4785 at room temperature (~23℃) in 

water and salt buffer, as well as at 36℃ in salt buffer. Analysis is performed in 
SCÅTTER. The buffer has been subtracted but data may be affected by poor 
subtraction. 
 
Left: The left-hand graphs show the normalised pair-distance distribution function 
representing the real space distance probabilities (using a modification of the Moore 
function for transforming the data to real space) (Rambo, 2019).  
 
Right: The right-hand graphs show the one-dimensional scattering profiles and 
scattering vectors as a function of q (log10 I(q) vs q2). The solid red line is the Indirect 
Fourier Transform (IFT) from the pair-wise distribution function (Roessle, 2012).  
 
 

AZD4785 (~23℃ in dH2O) at 3.125 mg/mL: 
Start: 70   End: 1500   I(0): 2.97E-3   Dmax = 56Å    Rg = 16.26  Å   Chi2 = 0.99 

AZD4785 (~23℃ in a Salt buffer) at 3.125 mg/mL: 
Start: 68   End: 1500   I(0): 1.07E-2   Dmax = 63Å   Rg = 16.75 Å   Chi2 = 0.52 

AZD4785 (~36℃ in a Salt Buffer) at 3.125 mg/mL: 
Start: 187   End: 1659   I(0): 2.32E-2   Dmax = 66.5Å   Rg = 18.23 Å   Chi2 = 0.84 
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  Bead model simulations were performed with DAMMIF/ATSAS suite of programs based 

on the SAXS data acquired and the calculated real space R(g) and Dmax values. Figure 3.30 shows 

the bead model simulation of AZD4785 in water. Each of the three figures is a separately generated 

bead model based on the average of 7 independent DAMMIF runs. The hydrophobic surface is 

shown and it appears that the bead modelling is able to establish a separation between different 

sections of the ASO, in this case the three separate sections are visible with the two ends appearing 

to move closer towards each other, resembling the predicted intramolecular interaction of the ASO. 

This bead model provides a visualisation of the AZD4785 structure in which it is possible to see 

that the model appears to be split into three attached ‘sections’ of oligo, just as the oligo itself is 

split into three sections: 5’- and 3’- modified ends surrounding a central unmodified region. The 

unmodified central nucleotides have more conformational flexibility than the 5’- and 3’- ends of the 

oligo which contain cEt modified nucleotides with the Ribose fixed into a position C3’-endo position 

(providing rigidity to the ends of the oligo). 

  

 Bead model simulations (hydrophobicity surfaces, as above) for AZD4785 in a salt buffer 

at ~23℃ and 36℃ are seen in Figure 3.31; at both temperatures, in a salt buffer, the structure 

appears to be more rigid and elongated than that of the structure of the ASO in water. The 

elongation of structure from 56 Å in length for AZD4785 in Water to 63 Å in length for AZD4785 in 

salt buffer supports previous suggestions that the salt buffer is weakening any electrostatic or intra-

molecular interactions that were previously occurring between the two ends of the oligo. As seen in 

Figure 3.31, for AZD4785 in Salt buffer there appears to still be flexibility in the central unmodified 

region but the three clearly defined sections seen in AZD4785 in water, attributed to the chemical 

modifications, are no longer as clearly visible; the structure appears to be less rigid. 

 

As seen in Figure 3.31, the structure of AZD4785 in a Salt buffer appears, using bead 

modelling, to be slightly more elongated at a temperature of 36℃ as opposed to a temperature of 

~23℃; the observation isn’t clear however and the change in elongation is predicted to be only 

around 3.5 Å based on a Dmax of 63 Å for the room temperature sample (~23℃).and 66.5 Å for the 

heated sample (36℃). The slight changes in structure seen in Figure 3.31 are most likely due to 

the increase in thermal energy encouraging flexibility of the structure, however the backbone 

conformation of the Ribose ring (modified cEt nucleotides) again appears to be keeping the 

structure rigid as it does not appear to be forming a globular structure in solution. 

  

 Although Raman spectra showed no change in structure with concentration change, the 

SAXS data can be interpreted to suggest that at all concentrations there are inter-molecular 

interactions between adjacent oligos; the structure factor seen in the Low q region persists from 

very low to very high concentrations of ASO. One reason for this could be the sheer-stress induced 

by the SAXS sampling column. A fibril like structure between adjacent ASOs could also form as the 

drug moves through a thin needle or a human circulatory/capillary system, which may be causing 



199 
 

the structure factor seen in the Low q- regions of the SAXS data. Furthermore, in aqueous samples 

there appears to be intra-molecular interactions causing a slight conformational flexibility that could 

induce a globular type structure. At lower concentrations in the aqueous ASO sample, this globular 

structure is indicated by the smaller R(g) value and can be seen in the bead model simulations. 

 

The increasing R(g) sizes between samples indicate that inter-molecular interactions (as 

opposed to intra-) appear to be favoured in salt conditions due to the conformational rigidity of the 

ASO, which would allow for it to line-up alongside adjacent ASOs. This gives implications for the 

use of ASOs in physiologically relevant buffers whereby sheer stress can be induced.  

 

 

 

  

Figure 3.30. Bead Model 
Simulation of AZD4785 in 
Water 
 
Hyrdrophobic surface 

simulation of AZD4785, pH 

7.3 in dH2O, produced with 

the ATSAS suite of programs 

based on SAXS data 

acquired at a concentration 

of  3.125 mg/mL, as 

discussed in Methods. Each 

figure is a separately 

generated bead model and 

shown in different colours to 

distinguish this fact. 

The molecule is around ~ 56 

Å in length (longitudinal axis) 

with a Radius of Gyration of 

16.26 Å (Chi2 = 0.99). 
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             Room Temperature (~23℃)                 

Figure 3.31. Bead Model Simulations of AZD4785 in a Salt Buffer at 23℃ and 36℃ 
Hydrophobic surface simulations (from bead models) of AZD4785, pH 7.3 in a salt 

buffer (10mM HEPES, 100mM NaCl at pH 7.5), produced with the ATSAS suite of 

programs based on SAXS data acquired at a concentration of 3.125 mg/mL, as 

discussed in Methods. Each figure is a separately generated bead model and shown 

in different colours to distinguish this fact. 

At a room temperature of ~23℃, the sample gives a Radius of Gyration of 16.79 Å 
and a Dmax of 63 Å (Chi2 result of 0.5). 
 
At an increased temperature of 36.5℃ the sample gives a Radius of Gyration of 
18.23 Å and a Dmax of 66.5 Å (Chi2 result of 0.84). 
 
 

           Heated (36℃)                 
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Small Angle X-Ray Scattering of AZD Compound A 
 

 The scatter intensity graph for AZD Compound A is shown in Figure 3.32 (not buffer 

subtracted). AZD Compound A structure has been discussed and is similar to that of AZD4785, but 

with the addition of a 3x GalNAc chain. There appears to be a change in structure as the 

concentration is reduced however Raman data suggests there is no change in conformation / 

structure with concentration. There is a strong structure factor affecting the data again, as with 

AZD4785, and so the first 104 data points are removed for Guinier fitting. 

  

Guinier fitting of AZD Compound A in water at a concentration of 1 mg/mL gives an Rg of 

19.8 Å (as seen in Figure 3.33). The length of AZD4785 for comparison is 16.48 Å.  This implies 

that the 3x GalNAc chain is ‘tucked in’ underneath the AZD Compound A oligo, rather than sitting 

linearly alongside it; this could indicate some sort of attraction between the 3’- end of the oligo and 

the 3x GalNAc chain. This would support NMR NOESY data showing a slight breakdown of 

structure at higher temperatures.  

 

 A real space R(g) has been calculated (as seen in Figure 3.34) at 21.49 Å with a Dmax of 

72 Å (Chi2 = 0.8). An increased Chi2 (>1) cannot be achieved due to the structure factors affecting 

the sample at all concentrations.  For comparison, the Dmax of AZD4785 in water was 56 Å.  

 

Figure 3.36 shows AZD Compound A in water from the 1 mg/mL data when no symmetry 

is enforced during DAMMIN/F bead modelling (run in P1). Each of the individual figures is a 

separately generated bead model based on the average of 7 independent DAMMIF runs. As 

expected, it is possible to see that AZD Compound A closely resembles AZD 4785 with three 

separate ‘domains’ of the oligomer due to the chemical modifications to the ASO. The 3x GalNac 

side chain can be seen on the left-hand side of the structures, showing it is not sticking or attracted 

in any way to the ASO RNA oligo and therefore should not inhibit binding to the target mRNA. The 

GalNac side chain seems to be flexible in solution but does not fold up into itself at all. As the same 

modifications seen on AZD4785 are seen on the ASO of AZD Compound A, it can be assumed that 

the structure factor persists down to 0.125 mg/mL for the same reasons – inter-molecular sheer 

stress (at higher concentrations) and intra-molecular interactions as well as sheer stress at lower 

concentrations. Not enough sample was provided to be able to look at the effect of salt on AZD 

Compound A as the SAXS technique is destructive and samples are unable to be salvaged.   
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Figure 3.32. Scatter Intensity Graph for AZD Compound A 
Scatter intensity graph for AZD Compound A at room temperature (~23℃) in water. 
Produced using SCÅTTER. Concentrations from 160 mg/mL (Black) to 0.125 
mg/mL (pale Pink). The 1 mg/mL sample used for further analysis is seen in Blue. 
Concentrations: 0.125, 0.25, 0.5, 1, 5, 10, 15, 20, 40, 80 and 160 mg/mL. Buffer has 
been subtracted.  
 

Figure 3.34. Calculating a Real Space 
Radius of Gyration for AZD Compound A 
– 1 mg/mL 
 
Real space radius of gyration analysis for 
AZD Compound A at room temperature 
(~23℃) in water (buffer subtracted). Analysis 
using SCÅTTER gave an Rg of 21.49 Å and 
a Dmax of 72 (Å), Chi2 = 0.8. 
 
Parameters: Data points Start at 160 and 
End at 1400. 

 
Top: The left-hand graph shows the 
normalised Pair-distance distribution function 
representing the real space distance 
probabilities (using a modification of the 
Moore function for transforming the data to 
real space) (Rambo, 2019).  

 
Bottom: The right-hand graph shows the 
One-dimensional scattering profile (the log to 
the base 10) and scattering vectors as a 
function of q (log10 I(q) vs q2). The solid red 
line is the Indirect Fourier Transform (IFT) 
from the pair-wise distribution function 
(Roessle, 2012).  
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Figure 3.33. Guinier Fitting and Guinier Peak Analysis for AZD Compound A 
Analysis using SCÅTTER on SAXS data for AZD Compound A at room temperature (~23℃) in 
water at a concentration of 1 mg/mL. Analysis gave an Rg of 19.8 Å. 
 
Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 
corresponding residuals plot (residual data circles are seen in Black) with the line of best fit shown 
in Red. Data points 104 – 410 were used and ‘q x Rg’ Limits were : 000.5254 to 001.8676.  
 
Bottom - Guinier Peak Analysis. Data points 68-438are Fitted (seen as Purple circles) and the 
data points excluded by Guinier fitting (All) are seen as light grey circles. The dashed red line 
shows the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier  peak indicated 
at 1.5 (q Rg)2 by the pale grey dashed line).  
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Figure 3.35. Ribbon and Bead Model Simulations of AZD Compound A in Water – without  
Symmetry 

 
Structure of AZD Compound A, pH 7.2 in dH2O, produced with the ATSAS suite of 

programs based on SAXS data acquired at a concentration of 1 mg/mL, as discussed in 

Methods.  

Hydrophobicity surface (left) and DAMMIF ribbon models (right) are shown. Each figure is 

a separately generated bead model and shown in different colours to distinguish this fact. 

The modelling was run on DAMMIN/F in P1 to avoid enforcing symmetry. 

It is possible to see the structure of the Antisense Oligonucleotide on the right (with three 

separate modified components as previously discussed) with a 3x GalNac side chain on 

the left of each ASO structure.   

Each molecule of AZD Compound A is around ~ 72 Å in length with a Radius of Gyration 

of 21.49 Å (Chi2 = 0.8).  
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Conclusion and Discussion 
 

Having the opportunity to apply the spectra library results to two AstraZeneca 

oligonucleotide drugs has delivered some interesting results.  

Acquiring the Raman spectra of a solid sample of AZD4785 was a great opportunity to 

identify key peaks that may be affected by peak broadening, noise, or affected by the solubility of 

the sample in an aqueous solution. However, AZD4785 provided a nice Raman spectra for an 

aqueous sample at a very high concentration of 150 mg/mL; this sample became increasingly noisy 

at lower concentration, but the key peaks could still be identified to show that no change of structure 

occurred with a change in concentration. Whether there was no structure to identify, or a very stable 

structure which was not affected by concentration, was then to be determined.  

 
It seemed likely that any structure would be forced to break down at either an extreme low 

or high pH, breaking any intermolecular hydrogen bonds. The spectral features for the Acid and 

Alkali induced destabilisation / denaturation of AZD4785 were shown to be sufficiently different, 

indicating that the two ‘denatured’ forms observed were different. However, the ROA spectra, with 

strong patterns of chirality and of a good quality, indicated that the conformations were stable and 

there were minimal peak shifts. The acid and basic forms of AZD4785 were therefore found to be 

misfolded in some way, but still ordered and structured to a degree in which it was still possible to 

acquire chiral spectra – this could imply that the acid and basic forms of AZD4785 are showing 

different intra / inter-molecular interactions.  

Molecular Dynamics Simulations by Dr Andrew Almond seemed to indicate the potential 

for an intramolecular interaction between the 5’ and the 3’- ends of the oligo. This simulation was 

performed on a single molecule of AZD4785 and therefore it was questioned as to whether the 

‘stickiness’ attributed to the cEt nucleotides could also affect inter-molecular interactions between 

adjacent ASOs. SAXS was used to determined the overall structure of the AZD4785 samples to 

directly identify changes in R(g) associated with changes in the length of the oligo. AZD4785 was 

confirmed to form a globular type structure at low concentrations. At higher concentrations, SAXS 

data of AZD4785 showed the structure was affected by a ‘structure factor’ in the Low q regions, 

attributed to inter-molecular interactions; these interactions persisted at lower concentrations and 

therefore were assumed to be related to the chemical modifications (as shown in the molecular 

dynamics simulations). 

AZD4785 was resuspended into a salt buffer to identify whether any secondary structure 

changes occurred compared to the original water buffered sample – it was hoped that the inter-

molecular bonds may separate to remove the structure factor affecting the SAXS data of AZD4785 

in water. Raman could not identify any large changes in structure between the two samples. 

However, SAXS was able to show an extension of the length and increased rigidity of the ASO in 

a salt buffer; this was further increased at physiologically relevant temperatures.  
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Extension or elongation of an oligomer in a salt buffer is not an uncommon phenomenon. 

A recent SAXS experiment on an RNA Helix-Junction-Helix construct also showed a surprising 

extension of RNA conformation when dissolved in a high salt buffer (Chen, 2019). The elongation 

of a DNA homopolymer of Thymidine when in the presence of a salt buffer has also been seen 

using SAXS (Sim, 2012). SAXS has previously been used to compare a ssDNA homopolymer Poly-

T with a ssRNA homopolymer Poly-U in various ionic strengths of NaCl buffer; Despite Poly-T 

having a longer starting ‘length’ of oligo (due to the C’2 endo conformation of the Ribose ring in 

DNA), at all ionic strengths measured, Poly-U had a longer ‘persistence length’. Poly–U was shown 

to maintain the same conformational length for longer than Poly–T did, most likely due to the 

intrinsic stiffness and the electrostatic repulsion within the chain (a mix of C2’- and C3’- endo Ribose 

rings) (Chen, 2011). This is an example of how the backbone conformation of DNA oligos has been 

identified by SAXS to have more flexibility at higher ionic strengths than that of the RNA backbone. 

Studies of AstraZeneca ASOs have shown that SAXS can be used to observe the rigidity 

and inter/intra-molecular interactions of an ASO under different physiologically and 

pharmaceutically relevant conditions; Figure 3.36 (AZD Compound A bead-models) also shows it 

can be used to look at the intramolecular relationship of an ASO and its modifications (e.g. GalNac 

side chains) which may affect the efficacy and binding affinity of an ASO. It is also an example of 

SAXS supporting the primarily Raman spectroscopy led identification of a structure. SAXS has a 

key benefit of being able to visualise the structure of an ASO, which would provide an advantage 

to any presentation of data for scientists or laymen unfamiliar with Raman or NMR spectra. 

The AZD Compound A results confirmed that a similar structure factor was affecting this 

oligo; not surprising, considering the modifications of the two drugs are identical with the exception 

of AZD Compound A having an additional 3x GalNAc group for receptor targeting. The 3x GalNAc 

group appears very flexible and it is likely that it can form a number of different conformations; the 

OH groups on the three terminal rings of the 3x GalNAc group could possibly hydrogen bond to the 

O or N within ring systems of the ASO nucleotides, depending on the orientation of the individual 

nucleotides.  

NMR NOESY spectra of both AZD4785 and AZD Compound A support SAXS data 

suggesting a stereochemical change in both samples, with the nOe signals disappearing / 

weakening as the temperature is increased. It may be worth-while, for any future experiments on 

cEt modified ASOs, to focus on the impact of cEt nucleotides on the inter-molecular associations 

between ASOs at high concentrations, particularly as a result of sheer stress. Experiments to 

recreate the physiologically relevant environment of a capillary would be crucial for any ASOs 

intended for intra-venous delivery. Also of interest would be to investigate how the sheer stress 

induced by an ASO delivery system (Needle) would affect the structure.  
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Results Chapter 4: Cowpea Mosaic Virus  

 

Introduction  
 

An Introduction to Cowpea Mosaic Virus 
 

As part of the PhD, a collaboration was organised to look at the conformation of ssRNA 

within a Cowpea Mosaic Virus (CPMV) particle with the George Lomonossoff group at the John 

Innes Centre, Norwich, UK. This expands on work previously undertaken by Blanch et al (2002). 

CPMV is a member of the order Picornavirales, Secoviridae family, and primarily infects the 

Cowpea plant native to semi-arid regions including the African continent (which accounts for 66% 

of the world production) and Latin America. As the insect vectors for CPMV are not present, it is 

therefore de-regulated within the UK (Hesketh et al, 2017). The host used for CPMV experiments 

for this study is Nicotiana benthamiana; this species is a close relative of tobacco and is widely 

used for plant virology studies as it is susceptible to infection from a diverse range of plant viruses 

(Goodin, 2008).  

 

Cowpea Mosaic Virus (CPMV) is well studied and the structure of the naturally empty 

CPMV particle has been defined in-depth (see Figure 4.1); the 3-D structures of all 3 natural CPMV 

components have been determined by both X-Ray crystallography and Cryo-Electron Microscopy 

and are described in numerous papers of which the collaborator for this study, Professor George 

Lomonosoff (John Innes Centre), is a named author (e.g. Hesketh, 2017., Hesketh, 2015). A 

Figure 4.1. Cowpea Mosaic Virus and Components 

On the left is a representation of the crystal structure of CPMV, generated from PDB 

3D NGL viewer (Rose et al, 2015) showing an icosahedral capsid structure ~30nm in 

diameter; based on a PDB entry from Lin et al, 1999. It is composed of 60 copies of 

both Large and Small coat proteins. The Capsid contains both RNA-1 and RNA-2 and 

can be separated into components for analysis on a Caesium Chloride or Nycodenz 

gradient gel. 

On the right is shown a Schematic of the CPMV components separated for analysis, 

adapted from Figure 1 from Hesketh et al, 2017. The Top ‘empty’ component is the 

virus capsid as seen on the left. 

Top 
Empty 
  
 
 
Middle 
Contains RNA-2 
 
 
Bottom Upper  
Contains RNA-1  
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protocol for producing synthetic empty virus like particles (eVLPs) was developed by Professor 

Lomonossoff and the structure was shown to be identical to that of the natural CPMV virus, with the 

exception that additional amino acids at the C-terminus of the S-protein could be resolved. This 

chapter looks at both CPMV and eVLPs.  

 

The CPMV Genome and Components 
 

 CPMV has a bipartite genome which is separately encapsidated: RNA-1 is around 6kb in 

length (5889 nucleotides, 34% of the particle mass) and RNA-2 is around 3.5kb (3481 nucleotides, 

24% of the particle mass). RNA-1 encodes a single large polyprotein, whilst RNA-2 encodes for two 

carboxy co-terminal capsid proteins. A schematic of the genomes is seen in Figure 4.2. The 

polyproteins from both RNA-1 and RNA-2 are proteolytically cleaved (by the RNA-1 encoded 24-

kDa proteinase, 24K) into different proteins associated with formation of the CPMV capsid, 

replication and encapsidation of RNA (Carette, 2002). The 32K Protease co-factor is required for 

cleavage of RNA-2. RNA-2 encodes the Movement Protein (for moving from cell-to-cell), Large coat 

protein and Small coat protein; 60 copies of both the small and large coat proteins are used to form 

the viral capsid. RNA-1 24kDa viral proteinase also processes the precursor polyprotein (VP60) of 

the two coat proteins as seen in Figure 4.2. 

 

Examples of CPMV proteins include VPg and a 32K protein, both are labelled on Figure 

4.2. The central region of RNA-1 encodes for a 112K precursor, cleavage of this produces a Viral 

protein (VPg) which is believed to be required for RNA encapsidation. The 32K protein is involved 

in replication and associates with membranes derived from the Endoplasmic Reticulum (Carette, 

2002). It has been suggested that the protease cofactors and helicase target the replication 

complexes – causing them to physically associate with the host endoplasmic reticulum (ER) 

membrane; this physical association can cause the ER to produce small vesicles where viral RNA 

synthesis take place (Carette, 2002). A further 48K protein is involved in cell-to-cell movement of 

the virus (Kruse, 2019). 

Also discussed in this chapter are pEAQ/pHREAC constructs, GFP samples and VP60:  

• pEAQ – some functions are expressed from a pEAQ vector / plasmid for the production 

of recombinant proteins in plants without the need for viral replication; this vector 

includes a P19 suppressor of silencing. pEAQ-HT-VP60 plasmids therefore express 

the coat protein precursor when RNA-2 is absent. pEAQ vectors are often used in 

agroinfiltration of CPMV leaves (Peyret, 2013). 

• pHREAC – some functions are expressed from a pHREAC vector (Peyret et al, 

manuscript in revision) based on the concept of using a non-CPMV 5’- UTR to allow 

expression but avoid packaging of RNA as described in Kruse et al, 2019. pHREAC-

VP60 will therefore generate RNA but this RNA is not packaged inside the particles.  
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• VP60 – VP60 is derived from RNA-2 and acts as a precursor for the two viral coat 

proteins (L and S). It can be expressed from pEAQ or pHREAC.  

• GFP - The GFP construct encodes for Green Fluorescent Protein and contains wild-

type 5’- and 3’- UTR’s from RNA-2 which play a crucial role in RNA packaging by 

allowing replication. The production of GFP can be easily identified using UV-light.  

CPMV preparations can be fractionated into the individual components by centrifugation 

on Nycodenz or Caesium Chloride (CsCl) density gradients (Blanch et al, 2002), as seen in Figure 

4.1. The top component is devoid of RNA (consisting only of Viral coat) however the Middle 

component contains RNA-2 and the Bottom-Upper component contains RNA-1 (Blanch et al, 2002).  

 

Virus-like particles (VLPs) of CPMV, devoid of RNA, have been produced by the 

Lomonossoff group but have not yet been studied using Raman spectroscopy. VLPs require only 

the RNA-1 derived 24-K containing protein and RNA-2 encoded coat protein precursors (VP60) for 

their production, as seen in Figure 4.2; they are therefore devoid of RNA-1 and RNA-2 and are 

considered ‘Empty’ VLPs (eVLPs) (Saunders et al, 2009). RNA packaging is thought to be 

supported by a segment of the CPMV capsid S coat proteins, called the C-terminal tail; this tail is 

composed of 24 amino acids (Hesketh, 2015) which play a role in capsid assembly and systemic 

movement of the virus (Meshcheriakova et al, 2019). However, the tail can be proteolytically 

cleaved following maturation of the virus leaving the viral structure intact (Hesketh, 2015). Our 

Figure 4.2. Cowpea Mosaic Virus (CPMV) Genome 

Figure adapted from Kruse et al, 2019, shows the key features of the CPMV 

genome: RNA-1 and RNA-2 alongside an example Green Fluorescent Protein 

(GFP) construct and VP60 as used in these experiments. RNA-2 encodes for the 

Movement protein (MP), Large coat protein (L) and Small coat protein (S). 
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collaborator has used recombinant empty virus-like particles to better retain the C-terminal segment 

for better imaging with cryo-electron microscopy.  

 

The constructs used for the GFP section of this chapter have been dependent on studies 

published in Kruse et al, 2019. The constructs used to produce CPMV VLPs containing GFP contain 

pEAQ RNA-1-int, pEAQ-GFP construct (surrounded by 5’- and 3’- UTR’s based on RNA-2 

sequences) and a pHREAC-VP60 vector (to be published - Peyret, 2019). This experiment used 

pHREAC-VP60 rather than a previously used pEAQ-HT-VP60-24K vector. A pEAQ plasmid 

contains a P19 silencing suppressor cassette and is discussed in Kruse et al, 2019. This construct 

was changed to a pHREAC construct (details to be published by Peyret and Lomonossoff et al, 

2019) as 24K refers to a protease needed for cleaving the VP60 to the mature L and S coat proteins. 

However, the 24K sequence occurs in the RNA-1 encoded polyprotein and so including it with VP60 

is not necessary when RNA-1 is present. Another advantage of using pHREAC-VP60 rather than 

pEAQ-VP60 is that the RNA transcribed from it cannot be encapsidated, since it is not replication-

competent. Studies using pEAQ-VP60, which retains residual replication capability, showed that 

VP60 mRNA-containing particles contaminated the preparations of GFP mRNA particles – this is 

discussed in the results and published by Kruse et al, 2019.  

 

Previous Raman Studies on Cowpea Mosaic Virus 
 

Raman spectra  have been acquired for this chapter for the Wild-type (WT) CPMV virus as 

well as the four separate Top (T), Middle (M) and Bottom components. Several peaks in the Raman 

and ROA spectra of CPMV components have previously been identified by Blanch et al (2002) 

providing a foundation for this study. Figure 4.3 from Blanch et al, 2002, demonstrates that it is 

possible to subtract the spectra of the ‘Top’ component from the spectra of the ‘Middle’ and ‘Bottom-

Upper’ components; doing so results in a Raman spectrum consisting only of peaks related to RNA; 

These spectra appear similar to those of Synthetic RNA.  In Table 4.1 are some of the ROA and 

Raman band assignments identified in CPMV RNA by Blanch et al, 2002. 

 

 Double stranded RNA adopts an A-type helical conformation similar to the conformation of 

A-DNA, with the helix having 11 base pairs per turn and a pitch of 3.0nm. Previously published data 

(Blanch et al, 2002) suggests that the CPMV RNA seems to adopt this A-type helical conformation.   
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Figure 4.3. CPMV Raman / ROA Spectra 
Raman and ROA spectra from 

Blanch et al, 2002. A – Middle 

CPMV component with the 

spectra of Top component 

subtracted. B – Bottom Upper 

CPMV component with the 

spectra of Top component 

subtracted. 

 

 

Table 4.1. CPMV Spectra Assignments 
Band assignments found in both CPMV and other (Synthetic and natural) RNA 
sequences compiled from: 
Barron et al, 2000., Bell et al, 1998., Blanch et al, 2002., Hobro et al, 2007. 
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Aims of this Chapter 
 

As discussed in the Introduction (Aims of the PhD), the synthesis of RNA can be both 

difficult and expensive (as seen in Results Chapter 2). CPMV provides a foundation for assigning 

ssRNA structures (albeit within a viral capsid) of a known sequence. In this chapter, Raman spectra 

assignments are assigned based on the structures predicted with RNAFold software analysis of the 

RNA-1 and RNA-2 sequences (Gruber, 2008). Results show a different ss-RNA structure than that 

observed in the 2002 study by Blanch et al.  

The 2002 study (Blanch et al, 2002), which provided a foundation for the work in this 

chapter, was performed on virus produced in Cowpea plants; the Raman spectra acquired and 

discussed in this chapter are based on virus material produced in Nicotiana benthamiana plants. 

The GFP construct study, further discussed below, required agrobacterium-infiltration, which 

appears to work best in N. benthamiana. Initial checks were required to confirm whether the 

samples were able to be used for Raman spectroscopy and some experiments from the original 

2002 paper are therefore repeated. This chapter discusses how the choice of the gradient, used to 

fractionate the CPMV sample into components, impacts upon the acquisition of Raman data; the 

gradient used is changed from a Nycodenz gradient (used in 2002) to a caesium chloride gradient. 

It will also be possible to see if assigned peaks are affected when we change the environment of 

the virus in terms of the buffer; previous samples were studied in a Sodium Phosphate buffer before 

a decision was made to instead re-buffer samples into dH2O. 

CPMV is relatively thermostable (up to 55℃), meaning it retains it structure at high 

temperatures before degrading, however the RNA conformation within the virus may change with 

temperature as a result of prolonged ROA laser exposure. The long exposure time is a 

consequence of high levels of fluorescence seen in the Raman spectra of CPMV component 

samples. As the temperature of the sample increases, it is possible to identify whether changes in 

the RNA structure are occurring.  

 

Results from DFT studies into nucleotides will assist with identifying bands related to 

specific nucleotides in the Raman spectrum of the virus. It may be possible to correlate the 

percentage of a specific nucleotide in the RNA sequence with the intensity of the peaks in the 

Raman spectra. This technique has previously been used in Chapter 2 to assign the additional 

nucleotide added to a 16-mer Antisense Oligonucleotide. 

 

Raman is also used to look at a Virus like particle (VLP) encapsulating a GFP construct, 

encoding Green Fluorescent Protein (GFP), to look for structural ss-RNA changes. The intention of 

inserting a GFP construct was to explore the idea of inserting an RNA-oligo of choice into CPMV to 

produce RNA-based drugs on a large-scale using plants. This experiment, to look at the Raman 

spectra of encapsidated GFP RNA, further looks at whether the age of the plant prior to infiltration 

affects the particle and RNA yield; this could also be used to observe any differences in RNA 
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secondary structure that may occur following the insertion of the construct. Any changes in the 

structure of the viral capsid as a result of GFP RNA encapsidation were examined using Small 

angle X-Ray scattering (SAXS) and Transmission Electron Microscopy (TEM).  

 

Methods 
 

Growth of Agrobacterium:  
 

Agrobacterium are used to infiltrate the N. benthamiana samples. To infiltrate the leaves, the leaf 

surface is pricked with a sterile needle. Infiltration solution in a 1 mL syringe is used to gently press 

the solution into the intercellular spaces of the leaf as seen in Figure 4.4. The protocol for growing 

Agrobacterium to infiltrate N. benthamiana samples is based on a protocol by Sainsbury et al (2014) 

and is as follows: 

 

1. Prepare 5 mL of Lysogeny broth with antibiotics Kanamycin in water (50 μg/mL) and 

Rigampicin in DMSO (50 μg/mL). 

2. Inoculate the liquid culture with agrobacterium, grow at 28℃ (27.8℃) in a shaker until an 

Optical Density at 600nm (OD600) is above 1. Above 28℃ samples will not replicate with 

the required plasmids.  

3. Remove 100 μL of grown culture and add to 900 mL of fresh media. Calculate the OD600 

of the grown culture. 

4. Calculate the amount of culture required for an infiltration solution of OD600 = 0.4.  

5. Centrifuge cells for 5 minutes, room temperature at 4000 x g. Discard supernatant. 

6. Resuspend the cells in the required volume of Infiltration MMA buffer (Defined below) to 

make a solution of OD600 = 0.4 and keep at room temperature for 0.5 – 3 hours. An OD 

higher than this makes the solution too viscous for infiltration.  

 

The MMA Infiltration buffer is prepared as follows: 

- 10 mL of 0.1M 4-Morpholineethanesulfonic acid (MES) pH 5.6 

- 1 mL of 1 M Magnesium Chloride (MgCl2) 

- 100 μL of 0.1M Acetosyringone 

- 88.9 mL of H2O 

Acetosyringone, included in the MMA Infiltration buffer, is a plant hormone that triggers virulence in 

the agrobacterium by encouraging movement of the chemotactic flagellae. Samples of 

agrobacterium will stay viable for prolonged periods if stored in glycerol stocks at -80℃.  
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Extraction of CPMV from Virus-Infiltrated N. benthamiana:  
 

N. benthamiana samples were harvested, on average, 9-11 days post infiltration. Infiltrated leaf 

material can be identified by the marks left from infiltration (syringe pressure marks) or by identifying 

infiltrated leaves by disease phenotype as seen in Figure 4.5. CPMV was extracted from infiltrated 

leaf material as follows: 

- The infiltrated parts of CPMV virus-infiltrated leaves displaying symptoms of infection were 

harvested and the leaf tissue homogenised in 0.1M Sodium phosphate buffer (3 mL of 

buffer is used per 1 g of plant material, pH = 7.0).    

- The homogenate was squeezed through miracloth and a clarification spin performed 

(13000 × g for ~20 minutes) at 4℃ to remove the cell debris (Figure 4.4). 

- Polyethene glycol 6000 (PEG 6000) was added to the supernatant to a final concentration 

of 4% (w/v) and sodium chloride added to a concentration of 0.2 M. This was stirred 

overnight at 4℃ to precipitate the virus particles.  

- The mixture was centrifuged at 13000 × g for 20 minutes at 4℃ to pellet the PEG precipitate; 

the supernatant was disposed of. 

- The pellet was re-suspended and dissolved in 0.01M Sodium Phosphate buffer (pH – 7.0).   

- The re-suspended pellet was centrifuged at 27000 × g for 20 mins at 4℃. The supernatant 

was then filtered through 0.2 µm syringe filters.  

Figure 4.4. CPMV 
Infiltration and 
Extraction. 
 

Images taken during 
CPMV infiltration and 
extraction. 
 
Top Left:  
Infiltration of virus into 
N. benthamiana 
 
Top right: 
Homogenisation of leaf 
tissue and filtering 
through Miracloth. 
 
Bottom left:  
Pellets following PEG 
precipitate, prior to re-
suspension in 0.01 
NaPi pH 7.0. 
 
Bottom right: 
Extraction of bands on 
a Caesium Chloride 
gradient. 
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- The supernatant was transferred to ultracentrifuge tubes (this protocol used 14 x 89 

ultraclear Beckman tubes) and centrifuged at 118,700 × g for 3 hours at 4℃. The 

supernatant was discarded. 

- The pellet was re-suspended in 10mM Sodium Phosphate (NaPi), pH 7.0 (this protocol 

resuspended in 400ul) and left overnight at 4℃, spin at 10,000 × g for 10 minutes (x2) using 

a bench top centrifuge at 4℃ to remove possible contaminants. The resulting supernatant 

contained highly purified virus which was referred to as the ‘starting solution’ for the 

Caesium Chloride gradient.  

 
 
 

Separation of CPMV into Components 
 

As discussed in the Introduction, the CPMV virus can be separated into three main 

components: Top, Middle and Bottom (Figure 4.1). Nomenclature of the CPMV virus components, 

as separated on a Caesium Chloride gradient are as follows:  

 

T – Top  – Devoid of RNA 

M – Middle  – Single molecule of RNA-2 made up of 3481 nucleotides (24% of particle mass) 

B – Bottom  – Single molecule of RNA-1 made up of 5889 nucleotides (34% of the particle  

mass) plus a number of Cs+ ions which have permeated the virion from the CsCl 

gradient used to separate the components. 

 

Samples were resolved into components for Raman analysis, using a Caesium Chloride 

gradient. Only the wild type virus is considered to be Hazard group 1 and can be handled under 

general lab practise with all equipment cleaned in HellmanexTM to disinfect. The wild-type virus was 

used for a preliminary study discussed in ‘Nycodenz Gradient Samples’ (30-60% Nycodenz 

gradient). 

 

CPMV Component Separation on a Caesium Chloride Gradient:  
 

The starting solution for the caesium chloride gradient is the virus in 0.1M NaPi pH 7.0. CPMV 

separation on a Caesium Chloride gradient is performed as follows: 

 

- Caesium Chloride gradients were prepared in Ultracentrifuge tubes (this protocol used 13 

mL capacity 14x89mm Beckman ultracentrifuge tubes). Solutions of CsCl in 0.1M Tris-HCL 

pH 8.0 were layered in the Ultracentrifuge tube as follows: 42%, 49%, 57%, 65% (w/v) - 

1:1:1:1 ratio  

- The starting material was layered on top of the pre-layered gradient (in this case, 0.4 mL). 

- The Caesium Chloride gradients were centrifuged at 36000 rpm for 20 Hours at 15℃ (this 

protocol used a TH641 rotor in SW41 = 221632×g). 
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- The Top, Middle, Bottom opaque bands were retrieved as Empty, RNA-2 and RNA-1 

containing particles, respectively. These were retrieved using a needle to pierce the tube 

from the side after illumination under white light (seen in Figure 4.4). 

- The samples were cleaned by washing/rebuffering with Amicon spin concentrators (100 

kDa Molecular Weight cut-off) into dH2O.  

 

TEM Image Preparation 
 

TEM was performed with the assistance of collaborators at the JIC, using a Talos TEM 

brightfield. A 45000x magnification was used for TEM images with a 200nm scale bar and 92000x 

magnification for images with a 100nm scale bar. Samples were stained in 2% (w/v) uranyl acetate 

in dH2O and placed upon glow discharged grids (Formvar / Carbon film 400 Mesh Copper 

FC400Cu).  

 

  

Figure 4.5. Infiltrated vs Healthy N. 
benthamiana 

Top – Image provided by the 

Lomonossoff group at the John 

Innes Centre showing a leaf 

displaying symptoms following 

CPMV infiltration (left) and a 

healthy leaf (right). 

Bottom – Image taken at the 

John Innes Centre by S. Dowd. 

Showing leaf material harvested 

9 days post-infiltration; an 

infiltrated leaf (left) alongside a 

healthy un-infiltrated leaf (right). 

The leaf material was four 

weeks old and had begun to 

deteriorate, however the 

symptoms from CPMV 

infiltration were still clearly 

visible.  
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SAXS Sample Preparation and Analysis  
 

Samples were prepared at the John Innes Centre and refrigerated until required at Diamond 

Light Source. Dilutions were prepared in dH2O and a nano-drop spectrophotometer was used to 

confirm concentrations; concentrations were as shown in the Results and ranged from ~0.5 – 10 

mg/mL. All experiments were undertaken at ambient room temperature. Small Angle X-Ray 

Scattering (SAXS) analysis was performed using SCÅTTER, a JAVA-based platform developed by 

Robert Rambo at the Diamond Light Source downloaded via BioIsis.net (Rambo, 2019) and the 

ATSAS suite of programs (Franke et al, 2017) downloaded from EMBL.  

 

Phenol/Chloroform Extraction / RNA Precipitation Protocol 
 

To confirm the samples taken from the CsCl gradient contained the correct virus components, RNA 

were precipitated using a Phenol/Chloroform extraction protocol. This protocol was used to confirm 

that the GFP Construct samples contained the amount of RNA predicted. The protocol is as follows:  

- The virus component samples were mixed with Master Mix buffer (TEN/NET, 2% Sodium 

Dodecyl Sulfate (SDS), 20mM EGTA [ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid]) to a final volume of 200µl. TEN/NET buffer = 100mM NaCl, 10mM Tris-

HCl pH 7.5, 1mM EDTA). SDS binds to and denatures the protein, stripping RNA and 

destroying and nucleases.  

- The samples were heated at 65℃ for 10 minutes to solubilise – from this point on, they 

were treated with the same precautions used for an RNA sample as they could be degraded 

easily. 

- Phenol-Chloroform extraction step: an equal 200µl volume of organic extraction buffer was 

added to the sample (1:1 ratio of Phenol, Chloroform and Isoamyl alcohol) to extract 

proteins. 

- The sampled was vortexed and centrifuged to split the contents into phases, the upper 

aqueous phase containing the RNA was taken.  

- The aqueous phase containing the RNA was re-extracted with Phenol-Chloroform three 

more times to ensure all protein was removed (followed by a chloroform only step to remove 

residual Phenol).  

- The transparent supernatant was recovered and the volume of sample noted.  

- Sufficient Lithium Chloride (8M stock) was added to give a final concentration of 2M lithium 

chloride - according to the sample volume recorded above (to precipitate ss-RNA). The 

samples were cooled at 4℃ and stored at -20℃ overnight.  

- The samples were warmed to 4℃ and centrifuged. The supernatant was discarded. To the 

pellet, 800µl of cold pre-filtered 70% EtOH was added. 

- The samples were centrifuged, and the supernatant discarded without dislodging any RNA. 

The samples were then left on the bench top to evaporate any remaining EtOH.  
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The pellets were resuspended in DEPC treated water to a volume of 20µl. DEPC-treated 

water has been both diethylpyrocarbonate treated and sterile filtered. 

- The resuspended samples were stored on ice until needed for an RNA gel. 

 

RNA Gel Protocol:  
 

5 X Formaldehyde Gel Running Buffer (FGRB)  

– 1 L in dH2O:    

-      20.6g MOPS (0.1M final concentration)    

-     350.6g NaCl (3M final concentration) 

- 3.28g Sodium Acetate (20mM final concentration)  

- Adjust pH up to 7.0 with NaOH     

- 20 mL of 0.25M EDTA pH 8.0 (5mM final concentration)     

- Top up to 1 L with dH2O     

 

100 mL of Gel:      

- 1.3g of Agarose in 62 mL of dH2O   

- Melt in Microwave, cool to 60℃    

- Add 20 mL of 5X FBRB 

- Add 18 mL of 12.3M (35%) formaldehyde 

Solution. 

 

20x Saline Sodium Citrate (SSC) buffer: 

- 176.4g sodium citrate dihydrate (300mM final concentration) 

- pH to 7.0 with HCl 

 

Loading Buffer (per sample): 

-     2 μL of 5X FGRB 

-     3.5 μL Formaldehyde solution  

-     10 μL l of deionised Formamide 

-     0.5 μL of Ethidium Bromide 

-     3 μL of Orange G glycerol dye 

 

The RNA gel was electophoresed at 40-90V – a lower voltage appears to run better. The loading 

buffer and sample were heated to 65℃ to denature the RNA and chilled on ice before running on 

the gel. A MillenniumTM RNA marker 0.5 – 9kb was used. 
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Raman / ROA Acquisition 
 

The spectroscopy equipment was different to that used in the original study (Blanch, 2002), 

when Raman spectra were collected using a 514.3mm ROA laser. Raman spectra were collected 

using a 533nm laser and a ChiralRaman Spectrometer from BioTools Inc. Raman spectra were 

taken of a range of concentrations from 3-12 mg/mL; high concentrations were used in an attempt 

to reduce the ROA acquisition time for viruses which has previously taken 72 Hours (Blanch et al, 

2002). A 180µl quartz well was used to reduce the volume of sample needed. For some Raman 

spectra, data was collected by a collaborator in Belgium (Professor Christian Johannessen) due to 

a fault with the ROA machine. All raw data has been analysed using the Raman Toolbox kit as 

discussed in Methods.  

 

Results 
 

Nycodenz Gradient Samples 
 

An overview of Raman results from this section can be seen in Figures 4.13 and 4.14. 

Nycodenz Gradient samples were prepared with our collaborator at the JIC: Dr Inga Kruse (PhD). 

 

The first attempt of Raman / ROA collection on CPMV (mixed components) produced by 

N. benthamiana was unsuccessful due to sample contamination – the CPMV was a very old sample 

stored at 4℃ for a prolonged period of time – a Raman spectrum was acquired but appeared to 

change daily as contamination within the sample grew therefore it was not possible to collect an 

ROA spectra as the data acquisition over the 2-3 days required for ROA acquisition could not be 

trusted. The first CPMV sample provided by our collaborator at the JIC was prepared in 10mM 

sodium phosphate at pH 7.0.  Raman spectra were acquired over 72 Hours at 0.8W but were not 

reproducible. An average spectrum over the 72 Hours is shown in Figure 4.6 but may contain peaks 

from contaminants. The sample concentration was low (~3 mg/mL) and a large amount of 

fluorescence made Raman scattered data noisy (Figure 4.6).  

 

A second batch of samples was supplied from our collaborators at the JIC (Professor 

George Lomonossoff and Dr Inga Kruse).  N. benthamiana were infiltrated with WT RNA-1 and 

RNA-2 construct-containing Agrobacteria – producing Wild-type (WT) CPMV samples (containing 

both RNA-1 and RNA-2). The yield of empty ‘Top’ particles from WT samples (following Nycodenz 

gradient separation) was low and so a second infiltration with the VP60 coat protein and 24-K 

protease only was used to produce empty virus like particles (eVLPs) and 30 plants were infiltrated. 
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The protocol for preparing the samples differed from that in the methods – the eVLPs and 

first batch of WT CPMV infiltrations (in 10mM Sodium Phosphate pH 7.0) were separated into 

components (Top, Middle and Bottom) on a Nycodenz density gradient and bands extracted. The 

bands observed were not as uniform as expected and the particles were artificially matured to 

remove the 24 amino acid residue by chymotrypsin digest (leaving the particles intact). Growth in 

N. benthamiana takes place over a shorter time than in the host plant and so the maturation was 

only partial after 1-week of incubation.   

 

A second batch of WT particles was pooled with the first WT batch prior to Chymotrypsin 

digest of the combined WT samples. Chymotrypsin treatment removes the C-terminal 24 amino 

acids of the S protein following oarticle formation (the amino acids are required for the initial stages 

of particle formation). Following chymotrypsin digest there remained some insoluble material in the 

Figure 4.6. CPMV Raman/ROA Spectra 
Raman (top) and ROA (bottom) spectra of the first CPMV (full virus) sample 
provided from our collaborator. ~3mg/mL, data was  accumulated for 72 Hours at 
0.8W, averaged to produce one spectra. 
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combined WT sample which were removed by centrifugation; centrifugation avoided protein 

aggregates in the final sample for addition to a density gradient. The combined WT sample was 

separated on a second Nycodenz density gradient and fractions (top, middle and bottom) were 

retrieved. Nycodenz was removed from both the eVLP and the combined WT samples using 

Amicon spin columns and 10mM NaPi buffer.  

 

The final concentration and volumes calculated using a Nanodrop spectrophotometer, at a 

wavelength of 280nm, were as follows:  

 

Sample   Sample Concentration             Literature           Molecular  

       / Volume            Extinction co        Weight     

               (M-1 cm-1) 

CPMV eVLPS           4.2 mg total at 3.5 mg/mL - 1.2 mL   1.28              3.6MDa (3600KDa) 

CPMV WT TOP         2.66 mg total at 2.8 mg/mL - 0.95 mL  1.28          3.6MDa 

(fully assembled empty shell) 

CPMV WT MID          4.9 mg total at 4.9 mg/mL- 1 mL   3.80          5MDa 

CPMV WT BOTTOM 7.94 mg total at 8.36 mg/mL - 0.95 mL     5.75          5.6MDa 

 

The final buffer, as sent from collaborators in the JIC, was 10mM NaPi pH 7.0. Phosphate 

in 10mM NaPi would disguise RNA Raman peaks and so samples were therefore re-buffered using 

Amicon spin columns into 10mM HEPES, 100mM sodium chloride, pH 7.5. Samples were prepared 

for Raman and ROA analysis at the following concentrations:  

• VLPs in 10mM NaPi, pH 7.0 at ~8 mg/mL 

• VLPs in 10mM HEPES, 100mM Sodium Chloride (NaCl), pH 7.5 at ~9 mg/mL 

• CPMV Top in 10mM NaPi, pH 7.0 at ~7.5 mg/mL 

• CPMV Top in 10mM HEPES, 100mM NaCl, pH 7.5 at ~6.2 mg/mL 

• CPMV Middle in 10mM NaPi, pH 7.0 at ~10 mg/mL 

• CPMV Middle in 10mM HEPES, 100mM NaCl, pH 7.5 at ~11.7 mg/mL  

 

The high concentration of protein does not seem to have been an issue in previous studies 

by Blanch et al (2002). All samples showed a high amount of fluorescence. As fluorescence is much 

stronger than Raman scattering the samples could not be diluted as fluorescence reduces the 

Raman signal which would have become too weak to detect. For this reason, a relatively high 

concentration of sample was used to acquire Raman spectra.  

 

Figure 4.7 shows Raman Unbaselined spectra alongside baselined spectra (baselined on 

the Raman Toolbox as per Methods for the ChiralRaman spectrometer) of VLPs in 10mM NaPi, pH 

7.0 at ~8 mg/mL. Data was acquired on a ChiralRaman Spectrometer from BioTools Inc at 533nm 

over 24 hours. In the Principal Component Analysis (PCA) plot (Figure 4.7) each of the 24 spectra 

is an hour’s worth of acquired data averaged (sample 24 is 30 minutes of acquired spectrum). PC-
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1 (94% TEV) shows a reduction of fluorescence and an overall reduction in Raman scattering 

intensity with time, as seen in the unbaselined Raman spectra. A high buffer background around 

1600-1800 cm-1 strongly affects baselining and for this reason following Raman spectrum are 

shown with a range of 500-1600 cm-1. 

  

600 800 1000 1200 1400 1600 1800 2000 2200 2400

0

1x107

2x107

3x107

4x107

5x107

6x107

7x107

R
a
m

a
n
 I
n
te

n
s
it
y

Raman Wavelength (cm-1)

600 800 1000 1200 1400 1600 1800 2000 2200 2400

0

1x106

2x106

3x106

4x106

5x106

6x106

7x106

8x106

9x106

1x107

R
a

m
a
n

 I
n

te
n

s
it
y

Raman Wavelength (cm-1)

Figure 4.7. Raman Spectra of Unbaselined (Left) and Baselined (right) VLPs in 10mM NaPi 
Each spectra was acquired over 5 minutes of accumulation, acquisition at 533nm at 

1.2W. Principal Component Analysis plot of the Baselined spectra – Each of 24 samples 

is 1 Hours worth of Raman acquisition, averaged. PC1 = 99.94%, PC2 = 0.04% TEV 

(Total Explained Variance). 
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As discussed in the introduction, subtraction of the Raman/ROA spectrum of CPMV Top 

component from those of CPMV Middle and Bottom components produces spectra similar to those 

of synthetic and natural RNAs published previously (Blanch et al, 2002). However, Raman spectra 

of the buffers used (Figure 4.8) show the high Raman signal from the buffers alone. Attempting to 

subtract the samples themselves therefore proved difficult. Samples were rebuffered in an attempt 

to obtain more Raman information about the RNA in the separate components. The effect of Raman 

acquisition over time investigated in VLPs in the two different buffers (Figure 4.9) to observe how 

buffer change affected fluorescence burn-off and Raman intensity. Raman Intensity stayed stable 

in the NaPi buffer over the first 24 hours of acquisition. Although the HEPES/NaCl buffer resulted 

in sharper peaks in the RNA phosphate backbone region, sample fluorescence was higher in this 

buffer – this appeared to stabilise after fluorescence burn-off in the first two hours, as seen in Figure 

4.9.  
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Figure 4.8. Raman of Buffers 
(NaCl and HEPES) 
Raman spectra of the two buffers 

used in the CPMV experiments. 

Acquired for 1 hr each on the 

ChiralRaman spectrometer at 

532nm – 1.2W. This demonstrates 

the differences in Raman 

‘backgrounds’ when using different 

buffers.  
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Figure 4.9.  24-Hours Raman Acquisition of VLPs 
                    Top : VLPs – 8 mg/mL in 10mM NaPi, pH7.5 
        Bottom: VLPs – 9 mg/mL in 10mM HEPES, 100mM NaCl, pH 7.5 

Data acquired over 24 Hours at 1.2W on a 522nm laser. Each spectrum is the 
average data acquisition over 1 Hour.  
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Figure 4.10. VLP’s in 10mM NaPi – 24 Hours PCA analysis and loadings plot.  
Data acquired over 24 Hours at 1.2W on a 533nm laser. Each data point is the 
average Raman spectrum data acquisition over 1 Hour. Each ‘Hour’ other than Hour 
24 contains 12 spectra. Sample 24 contains 6 spectra, 30 Minutes’ worth of data. 
PC1 = 11.93%, PC2 = 19.78% TEV. 
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Figure 4.10 is a PCA plot of 

VLPs in the NaPi buffer, based on 

Raman data seen in Figure 4.9 (top). 

Principal components for both PC1 

is 71.93% TEV and PC2 is relatively 

low at 19.78% TEV respectively, 

both appear to be changes in 

intensity with time but are not 

associated with peak shifts, implying 

minor differences between the 

hourly data that appear to be 

associated primarily with heating of 

the buffer. From the loadings plot it 

can be seen that PC1 can also be 

attributed to 800 cm-1. This peak at 

800 cm-1 persisted in Raman spectra 

of the RNA within CPMV when a 

spectrum of the viral coat was 

removed (Blanch et al, 2002), 

therefore it is believed to be 

indicative of some RNA remaining 

within the eVLPs. This could imply 

some unfolding of RNA is taking 

place at higher temperatures (as the 

sample undergoes prolonged 

heating from the Raman laser).                                  

 

The PCA plot for the 

samples seen in Raman spectra of 

the VLPs in HEPES/NaCl buffer (as 

seen in Figure 4.9) can be seen in 

Figure 4.11. The Raman spectra 

show a continuous reduction in 

Raman intensity as confirmed by 

data point tracking in the PCA plot. 

This stabilises between 6-18 hours of acquisition implying a reduction in fluorescence. PC-1 

(=91.90) can be attributed to regions 1450 cm-1, 1050 cm-1 and 800-900 cm-1 .  PC-2 (PC-94.59) is 

affected by the entire spectrum as seen in the corresponding loadings plot. Since the VLP does not 

contain RNA (or contains very little RNA) it can be assumed that the lower intensity of the Raman 

scattering, as opposed to the high levels of fluorescence, is arising from the viral coat only. 

Figure 4.11. VLPs in 10mM HEPES, 100mM NaCl –  
          24 Hours PCA analysis and loadings 
          plot.  

Data acquired over 24 Hours at 1.2W on          

a 533nm laser. Each data point is the 

average Raman spectrum data acquisition 

over 1 Hour. PC1 = 91.90%, PC2 = 2.69% 

TEV. 
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All 6 samples (VLPs, CPMV Top and CPMV Middle in both 10mM NaPi buffer and 10mM 

HEPES, 100mM NaCl buffer) are seen in the Raman spectra in Figure 4.12 alongside the PCA 

graph and loadings plot. PC1 (70.87% TEV) is attributed to the same regions affecting the loadings 

plot PC-1 of samples in HEPES/NaCl buffer (1450 cm-1, 1050 cm-1 and 800-900 cm-1) (Figure 4.9). 

PC-2 appears to be attributed to concentration, with higher concentration samples appearing at the 

top of the PCA graph. All samples can be seen in Figure 4.13 and Figure 4.14. and it was observed 

that the Top sample contained no RNA associated peaks as expected.  

As previously discussed, samples fractionated on a Nycodenz gradient and rebuffered into 

a HEPES/NaCl or an NaPi buffer appeared to show high amounts of fluorescence / Raleigh 

scattering when looked at using Raman spectroscopy. The samples required Raman data 

accumulation over a long period of time to produce spectra with less noise and to use for PCA, it is 

assumed that some of the sample burning could be attributed to HEPES being a poor buffer choice 

when left in the path of a laser (and thus heated up) over long periods. Future samples were re-

buffered into Water.  
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Figure 4.12. VLP’s, CPMV Top and Middle components in NaPi and HEPES/NaCl  
Each of the Raman spectra is the average of 24 Hours worth of data acquisition 

baselined and cropped to 500-1600cm-1. PCA and loadings plot are based on all 

samples – 24 x 1-Hour spectra for each of 6 samples. Colours on the PCA plot 

correspond to the above key. PC1 = 70.87%, PC2 = 20.47% TEV. 
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Figure 4.13. Raman Spectra of VLP and CPMV’s in 10mM NaPi 
Each Spectra is the average of 24 Hours worth of data accumulation, using a 533nm 

laser at 1.2W. Conditions were not comparable – as outlined in the Key, the 

concentrations for each sample differed.  
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Figure 4.14. Raman Spectra of VLP and CPMV’s in 10mM HEPES, 100mM NaCl 
Each Spectra is the average of 24 Hours worth of data accumulation, using a 

533nm laser at 1.2W. Conditions were not comparable – as outlined in the Key, 

the concentrations for each sample differed.  
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Caesium Chloride Gradient Samples  
 

Use of a caesium chloride gradient, rather than a Nycodenz gradient, was suggested following 

discussions with the Lomonossoff group to reduce fluorescence of the samples and reduce sample 

viscosity; this was due to concerns that the sample viscosity was too high and the sample may have 

been getting stuck on the side of the cuvette, remaining in the path of the laser and burning.  

A preliminary experiment was performed to separate CPMV Middle and CPMV Bottom 

components using a Caesium Chloride 42-65% gradient, as prepared in Methods. With the help of 

collaborator Dr Inga Kruse (JIC), several plants (~60) were infiltrated (RNA-1 and RNA-2) with a 

high concentration of sample. Raman spectra were acquired at the following sample 

concentrations: 

• CPMV Middle at 10 mg/mL in dH2O  

• CPMV Bottom at 10.8 mg/mL in dH2O 

The Caesium Chloride gradient allowed for separation of sample components in distinct 

‘fractions’; it was possible to see the RNA-1 and RNA-2 component bands as shown in Figure 4.15. 

Samples were extracted from the CsCl gradient, washed and rebuffered into dH2O using Amicon 

spin filters.  

 
These samples were sent to a collaborator in Belgium (Professor Christian Johannessen at the 

University of Antwerp whilst the ROA and Raman were fixed at the Manchester Institute of 

Biotechnology (Figure 4.16). There was strong fluorescence of the samples so the Raman data 

was accumulated following a burning off period of 5-6 days to reduce this fluorescence. Raman 

spectra have been acquired using a 533nm laser at 700MW for the CPMV Middle sample and 

900MW for the CPMV Bottom sample. Each spectrum as seen in Figure 4.16 is the average of ~40 

Hours of data – separated into 1-Minute data acquisitions which are an average of spectra taken 

Figure 4.15. CPMV on a Caesium Chloride 
(CsCl)  

Gradient   
CPMV components sedimented on a 

CsCl gradient. The locations are 

labelled and are seen as faint white 

bands on the gradient. 

VLP’s 
Top Component 
 
 
 
Middle Component 
RNA-2 
 
Bottom 
Component 
RNA-1 
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every 2.05 seconds. Raw data was sent from the collaborator and pre-processed (baselined and 

averaged) using the Raman Toolbox. The data is not smoothed. It was confirmed that the samples 

closely resembled those published in 2002, the Raman peaks though were sharper and less noisy, 

possibly due to the higher concentration of sample provided by N. benthamiana.  

 
Empty Virus Like Particles (VLPs) were also produced to identify Raman peaks associated with 

the capsid / protein coat. In total, 34 plants were infiltrated with VP60-24K (at an OD600 of 0.4); 

plants were 3-weeks old and had grown well over the summer, so it was possible to infiltrate a lot 

of plant material despite the small sample size of 34 plants. The sample of eVLPs was also sent to 

our collaborator in Belgium but proved to be too fluorescent to acquire a Raman spectrum; 

fluorescence persisted after 48 Hours in the path of the laser at 500Mw – any stronger intensity of 

laser would have burnt the sample. Diluting the sample did not work as fluorescence is much 

stronger than Raman scattering.  

To confirm that the Raman spectra of the sample had not been contaminated by Protein / plant 

material, the experiment was repeated to produce CPMV Middle component again. The 

concentration of CPMV and eVLPs produced was high: 

Sample:    Starting material:  Final Concentration/Volume 

CPMV           200g   CPMV Middle: 250 μL at 19.11 mg/mL    

      CPMV Top/empties: 2ml at 1 mg/mL 

VP60/24K (VLPs)         265g  VLPs: 3 mL at 3 mg/mL 

RNA-1/GFP/VP60                    81g  Negligible  

 

 All samples produced proved to contain a lot of excess plant material following a caesium 

chloride gradient, but the Middle and Bottom component bands were still highly visible (as seen in 

Figure 4.17). A sample of CPMV middle component (10 mg/mL in water) was acquired (72 Hours 

of acquisition) at the MIB after 5 days of sample fluorescence burn-off prior to data acquisition; this 

was acquired using a 533nm laser at 1.2W and the resulting spectra are seen in Figure 4.18. The 

spectra seen in Figure 4.18 is similar to that acquired by our collaborator (in Figure 4.16) but 

appears to be of a higher intensity; this could be due to the differences between the two machines 

(and laser intensity) or could be due to less fluorescence following filtering of the sample to remove 

plant contaminants. There are also some peak shifts (some peaks appear to be shifted to the right 

in Figure 4.18 compared to Figure 4.16 by ~5 cm-1) which can be attributed to differences between 

the machines or the slightly random conformation of RNA within the viral capsid.  The table of 

assignments below (Table 4.2) features the predicted Raman assignments following discussions 

with the Lomonossoff group about the structure of the virus capsid and results published by Blanch 

et al, 2002.  

The predicted Raman Optical Activity assignments are not presented here as an ROA spectra 

could not be acquired; these predicted assignments can be seen in the Supplementary Information 

Table 5.1. 
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Figure 4.16. Raman of CPMV Middle and Bottom in Water 
Raman data acquired by a collaborator using a 533nm laser at 700MW for the 

CPMV Middle sample (top) and 900MW for the CPMV Bottom sample (bottom). 

Each spectrum is the average of ~40 Hours of data accumulation. 
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Plant 

Material 

Middle 

RNA-2 

Bottom 

RNA1 

Figure 4.17. VLP, CPMV and GFP Construct samples on Caesium Chloride Gradients 

Each photo shows samples split into components on Caesium Chloride gradients. 
Each photo shows the same samples under different light conditions (White light 
left and Daylight right). Alongside is a schematic diagram of the bands associated 
with different components. The individual tubes are as follows: 

                     Left: VLP Sample  
                 Middle: CPMV Sample  
                     Right: GFP Construct sample   
          

Figure 4.18. Raman of CPMV Middle component in Water 
Raman Spectrum acquired after 4 days of sample burning to reduce fluoresence, 
data was acquired over 72 Hours using a 533nm laser at 1.2W, baselined and 
averaged. 
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Table 4.2: Table of CPMV Associated Raman Assignments 
 

∼400 and 1140 m−1 Assigned to ribose and phosphate linkages  

Bands arising between 400-1140cm are associated with ribose, phosphate 

linkages and backbone vibrations. Also contain bands which originate from 

any (or all) of the bases and absolute intensity changes in this region are 

small.  

489 cm−1   C=O deformations in guanine and adenine 

601 cm−1   ribose 

729 (726) cm−1   Adenine Ring stretching 

772 (787) cm−1  C/U/Breathing/stretching – breathing or stretching vibrational modes of 

cytosine and uracil bases. 

884 (876) cm−1   A/U/G/C/ out of plane ring deformations, Backbone 

920 cm−1   Ribose-phosphate and –c-o- stretching 

1017 cm−1   P-O stretch, sugar phosphate and c-o stretching 

1237 (1253) cm−1  U/C ring stretching – most likely cytosine vibrations and ~1300 is cytosine 

and adenine residues.  

1336/1369 cm−1  A/G/U 

1380 cm−1   Adenine content of the RNA 

1421 cm−1   Adenine/guanine ring stretching and CH deformations 

1485 cm−1   A/G ring stretching/planar vibrations 

1577/1578 cm−1  A/G ring stretching 

  

Samples of CPMV and eVLPs prior to Caesium Chloride gradient were analysed with TEM, as 

outlined in the Methods. TEM Images are seen in Figure 4.19. TEM of VLPs and CPMV was 

performed with the help of Collaborator Roger Castells at the JIC. The TEM of both samples show 

that the icosahedral structures of the CPMV and VLP’s are not affected by the RNA within the 

capsid (Huynh et al, 2016). 
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Figure 4.19. Transmission Electron Microscopy of CPMV (Left) and VLPs (Right) 
Negatively stained TEM images of CPMV (left) and VLPs (Right) with the help of  
Collaborator Roger Castells at the JIC. 

        The above images are repeats acquired on a single sample. 

CPMV VLP 
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Using DFT to assign Raman peaks associated with CPMV RNA 
 

DFT Assignments of nucleotides seen in Table 1.6 (Results Chapter 1) can be used to 

assign the spectra acquired for the CPMV components. The assignments firstly showed that in 

Figure 4.14, a peak at 1009 cm-1, attributed to the Phosphate backbone of RNA, indicates that the 

CPMV Top sample may contain some RNA. A similar peak appears in VLP samples but is much 

lower, indicating a small amount of RNA contamination in the VLP samples. The peak at 605 cm-1 

in CPMV Middle is also seen in VLPs and CPMV Top (Figure 4.14); this peak is absent in CPMV 

Bottom (Figure 4.16), implying contamination of these samples with RNA-2.  

The following peaks, in Table 4.3, can therefore be assigned in the Raman spectra of the 

CPMV components seen in Figures 4.14 and 4.16 (as per the key). 

 

Table 4.3 – Raman Assignments of CPMV Components  

Key:    ● In Plane     ○ Out of Plane     ○d Out of Plane deformations       

Ѵ – Stretching     ρ  – Rocking 

Raman Assignments found in both the spectra for CPMV Middle (RNA-2) and CPMV Bottom 

(RNA-1): 

• 727 cm-1  - ●Ѵs Ribose ring. (A) 

• 768 cm-1  - ●Ѵ Base and Ribose ring (A) 

• 789/791 cm-1  - ○d Base (U/C), ○ρ Base (A/G) 

• 816 cm-1  - ○d Base (U/C), ○ρ Base (A/G) 

• 859 cm-1  - ○d Ribose ring (C), ●Ѵs Base (C/G) / Ribose ring 

• 877 cm-1  - ○d Ribose ring (U/G), ●Ѵs Ribose ring (C/A) 

• 1006 cm-1  - ●Ѵ Ribose ring and involvement of U/C Bases. 

• 1085 cm-1  - ●Ѵ (C-O) and ρ (C-H) Ribose ring, also ●Ѵ of U/C bases 

Raman Assignments specific to CPMV Middle (RNA-2):  

• 908 cm-1  - ●Ѵ Ribose ring and ●Ѵ(C-N) of U/C Bases 

• 1160/1175 cm-1 - ●Ѵ Base (C/A) 

• 1339 cm-1  - ●Ѵ (A/U) 

• 1429 cm-1  - ●Ѵ (A/U) 

Raman Assignments specific to CPMV Bottom (RNA-1):  

• 624, 643, 672 cm-1  - ●ρ Base and Ribose ring (U/C) 

• 918 cm-1   -  ●Ѵ Ribose ring (U/C) 

• 1097 cm-1   - ●Ѵ Base (U/C) 

• 1457cm-1 / 1483 cm-1  - ●Ѵ Base (C/A) 
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Two large peaks at 1457 cm-1 and 1482 cm-1 are seen in the Raman spectra of CPMV 

Bottom (RNA-1), indicative of in plane stretching of the Cytidine and Adenosine bases. In 

comparison, in CPMV Middle (RNA-2) there is a single large peak at 1454cm-1 in CPMV Middle 

(RNA-2) which can also be assigned to Cytidine and Adenosine in plane stretching. The two 

separate peaks seen in RNA-1 could be indicative of two separate base orientations around the 

glycosidic bond, perhaps induced by more ss-RNA structure in RNA-1; this is to be expected as the 

sequence for RNA-1 is much longer and it therefore has a higher potential to induce ss-RNA 

structure.  

As seen in the CPMV Bottom spectra in Figure 4.16, there are peaks at 624, 643, 672 cm-

1 which do not appear as sharp in CPMV Middle (where they cannot be confidently assigned / 

labelled); these peaks are assigned to in-plane rocking of the base and Ribose ring in Uridine and 

Cytidine, indicating that RNA-1 has a higher U/C Pyrimidine content or has more exposed 

Pyrimidines in the ss-RNA structure. This is further supported by the DFT nucleotide assignments 

– it was possible to identify peaks in the RNA-1/CPMV Bottom spectra that could be attributed solely 

to U/C bases. More peaks in the ‘base’ region of the RNA-2 spectra were assigned to in-plane 

vibrations of the A/U bases. 

GFP Construct samples 
 

Preliminary experiments using a GFP Construct were undertaken on a small cohort of N. 

benthamiana. The agrobacterial culture grew poorly and as a result only 10, 3-week old, plants 

were infiltrated (81g of starting material was infiltrated); these were infiltrated at a final OD600 of 

about 0.55 as follows: 

• RNA-1 – pEAQ-RNA-1-Int (OD600 of 0.15) 

• VP60 – pHREAC-VP60 (previously pEAQ-HT-VP60-24K was used) (OD600 of 0.2) 

• GFP – pEAQ-GFP (non-HT) (OD600 of 0.2) 

 

It was not possible to purify a CPMV GFP construct sample at a high enough concentration to 

undertake Raman studies but this preliminary study allowed identification of the Caesium Chloride 

gradient fractions to determine where the GFP RNA containing particles has sedimented for future 

experiments. Further studies by collaborators Dr Keith Saunders and Dr Inga Kruse at the JIC 

confirmed GFP encapsulated RNA within the VLP (determined by an RNA Extraction and RNA gel). 

Unfortunately, there was also some VP60 RNA-containing particles, sedimenting in the caesium 

chloride gradient at the same position as the GFP RNA-containing particles which would have made 

the acquisition of a Raman spectrum of the GFP-RNA alone difficult. The use of pHREAC means 

that the the VP60 mRNA is not encapsidated and hence particles containing it will not contaminate   

the GFP-Containing prep. Thus, it is possible using pHREAC it is possible to get a spectrum of the 

GFP-RNA alone. Previously, VP60 eluted with the GFP and would have proved difficult to separate. 

The VP60 packaging was only required for eVLP’s (empty of RNA-1/2) as a coat protein precursor 

RNA, however this is not necessary as the samples contain RNA-1.  
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The following results are 

therefore based on this second 

construct:  

• RNA-1 – pEAQ-RNA-1-Int  

• GFP – pEAQ-GFP (non-HT) 

• pHREAC-VP60 

•  

The N. benthamiana samples 

did not grow well (growth was slower 

than expected) and so two separate 

cohorts of plants were infiltrated with 

the constructs. The two cohorts of 

plants infiltrated were 3 and 4 weeks 

old at infiltration and are therefore 

named Week 3 samples and Week 4 

samples – a total of 120 plants were 

infiltrated (60 from each cohort). Following infiltration with the agrobacterium, the plants were left to 

grow for an additional 10 days - Figure 4.20 shows a photo taken 9 days post-infiltration; it was 

possible to see that the week 4 plants (left) grew much better than the 3-week old plants (right), this 

was not down to the growth time alone but also due to a cold weather spell during growth (and so 

the week 3 plants were still relatively small a week later). Ultimately, the samples collected were as 

follows:  

• Week 3 Samples: 179.72g of starting material homogenised in 655mL of buffer for the 

clarification spin and added to 163.8mL of PEG buffer for precipitation overnight. 

• Week 4 Samples: 421.32g of starting material homogenised in 1448mL of buffer for the 

clarification spin and added to 362.5mL of PEG buffer for precipitation overnight.  

Figure 4.20. N. benthamiana infiltrated with 
Constructs  

N. benthamiana showing symptoms of 

infection. Photo taken 10 days post-infiltration. 

‘4 Week’ plant (left) compared to ‘3 Week’ plant 

(right).  

Figure 4.21. Harvested N. benthamiana infiltrated with CPMV 
Leaf material harvested from ‘Week 3’ Sample N. benthamiana (left) and ‘Week 4’ 

Sample (right). Harvested 10 days post – infiltration. Both show successful infiltration, 

displaying symptoms of infection, but infiltration appears to have been more 

successful in the ‘Week 3’ sample.  
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Despite gathering more material from the week 4 plants, the week 3 plants seemed to show 

more successful infiltration (Figure 4.21) which was confirmed by looking at both the effects of 

inoculation and the expressed GFP under UV-light (Figure 4.22); the infiltration buffer did not appear 

to have infiltrated the leaves as well in the 4-week old plants and the GFP was expressed in 

‘patches’ around the infiltration marks.  

 

Purified Week 3 and 4 samples were centrifuged on separate CsCl gradients for the 

purpose of comparing the yield of each component produced in each cohort of plant. Around 1 mL 

of each sample of purified virus particles was added to each gradient and a photo of these gradients 

can be seen (after centrifugation) on Figure 4.23 – this shows that the gradients successfully 

separated the virus into components. The sample believed to contain the GFP-RNA, was taken 

from the sedimented material labelled in the schematic as ‘GFP’. Multiple white bands appeared in 

the gradient and it was not immediately simple to identify what these were, they are labelled as 

‘WB’ for ‘White Band’. All visible bands were collected and the volumes of samples collected were: 

 

• Week 3 Sample – GFP - 1.4 mL, 3WB1 – 0.7 mL, 3WB2 – 0.6 mL, 3WB3 – 0.7 mL  

• Week 4 Sample – GFP - 2 mL, 4WB1 – 1.4 mL, 4WB2 – 1.2 mL, 4WB3 – 1.2 mL 

 

These samples were rebuffered into dH2O (to remove any Raman peaks associated with a buffer 

background) and concentrated to a volume of 600 μL per sample for Raman experiments.  

Figure 4.22. N. benthamiana expressing GFP  
N. benthamiana expressing GFP as a 

consequence of CPMV infection.  

Top: 4 week old plant 9 days post-infiltration. 

Bottom: Infiltrated leaves harvested 10 days 

post infiltration from ‘4 Week’ samples (top) 

and ‘3 Week’ samples (bottom).  
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A protein gel on all samples was run as seen in Figure 4.24 to confirm the correct samples 

had been taken from the CsCl gradient. Figure 4.24 also shows a denaturing agarose gel loaded 

with RNA purified from 10 μL of the various CsCl fractions taken (as above). The RNA was extracted 

from particles using a Phenol/Chloroform extraction (as above) and was loaded onto the RNA gel 

(as per the protocol in Methods); 10 μL of each fraction was loaded except for the first two lanes for 

each of the Week 3 and Week 4 samples for which only 2 μL was loaded. The first lane for each 

sample contained the original sample before CsCl gradient centrifugation (referred to as the 

‘Starting Material’ in the Protocol) and is therefore labelled as ‘Before Gradient’. This RNA gel 

confirmed the location of GFP RNA sedimented in the Middle band, as seen in Figure 4.22 labelled 

‘GFP’. There appeared to be some GFP RNA in the Week 4 plants White Band 1, however the 

White Band 1 for the Week 3 sample has a different concentration as half of the volume was spilt 

for the final chloroform extraction step, so this could not be confirmed. It appears most of the GFP 

RNA was successfully collected for Raman analysis.  

 

Nanodrop results for the RNA extracted showed good concentrations of RNA, as follows: 

 

• Week 3 Sample - Before gradient – 215.3 ng/mL (5 μL) 

• Week 3 Sample - ‘GFP’ Middle band – 449 ng/mL (2 μL) (Confirmed to contain GFP RNA) 

• Week 3 Sample – 3WB1 ‘White band 1’ – 16.8 ng/mL (10 μL) 

• Week 3 Sample - 3WB2 – 27.8 ng/mL (10 μL) 

Plant 
Material 

eVLP 

GFP 

WB1 

WB2 

WB3 

Figure 4.23. GFP Construct Samples on a Caesium Chloride gradient 
Samples from GFP Construct Samples: 3 week old labelled as 3 and 4 week old 
labelled as 4. Schematic shows sample bands taken off the CsCl gradient for 
analysis. GFP/RNA-1 is believed to be in the section sedimented and labelled as 
‘GFP’.   
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• Week 3 Sample - 3WB3 – 20 ng/mL (10 μL) 

• Week 4 Sample - Before gradient – 77.8 ng/mL (10ul) 

• Week 4 Sample - ‘GFP’ Middle band – 143 ng/mL (10 μL) (Confirmed to contain GFP RNA) 

• Week 4 Sample – 4WB1 – 63.2 ng/mL (10 μL) 

• Week 4 Sample – 4WB2 – 78.8 ng/mL (10 μL) 

• Week 4 Sample – 4WB3 – 33.9 ng/mL. (10 μL) 

 

The Raman spectra from Week 3 and Week 4 samples components are seen in Figure 4.25 – 

these are the components centrifuged by the CsCl gradients and not the extracted RNA alone. 

There are no differences in terms of RNA structure between the two samples and so only the peaks 

in the spectra of the Week 3 sample have been labelled. This confirms that samples from a mixture 

of plant cohorts can be combined to increase concentrations of sample. The GFP construct sample 

appears to be more similar to the CPMV Middle sample (containing RNA-2) than the Bottom sample 

(containing RNA-1) as seen in Figure 4.16; this similarity was expected due to the untranslated 

regions (UTRs) on either end of the GFP mRNA coming from RNA-2 (and thus having a similar 

RNA sequence and any induced ss-RNA structures that may be induced as a result of this 

sequence). Differences in the Raman spectra of the GFP Construct samples and the Middle/RNA-

2 sample (Figure 4.16) are associated with the differences in ratio of pyrimidine/purine base in the 

RNA sequences – a peak at 1483 cm-1 only seen in the Middle/RNA-2 sample is associated with a 

higher percentage of Uridine and Guanosine within the sample (as per the DFT nucleotide 

assignments in Table 1.6).  

 

In 1985, Prescott et al observed that Raman peaks attributed to phosphate groups of the 

Belladonna Mottle Virus were different from that of Naked RNA in solution, it was suggested that 

this was due to the binding of RNA phosphates to the virus shell inducing a ~5% increase in C3’ 

endo/anti nucleoside conformers of the Ribose ring. The RNA secondary structure within both the 

Week 3 and Week 4 samples appears to be split between both an A form of Helix (indicated by a 

peak at 816cm-1 attributed to a 5’C-O-P-O-C3’ group, which arises due to the C3’ endo/anti 

conformers seen in an A-Type helix (Erfurth, 1972)). There also appears to be some random RNA 

structure / a lack of structure indicated by a peak at 791 cm-1; a peak in this region (close to 782 

cm-1) is indicative of a C2’ endo/anti conformer of RNA which may be induced by a loose secondary 

structure (Benevides, 1983). This secondary structure, as assigned by Ribose conformation, is 

similar to that of the CPMV Middle sample. 

 

Transmission Electron Microscopy on the GFP Construct samples (the CsCl-purified GFP 

RNA components) was performed by our collaborator at the John Innes Centre (Dr Hadrien Peyret). 

Figure 4.26 shows the Week 3 GFP Construct TEM images, Figure 4.27 shows the Week 4 GFP 

Construct samples and it is unfortunate that the yield from the Week 4 samples was much lower. 

The TEM showed there were no differences in the morphology of the virus capsid induced by the 

insertion of GFP mRNA. This was further confirmed by Small angle X-Ray scattering. 
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Figure 4.24. GFP Construct Samples - Protein gel and RNA gel 
Leaf material harvested from 3 week old N. benthamiana (Left) and 4 week old 

(Right). Harvested 9 days post – infiltration. Both show successful infiltration, 

displaying symptoms of infection, but infiltration appears to have been more 

successful in the 3 week old samples.  

RNA-1 

GFP 
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Figure 4.25. Raman Spectra of GFP Construct samples 
Samples harvested from 3-week old N. benthamiana (Top) and 4-week old (Bottom). 

Harvested 9 days post infiltration. Ran for 72 Hours at 1.2W, 533nm laser. Spectra 

averaged for each sample and baselined.  
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Figure 4.26. Transmission Electron Microscopy of GFP Construct - Week 3 Sample 
Leaf material harvested from 3 week old N. benthamiana. Harvested 9 days post 
infiltration. TEM acquired by collaborator Hadrien Peyret. 
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Figure 4.27. Transmission Electron Microscopy of GFP Construct - Week 4 Sample 
Leaf material harvested from 4 week old N. benthamiana. Harvested 9 days post 

infiltration. TEM acquired by collaborator Hadrien Peyret. 
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RNAFold Structural Determination of ss-RNA 
 

In all samples: GFP Construct, CPMV Middle (RNA-2) and Bottom (RNA-1) samples, there 

were indications of both loose secondary structure and conserved secondary structure. Dominant 

C3’ endo Ribose peaks have been assigned, indicative of A – form helix. Dominant C2’ endo Ribose 

peaks were also identified, indicative of a looser secondary structure or a ss-RNA without structure. 

However, it was unknown which part of the RNA sequences were associated with these 

conformations and therefore RNAFold has been used to predict the secondary structures. 

 

NCBI database results for CPMV RNA-1 (Lomonossof, 1983) and RNA-2 (Van 

Wezenbeek, 1983) were exported as FASTA sequences to be uploaded into RNAFold predictive 

software (Gruber, 2008). The software outputs a secondary structure based on the Minimum free 

energy (Zuker & Steigler, 1981) and equilibrium base-pairing probabilities (calculated using an 

algorithm) (McCaskill, 1990). A limitation of RNA Fold is that the maximum length of the sequence 

it is able to run is 4000 nucleotides in length; CPMV RNA-1 is 5889 nucleotides in length therefore 

the sequence has been split to run the predictions three separate times to cover both ends of the 

sequence – 5’- and 3’- and the central region.  

 

Figure 4.28 shows the predicted ss-RNA structure for RNA-2 and Figure 4.29 shows the 

predicted structure for RNA-1. In both figures there are a lot of secondary structure Hairpin 

formations; it has previously been shown that RNA nucleotides within a Hairpin region tend to adopt 

a Ribose C2’- endo conformation (due to the reduction in steric hindrance), whereas a stem 

structure adopts a C3’-endo conformation (Puglisi, 1990). This mixture of secondary structures 

identified by RNAFold strongly supports the Raman assignments. RNAFold prediction for the GFP-

RNA sequence is shown in the appendices (Figure S.1.) as the sequence has not yet been 

published by Peyret et al – this structure is much looser with some hairpins. 

 

Figure 4.28. RNAfold Minimum free 
energy secondary structure 
prediction for CPMV RNA-2 

Based on GenBank ID: 
4709058, Sequence: 
X00729.1 (RNA-2) (Van 
Wezenbeek, 1983). The 
optimal secondary structure 
with a minimum free energy 
of 1025 kcal/mol is shown. 

Base-Pair 

Probabilities 
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Figure 4.29. RNAfold Minimum 
free energy secondary 
structure prediction for CPMV 
RNA-1 
 
Based on GenBank ID: 4709058, 
Sequence: X00206.1 (RNA-1) 
(Lomonossof,   1983). The 
maximum length of RNA allowed 
for RNAfold is 4000 therefore 
three separate structures have 
been calculated for different parts 
of the RNA-1 sequence (of 5889): 
 
Top: The first 4000 nucleotides 
form a secondary structure with a 
minimum free energy of -1272.80 
kcal/mol. 
 
Middle: The middle 4000 
nucleotides form a secondary 
structure with a minimum free 
energy of -1258.40 kcal/mol. 
 
Bottom: The last 4000 
nucleotides form a secondary 
structure with a minimum free 
energy of -1222.40 kcal/mol. 
 

Base-Pair 

Probabilities 
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Small Angle X-Ray Scattering Results 

 

SAXS of CPMV, VLPs and GFP-Construct Samples 
 

Small Angle X-Ray Scattering (SAXS) studies have been performed on Icosahedral 

viruses, such as Tomato Bushy Stunt Virus (TBSV) solutions, since as early as the late 1950s 

where, in combination with precession photography, TBSV was observed to have a “spherically 

averaged electron density distribution” (Johnson, 2013); prior to full structure elaboration in 1978 

following technique and computational developments (Harrison et al, 1978).   

 
It was important to confirm that the structure of the virus did not change as a result of 

modifying the RNA within it. Co-expression of the coat protein (VP60) and the RNA-1 encoded 24K 

proteinase, (which processes the VP60) are used to produce the eVLPs (Hesketh, 2015); the GFP 

construct samples contained both of these and the viral shell should not therefore have changed 

shape unless interactions with the internal RNA itself are assisting with the formation of the 

icosahedral structure. Any change in the Radius of Gyration (Rg) between samples may indicate a 

change in structure, as:  

“The Radius of Gyration is defined as the root-mean-square average of the distance of all 

scattering elements from the center of mass of the molecule” 

- Gale Rhodes, Crystallography Made Crystal Clear (3rd Edition), 2006. 

 
SAXS analysis has previously discussed in the Methods chapter, the data presented here 

are of CPMV, VLP and GFP Construct aqueous samples in dH2O aqueous at 24℃. Analysis has 

CPMV (5 mg/mL) 
 
VLP (5 mg/mL) 
 
GFP Construct (Week 3) (5 mg/mL) 

Figure 4.30. Scatter Intensity Graph for CPMV, VLP and GFP Construct Samples 
Scatter intensity graph for CPMV, VLP and GFP Construct (Week 3) samples at 5 
mg/mL for comparison. No evident peak shifts in the x-axis occur. The buffer 
background has not been subtracted.  
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been performed using SCÅTTER (Rambo, 2019) and the ATSAS suite of programs has been used 

for bead modelling of the overall structure (Franke et al, 2017). 

 

Figure 4.30 shows the scatter intensity graph for CPMV (natural mixture of components), 

eVLPs and GFP construct samples – all prior to CsCl gradient. The SAXS curve shows a form 

factor which results when a well-defined structure can be identified from the shape of the particle, 

in this case it is indicative of a monodisperse spherical structure (Guinier & Fournet, 1955). This 

data has not been baselined (the water background has not been removed) which may give rise to 

the differences in intensity, however no evident peak shifts occur indicating that all of the structures 

appear to be the same shape. This can be confirmed by calculating the Radius of Gyration. The 

structures of CPMV and VLPs were looked at first before comparing the results to that of the GFP 

construct samples. 

Changes in structure as a result of concentration changes can also be observed using the 

SAXS scatter intensity graphs, as seen in Figure 4.31 showing data for CPMV and VLP samples; 

again, there appears to be no changes in structure as the concentration of the sample is reduced 

implying that the sample is monodisperse and is not affected by any inter-molecular interactions at 

higher concentrations. The sample structure persists in both the CPMV and the VLP samples down 

to 1 mg/mL however there was poor buffer subtraction and so the data is presented without buffer 

subtraction – this was most likely due to a small amount of salts being left in the sample buffer, 

following washing of the samples taken from the Caesium Chloride gradients.  

A 1 mg/mL concentration was used to do a Guinier fitting and peak analysis on the CPMV 

samples. Guinier analysis was difficult due to the poor buffer subtraction and so only data points 

30-75 were used, giving an Rg of 117.5 Å. Typically, the Rg is around 1/3rd of the size of the overall 

structure for proteins, this gives a maximum dimension (Dmax) of over 352.5 Å. The exact 

dimensions of the CPMV and VLP molecules are known and have a diameter of around 352.5 Å, 

therefore it has to be assumed that the Rg is larger as the highest mass of the molecule is closer 

to the Dmax, which is supported by the fact that the structures are relatively hollow containing only 

a small amount of RNA relative to the size of the structure. This could also imply that most of the 

RNA within the structure is closer to the internal ‘face’ of the viral capsid rather than being free 

floating within the centre of the sphere.   

Guinier peak analysis plots are created by transforming the Guinier region into a peak by 

multiplying both sides of the Guinier approximation by q (Putnam, 2016). The characteristic curve 

shown via the Red dashed line in Figure 4.32 is the Guinier peak analysis plot for an ‘ideal’ perfect 

sphere, with the peak at 1.5 q-Rg2 highlighted by the intersect of the grey dashed lines. The data 

for CPMV 1 mg/mL is plotted and shown as very faint circles, with only the data points used for 

Guinier fitting shown contrasted (in this case as purple circles) and labelled as ‘fitted’. The 1 mg/mL 

data does not fit the curve well, which confirms that CPMV is not completely spherical – this is 

unsurprising as whilst the icosahedral structure is highly symmetrical (with 60 rotational symmetries 

and a symmetry order of 120), it is a 5-fold to 5-fold diameter.  
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Figure 4.31. Scatter Intensity Graph for CPMV (Top) and VLP (Bottom) Samples 
Scatter intensity graph for CPMV and VLP samples at room temperature (~23℃) in 
water. Produced using SCÅTTER, the buffer background has not been subtracted. 
 
 

VLP (45 mg/mL) 

VLP (30 mg/mL) 

VLP (15 mg/mL) 

VLP (10 mg/mL) 

VLP (5 mg/mL) 

VLP (1 mg/mL) 

CPMV (30 mg/mL) 
 
CPMV (15 mg/mL) 
 
CPMV (10 mg/mL) 
 
CPMV (5 mg/mL) 
 
CPMV (1 mg/mL) 
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Figure 4.32. Guinier Fitting and Guinier Peak Analysis for CPMV (1 mg/mL)  
Analysis using SCÅTTER on SAXS data for CPMV at a concentration of 1 mg/mL. Analysis 

gave an Auto Rg of 117.5 Å. (the water background has not been removed) 

 

Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 

corresponding residuals plot (residual data circles are seen in Black) with the line of best fit 

shown in Red. Only Data points 30 - 75 were used and ‘q x Rg’ Limits were : 001.2118 to 

002.3517.  

 

Bottom - Guinier Peak Analysis. Data points 30 - 75 are Fitted (seen as Dark Pink circles) 

and the data points excluded by Guinier fitting (All) are seen as light grey circles. The dashed 

red line shows the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier 

peak indicated at 1.5 (q Rg)2 by the pale grey dashed line).  
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Guinier fitting for a sample of VLPs at 1 mg/mL gives an Rg of 144.6 Å, an increase on the 

Rg of 117.5 Å given for CPMV – this increase in Rg is therefore attributed to the hollow structure of 

the VLP’s and strongly complements the Raman data which showed a lack of RNA within the VLP 

structure. The Guinier peak analysis for VLPs did not show a spherical structure, probably due to 

poor buffer subtraction. 

The degree of flexibility in the CPMV and VLP samples is observed by comparing the rate 

at which the scattering intensity decays in the Porod and Porod-Debye plots compared to that in 

the Kratky-Debye plot, as discussed in the Methods chapter (the plots are seen in Figure 4.33). To 

summarise, the graph which features the first region to plateau indicates the structural flexibility of 

the particle (Rambo et Tainer, 2011); in this case both CPMV and VLP samples decay at q Å-4 in 

the Porod-Debye plot, indicating a compact particle rather than a flexible particle. This confirms that 

the CPMV and VLP samples are intact and the structure is as expected; CPMV icosahedral 

structure has long been known to be incredibly stable at pH 6-8 even with changes in temperature 

up to ~60℃ (Virudachalam, 1985). 

A real space Radius of gyration gives a much more accurate size of the structure discussed 

in the methods section. Figure 4.34 shows the calculation of a real space R(g) performed in 

SCÅTTER. The left hand graphs show the normalised P(r) distribution function and the right hand 

graphs show the one-dimensional scattering curves with a solid red line indicating the Indirect 

Fourier Transform from the P(r) distribution (Roessle, 2012). Again, the buffer background was not 

subtracted.  

At a Dmax of 300Å, CPMV has a real space Rg of 109.32Å and VLPs have a real space 

Rg of 122.45Å. Again, the higher Rg of the VLPs supports that they are empty and devoid of RNA 

with most of the mass of the particle existing as a hollow sphere. The Chi2 values are relatively high 

at 1.04 for CPMV and 0.86 for VLPs.  

At first glance, the scatter curves of the Week 3 and Week 4 GFP Construct samples look 

near identical (Figure 4.35) with some structure factor affecting the Low q region. The data has 

been buffer subtracted and the structures appear spherical like those of the CPMV and VLPs.  

Figure 4.36 shows the Guinier fitting for the Week 3 GFP construct at a concentration of 1 

mg/mL. Only data points 27-72 were used as the high q region appeared to be affected by poor 

buffer subtraction at lower concentrations. An Rg of 123.5Å was determined and the Guinier peak 

analysis showed a perfect spherical structure. Figure 4.37 shows the Guinier fitting for the Week 4 

GFP construct giving an Rg of 128.06Å. The concentration used for the Week 4 samples was 5 

mg/mL, again due to poor buffer subtraction – the Low q region data points 24-67 were looked at. 

Week 4 GFP samples appeared perfectly spherical again.  
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Figure 4.33. CPMV (Left) and VLP (Right) Flexibility Analysis 
 
The degree of flexibility in the CPMV and VLP samples is seen by comparing the Flexibility 
analysis plots (a semi-qualitative method), to observe the first region to plateau (Rambo et 
Tainer, 2011). All Analysis was performed using SCÅTTER.  
 
The Porod and Porod-Debye Plots reach a Plateau first, at a q_max of 0.0201 (CPMV) and 
0.019 (VLP). This indicates a compact particle (whereby the scattering intensity decays at q-4). 
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Figure 4.34. Calculating a Real Space Radius of Gyration for CPMV and VLP Samples 
Real space radius of gyration analysis for CPMV and VLP samples at room temperature 
(~23℃) in water buffer. Not buffer subtracted due to poor buffer background. Analysis 
is performed in SCÅTTER. 
 
Left: The left-hand graphs show the normalised Pair-distance distribution function 
representing the real space distance probabilities (using a modification of the Moore 
function for transforming the data to real space) (Rambo, 2019).  
 
Right: The right-hand graphs show the One-dimensional scattering profiles and 
scattering vectors as a function of q (log10 I(q) vs q2). The solid red line is the Indirect 
Fourier Transform (IFT) from the pair-wise distribution function (Roessle, 2012).  
 
The experimental parameters (start and end residual points) and outputs are indicated 
above each pair of the relevant graphs. 

CPMV (~23℃ in dH2O) at 1 mg/mL: 
Start: 30   End: 740   I(0): 4.37E0   Dmax = 300 Å   Rg = 109.32 Å   Chi2 = 1.04 

VLP’s (~23℃ in dH2O) at 1 mg/mL: 
Start: 30   End: 280   I(0): 1.82E0   Dmax = 300 Å   Rg = 122.45 Å   Chi2 = 0.86 
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Figure 4.35. Scatter Intensity Graph for Week 3 (Top) and Week 4 (Bottom) GFP   
Construct Samples 
Scatter intensity graph for Week 3 and 4 GFP Construct samples at room 
temperature (~23℃) in water. Produced using SCÅTTER – the data has not had the 
buffer subtracted.   
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Figure 4.36. Guinier Fitting and Guinier Peak Analysis - Week 3 GFP Construct Sample  
Analysis using SCÅTTER on SAXS data for Week 3 GFP Construct sample at a 

concentration of 1 mg/mL. Buffer not subtracted. Analysis gave an Auto Rg of 123.5 Å. 

 

Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown with the 

corresponding residuals plot (residual data circles are seen in Black) with the line of best fit 

shown in Red. Only Data points 27-72 were used and ‘q x Rg’ Limits were: 000.9685 to 

001.9609 

 

Bottom - Guinier Peak Analysis. Data points 27 - 72 are Fitted (seen as Brown circles) and 

the data points excluded by Guinier fitting (All) are seen as light grey circles. The dashed red 

line shows the Ideal Guinier Peak curve for a Spherical molecule (with the ideal Guinier peak 

indicated at 1.5 (q Rg)2 by the pale grey dashed line).  
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Figure 4.37. Guinier Fitting and Guinier Peak Analysis - Week 4 GFP Construct Sample  
Analysis using SCÅTTER on SAXS data for Week 4 GFP Construct sample at a 

concentration of 5 mg/mL. Buffer not subtracted. Analysis gave an Auto Rg of 128.06 

Å. 

 

Top - Radius of gyration estimation using Guinier Fitting, the Guinier plot is shown 

with the corresponding residuals plot (residual data circles are seen in Black) with 

the line of best fit shown in Red. Only Data points 24 - 67 were used and ‘q x Rg’ 

Limits were: 000.9030 to 001.8521. 

 

Bottom - Guinier Peak Analysis. Data points 24 - 67 are Fitted (seen as Purple 

circles) and the data points excluded by Guinier fitting (All) are seen as light grey 

circles. The dashed red line shows the Ideal Guinier Peak curve for a Spherical 

molecule (with the ideal Guinier peak indicated at 1.5 (q Rg)2 by the pale grey dashed 

line).  
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Figure 4.38 shows the calculation of a real space R(g) for the Week 3 and Week 4 GFP 

Construct samples; with a Dmax of 300Å the Week 3 samples had a real space R(g) of 115.26Å 

(Chi2 = 1.17) and the Week 4 samples had an R(g) of 113.59Å (Chi2 = 0.87). Although there was a 

difference between the R(g) values and the Real space R(g) values for both of the samples, 

between samples the R(g) values were similar (Week 3 = 123.5Å, Week 4 = 128.06Å) and the Real 

space R(g) values were similar (Week 3 = 115.26Å, Week 4 = 113.59Å). 

Figure 4.38. Calculating a Real Space Radius of Gyration for GFP Construct Samples 
Real space radius of gyration analysis for Week 3 and Week 4 GFP construct samples 
at room temperature (~23℃) in water buffer (Buffer not subtracted). Analysis is 
performed in SCÅTTER. 
 
Left: The left-hand graphs show the normalised Pair-distance distribution function 
representing the real space distance probabilities (using a modification of the Moore 
function for transforming the data to real space) (Rambo, 2019).  
 
Right: The right-hand graphs show the One-dimensional scattering profiles and 
scattering vectors as a function of q (log10 I(q) vs q2). The solid red line is the Indirect 
Fourier Transform (IFT) from the pair-wise distribution function (Roessle, 2012).  
 
The experimental parameters (start and end residual points) and outputs are indicated 
above each pair of the relevant graphs. 

Week 3 GFP Construct Samples (~23℃ in dH2O) at 1 mg/mL: 
Start: 60   End: 1100   I(0): 4.18E0   Dmax = 300 Å   Rg = 115.26 Å   Chi2 = 1.17 

Week 4 GFP Construct Samples (~23℃ in dH2O) at 5 mg/mL: 
Start: 90   End: 450   I(0): 2.70E0   Dmax = 300 Å   Rg = 113.59 Å   Chi2 = 0.87 
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To confirm the R(g) values were accurate, and not affected by the poor buffer subtraction, 

a merging of concentrations was performed. The Low q region of a low concentration sample 

(whereby the High q region was affected by poor buffer subtraction) was merged with a High q 

region of a higher concentration sample. This is seen in Figure 4.39. The merging was performed 

in SCÅTTER and the overlap between the two concentrations allows for them to be scaled for 

accurate merging of the data sets and the buffer was able to be subtracted. This has two benefits: 

Firstly, it removes the Low q region from the higher concentration samples which was slightly 

affected by structure affects and secondly, it reduces the effects of poor buffer subtraction in these 

samples allowing for more accurate determination of R(g). 

 Guinier fitting was performed on the merged samples and the results can be seen in Table 

4.4 compared to the results acquired from all other samples discussed so far. The samples are 

labelled as “GFP Construct Week 3 Merged” and “GFP Construct Week 4 Merged”. As can be seen 

from the table, the Rg for the merged Week 3 samples was 122.5Å and for merged Week 4 samples 

it was 123.08Å. The real space Rg for the merged Week 3 samples was 113.21Å and for merged 

Week 4 samples it was 113.60Å; the Chi2 values are much higher (both, surprisingly, 1.91) for a 

Dmax of both samples of 300Å. It can therefore be ascertained that no change in structure is 

occurring when the RNA within a VLP is modified to include an integrated RNA sequence of choice.  

Sample Concentration Guinier 
Analysis Rg 

(Å) 

Real Space Rg 
(Å) 

Dmax (Å) Chi2 

CPMV  1 mg/mL 117.5 109.32 300 1.04 

      

VLP 1 mg/mL 144.6 122.45 300 0.86 

      

GFP Construct 
Week 3 

0.1 mg/mL 122.8 122.5 300 0.39 

 1 mg/mL 123.5 115.26 300 1.17 

 5 mg/mL 128.2 116.16 300 0.66 

 10 mg/mL 132.6 106.92 300 2.7 

GFP Construct 
Week 3 
Merged 

1 and 10 mg/mL 122.5 113.21 300 1.91 

      

GFP Construct 
Week 4 

0.1 mg/mL 122.93 115.59 300 0.54 

 1 mg/mL 123.12 115.70 300 0.36 

 5 mg/mL 128.06 113.59 300 0.87 

 10 mg/mL 130.26 114.13 300 4.65 

GFP Construct 
Week 4 
Merged 

1 and 10 mg/mL 123.08 113.60 300 1.91 

Table 4.4. SAXS data for CPMV, VLP and GFP Construct Samples 
Guinier Analysis Auto Rg, Real Space Rg, Dmax and Chi2 values for all CPMV related 
samples. Rg shows inconsistencies at higher concentrations due to a down-turn in the 
scattering at Low q region (discussed in Results). 
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Figure 4.39. Merging the Scatter Intensity Graphs for GFP Construct Samples 
Buffer subtracted scatter intensity graphs as merged for both Week 3 and Week 4 
GFP construct samples at room temperature (~23℃) in water (buffer subtracted). 
The Low q region from the 1 mg/mL samples has been merged with the High q 
region from the 10 mg/mL samples (with a small overlap) using SCÅTTER to scale 
and merge. 
 
Week 3 Samples Merged: Low q for 1mg/mL (Blue) and High q for 10mg/mL (Red). 
 
Week 4 Samples Merged: Low q for 1mg/mL (Black) and High q for 10mg/mL 
(Green). 
 

Week 3 – GFP Construct Samples 
 

Week 4 – GFP Construct Samples 
 



264 
 

As seen in Table 4.4, the Rg for the VLP was the highest, indicative of a hollow structure, 

devoid of RNA; followed by the GFP Construct samples containing only GFP-RNA. CPMV 

containing both RNA-1 and RNA-2 had the highest R(g), this is the opposite of what we would 

expect to have seen (and inversely proportionate to the Guinier R(g)’s) implying that the 

conformation of RNA within the virus may be random between separate viruses and not locked into 

any particular conformation as a result of contact with the viral capsid. Following confirmation from 

SAXS and TEM that the structure was unaffected by the GFP Construct, Ribbon/Bead modelling 

was performed on the CPMV, VLP and GFP construct samples. All three samples maintained an 

icosahedral structure (as shown in Figure 4.40) when ran with a P120 symmetry (each structure 

seen is 1 single run performed in DAMMIF / ATSAS suite of programs as discussed in the Methods) 

chapter.   

Unmerged (Week 3) GFP Construct Sample: 
 

CPMV:       VLP: 
 

Figure 4.40. Ribbon / Bead Modelling of CPMV, VLP and GFP Construct Samples 
Ribbon / Bead Modelling (DAMMIF / ATSAS suite of programs) of samples, 300 
Angstroms in diameter. Unmerged sample of Week 3 GFP Construct shows bead 
modelling of a structure factor (evidence of 2 separate molecules modelled). CPMV 
and VLP models show high levels of symmetry as expected for the virus, the CPMV 
SAXS shows a much denser molecule, most likely due to RNA content within the 
virus.  
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Conclusion 
 

Raman spectra for CPMV components proved difficult due to the high amount of 

fluorescence in the samples. However, it was still possible to identify RNA features within the 

Raman spectra presented in this chapter. The ss-RNA structures were identified through the 

assignment of a mixture of C2’ endo conformation and C3’ endo conformation of Ribose – providing 

information that the ss-RNA within the CPMV virus was largely structured (locked into ss-RNA 

structures such as hairpins) with some unstructured parts (with fluid structure or no permanent 

structure). It was not possible to assign specific Raman structures due to the very long length of 

RNA-1 and RNA-2, however RNAFold predictions showed a high quantity of hairpin structures 

supporting the Raman assignments of C2’ endo conformation Ribose. DFT Assignments of 

nucleotides were able to be applied to the spectra acquired of CPMV RNA-1 and RNA-2 to confirm 

a higher U/C content of RNA-1.  

Analysis of Raman spectra and DFT assignments also showed that some RNA was 

retained within what was believed to be an empty Virus Like Particle (VLP). This could be due to a 

small amount of RNA being retained on the internal surface of the capsid following viral coat 

assembly, or it could be a result of broken-VLP’s conjugating to leftover RNA within the solution. It 

was shown using DFT assignments that the contamination of VLP’s and CPMV Top was that of 

RNA-2.  

Small angle X-Ray scattering confirmed that the conformation of RNA within the virus may 

be random between separate individual virus particles – implying that the bulk of the RNA within 

the capsid is not locked into any particular conformation as a result of contact with the walls of the 

capsid. However, SAXS is not sensitive enough to confirm the orientation of the RNA and it could 

reflect the fact that the orientation of the particles is random and so although the RNA in a given 

particle could have a defined structure, it could appear to be random in a bulk preparation. SAXS 

confirmed that the Virus Like Particle samples were mostly devoid of RNA – this demonstrates the 

sensitivity of Raman for looking at a very small quantity of RNA within a viral capsid. SAXS also 

appears to be able to identify icosahedral structural symmetry of the CPMV capsid. It was possible 

to use SAXS to compare the structures of VLP with VLP containing GFP, these structures had 

already been confirmed to be identical using Transmission Electron Microscopy (TEM).  

Furthermore, SAXS was able to demonstrate that the RNA within the virus appeared in the 

centre of the capsid, similar to the position of the natural RNA within CPMV particles. SAXS also 

provided information about the larger Radius of Gyration for GFP construct samples (~113Å) 

compared to that for CPMV samples (~109Å) (in comparison, the Rg for VLP samples is 122Å); 

this could be indicative of the lower concentration of RNA within the GFP construct samples / the 

RNA being situated closer to the internal walls of the capsid. The larger Rg might also imply a looser 

structure of RNA that could not be identified in the Raman spectra; this makes sense as the GFP 

RNA is smaller than RNA-2.  
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Data in this chapter has shown that the insertion of a GFP Construct into a VLP can induce 

Green Fluorescent Protein (GFP) production in the CPMV viral host: Nicotania benthamiana. This 

GFP Construct study shows the potential of modifying a construct to produce ASOs on a large scale 

in a conveniently pre-packaged VLP. Data also showed that the length of sequence inserted into 

the capsid did not change the capsid structure; potentially allowing for the encapsidation of a large 

amount of RNA. Virus Like Particles (VLPs) are therefore proposed as a potential drug delivery 

system for ASOs. 

As discussed in the Introduction Chapter (Aims of the PhD) it is possible that, in the future, 

CPMV could be used as a drug delivery system for Antisense Oligonucleotides; providing a two-

pronged approach of both delivering an ASO and acting as a therapeutic drug itself. CPMV are very 

thermostable (as discussed) and are nontoxic and stable in physiologically relevant buffers. As 

shown in this chapter, the manufacture of CPMV virus can be highly scalable. The delivery of CPMV 

can be as simple as inhalation of the virus to the lungs; inhaled CPMV is rapidly taken up by 

Neutrophils to immediately become a part of an anti-tumour immune response; CPMV inhalation in 

mice has been shown to reduce established lung melanomas (Lizotte, 2016). 

CPMV has previously been tested as an in-situ cancer vaccination, acting as a therapeutic 

drug in combination with chemotherapy for treating Murine breast tumours (Cai, 2019); this 

vaccination produced increased secretion of cytokines, activation of antigen-presenting cells and 

increased abundance of tumour infiltrating T-cells. Tumour regression and the prevention of tumour 

recurrence has also been observed in Murine ovarian cancer models (Wang, 2019). CPMV has 

also been conjugated to the chemotherapeutic drug doxorubicin (DOX) to increase the cytotoxicity 

toward HeLa cells (Aljabali, 2013).  

Furthermore, CPMV has been used to directly target and expose Vimentin on the surface 

of cells involved in inflammation (Steinmetz, 2012). Vimentin is expressed by almost all neuronal 

precursors in vivo before being replaced by neurofilaments; Antisense Oligonucleotides targeting 

Vimentin have therefore been shown to inhibit neurite initiation in neuroblastoma (Shea, 1993). 

CPMV/VLPs might be an appropriate delivery vehicle for improving ASO targeting of neuroblastoma 

if CPMV/VLPs can expose vimentin and an ASO contained within a VLP can inhibit neurite initiation. 
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Results and Discussion 
   

Overall Results and Discussion  
 

NMR has been the gold standard for observing secondary structures, but can be costly, 

time consuming and depends on a great quantity of liquid Helium for cooling of the semi-conducting 

magnet. The data from NMR allows for in-depth identification of unknown structures. Raman 

spectroscopy is relatively less costly (following the initial cost of set-up prices); the maintenance 

and alignment of the laser can prove time-consuming, but this is rarely necessary and often 

automated in newer equipment.  Assignment of Raman spectra of samples subject to 

pharmaceutical stresses provides information about sample conformational changes. Raman 

spectra can be quickly assigned when spectra libraries are used; Raman shifts can also quickly 

show conformational changes and spectra can be subjected to principal component analysis, which 

may uncover trends and structural changes not visible by eye. Raman spectroscopy is also ideal 

for the in-process monitoring of pharmaceutical production processes, including quantitative 

analysis and Process-induced structural changes (due to pharmaceutical stresses) (Esmonde-

White, 2016., Hédoux, 2011., DeBeer, 2011). 

Results Chapter 1: Nucleotides demonstrates that a strength of Raman Spectroscopy is 

that it can be used for both aqueous and solid-state samples, with solid-state Raman spectroscopy 

producing a nice spectrum of a crystalline solid sample (providing a foundation for assigning 

aqueous spectra with noisy or broad Raman spectra peaks). Unfortunately, Raman spectra of the 

solid samples of the ASOs discussed in this paper could not be acquired – however the aqueous 

spectra of ASOs appeared clear (of good quality) and could be reliably assigned based on 

nucleotide assignments from Chapter 1. The nucleotide assignments allowed for quicker 

assignment of the C2’-endo and C3’-endo conformations of the Ribose ring as well as providing 

information about the orientation of the nucleobases. The nucleobase population of a sample can 

also be identified using the assignments of key peaks related to specific nucleotides, based on the 

suitability of Raman for assigning the spectra of Purine and Pyrimidine nucleotides. The use of a 

cuvette with a lid ‘stopper’ prevented evaporation of a sample buffer, avoiding an increasing 

concentration of the sample as data was collected over a prolonged period of time and allowing for 

the full recovery of the sample. 

Reviewing literature assignments for RNA nucleotides can prove time consuming and 

experimental data can sometimes contradict previous assignments, particularly as the conformation 

of a nucleotide is highly dependent on the buffer and temperature of a sample. Results Chapter 1 

addressed the need for a database of Raman assignments for RNA nucleotides based on more 

accurate Density Functional Theory data; DFT reduces the need for time consuming interpretation 

of the data and misassignments. A library of Raman assignments was generated, in the form of 

Table 1.6, based on the experimental spectra of RNA nucleotides in water and the associated 

Density Functional Theory data of nucleotides modelled in water. Avogadro software was used to 
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visualise the molecular vibrations, bends and stretches; although the use of Avogadro was a time-

consuming process, there is potential for this to be automated.  

Chapter 1 led to the formation of a paper, for which a draft is provided in the Supplementary 

information, to be published as: “Deconvolution of conformational exchange from Raman spectra 

of aqueous RNA nucleosides”; this paper provides information from the collaborators, who kindly 

provided the DFT data for this chapter, on increasing the scalability of classical and ab initio 

molecular dynamics. Future work will now concentrate on extending DFT to other macromolecules 

such as longer oligonucleotides (including chemically modified ASOs), proteins and carbohydrates. 

As part of a collaboration with Dr Andrew Almond, a fully solvated molecular dynamics simulation 

was performed on the exact structure of AZD4785 as seen in Chapter 3, Figure 3.17; the intention 

of future work is that DFT calculations for larger molecules will be more easily generated. It is hoped 

that Table 1.6 in this thesis will be used for further publications, assisting with the assignment of 

Raman spectra of RNA and ASOs.  

From data collected in Results Chapter 1, it was obvious that the Raman toolbox generated 

by Gardner et al (2014) rapidly speeds up the pre-processing of Raman and ROA data; allowing 

for the quick analysis of large Raman spectra datasets or multiple spectra acquired over a longer 

period (as seen throughout the thesis, data was often acquired over multiple days). The toolbox 

was used for the baselining throughout the thesis; a weakness of the toolbox is that PCA cannot be 

performed between Raman spectra, data must be exported into Matlab for further analysis and so 

there is potential to improve it and add to the GUI. The use of two separate baselining techniques 

was discussed in this chapter, emphasising the sensitivity of Raman data to pre-processing / 

baselining methods; it is therefore suggested that the baselining technique used in papers is made 

more transparent and un-baselined data should be provided by authors to those who request it. 

The use of this toolbox is however recommended for users of spectroscopy who may be unfamiliar 

with pre-processing techniques.  

A weakness of Circular Dichroism spectroscopy to look at ss-RNA was identified in Chapter 

1, whereby Circular Dichroism was used to distinguish between different RNA nucleotides (Chapter 

1: Figure 1.20); this was not possible and showed poor reproducibility; the use of Circular Dichroism 

to observe the structure of AZD4785 (Chapter 3: Figure 3.16) confirmed that the technique could 

not be used to look at short oligonucleotides, even at high concentrations of 150 mg/mL. Circular 

Dichroism has been used to look at conformational changes in DNA upon Ligand binding (Chang 

et al, 2012); it might be that future work, using CD to identify changes occurring as a result of 

pharmaceutical stresses, might allow for the elucidation of more information about CD spectra of 

ASOs.  

In both Results Chapter 2: RNA Library and Results Chapter 3: Antisense Oligonucleotides,  

spectroscopic techniques (Raman, ROA, CD) were successfully used to predict the Secondary 

structure of Antisense Oligonucleotides and characterise changes that occurred as a result of 
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pharmaceutical stresses. There appeared to be no structural changes as a result of concentration 

based on Raman spectra.  

Results Chapter 2: RNA Library, further demonstrates the utility of Raman and its use in 

the assignment of an additional nucleotide to an ASO (N + 1-mer) – AZD9150. Additional peaks in 

the Raman spectra of the N + 1-mer could be assigned to an Adenosine nucleoside based on the 

DFT assignments made in Chapter 1. This shows the potential of Raman spectroscopy to aid in the 

identification of oligonucleotide impurities. Furthermore, Raman spectroscopy was also used to 

provide evidence that the cEt nucleotide modification, as seen in the AZD9150 ‘N +/- 1’ samples, 

was absent in the AZD9150 cN sample (the cN sample was not subjected to chemical modification). 

Typically, LC-MS would be used for both sequencing and to identify chemical modifications – 

however this chapter demonstrates that Raman spectroscopy (which can be used in-situ during the 

manufacturing process) can be used alone to collect this information.  

Raman Optical Activity spectra are noticeably absent from this thesis as a result of laser 

unalignment during the PhD. It was not possible to fix the ROA; however, the alignment was 

improved so that Raman data could still be collected of aqueous samples. ROA should not be 

overlooked however, as it provided key information that a secondary structure was occurring in the 

AZD4785 sample where Raman spectra could not identify one (the reason being that the structure 

persisted down to <1mg/ml); without the ROA spectra (seen in Chapter 3, Figure 3.11) it is unlikely 

that further experiments (SAXS) would have been performed on this ASO sample. Any future work 

would have concentrated on the acquisition of ROA spectra to characterise any chirality changes 

in the ASO’s, which is an unexplored area of research. Experiments on the AstraZeneca ASOs 

were also limited by the provision of samples in an aqueous solution – freeze-drying to resuspend 

the samples in a separate buffer may have resulted in a loss of material. In retrospect, it would have 

been beneficial to collect more NMR data of the individual samples under a wider range of 

pharmaceutical stresses (temperature and concentration changes) to directly compare the results 

to Raman and SAXS data. SAXS samples were not salvageable and used a large amount of the 

sample, however SAXS data was prioritised above the collection of NMR data as the application of 

the technique for exploring ASO structure was novel. 

Results Chapter 2: RNA library, demonstrated the first use of SAXS for looking at an ASO 

– however, the data could not be utilised due to a poor buffer subtraction (as a result of Ethanol 

contamination from the manufacturing process). A structure factor was seen in the SAXS data that 

suggested SAXS could be used to complement Raman spectroscopy to look at the structures of 

ASOs. SAXS was therefore used to look at AZD Compound A and AZD4785 in Chapter 3: 

Antisense Oligonucleotides. In Chapter 3: Antisense Oligonucleotides, Raman, ROA and NOESY 

NMR spectra indicated some sort of secondary structure in the ASOs that had not been expected 

due to their short lengths (16-mers). SAXS was used to further examine this structure, it was 

ultimately suggested in Chapter 3 that this structure was in fact inter-molecular interactions between 

adjacent ASOs as a result of chemical modifications. The individual ASO structure seems to 

elongate within a salt buffer and at increasing temperatures, a structural effect that could not be 
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observed using Raman; as discussed above, the knowledge of this structure only arose following 

ROA analysis of AZD4785 and a further NMR NOESY experiment to increase the temperature of 

the ASO samples and encourage the decomposition of any secondary structure.  

Previous studies have used SAXS to look at the rigidity of Poly-U vs Poly-T (homopolymers) 

(Chen, 2011), the elongation of a homopolymer of Thymidine in a high salt buffer (Sim, 2012) and 

the interaction of an RNA GNRA tetraloop and its receptor (Yang et al, 2010). This thesis 

demonstrates the pairing of small angle X-Ray scattering with Raman; this pairing has not only 

provided more structural information about an ASO, it has also aided the understanding of Raman 

spectra structural changes and allowed for bead-modelling of the ASO structures. Bead-modelling 

of a modified ASO based on SAXS data has not previously been published, this thesis shows bead-

modelling of an ASO under pharmaceutical stresses (buffer, temperature and concentration 

changes – whilst under sheer stress). Bead-models could be effectively incorporated into 

presentations of data, allowing for a quick introduction to the structure of a sample and simple 

visualisation of structural changes. As opposed to a 2-D Raman spectrum, which is a technique 

that people with little experience of spectroscopy may be unfamiliar with, the bead-model (in 

addition to molecular dynamics simulations) addresses the need for structural visualisation of an 

ASO sample.  

A notable drawback of SAXS is that the ASOs were subjected to sheer stress as a result 

of the capillary action that occurs as the sample is pulled into the path of the X-Ray; under these 

conditions, it was optimistic to assume that any ASO would appear as a globular structure (as 

predicted by the MD simulations). The fibril-like structure that occurred across the samples (seen 

as a structure factor in the SAXS scatter graphs), is assumed to occur a result of inter-molecular 

interactions was believed to be a result of the chemical modifications and sheer stress at high 

concentrations of ASO. A weakness of this technique is the relatively low resolution, it was not 

possible to ‘bead model’ the individual nucleotides / chemical modifications, however the 

information provided from SAXS proves it is a great visualisation tool for ss-RNA structure.       

The Raman assignments generated throughout this thesis proved vital for assigning the 

spectra of both ASOs and single stranded RNA within a Virus Like Particle / CPMV. Results Chapter 

4 – CPMV, improved upon Raman assignments on ss-RNA structure within a plant virus capsid - 

results included the identification of a structure with a large population of hairpin loops (based on a 

C2’-endo Ribose conformation); the overall structure was also identifiable as being largely ‘loose’ 

in structure within the viral capsid. SAXS was used to confirm a high concentration (and tightly 

packed structure) of RNA-1 and RNA-2 within a CPMV capsid; this was compared to a lower 

concentration of RNA (GFP-RNA Construct sample), having a looser structure, within a virus like 

particle. It was shown in Chapter 4 that it is possible to modify the RNA within a VLP, allowing for 

the potential integration of an ASO. This chapter demonstrated the use of Raman spectroscopy for 

looking at a potential drug delivery system for ASOs and this should be explored further as CPMV 

provides a two-pronged attack in both delivering the ASO and simultaneously provoking an immune 

response (Lizotte, 2016, Cai, 2019).  



273 
 

The outcomes and data generated from this PhD were largely positive for spectroscopy 

and ASO research, however it was very optimistic to assume that Raman alone could be used to 

identify ss-RNA structures as the spectra are increasingly complex with the addition of chemical 

modifications to an ASO. What has been evident however, is that the use of Raman is key for the 

quick, cheap, initial analysis of a sample prior to further analysis (e.g. for distinguishing between 

Ribose conformations and nucleobase populations). Raman can quickly provide information about 

ASO contamination and chemical modifications and can be used to look at structural changes that 

occur as a result of pharmaceutical stress. Raman peaks can be easily assigned using DFT and 

IR, it can be used alongside ROA to look at the chirality of a molecule, is noticeably quicker to 

analyse than NMR and as shown in this thesis, it provides a large range of interesting information 

that may lead to further experiments being undertaken (such as SAXS). The most important 

conclusion that can be drawn from this thesis is that Raman plays an integral role as part of an 

orthogonal experimental design, providing in depth information about ASO structure and structural 

changes.  
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Appendices 
 

Supplementary Information 1: Supplementary Information to the Main Thesis  
 

Table S.1: Table of CPMV Associated Raman Optical Activity Assignments 

- Associated with Results Chapter 4: Cowpea Mosaic Virus 

ROA assignments predicted: 

~ 996, 1959, 1094 cm-1  Negative-positive-negative triplet with peaks at ~ 996, 1959 and 1094     

cm-1 has previously been assigned to sugar phosphate vibrations 

associated with the C3’-endo sugar ring pucker as found in A-type helices 

(Bell et al, 1997,1998).  

~ 1200-1410 cm-1 Spectral pattern previously assigned to vibrations involving mixing of 

vibrational co-ordinates from both base and sugar rings which reflect the 

mutual orientation of the sugar and base rings found in A-type helices (Bell 

et al, 1998). 

~ 1246 and 1665 cm-1  Negative-positive amide I couplet centred at ~ 1665 cm-1 and strong sharp 

negative at ~1246 cm-1 are indicative of characteristic β-sheet 

conformation. 

~ 1295 and 1342 cm-1  Positive extended amide III bands assigned to hydrophobic and hydrated 

alpha helix respectively.  

~ 1369 cm-1  Negative band at ~ 1369 cm-1 is characteristic of hairpin bends (Barron et 

al, 2000). 

~1316 cm-1 Strong positive band may originate in polyproline II helical elements in 

some of the loops and the long, disordered N-terminal strand (Barron et al, 

2000). 

~ 1483 and 1574 cm-1 Weak positive bands at ~ 1483 and 1574 cm-1 may arise from RNA bases 

Guanine and Adenine.  

~ 1554 cm-1   Side chains assigned to three tryptophans.  
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  Figure S.1. RNAfold Minimum free energy secondary structure prediction for GFP-RNA 
Construct 
 
Related to Results Chapter 4: The sequence of GFP-RNA is currently unpublished. Details will be 
published by Hadrien Peyret in the Lomonossoff group at the John Innes Centre, Norwich. What 
is evident, however, is that the structure is relatively loose with some hairpins.  
 

Base-Pair 

Probabilities 



276 
 

Supplementary Information 2: Paper Contribution 
 

 

Contributions towards the following paper are outlined in Results Chapter 1 and involved all 
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The paper has been accepted for publication to Nature Communications Chemistry by the lead 

author and any correspondence regarding the paper should be directed to Dr Andrew Almond. 

Below is one of the drafts for the paper, the published paper may therefore differ from that found 

here and will be found using the reference #COMMSCHEM-19-0279C.  

 

For the purpose of this thesis, the full supplementary information for the paper has not been 

published but will be made available upon formal publication or request. 
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Abstract  

 

Ribonucleic acids (RNAs) are key to the central dogma of molecular biology and their backbone 

dynamics underpin structural and functional flexibility. A framework is presented that predicts 

Raman spectra using mixtures of sub-spectra corresponding to major conformers calculated using 

classical and ab initio molecular dynamics. Experimental optimization allowed purines and 

pyrimidines to be characterized as predominantly syn and anti, respectively, and ribose into a 

conformational exchange between equivalent south and north populations. These measurements 

are in excellent agreement with Raman spectroscopy of ribonucleosides, and previous 

experimental and computational results. This framework provides an independent measure of 

ribonucleoside solution populations, and unlike many techniques, Raman has no molecular size 

restriction, providing a novel route to explore conformational exchange in RNA macromolecules. It 

complements other experimental techniques and due to its scalability can be extended to other 
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macromolecules, such as proteins and carbohydrates, enabling biological insights and providing a 

new analytical tool. 
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Introduction 

 

Ribonucleic acids (RNAs) are key players in the central dogma of molecular biology; 

genetic information is transported, translated and regulated by RNA. Their importance was 

underlined by the discovery of self-replicating RNA ribozymes1, supporting the RNA World 

hypothesis of the early evolutionary history of life2.  

Molecular descriptions, deriving from 3D-structural information, are required to understand 

the enigmatic mechanisms behind these diverse biological functions3. Being predominantly single 

stranded, RNAs are intrinsically more flexible than globular proteins and only super-atomic 

crystallographic resolutions (2.5-4 Å) are typically attainable4; Ribose ring densities are often diffuse 

and ambiguous, indicating conformational degeneracy is present even in crystals5,6. 

Macromolecular complexes can alternatively be studied with cryogenic electron microscopy but 

again atomic resolution is typically not achievable7. Solution-phase nuclear magnetic resonance 

(NMR) has also been instrumental in the determination of functional, conformational and structural 

information about RNA. However, while NMR can provide atomic resolution, it is not suited to 

systems beyond RNA oligonucleotides as they require high concentrations, exhibit low chemical 

shift dispersion, and necessitate complex and expensive isotropic labelling8-10. Established 

experimental techniques are therefore limited in their ability to achieve atomic resolution on RNA 

macromolecules. Lack of resolution masks functionally important Ribose ring puckering and 

conformational exchange. For example, constituent Ribose rings show a general preference for c3’-

endo (north) puckering in helical nucleotides6, and the c2’-endo (south) sugar pucker in non-helical 

nucleotides. Dynamical interconversion is therefore responsible for important macromolecular 

changes, as in A⇌Z RNA and B⇌Z DNA11,12. This is reinforced by the fact that locking the sugars 

into particular puckers perturbs the delicate hybridization process and provides a novel route to 

therapeutics, highlighting the functional importance of ribose conformational exchange13. Further 

experimental techniques are required to provide atomic resolution of backbone conformational 

preferences in RNA macromolecules. 

Whilst infrared and Raman spectroscopy are both able to study solution phase RNA 

samples14,15, infrared has strong water absorption obscuring key spectral regions. Raman 

spectroscopy does not have this drawback and could provide an inexpensive, rapid route to the 

elucidation of RNA conformation, without restrictions on molecular size. However, deciphering the 

spectral complexity associated with large RNAs and assigning the constituent bands is a problem 

limiting the utility of Raman spectroscopy16. Computational prediction of vibrational spectra is an 

excellent route to assignment of Raman spectra, potentially expanding Raman’s domain of 

applicability to routine 3D-structual determination, but computational tractability limits current 

methods, both in terms of realistic system size and inclusion of conformational exchange17-20. A 

more scalable computational route is required to accurately predict vibrational spectra of 

macromolecules, and include the contribution of physical effects such as conformational exchange. 

Consequently, there have been a number of recent attempts to derive spectra from ab initio 
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simulations, but the contributions of slow conformational exchange to computed spectra are 

inadequately reproduced due to limits on feasible simulation timeframes21. 

Here, a novel Raman spectral prediction framework is applied to aqueous RNA nucleosides 

to distil spectral complexity into contributions of multiple conformers in a manner computationally 

scalable to much larger systems, by combining classical and ab initio molecular dynamics with 

experiment. Specifically, long-timescale classical simulations fully explore molecular phase space, 

and highly populous regions are further sampled with multiple short-timescale ab initio simulations, 

providing accurate dynamics around specific conformers. Autocorrelation of the molecular 

polarizability then allows for individual conformer spectral prediction and subsequent combination 

into an overall Raman spectrum. In this way, we achieve highly accurate experimental agreement, 

alongside applicability to large systems, opening up Raman spectroscopy as a simple, inexpensive 

experimental route to 3D-structure determination of complex systems to complement existing 

techniques. While we demonstrate this for the first time on RNA ribonucleoside building blocks, it 

has fundamental applicability to a wide range of other macromolecules. 

 

Methods  

 

Raman spectral prediction from Classical Molecular Dynamics 

 
For each nucleoside, 5 μs classical molecular dynamics (MD) simulations were performed 

in water and coordinates were saved every 5 ns to create an ensemble of 1000 frames. Each 

nucleoside was solvated in a TIP3P32 water box (~4.3 nm3) using the Amber12 tool tleap33. Partial 

charges were fitted using RESP34 and ff14SB parameters were used35. Energy minimisation was 

carried out using 50 steps of steepest descent, before an NPT ensemble equilibration of 3 ns using 

a Berendsen barostat36 (1 atm) with a relaxation time of 400 ps-1, coupled to a Langevin thermostat 

(298 K) with a damping factor of 5 ps-1. After equilibration, the simulation was transferred to an NVT 

ensemble for the production runs (the thermostat damping factor was reduced to 0.1 ps-1). 

Hydrogen atoms were constrained using M-SHAKE37, electrostatic interactions were calculated via 

the PME method (grid size of 32 Å), electrostatic and van der Waals interactions were truncated (9 

Å), and the integration time-step was 4 fs with hydrogen mass (4 a.m.u.) repartitioning38. All MD 

simulations used the ACEMD package39.  

Geometry optimizations were carried out using the ONIOM quantum mechanics/molecular 

mechanics (QM/MM) implementation in Gaussian0940. For each frame the water molecules were 

trimmed to within 10 Å of the nucleoside, and structures were considered optimized when the forces 

on all nuclei fell below 10-6 Hartree/Bohr. Nucleosides were treated with Density Functional Theory 

(DFT) using the B3LYP functional41-44, combined with the 6-31+G(d) Pople basis set, and water 

molecules were treated at the MM level using the Universal force field (UFF) of Rappé et al.45 

implemented in Gaussian09. Frequencies and activities of Raman-active vibrational modes were 
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determined within the double harmonic approximation using Gaussian09. Raman activities were 

then converted into intensities by accounting for excitation laser wavelength (532 nm) and 

temperature (293 K), using standard methods46. These intensities were then normalized for 

comparison to normalized experimental spectra. Lorenztian broadening to 5 cm-1 at full-width half-

peak-height, as well as frequency scaling, was performed with our in-house program Lineshape.  

 
Raman spectral predictions from Ab Initio Molecular Dynamics 

 
Solvated nucleosides were equilibrated for 2.5 ps followed by 17.5 ps production runs using 

AIMD, and electron densities were saved every 2.5 fs in the discretized Gaussian CUBE format 

with a stride of 2. The QM subsystem consisted of the single nucleoside, enclosed in a non-periodic 

cubic box (20.0 Å), in contact with classical water molecules. Global cubic simulation cells were 

periodic cubic boxes (A=24.25 Å, U=23.18 Å, C=23.43 Å). The QM subsystem used the dispersion-

corrected BLYP-D3 functional42,47,48 and the hybrid Gaussian and planewave (GPW) method49, core 

electrons were described with Goedecker–Teter–Hutter (GTH) pseudopotentials50-52, valence 

states with the Gaussian-type MOLOPT62 DZVP-MOLOPT-SR-GTH basis set of double-zeta 

polarized quality from the CP2K package, with a plane-wave cut-off of 280 Ry, and the MM system 

used identical AMBER parameters to classical MD described above. The equations of motion 

(classical and Born-Oppenheimer), were integrated using a timestep of 0.5 fs, 300 K using the Nosé 

thermostat53-55 (timecon 100 fs) For each timestep, the electronic structure was explicitly quenched 

to a tolerance of 10-6 Hartree. All AIMD simulations were performed with the QUICKSTEP program28 

from the CP2K suite56. The Raman spectra were directly determined from the Fourier transform of 

the autocorrelation function of the molecular polarizability, and were normalized29. A positive electric 

field (5x10-4 a.u.) was applied along each of the three independent directions of space to get all 

polarizability tensor components. Numerical integration of the electron density within Voronoi cells 

used TRAVIS57.  

 
Experimental Raman Spectra 

 
The four ribonucleoside samples with purity >99% (Sigma-Aldrich Company Ltd, 

Gillingham, Dorset, UK) were dissolved in Milli-Q water (Merck KGaA, Darmstadt, Germany). 

Guanosine, uridine and cytidine were dissolved at 50.00 mg/mL, and adenosine at 12.50 mg/mL. 

Samples were self-buffering between pH 7-8 and were not further pH adjusted. Raman spectra 

were acquired using a ChiralRaman spectrometer (BioTools Inc, Jupiter, FL, USA) with a 532 nm 

laser of power 1.2 W. Samples of 200 μL were placed in rectangular quartz cells coated with 

magnesium fluoride (Starna Scientific Ltd, Hainault, Essex, UK), sealed to avoid evaporation, and 

held at a constant temperature (293 K). Each sample had a fluorescence burn-off and laser 

stabilisation of 1 h. Raman spectra were then recorded over 600-1600 cm-1 with a resolution of 3 

cm-1, using a laser illumination periods of 1.25 s. The final spectra were accumulated over 1 h and 

baselined using an asymmetric least squares smoothing approach58. 
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Results and Discussion  

 

An ensemble of 3D-conformations for each nucleoside was initially created to provide a 

Boltzmann-weighted distribution in order to predict the most populated conformers and the effect 

of RNA conformational exchange. 5 μs classical molecular dynamics (MD) simulations with explicit 

water molecules were used for this purpose. The resultant conformational space was divided into 

two dimensions corresponding to the major degrees of freedom; glycosidic torsional angle (χ) and 

Ribose ring pucker (P). For χ, syn spanned -90° to +90°, whilst anti described the remaining 180°. 

For P, south (inclusive of the c2’-endo conformer) spanned +90° to +270°, whilst north (inclusive of 

the c3’-endo conformer) described the remaining 180° (Fig. 1)22. The resulting populations of each 

conformer were determined, with syn/south dominating in all four nucleosides (>60%) (Fig. 2). For 

purines, syn/north comprised the majority of remaining conformers (~30%), with only 3% in the anti-

orientation. The pyrimidine nucleosides had a higher relative proportion of anti-conformers (~20%), 

with a preference for anti/south conformers over anti/north, in each case. Both syn/anti and 

north/south interconversion occurred on a timescale faster than the MD simulations were sampled 

(every 100 ps), suggesting an interconversion rate between the four major conformers on the order 

of 10 ps, in agreement with previous NMR studies (Supplementary Figs. 1 and 2)23. 

Figure 1. Ribonucleoside Conformation 
The pseudorotational phase angle, referred to as ring pucker (P), is a simple 

description of the out-of-plane distortion of the ribose ring atoms and is one of the two 

major degrees of freedom in RNA ribonucleosides. When 90°<P<270°, the ring is in 

a ‘south’ conformation (pale yellow), whereas when P is outside of this range, the ring 

is in a ‘north’ conformation (pale blue). In many RNA oligonucleotides, the ribose ring 

is typically observed with 144°<P<180° (c2’-endo, blue), or 0°<P<36° (c3’-endo, pink). 

For all four nucleosides studied in the present work, classical molecular dynamics 

simulations show a strong preference for the south conformer. The other major 

degree of freedom is the torsional angle between the ribose ring and the base, 

referred to as the glycosidic bond (χ). When -90°<χ<90°, the base is in the syn-

conformation, otherwise it is in the anti-conformation. Here, the combinations of the 

ribose ring with four different bases are studied; adenosine, guanosine, cytidine, and 

uridine.  
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The Raman spectrum of each nucleoside was initially approximated by a single 3D-

structure selected from the most populous region (syn/south) of its conformer distribution. Prior to 

determination of the Raman-active vibrational modes, each nucleoside was quantum-mechanically 

energy-minimised; a process that scales cubically with system size24. The resulting discrete 

frequencies for Raman-active vibrations of these single conformers were broadened using a 

Lorentzian function to 5 cm-1 at full-width half-maximum (FWHM), thereby accounting for intrinsic 

peak lifetime25. Frequency scaling-factors were optimized to achieve experimental agreement26. 

Band assignment of characteristic experimental peaks was performed for each nucleoside using 

these single, most-populous conformers (Supplementary Table 1). In all cases, this approach 

produced highly-resolved spectra with fine structure, but in general had poor agreement with 

experiment (Fig. 3), especially in terms of the relative intensities of characteristic bands. For 

example, for adenosine, the intense triplet observed experimentally (1300-1400 cm-1) was not 

predicted theoretically. 

                       

 

Figure 2. Conformer distributions from 5 μs classical molecular dynamics (MD) 
simulations. 

a, adenosine, b, guanosine, c, cytidine, and d, uridine. For every nucleoside, the 
syn/south (red) conformer is found to dominate (>60%). For the purine nucleosides 
(adenosine and guanosine), the syn/north (green) conformer is also significantly 
populated, but the anti/south (blue) and anti/north (cyan) conformers have negligible 
population. For the pyrimidine nucleosides (cytidine and uridine), the anti 
conformers are not negligible (~20%), with the anti/south conformer dominating over 
anti/north. 
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Of particular note, experimental spectra were on average ~15 cm-1 broader relative to 

predictions (Fig. 3). This implies that spectral linewidth is not solely due to intrinsic linewidth; non-

uniform shape and width of experimental bands across all nucleosides points to this additional 

broadening being a result of conformational exchange27. Therefore, it is apparent that predictions 

based on single conformers may be insufficient to interpret and decipher the complex Raman 

spectra of macromolecular systems, such as RNA. Moreover, poor scaling of this approach with 

respect to system size represents a potential bottleneck limiting applicability to macromolecules. 

However, if the effect of conformational exchange could be taken into account theoretically, while 

achieving scalability, the opportunity exists to extract novel information on molecular dynamics from 

the experimental Raman spectra. 

The importance of including conformational exchange in Raman spectral predictions was 

confirmed by sampling 1000 3D-structures from each Boltzmann-weighted MD conformer 

distribution. Each 3D-structure was geometrically optimized prior to Raman spectral calculation, as 

above, and subsequent averaging over all 1000 generated spectra for each nucleoside was carried 

out to give single overall Raman spectra. These overall spectra were again frequency scaled, and 

broadened to 5 cm-1 FWHM with a Lorentzian function. Inclusion of multiple conformers manifested 

as unresolved frequency and intensity variations within vibrational modes. This had the anticipated 

gross effect of further broadening the predicted spectra (Fig. 3) to within ~5 cm-1 of experiment.  

 

 

 

 syn/south syn/north anti/north-south 

Nucleoside A (%) B (%) A (%) B (%) A (%) B (%) 

Adenosine 70 67 27 33 --- --- 

Guanosine 61 55 36 45 --- --- 

Cytidine 64 0 14 18 8 82 

Uridine 60 0 23 0 6 100 

Table 1. Weighting of Theoretical Raman Spectra determined from AIMD local sampling. 
Relative weighting of theoretical Raman spectra from each conformational region 

determined from ab initio molecular dynamics (AIMD) local sampling. Two differing 

spectral combination approaches are contrasted in order to most accurately 

reproduce experimental Raman spectra: (A) relative conformer population weights 

derived from classical MD simulations, and (B) optimization of relative conformer 

population weights from experiment. 
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Characteristic spectral features were more evident using this approach, such as the doublet 

observed in cytidine’s experimental spectrum (1200-1300 cm-1) and the adenosine triplet (1300-

1400 cm-1), although relative peak intensities remained poorly reproduced across all four 

nucleosides. For example, the predicted singlet at ~800 cm-1 in uridine had an exaggerated intensity 

(1.00) relative to experiment (0.36). Thus, while inclusion of conformer exchange provided a critical 

step towards closer agreement with experiment, predicted intensities remained unreliable. 

Moreover, potential applicability to macromolecules was again limited by computational scaling with 

respect to system size.  

In order to address the issue of scalability while also including local dynamics, ab initio 

molecular dynamics (AIMD) simulations were employed as they afford feasible linear scaling with 

system size28. Specifically, an AIMD simulation of the most populous conformer of each nucleoside 

(syn/south) was carried out (Supplementary Fig. 3). Raman spectra were subsequently determined 

by Fourier-transforming the autocorrelation-function of the molecular polarizability, further 

improving computational efficiency by removing the need to compute expensive polarizability 

derivatives29. Local conformer dynamics were sampled for the most populous conformer regions 

per nucleoside, resulting in spectral linewidths that were broadened to within close agreement with 

experiment (Fig. 3). The adenosine triplet (1300-1400 cm-1) was more clearly reproduced in the 

Figure 3. Comparison of different 
approaches to theoretically 
reproduce the experimental Raman 
spectra 
 

a, adenosine, b, guanosine, c, 

cytidine, and d, uridine. The 

experimental Raman spectra are 

shown at the bottom of each panel 

(black). The Raman spectrum 

determined from a single QM-

optimized conformer, from the 

syn/south region of each nucleoside 

conformer distribution (green), 

resulted in spectra with no 

conformational exchange and 

therefore very little broadening. 

Attempting to account for 

conformational exchange by 

averaging over the individual spectra 

from 1000 conformers per nucleoside 

(pink) resulted in broader spectra, but 

relative peak intensities were not well 

reproduced. Inclusion of local 

dynamics via ab initio simulation of the 

syn/south conformer region led to 

spectra (orange) with generally 

improved relative intensities. 
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AIMD-based approach, with the central peak at a much greater intensity (0.92), in line with 

experiment (1.00). The relative intensities of guanosine peaks at ~1300 and ~1500 cm-1 (0.81 cf. 

1.00) were also more accurately reproduced relative to experiment (0.60 cf. 0.99). However, the 

intense doublet in cytidine (~1200-1300 cm-1) observed experimentally was not predicted at all, and 

the intensity of the uridine peak at ~800 cm-1 was over-exaggerated (0.96, experimentally 0.36). 

Therefore, whilst AIMD-simulation of the syn/south conformer lead to improvements in terms of 

linewidth and relative intensities of some purine peaks, for pyrimidines the poor prediction of 

intensities of key bands alluded to a potential need to account for further conformers. 

Additional AIMD simulations were carried out to determine whether spectra predicted from 

local sampling around different conformer regions manifested significant changes to peak 

intensities. Whilst classical MD predicted that pyrimidines significantly populated (>5%) all four 

conformer regions, purines contained negligible anti/south and anti/north populations (<3%) (Fig. 

2). Therefore, for purines, additional AIMD simulations were carried out in the syn/north region, 

whilst for pyrimidines, additional AIMD simulations were performed in syn/north and anti/south 

regions (Supplementary Figs. 4 and 5). Facile interchange between anti/south and anti/north 

conformers was observed, resulting in anti/north-south AIMD simulations that contained a mix of 

both conformers. Raman sub-spectra were subsequently produced for each significantly-populated 

region using each of these simulated trajectories, as described above (Supplementary Fig. 6).  

The main differences between sub-spectra (representing each significantly-populated 

region) were the relative intensities of characteristic peaks. For example, in the syn/south sub-

spectrum of adenosine, the peak at ~740 cm-1 was predicted to have the highest relative intensity 

(1.00), whereas the same peak in the syn/north conformer was much less intense (0.51). 

Experimentally, this peak was between both predictions (0.64), suggesting contributions from both 

sub-spectra to the Raman spectrum. Furthermore, in syn/north the intensities of the three triplet 

peaks at ~1300-1400 cm-1 (0.78, 1.00, 0.37) were much more accurately reproduced than for 

syn/south (0.49, 0.92, 0.55), relative to experiment (0.71, 1.00, 0.36). For syn/south of cytidine, both 

peaks of the intense, broad doublet (1200-1300 cm-1) were predicted to have a very low intensity, 

indiscernible from spectral noise, whereas in syn/north the peak at ~1300 cm-1 was recovered, and 

the peak at ~1250 cm-1 was recovered in the anti/north-south sub-spectrum. These results 

exemplify how an overall Raman spectrum comprises spectral features of individual conformer sub-

spectra, with substantially different relative intensities. As a consequence, an overall Raman 

spectrum is a reflection of the relative abundance of each conformer in solution. It was further 

presupposed that the effect of conformational exchange on Raman spectra could be modelled by 

mixing and weighting sub-spectra corresponding to significant populations. Moreover, the dramatic 

intensity changes of characteristic peaks between major conformer sub-spectra provides a 

theoretical framework for developing empirical rules to rapidly determine conformer populations in 

more complex macromolecules. 

Sub-spectra for each significant population were recombined using their calculated 

classical MD weights, which resulted in a substantial syn/south (~60-70%) bias (Table 1). 



286 
 

Consequently, the recombined spectral prediction (Fig. 4) was almost identical to the syn/south 

conformer sub-spectrum. The cytidine doublet (1200-1300 cm-1) was still predicted to have a very 

low intensity (0.25, 0.27) compared to experiment (0.95, 0.82). Furthermore, the uridine singlet 

(~800 cm-1) was predicted to have a very high intensity (0.95) relative to experiment (0.36). Poor 

experimental agreement suggested that classical MD conformer distributions were not a true 

representation of conformer populations in solution. Raman spectra were re-predicted by optimizing 

sub-spectral weights to maximize experimental agreement, thereby allowing experiment to dictate 

conformer populations (Table 1).  

For purines, accurate reproduction of experiment was achieved by increasing the 

proportion of syn/north (~39%) relative to that predicted by classical MD (~32%) (Fig. 4). For 

adenosine, the intensity of the singlet at ~740 cm-1 (0.69) was commensurate with experiment 

(0.64), and improved relative intensities were observed for each of the three triplet peaks at ~1300-

1400 cm-1 (0.71, 1.00, 0.37), relative to experiment (0.71, 1.00, 0.36). For pyrimidines, accurate 

experimental agreement was achieved by significantly increasing the anti/north-south sub-spectrum 

to the highest optimized weighting (~91%), implying a much higher solution population, in 

disagreement with the classical MD population prediction (~7%). Specifically, this led to 

improvement in, for example, the predicted intensity of the cytidine peak at ~1250 cm-1 (0.72, 

experimentally 0.95), as well as the intensity of the uridine peak at ~800 cm-1 (0.47, experimentally 

0.36). To corroborate the syn-dominance in purines and anti-dominance in pyrimidines, the lowest 

energy conformer in each conformational region was determined (Supplementary Table 2). For the 

purines, the lowest energy conformer was in the syn/south region, whereas for pyrimidines, the 

lowest energy conformer was in the anti/south region, due to the stabilizing effect of an 

intramolecular hydrogen bond (Supplementary Figs. 7-10). This reinforces the prediction that, in 

solution, syn conformers dominate for purines, whereas anti conformers dominate for pyrimidines. 

Previous NMR measurements on ribonucleosides30,31 demonstrated no strong preference 

for either ring pucker (south/north) in pyrimidines, but a definite bias towards the anti-orientation of 

the base (~90%) was found and specially-parameterized force-fields substantiated these 

conclusions. Similarly, for purines, no strong preference for either ring pucker (south/north) was 

observed, and while values for base orientation have not been determined by NMR due to 

aggregation, specially-parameterized force-fields have predicted a strong bias (~81%) towards syn-

orientation of the base. These previous conclusions are in excellent agreement with our results.  

The use of multiple ab initio MD simulations to determine sub-spectra, which are then 

optimized to experimental Raman spectra, provides an independent measure of ribonucleoside 

solution populations and is computationally scalable beyond the realm of solution-phase NMR. Our 

framework thus provides a novel way to deconvolute a Raman spectrum into its constituent 

conformers in populations that agree with independent NMR measurements. Furthermore, as 

characteristic Raman bands manifest significant intensity differences between conformers, the 

opportunity exists to extract empirical rules for the estimation of conformer distributions without 

recourse to calculation. For example, a syn/south adenosine conformer has an intensity ratio of 
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1.00:0.92 between the intense singlet at ~740 cm-1 and the central peak of the triplet at ~1300-1400 

cm-1, whereas this ratio is 0.69:1.00 in the syn/north conformer. Intermediate values for this ratio 

allow the relative populations of each conformer to be determined and similar associations can be 

inferred for the other nucleosides. Empirical rules such as these may be extended to allow for rapid 

deconvolution of conformational exchange in complex RNA macromolecules.  

While the combination of classical and multiple ab initio molecular dynamics simulations 

with experimental Raman spectra enable a novel route to determine relative populations of RNA 

nucleosides and macromolecules in solution, the extension to DNA would be straightforward. 

Moreover, the framework described here is not restricted to nucleosides and could now be applied 

to a wide range of other macromolecules, such as proteins, carbohydrates and even industrial 

polymers. In concert with the computational scalability of our framework, this will confer Raman 

spectroscopy with an ability to explore the conformational exchange within biological 

macromolecules. In doing so, spectral complexity can be deciphered and specific bands assigned 

to specific conformers, overcoming the previous limitations of Raman and opening it up to 

complement other experimental techniques. This technological advance will lead to new chemical 

and biological insight, provide a much needed new tool in analytical chemistry, and aid in the 

manufacture of macromolecules, such as therapeutics. 

Figure 4. Comparison of experiment 
with AIMD-based theoretical Raman 
spectra 
a, adenosine, b, guanosine, c, cytidine, 

and d, uridine. The experimental 

Raman spectra are shown at the 

bottom of each panel (black). The two 

AIMD-based theoretical Raman 

spectra (plotted above experiment) 

each represent a combination of 

spectra calculated from specific 

conformer regions and include their 

local dynamics. For the purine 

nucleosides, AIMD sampling was 

carried out in the syn/south and 

syn/north regions, and the two resulting 

spectra were combined. For the 

pyrimidine nucleosides, AIMD 

sampling was carried out in the 

syn/south, syn/north and anti/north-

south regions. Spectra were combined 

by weighting each spectrum, with two 

approaches employed to determine 

spectral weights. Firstly, the classical 

MD weights of each conformational 

region were used (blue), and secondly, 

weights were optimized so that 

maximum agreement with experiment 

was achieved (red) (Table 1). 
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A Discussion of the Paper Supplementary Information and Data Availability 

 

The main data supporting the findings of this study are included in the paper and its 

Supplementary Information files (to be published). Additional raw data are available from the 

corresponding author on reasonable request. 

The assignment of characteristic experimental vibrations of each solvated ribonucleoside 

to specific vibrational modes has been published in a table within the main body of the thesis 

(Nucleotides Chapter: Table 1.6), but also appears in the supplementary information for this paper. 

The predictions within this table were based on the predicted Raman spectrum of the single, most-

populous conformer from each classical MD distribution. 

 
Within the supplementary information, to be published, is described the statistical 

procedure to fit several predicted spectra for different conformers, to an experimental spectrum. 

This procedure optimises the contribution of each spectrum, the frequency rescaling of every 

contribution, and a global frequency shift. The weights can be interpreted as relative populations of 

different conformers, and as discussed in the main text, the results have been compared to NMR 

studies with success. 

Also presented in the supplementary information of the published paper is information 

regarding a Computer Program: Lineshape: An in-house program developed to add Lorentzian line-

broadening and to perform optimization of frequency scaling factors to all non-AIMD-based 

predicted spectra. 

Key figures from the paper supplementary information are displayed in the following two 

figures.  

Paper Supplementary Figure 1 – Raman Spectra of Nucleotides, both Experimentally and 

Theoretically Predicted 

Paper Supplementary Figure 2 - Orientations of the Nucleobase as affected by the Ribose 

Pucker. 
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Paper Supplementary Figure 1 – Raman Spectra of Nucleotides, both Experimentally and 

Theoretically Predicted 

Raman spectra of a) adenosine, b) guanosine, c) cytidine, and d) uridine determined 

experimentally (black) and theoretically predicted (green) for specific ribonucleoside conformer 

regions, based on sampling of local dynamics by AIMD. The i) syn/south, ii) syn/north, and iii) 

anti/north-south conformer regions each show strong differences in relative peak intensities. 

Combining these spectra by optimizing the weighting of each to experiment leads to the 

prediction of solution conformer populations in Table 1. 
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Paper Supplementary Figure 2 

- Orientations of the 

Nucleobase as affected by the 

Ribose Pucker. 

 

Optimized solvated conformers 

of Nucleotides, with water 

molecules removed for clarity.  

The observed syn preference for 

purine nucleosides in solution 

may be explained by the 

presence of a stabilizing intra-

molecular hydrogen bonding 

interaction. 

 

The observed anti preference for 

pyrimidine nucleosides in 

solution may be explained by the 

presence of a stabilizing intra-

molecular hydrogen bonding 

interaction with the 2-OH group. 

 


