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Mg
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complex (ADP-Mg) at different pH environments.   

Figure 2-13.The Raman spectra for 5’- adenosine triphosphate-magnesium 

complex (ATP-Mg) at different pH environments.  
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5.0 and 8.0. Acidification decreases the intensity of the 5’ -AMP band at 981 cm
-1
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-1
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-1
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Figure 2-15. Averaged atom displacements (D) for adenosine (blue bands), 5’ -adenosine 

monophosphate (AMP) (Red bands), 5’- adenosine diphosphate (ADP) (green bands) and 

5’- adenosine triphosphate (ATP) (yellow bands).  

Figure 3.1 Experimental and DFT calculated Raman spectra for 5’ - guanosine 
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 and below 760 cm
-1

 regions. The 

main spectral differences are observed at 760-1150 cm
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 region. 

Figure 3.2 Experimental (top) and DFT calculated (bottom) Raman spectra for 5’ - 

guanosine monophosphate (GMP), 5’- guanosine diphosphate (GDP) and 5’- 

guanosine triphosphate (GTP) at pH 7.0. The experimental and DFT spectra 

showed similar intensities and frequencies  above 1150 cm
-1

 and below 760 cm
-1

 

regions. The main spectral differences are observed at 760-1150 cm
-1

 region. 

Figure 3.3 The structural differences of the nitrogenous bases of the purine 

nucleosides adenosine and guanosine   

Figure 3.4. The Raman spectra for guanosine adenosine at pH 7.0.  

Figure 3.5. The Raman spectra for 5’- adenosine monophosphate (5’-AMP), 5’- 

adenosine diphosphate (5’-ADP) 5’- adenosine triphosphate (5’-ATP),   5’- 
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Figure 3.7. Raman spectrum for 5’-guanosine diphosphate (GDP) at pH 7.0.  

Figure 3.8. Raman spectrum for 5’-guanosine triphosphate (GTP) at pH 7.0. 

Figure 3.9. Experimental Raman spectra for 5’ - guanosine monophosphate (GMP), 5’ -

guaosine monophosphate-magnesium complex (GMP-Mg), 5’- adenosine diphosphate 
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guanosine triphosphate complex (GTP-Mg) at pH 7.0. 
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1127 cm
-1

 by +3 cm
-1

. 

Figure 3.12. Experimental Raman spectra for  5’- guanosine monophosphate-magnesium 

complex (GMP-Mg), 5’-guanosine diphosphate-magnesium complex (GDP-Mg) and 5’-

guanosine triphosphate-magnesium complex (GTP-Mg) at pH 5.0 and 7.0. Acidification 

decreases the intensity of the 5’-GMP band at 982 cm
-1

 and shifts the 5’-GTP band at 

1127 cm
-1

 by +3 cm
-1

. 

Figure 3.13. The Raman spectra for 5’- guanosine monophosphate-magnesium 

complex (GMP-Mg) at different pH environments.  
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Abstract 

The University of Manchester  

Omer Azher 

Doctor of philosophy 

Spectroscopic Characterisation of Purine Nucleotides and their Interaction with 

Proteins 

2018 

Phosphorylation of adenosine or guanosine diphosphates to form ATP or GTP is 

one of the most important biochemical reactions.  One of the enzymes t hat 

makes ATP in vivo is phosphoglycerate kinase (PGK), which transfers a 

phosphoryl group from 1,3-bisphosphoglycerate (1,3-BPG) to ADP, generating 

ATP and 3-phosphoglycerate (3-PG). PGK is a promiscuous enzyme and will 

also phosphorylate GDP. Both reactions require the binding of magnesium ions 

to the nucleotides. The binding of substrates and magnesium ions results in 

substantial conformational changes in the enzyme and the substrates, but these 

processes are not fully understood. Also, the dynamic behaviour of nucleotide -

Mg complexes and the mode of coordination in aqueous phase remain elusive. 

Therefore, this thesis aimed to  use Raman spectroscopy and Density Functional 

Theory (DFT) to characterise the common adenosine and guanosine nucleotides 

and identify the frequencies of the vibrational modes associated strongly with 

their phosphate groups. The study investigated the inf luence of magnesium 

binding on the spectral profile of adenosine and guanosine mono -, di-and tri- 

phosphates in aqueous solution at different pH values. These studies were 

supported by 
31

P NMR measurements under identical conditions. These results 

identified marker bands for adenosine and guanosine mono-, di-and tri- 

phosphates. In the absence of the enzyme, magnesium ions was found to 

coordinate both α- and β-phosphate groups of 5’-adenosine  and guanosine 

diphosphates, and the β- and γ-phosphate groups of 5’-adenosine and guanosine 

triphosphates at pH 7.0. The results also indicated that acidification does not 

substantially alter the coordination of magnesium ions or the phosphate binding 

sites but does measurably affect the vibrational modes associated wi th the 

phosphate groups in adenosine and guanosine mono-, di-and tri- phosphates. The 

study further applies Raman spectroscopy to explore the spectral profile of the 

human PGK (hPGK) in its open conformation and when closed in the presence of 

transition state analogues. The influence of conformational changes, isotopic 

substitution with 
15

N, and substrate binding on the Amide I and Amide III 

regions of the enzyme were investigated. Changes in the PGK spectral profile 

upon binding to ADP and 3-PG were observed and attributed to the contribution 

of some α-helices of hPGK.  In the closed conformation of hPGK, both β -sheets 

and α-helices of Amide I and III regions are involved. The study also suggested 

that Raman vibrations identified at  1030-1070 cm
-1

 in hPGK-ADP complex could 

arise from ADP vibrations. The results also highlighted the role of hydrogen 

bonding in stabilizing the enzyme during its catalytic cycle.  
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Abbreviations and Acronyms 

A Adenine 

ADA Adenosine deaminase 

ADP Adenosine diphosphate 

AFP α-fetoprotein 

AMPDA Adenylate deaminase 

AMP Adenosine monophosphate 

Ala Alanine 

AMPK AMP-activated protein kinase 

Arg Arginine 

Asn Aspartate 

ATP Adenosine triphosphate  

C Cytosine 

cAMP Cyclic adenosine monophosphate  

cCMP cytidine 3,5-cyclic 

monophosphate 

CDP Cytidine diphosphate 

CEA Carcinoembryonic antigen 

cGMP Guanosine 3', 5’ -cyclic 

monophosphate 

CID Circular intensity difference  

cIMP Inosine 3,5-cyclic monophosphate  

CMV Cytomegalovirus  

cUMP Uridine 3,5 cyclic monophosphate  

EOM Electro-optic modulator 

FAD Flavin adenine dinucleotide  

FDA Food and Drug Administration  

FMN Riboflavin 5’-monophosphate 

G Guanine 

GDP Guanosine diphosphate 

Glu Glutamic acid 

Gly Glycine 

GMP Guanosine monophosphate 
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GPCR G-protein-coupled receptor 

GTP Guanosine triphosphate 

HBV Hepatitis B virus  

HIV Human immunodeficiency virus  

ICP-ROA Incident circular polarisation  

IDP Inosine diphosphate 

Ile Isoleucine 

IMP Inosine monophosphate 

IR Infrared 

IRMPD Infrared multiple photon 

 dissociation 

 spectroscopy  

ITP Inosine triphosphate 

Leu Leucine 

Lys Lysine 

NAD Nicotine amide adenine  

dinucleotide  

NMR Nuclear magnetic resonance 

PGK Phosphoglycerate kinase 

PKA cAMP-dependent protein kinase 

 A  

PKG cGMP-dependent protein kinase  

G  

PMEA 9-[2-(Phosphonomethoxy) ethyl]  

adenine 

PRPP Phospho-ribose pyrophosphate  

ROA Raman optical activity 

SCP-ROA Scattered circular polarisation  

SERS Surface enhance Raman  

scattering 

T Thymine 

Thr Threonine 

U Uracil 
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1,3-BPG 1,3-bisphosphoglycerate  

3-PG 3-phosphoglycerate  
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Preface 

The transfer of a phosphoryl group from the nucleotide to a target substrate 

via the action of a kinase enzyme is one of the important metabolic 

reactions. During phosphorylation, the binding of the magnesium ions to 

the enzyme bound nucleotide results in significant conformational 

alterations in the nucleotides, enzymes or substrates.  The application of 

the Raman spectroscopy as a sensitive tool to characterise various 

biological molecules and investigate their dynamic behaviour and 

interaction in aqueous solution has gained an increasing interest over the 

last years. This study aims to combine Raman spectroscopy and Density 

Functional Theory (DFT) in order to characterise purine nucleotides 

(adenosine and guanosine) and their phosphate derivatives in aqueous 

solution. The Raman and DFT results of the preliminary experiments 

directed further investigations towards understanding the impact of 

magnesium ions and pH on the spectral profile of adenosine/guanosine 

mono-, di-and tri- phosphate in aqueous solution. These studies into the 

effects of Mg
2+

 and pH are supported by 
31

P NMR measurements. This 

study, to our knowledge, is the first to report the Raman spectrum of hPGK 

in its open and closed conformation in aqueous environment and the 

spectral changes associated with its amide I and amide III regions during 

the open and closed states of the enzyme.  

This thesis is composed of five chapters; the first chapter introduces the 

structure, synthesis and functions of the most common nucleotides, 

followed by a description of nucleotide binding proteins. The chapter then 

includes a detailed explanation of the structure and function of the enzyme 

phosphoglycerate kinase, followed by a description of Raman and ROA 

spectroscopies, before reviewing their role in studying different 

nucleotides and proteins. The first chapter ends by reporting the overall 

aims of the study. Chapters two, three and four contain the three 

experimentally-based studies conducted for adenosines, for guanosines and 

for PGK, respectively, and a section is provided at the beginning of each 

chapter to accredit the contributions of collaborators in accomplishing this 

work. Finally, chapter five describes the overall conclusion and recommendations 

for future work.     

The application of Raman spectroscopy, DFT and NMR, in addition to 

other techniques used during this study has improved my theoretical 

knowledge and equipped me with different practical and analytical skills 

that will have a great impact on my academic and professional career in the 

near future. The outcomes of this study can contribute, to some extent, to 

expanding our understanding of the structural features of nucleotides and 

the conformations of their associated proteins. The use of the Raman 
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spectroscopy, and the averaged atom displacements approach from DFT, 

can provide a powerful diagnostic tool that can be further applied in 

biological and pharmaceutical studies to gain insights into the dynamic 

characteristics of various nucleotides and their interactions with other 

cellular molecules. 

Omer Azher 
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Chapter 1: Introduction 
 

1.1 Nucleotides 

Nucleotides are organic compounds made up of furanose ring attached to 

purine or pyrimidine bases and a phosphate group(s). These substances are 

the basic monomers for deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA). Nucleotides are also involved in a variety of biological processes, 

such as energy production in the form of adenosine tri-phosphate (ATP), 

signal transduction, neurotransmission and regulation of different metabolic 

pathways (Moss et al., 1995; Sperlagh and Vizi, 2011; Brito-Arias, 2016) 

1.1.1 Structure 

A single nucleotide is composed of a heterocyclic nitrogenous base, a 

pentose sugar ring (β-D-ribofuranose) and mono-, di-, or tri-phosphate 

group(s) (PO3
-2

). Nucleosides are structurally comparable to nucleotides 

but their sugar ring attached only to the nitrogenous base, i.e., the 

molecule dose not bind to any phosphate moieties. The majority of the 

nitrogenous bases can be classified into two groups: purines and 

pyrimidine (Table 1.1). The former primarily includes adenine (A) and 

guanine (G), while the later encompasses cytosine (C), thymine (T) and 

uracil (U) (Blackburn et al., 2006).  Purine bases differ from pyrimidine 

ones due to the presence of an imidazole ring fused with the 6 -membered 

heterocycle of the nitrogenous base (Figure 1.1). This structural difference 

between purine and pyrimidine bases causes their corresponding 

nucleotides and cyclic nucleotides to differ in their binding affinities for 

target proteins (Beste-Kerstin and Seifert, 2013; Seifert, 2014). 
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Base Nucleoside Nucleotide 

Purines Adenosine 

Guanosine 

Adenylate 

Guanylate 

Pyrimidines Cytidine 

Thymidine 

Uridine 

Cytidylate 

Thymidylate 

Uridylate 

Table 1.1. List of common bases and their nucleoside and nucleotide 

nomenclatures. The majority of nucleotides can be grouped into purine and 

pyrimidine nucleotides. Purine nucleotides include adenosines and guanosines 

while pyrimidine nucleotides include cytosine, thymine and uracil.  
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Figure 1.1  The chemical structure of purine (top) and pyrimidine (bottom) 

nucleotides. Purine nucleotides include adenine and guanine and pyrimidine 

nucleotides include cytosine, thymine and uracil bases.  C1’ of the ribose sugar binds 

to the nucleobase via β-glycosidic bond (G).C5’ of the ribose binds to the phosphate 

group(s) forming ester bond (E). 5’-AMP: 5’-adenosine monophosphate and 5’-GMP: 5’-

guanosine monophosphate.  
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Each nucleotide binds by N9 of its purine or N1 of its pyrimidine to 

(C1’) of the ribose ring forming a β-glycosidic bond. The pentose 

sugar is a 5-membered ring exists in nature in a D-form configuration 

forming D-ribose, (in nucleosides, nucleotides and RNA), and 2-

deoxy-D-ribose, (in deoxynucleosides, deoxynucleotides and DNA). 

In the phosphate containing nucleotides, the ribose sugar is attached 

via its (C5’) to mono-, di- or tri-phosphate groups forming Ester bond 

(Figure 1.1). Another form of nucleotides is referred to as the cyclic 

nucleotide that can be defined as a monophosphate nucleotide in 

which the ribose sugar binds to the phosphate group by cyclic bonds. 

The most common naturally occurring cyclic nucleotides are 

adenosine 3’,5’-cyclic monophosphate (cAMP) and guanosine 3,5-cyclic 

monophosphate (cGMP) (Figure 1.2). 

 

 

 

 

 

 

In addition to the purine and pyrimidine bases listed in Table 1, a 

number of different modified forms of nucleobases are existed 

naturally, e.g., 5-methylcytosine in DNA, mono-, di-N-methylated 

adenine/guanine in RNA, hypoxanthine and xanthine. These modified 

bases play an important role in many cellular activities, such as DNA 

repair, transcription, replication, oligonucleotides recognition and 

gene expression (Corvetta et al., 1991; Farias and Castro, 2014). 

 

Figure 1.2 Structure of adenosine 3’,5’-cyclic monophosphate (cAMP) and guanosine 

3’,5’-cyclic monophosphate (cGMP).  
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1.1.2 Conformations 

Nucleosides and nucleotides can exist in distinct conformations in 

solution. Knowing the prevalent conformational structure will provide 

further information about the interaction of nucleobases with various 

molecules and will also aid in understanding the dynamic behaviour 

of DNA and RNAs during different genetic processes. Therefore, 

many studies have been conducted to investigate the variab le 

conformers adopted by nucleoside and nucleotide molecules (Davies, 

1978; Rosemeyer et al., 1990; Plavec et al., 1993). The conformational 

structures of most nucleosides and nucleotides can be described by 

the type of their sugar pucker and the torsion angles (χ) and (γ).   

Sugar pucker: The ribose ring in nucleosides and nucleotides is non-

planar therefore; it can adopt different structural conformations that 

often referred to as sugar puckering (Voet and Voet, 2011). The 

ribose conformers are mainly determined by the displacement  of C2’ 

and C3’ atoms from the plain of the ring, i.e., the C2’-endo indicates 

that the displacement of the C2’ is above the median plain and the 

opposite for the exo-conformation. Sugar puckers can be also defined 

by the ribose five torsion angles (V0, V1, V2, V3 and V4) located on 

C1’, C2’, C3’, C4’, and C5’, respectively. These angles can be combined to 

form what is referred to as pseudorotation angle (P) which can 

determine the ribose conformation by a unique P-value. C2’-endo 

conformation can be represented by the P-value of 144-180°, and is 

known as south (S) while C3-endo orientation can be defined by the 

P-value of 0-36°, and is known as north (N) (Figure 1.3) (Altona and 

Sundaralingam, 1972; Evich et al., 2017). 
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Figure 1.3 .The five endocyclic torsion angels (V 0, V1, V2, V3 and V4) of the sugar 

ring. Numbers in red represent the position of the carbon atoms in the ring (top ). 

The sugar pseudorotation cycle represents the angle P. The most common sugar 

puckers are C2’-endo  and C3’-endo can be defined based on the values of the P 

angel. C2’-endo conformation presented in the south region at P= 144 -180° and 

C3’-endo conformation found in the north region at P= 0 -36° (bottom). 
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The majority of mono-phosphate nucleotides usually prefer two types                                   

of sugar puckers: S, C2’–endo and N, C3’-endo (Roy et al., 2016); the 

former conformation is mainly found in DNA while the latter appears in 

RNA. Each of these sugar pucker conformations will change the distance 

between the attached phosphate groups (Figure 1.4).On the one hand, in 

the S,C2’-endo pucker, the two phosphate groups will be apart by ~7 Å 

allowing an extended twist of the nucleotides that form DNA. On the other 

hand, the N, C3’-endo pucker provide shorter distance of, ~5.8 Å between 

the adjacent phosphate molecules which in turn leads to a smaller twist 

angle as observed in RNA (Rich, 2003;Williams et al., 2009). In addition 

to their role in shaping the helical structure of the different forms of DNA, 

sugar puckers can provide further information about the structural 

alterations associated with the secondary structure of some RNAs during 

their excited states (Clay et al., 2017) 

 

 

 

 

 

 

 

Torsion Angle chi (χ): The orientation of the nucleotide’s nitrogenous base 

with respect to its ribose sugar about the β-N-glycosidic bond (C1’-N9’) is 

determined by the torsion angle (χ) (Figure 1.5).As a result, nucleotides 

can have two conformations: Syn- and Anti-; the latter is being the most 

common one for free nucleotides in liquid and solid phase as well as for 

Figure 1.4.The two major types of sugar puckers in DNA and in RNA:  S, C2’-endo 

pucker (left) is found mainly in DNA and separates the two phosphate atoms by 7 Å. 

The N, C3’-endo pucker (right) found in RNA and separates the two phosphates by 

5.8 Å. ADP: adenosine diphosphate, P: (PO 3
2-

).  
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the nucleotides that form DNA and RNA molecules (Murthy et al., 1999; 

Sigel and Griesser, 2005; Sokoloski et al., 2011).  

 

 

 

 

 

 

 

 

 

 

Torsion Angle gamma (γ): The steric position of the 5’-OH group, relative 

to the ribose ring (C4’-C5’), is determined by the torsion angle (γ)                          

(Figure 1.6). The structural conformations of  the polynucleotides in                     

DNA and RNA can be described by studying the possible                                                                

orientations of the backbone torsion angles  α, β, γ, δ, ε, and ζ (Blackburn 

et al., 2006). The degree of the orientation of these angles can be described 

using the terms gauche + (g+) = ~ 60°, gauche - (g-) = ~ -60° and trans (t) = ~180° 

(Neidle, 2002). In addition, the Klyne-Prelog system can be applied for 

DNA and RNA structures to describe the different orientations of the 

backbone torsion angles around a specific degree, for example, angles 

aggregated around 0° are referred to syn(s) while angles aggregated about 

180° are referred to anti (a). The term synclinal (±sc) is used to describe 

the angles clustered around ± 60°, and anticlinal (±ac) is used for the 

Figure 1.5  The adenosine nucleotide molecule in Syn- and anti- conformations around 

the torsion angle chi (χ).  
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angles observed around ±120° (Eric and Dennis, 2005). The degree of the 

rotation of the backbone torsion angles is restricted and correlated to the 

structural conformation of the bonded molecules, such as the type of the 

ribose sugar pucker and the glycosidic angle (χ) (Neidle, 2008).   

 

 

 

 

 

 

 

 

1.1.3 Physical Characteristics 

The dynamic behaviour of nucleotides and their chemical interactions with 

other molecules in physiological environment depend largely on their 

physical properties, such as the ability to form hydrogen bonds, the degree 

of ionisation and tautomerism (Blackburn et al., 2006). 

Hydrogen bonding (H-bonds): The formation of hydrogen bonds is critical 

for a variety of nucleotide interactions, such as base pairing in DNA and 

RNA molecules (Figure 1.7). The tendency of the nucleotides to establish 

hydrogen bonds depends on the ability of their constituent atoms to act as 

hydrogen donors or acceptors. This in turn depends on the charge densities 

of the constituent atoms. For instance, the charge density of the hydrogen 

atom in the NH group of the nitrogenous bases of aden ine, guanine and 

cytosine is + 0.22 e, therefore, this hydrogen can act as an electron donor 

during the bond formation. Whereas, both oxygen and nitrogen atoms in 

γ

Figure 1.6  The torsion angle gamma (γ) in guanosine 5’-monophosphate (GMP) 

molecule determines the conformation of the phosphate group relative to the 

ribose ring.  
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the nucleotide base are considered as electron acceptors as they possess a 

charge density of - 0.2 e (Saenger, 1984). 

 

 

 

 

 

 

 

 

 

 

Ionisation: The dissociation constant (pKa) is an important parameter for 

understanding the ionisation of nucleotides and their binding sites 

available for interaction with other metals or molecules. The pKa values of 

nucleotides are usually determined experimentally using spectrometric 

titration methods (Roger and Fiona, 2010). At physiological pH, most of 

the nucleotide’s nitrogenous bases are neutral; therefore, they have no 

tendency to act as acids or bases. Similar behaviour was also observed for 

the ribose sugar which has a pKa value of ~ 13.0 (Velikyan et al., 2001).  

 

 

 

 

A-T G-C 

Figure 1.7  The formation of H-bonds (red dashed line) is important for the 

interaction between adenine (A)-thymine (T) and guanine (G) - cytosine (C) bases.  
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The phosphate groups in nucleotides act as dibasic molecules, and thus 

they exhibit two stages of proton loss (Figure 1.8). The pK a values of the 

phosphate groups of different nucleotides are illustrated in Table 1.2. The 

pKa values of the two stage of ionisat ion are ~1.0 for (pKa1) and ~ 6.3 for 

(pKa2). Therefore, the phosphate groups of all nucleotides are deprotonated 

(negatively charged) at physiological pH (~ 7).  

 

 

 

 

 

 

Adenine (A), like cytosine (C), each is composed of an amino group and 

display weak basic characteristics in alkaline solution, i.e., both (A) and 

(C) can accept a proton but the site for the proton attachment is the cyclic 

nitrogen atom instead of the amino group. By contrast, thymine (T) and 

 

Base 5’-Nucleotide           Phosphate Residues  

(pK1)                                     (pK 2) 

          Adenine (N1’) 

Guanine (N1’) 

Cytosine (N3’) 

Thymine (N3’) 

Uracil (N3’) 

         3.7 

9.4 

4.6 

10.0 

9.5 

0.9                                            6.0 

0.7                                            6.3  

0.8                                            6.3  

1.6                                            6.5  

1.0                                            6.4  

Figure 1.8  Ionization of the dibasic phosphate molecule in nucleotides showing the 

two steps of proton loss.  

Table 1.2. pKa values for the nitrogenous bases and the phosphate groups of 

nucleotides.N: refers to the cyclic nitrogen atom and the assigned number represents 

its position (Blackburn et al., 2006; Shabarova and Bogdanov, 2007; Gollnest et al.,  

2016). 
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uracil (U) possess acidic properties as they can lose a proton easily during 

their tautomeric hydroxyl forms. However, guanine exhibits both acidic 

and basic features, depending on the surrounding medium. As in (A) and 

(C), the acceptance of the proton in guanosine occurs via the cyclic 

nitrogen and the tautomeric hydroxyl form facilitates the proton loss in 

alkaline media (Shabarova and Bogdanov, 2007).  

For oligo- and poly nucleotides, the strength of the base pairing commonly 

investigated in terms of the differences in the pKa (Δ pKa) values between 

the hydrogen donor (d) and the acceptor (a) (Chen et al., 1998). Thus, the 

lower the value of (Δ pKa) is between (d) and (a) of the base pairs, the 

stronger the H-bonds and vice versa. The guanosine (g)-cytosine (c) 

binding reflected lower (Δ pKa) and, as a result, a stronger H-bonds 

compared to adenine (A) or Uracil (U) and Thymine (T) (Acharya et al., 

2004). 

Tautomerism: The nitrogenous bases of nucleotides have the abil ity to 

change the position of the proton in their cyclic structure leading to the 

rearrangements of the bonds and the formation of different tautomers 

(Figure 1.9).The dominant  tautomers for  nucleotides at  physiological pH are 

keto and amino forms (Purrello et al., 1993). The formation of keto and 

amino tautomeric structures by nucleobases is an important process as it 

promotes the formation of H-bonds between the complementarily base 

pairs: adenine (A)-Thymine (T) and guanine (G)-cytosine(C). In some 

cases, rare tautomers, such as enol and imino structures can be formed by 

nucleotides and cause mismatched base pairing which can lead to the 

formation of different mutations (Singh et al., 2015). The ability of some 

tautomeric forms of nucleotides to cause mutations has been exploited by 

different studies to develop an antiviral therapeutic strategy, which uses 

tautomeric nucleoside analogues to increase the mutation rates of certain 

viruses and enhance lethal mutagenesis (Mullins et al., 2011; Li et al., 

2014; Vivet-Boudou et al., 2015). 
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1.2 Nucleotides synthesis 

1.2.1 In vivo synthesis 

The majority of the dietary polynucleotides are converted into 

mononucleotides and their bases are then oxidised resulting in uric acid 

that is excreted by the renal system. Therefore, most of the ingested 

nucleotides are not used for the synthesis of purine or pyrimidine bases 

(Robert et al., 2003). Therefore, purine and pyrimidine precursors are 

obtained from various cellular metabolic intermediates, such as glutamate, 

aspartate, formate, glycine and bicarbonate. The synthesis of purine and 

pyrimidine nucleotides occurs via two major pathways: de novo and 

salvage pathways.  

 

 

 

Keto Enol

Amino Imino

Figure 1.9 .Nitrogenous base of nucleotides can rearrange the protons in the 

heterocycle that result in forming multiple tautomers. Common tautomers 

include Keto-enol tautomers for guanine (top) and amino and imino tautomers 

for cytosine (bottom).  
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The de novo pathway consumes considerable amount of energy in the form 

of ATP compared to the salvage route which requires less energy as it 

utilises the preformed nitrogenous bases in the body to produce 

nucleotides. During the de novo synthesis of purine and pyrimidine 

nucleotides, metabolic substances, such as aspartate, glutamate  and ribose-

5-phosphate in addition to CO2 and NH3 molecules are used as precursors 

to establish the reaction. The de novo biosynthesis of purine nucleotide 

starts by converting ribose 5-phosphate, through a series of enzymatic 

reactions, into inosine monophosphate that is further converted to 

adenosine and guanosine monophosphates (Nelson et al., 2008; Zhao et al., 

2013) (Figure 1.10). The de novo synthesis of pyrimidine nucleotides 

utilises glutamine, aspartic acid and CO2 as precursors for the pyrimidine 

base (Figure 1.11). The reaction of carbamoyl phosphate with aspartic acid 

produces uracil monophosphate (UMP) as the first pyrimidine nucleotide. 

UMP then acts as a precursor for the formation of cytosine triphosphate 

(CTP) and thymine monophosphate (TMP).  
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Figure 1.10. De novo biosynthesis of purine nucleotides.  α-D-Ribose 5-phosphate is  

the precursor for the de novo  synthesis of purines. This pathway involves series of 

enzyme catalysed reactions that resulted in forming inosine, adenosine and guanosine 

monophosphates. A refers to:  phospho-ribose pyrophosphate (PRPP) synthase, B  

refers to: PRPP glutamyl amidotransferase, C refers to: formyltransferase  D  refers 

to: formylglycinamidine ribosyl -5-phosphate synthetase, E refers to: aminoimidazole 

ribosyl-5-phosphate synthetase, F  refers to: aminoimidazole ribosyl -5-phosphate 

carboxylase, G refers to: aminoimidazole succinyl carboxamide ribosyl-5-phosphate 

synthetase, H refers to: adenylosuccinase, I  refers to: formyltransferase, J  refers to: 

inosine monophosphate cyclohydrolase, K  refers to: adenylosuccinate synthase, L  

refers to: adenylosuccinase, M  refers to: inosine monophosphate dehydrogenase, and 

N refers to: transamidinase. The diagram is adopted from (Robert et al. 2003). 
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Figure 1.11 The de novo biosynthesis of pyrimidine nucleotides.  Glutamine, aspartic 

acid and CO2 act as precursors for the de novo synthesis of pyrimidines. The reaction 

results in the formation of uracil monophosphate, cytosine  triphosphate and thymine 

monophosphate A refers to: carbamoyl phosphate synthase II, B  refers to: aspartate 

transcarbamoylase, C  refers to: dihydroorotase, D  refers to: dihydrooretate 

dehydrogenase, E  refers to: orotate phosphoribosyl transferase, F  refers to: orotidylic 

acid decarboxylase, G  refers to: ribonucleotide reductase, H  refers to: cytosine 

triphosphate synthase, I  refers to: thymidylate synthase.  The diagram is adopted from 

(Robert  et al., 2003).  
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In the salvage rout, metabolic end products that may result from the 

cellular degradation of RNA and DNA, such as hypoxanthine, guanine and 

adenine, can be recycled and used as precursors for the synthesis of new 

nucleotides. During this pathway, hypoxanthine reacts with phospho-ribose 

pyrophosphate (PRPP) to produce inosine monophosphate (IMP). This 

reaction is catalysed by hypoxanthine phosphoribosyl transferase. Similarly, 

adenosine monophosphate (AMP) and guanosine monophosphate (GMP) can be 

synthesised via the reaction of (PRPP) with adenine and guanine bases, 

respectively. The enzymes involved herein are adenine phosphoribosyl 

transferase for (AMP) and guanine phosphoribosyl transferase for (GMP)  

(Lane and Fan, 2015).    

 

1.3 Functions of Nucleotides 

Nucleotides are the building blocks for DNA and RNA; they are bound to 

each other via the Ester bond (between C5’ of one ribose ring and C3’ of 

the other one) that forms the backbone of nucleic acids. Free nucleotides 

play an important role in a variety of physiological functions, such as 

energy production, enzyme cofactors, second messengers and allosteric 

modulation. Thus, the cellular concentration of free nucleotides is 

maintained at certain levels (~1µmol/g) to ensure their availability in 

sufficient amounts to be used in various biological processes  (Traut, 1994).  

Energy production: Nucleotides serve as a high energy transfer 

compounds. Adenosine 5-triphosphate ATP is considered as the most 

important nucleotide involved in phosphorylation reactions. The α-

phosphate group in the ATP molecule is attached to the C5’ of the sugar 

ring forming phosphate Ester bond and both β- and γ-phosphate groups 

bind to their α-analogue via a phosphoanhydride linkage. At physiological 

pH, all the phosphate groups of ATP nucleotide exist in anionic forms 

resulting in high negative charge density of the molecule and increasing 

the electrostatic repulsion between the three phosphate moieties. The 

breakdown (hydrolysis) of ATP, under the influence of enzymes, 
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neutralises the electrostatic repulsion between the phosphate groups and 

lowers the energy of the molecule. During hydrolysis, the released 

orthophosphate is stabilised by forming multiple resonance structures 

(Figure 1.12), and the product of adenosine diphosphate (ADP) is rapidly 

ionised releasing H
+
 to the aqueous medium (Nelson et al., 2008)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme cofactors: Nucleotides are considered as essential subunits of 

various cofactors including the, most common nicotinamide adenine 

dinucleotide (NAD) and flavin adenine dinucleotide (FAD). Both NAD and 

FAD function as oxidising and reducing agents in a variety of biochemical 

pathways. For the synthesis of NAD, each ATP provides an AMP molecule 

which reacts with nicotinate ribonucleotide in order to produce desamino -

NAD+ that then receives an amino group from glutamine to form NAD
+
 

(Figure 1.13). For the synthesis of FAD, two ATP molecules are required: 

Figure 1.12. Enzymatic ATP hydrolysis forming ADP and orthophosphate (top). The 

breakdown of ATP reduces the high electrostatic repulsion between the oxygen 

anions of the triphosphates. The released orthophosphate is stabilised by adopting 

different possible resonance forms (bottom).  
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One ATP molecule phosphorylates riboflavin to produce riboflavin 5’-

monophosphate (FMN) and the other ATP donates an AMP molecule to 

FMN yielding FAD and two inorganic phosphates (Jeremy et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Second messengers: Many cyclic nucleotides act as second messengers, in 

which they bind to signalling proteins during signal transduction and 

regulate their activity (Alberts et al., 2008). Cyclic 3',5’-adenosine 

monophosphate (cAMP) is the  first second messenger to be discovered, 

which with guanosine 3',5’-cyclic monophosphate (cGMP) constitutes the 

most common second messengers (Hengge et al., 2016). Different cyclic 

nucleotides have been also reported as second messengers, such as  cytidine 

Figure 1.13. The role of ATP in the biosynthesis of NAD. AMP, trans ferred from 

ATP and reacts with nicotinate ribonucleotide to form  desamino-NAD
+
 which is 

further converted to NAD
+
 after the addition of an amino group from glutamine.  
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3,5-cyclic monophosphate (cCMP), uridine 3,5 cyclic monophosphate (cUMP) 

and inosine 3,5-cyclic monophosphate (cIMP) (Seifert, 2015).  

 

During cAMP-dependant signal transduction, a hormone binds to a specific 

receptor on the cell membrane. This binding causes the G protein t o 

replace its bound GDP with GTP. The GTP-bound G protein becomes 

active and stimulates adenylyl cyclase to convert ATP to cAMP. Once 

cAMP is produced, it activates a protein kinase which in turn 

phosphorylates next protein kinase, and so on. This phosphor ylation 

cascade stimulates different hormones, such as adrenaline, adrenocorticotropic 

hormone, luteinising hormone, etc. (Alberts et al., 2008) (Figure 1.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14. General scheme for the role of cAMP in signal transduction.  1-The 

binding of a hormone to target receptor activates G protein. 2 - Activated G protein 

exchanges GDP for GTP and undergoes conformational changes resulted in the 

activation of  Adenylyl cyclase. 3- Activated adenylyl cyclase converts ATP to 

cAMP which activates protein kinases and initiates a phosphorylation cascade.  
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Allosteric modulators: Several nucleotides can regulate the activity of 

certain enzymes by binding to specific sites and exert a conformational 

changes leading to the activation or inhibition of that enzyme (Ahalawat 

and Murarka, 2017). For example, AMP-activated protein kinase (AMPK) 

is a key enzyme in controlling multiple homeostatic pathways, such as 

cellular growth, reprogramming and autophagy (Mihaylova and Shaw, 

2011). The binding of ATP to the γ-subunit of AMPK causes structural 

modification to different part of the enzyme and finally inhibiting its 

function (Ahalawat and Murarka, 2017). Guanosine triphosphate (GTP) 

also plays an inhibitory role when binds to cytidine 5-triphosphate 

synthase (CTPs), an enzyme involved in nucleotide metabolism. However, 

the mechanism of conformational changes induced by GTP to CTPs 

remains unclear (Lunn et al., 2008). In addition to the allosteric effects of 

ATP and GTP, pyrimidine nucleotides, for example cytosine tri-phosphate 

(CTP) has been reported as allosteric inhibitor for different enzymes, such 

as aspartate transcarbamoylase, extracted from Escherichia coli, and IspD 

(An enzyme involved in the third step of  the non-mevalonate pathway for 

the synthesis of isoprenoids) (Wild et al., 1989; Kunfermann et al., 2014).  

In addition to the participation of nucleotides in various biochemical 

processes, the use of nucleotides as dietary supplements has been 

demonstrated to enhance numerous body functions; animal studies revealed 

that supplementary nucleotides can improve cellular metabolism, increase 

mitochondrial DNA synthesis and restore nitrogen balance of the liver (Jin 

et al., 1996). The supplementation of monophosphate nucleotides has been 

reported to stimulate the concentrations of the unsaturated fatty acids and 

support the growth and maturation of the intestinal cells in rodents (Uauy 

et al., 1990; Bueno et al., 1994). There is accumulated body of evidence 

that support the beneficial role of supplementary nucleotides in enhancing 

various function of the immune system in human adults and infants (Carver 

et al., 1991; Navarro et al., 1996; Hess and Greenberg, 2012).    

The chemical synthesis and modification of different nucleosides and 

nucleotides resulted in the formation of nucleoside/nucleotide analogues 

(See section 1.2.2.), which have been in use for 50 years as therapeutic 
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agents for the treatment of various disorders (most commonly viral 

infections and cancer) (Jordheim et al., 2013). Several viral infections, 

such as human immunodeficiency virus (HIV), hepatitis B virus (HBV), 

cytomegalovirus (CMV) and varicella zoster virus have been treated by 

nucleoside analogues. The mechanism of action of many an tiviral 

nucleoside analogues, such as vidarabine, entecavir and telbivudine, 

depends on inhibiting the replication of viral DNA leading to the 

suppression of the target virus (Wishart et al., 2018).  For the treatment of 

tumor, about 15 nucleoside analogues have been licenced by Food and 

Drug Administration (FDA) as chemotherapeutic agents (Shelton et al., 

2016).  The antitumor activity of many nucleoside analogues stems from 

their ability to interfere with the synthesis of cellular DNA and as a res ult 

suppressing the growth of the cancerous cells. Examples include 

capecitabine, for the treatment of breast and colorectal tumours, and 

fluorouracil, for gastric and cervical neoplasms (Walko and Lindley, 

2005).  

1.4 Nucleotide-binding proteins 

The binding of many proteins to nucleotides is essential to perform their 

biological activities. Common examples of nucleotide binding proteins 

include kinases that usually bind to ATP/GTP, and G-proteins, that usually 

bind to GTP, and cyclic nucleotide-dependant protein kinases, that involve 

cAMP-dependent protein kinase A (PKA) and cGMP-dependent protein 

kinase G (PKG) (Scott, 1991; Xiao and Wang, 2016). 

Kinases: The enzymes that catalyse the transfer of a terminal phosphate 

group from a nucleoside triphosphate (usually ATP or GTP) to another 

nucleoside, molecule or protein are described as kinases (Matte et al., 

1998). Protein kinases are one of the common protein families in human 

cells with more than 500 protein been discovered (Manning et al., 2002). 

Kinases exert a fundamental role in a variety of cellular functions, for 

example regulation of some metabolic pathways, gene expression and 

signal transduction (Ventura and Maioli, 2001). Examples of kinases 

involved in different metabolic reactions include phosphoglycerate kinase 
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(PGK), phosphofructokinase and phosphoenolpyruvate carboxykinase. 

During phosphorylation, the binding of the kinase to its substrates resulted 

in conformational changes of the enzyme to adopt the correct geometry for 

its catalytic activity (Huse and Kuriyan, 2002).  

The binding of ATP or GTP to magnesium is essential in many kinases as 

it leads to the coordination of β-, γ- or α-,β-, γ-phosphate groups of                     

the nucleoside (Auerbach et al., 1997). In some kinases, such as 

phosphoenolpyruvate carboxykinase, the binding of the divalent cation 

adapts the β- and γ-phosphate groups in high energy orientation (eclipsed 

conformation) increasing the electrostatic repulsion and decreasing the 

activation energy of the reaction. The magnesium cation can also facilitate 

the catalysis by sterically align the γ-phosphate group with the second 

substrate (Delbaere et al., 2004).  Many kinases adopt a dissociative 

transition state, i.e., the transfer of the terminal phosphate from ATP/GTP 

to the other substrate requires breaking the phosphoanhydride bond 

between γ- and β- phosphates followed by the binding of the released 

phosphate to the nucleophilic group of the other substrate (Wang and Cole, 

2014). 

G proteins: The guanine nucleotide binding proteins (G-proteins) and G-

protein-coupled receptors (GPCRs) comprise a diverse family of proteins 

which play a pivotal role in signal transduction of eukaryotes. The number 

of discovered GPCRs in human cells exceeded 700 proteins. The G protein 

dependant signalling pathways control various physiological and cellular 

processes, such as hormonal regulation, neurotransmission and cell growth 

(Kroeze et al., 2003). G-proteins signalling cascade is also essential for 

different human senses, such as hearing, taste and smell to perform their 

functions (Alberts et al., 2008). G proteins are classified into two main 

groups: heterotrimeric G proteins and small G proteins. The former is 

composed of three subunits α, β, and γ which are attached with their 

GPCRs (Oldham and Hamm, 2008). The small G-proteins are monomeric 

polypeptides with five α-helices, six β-sheets and five loops (Paduch et al., 

2001). The mechanism of action of the G proteins depends largely on the 

ability of their α-subunits (Gα) to hydrolyse GTP following the binding of 
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specific substrate to the GPCR. In the inactive state, GDP is bound to Gα 

which is attached to Gβγ subunits. However, the activation of the GPCR 

causes conformational changes to the attached Gα subunit and as a result; 

the structure of the Gα subunit is modified. The activated Gα catalyses the 

exchange of GDP with GTP and as a result, GTP bound-Gα subunit 

dissociates from Gβγ subunits. The binding of Mg
2+

 to Gα is critical to 

change the conformation of the subunit and to facilitate i ts dissociation 

(Tuteja, 2009).  The separated dimer has now been documented as being 

able to activate various molecules in the signalling cascade (Birnbaumer 

and Zurita, 2010; Sprang, 2016). 

Cyclic nucleotide-dependant protein kinases: Cyclic purine nucleotides 

(cAMP and cGMP) are important cellular mediators that are required for 

triggering signal transduction cascades. PKA and PKG are the most 

important receptors activated by cAMP and cGMP respectively. PKA is a 

tetramer consisting of two catalytic subunits and   two regulatory subunits. 

The binding of cAMP molecules to the regulatory subunits causes 

conformational changes of the focal enzyme which leads to the separation 

of the catalytic subunits and the concomitant phosphorylation of the target 

molecules (Taylor et al., 2008). The cGMP- dependant protein kinase 

(PKG) is a receptor protein which plays a central role in the control of 

cardiovascular and neural activities, such as smooth muscle contractions, 

platelet functions, learning and memory activities. PKG is a dimer enzyme 

exists in two types PKG I and II, which displayed N-terminal regulatory 

domain (R) and C-terminal catalytic domain (C) (Qin et al., 2015; Kim et 

al., 2016). The binding of cGMP to PKG exerted conformational changes 

to the receptor which resulted in a movement of the catalytic domains. 

Unlike PKA, the catalytic subunits perform their function while remained 

attached to the regulatory ones (Pinkse et al., 2009).   

 

 

 



Chapter One 

45 

 

1.4.1 Phosphoglycerate kinase (PGK) 

1.4.1.1 Overview  

PGK is one of the glycolytic enzymes that catalyses the formation of ATP 

by converting 1,3-bisphosphoglycerate (1,3-BPG) to 3-phosphoglycerate 

(3-PG) (Figure 1.15). In humans, two PGK isozymes are identified: PGK-1 

that is, expressed in all somatic cells and PGK-2 that is, distributed in 

testicular cells (spermatozoa). PGK-1 is a monomeric enzyme with a 

molecular weight of ~45 kDa and 417 amino acid residues PGK-1 gene is 

located on the X chromosome and spans 23kb (Huang et al., 1980; Tietz et 

al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.15. PGK catalyses the reversible conversion of 1,3-bisphosphoglycerate 

(1,3-BPG) to 3-phosphoglycerate (3PG).  
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1.4.1.2 Functions 

In addition to the metabolic function of PGK in glycolysis, the enzyme is 

also involved in stimulating cellular DNA replication and  viral mRNA 

transcription (Ogino et al., 1999). PGK regulates the expression of 

urokinase-type plasminogen activator receptor (uPAR); a cell membrane 

protein that stimulates the lysis of extracellular matrices and is observed in 

high levels in different tumors. The overexpression of PGK-1has been 

reported to decrease the uPAR levels in tumor cells and prevent its 

migration in patients with lung cancer (Shetty et al., 2005; Mauro et al., 

2017). An earlier study emphasised the critical role for PGK-2 for the 

activity of the sperms, as observed in mice with knocked out PGK-2 gene 

which reflected severe decrease in sperm motility and ATP concentrations 

(Danshina et al., 2010). 

1.4.1.3 Structure 

The crystal structure of PGK was first prepared from two different 

sources: dried baker’s yeast by Watson et al, (1971) and horse muscle by 

Blake et al, (1974) (Watson et al., 1971; Blake and Evans, 1974). PGK 

enzyme is a monomeric polypeptide composed of two similar and equal 

size domains (N-terminal and C-terminal) joined by α-helix. The core of 

each domain is composed of six β-pleated sheets encircled by multiple α-

helices (Blake and Rice, 1981) (Figure 1.16).  Each one of the PGK 

substrates binds to specific domain i.e., 1,3-BPG/3-PG binds to the N-

domain (which is composed of residues: Asp20, Asn22, Arg35, His58, 

Arg61, Arg112, Gly141, Arg145, Gly362, Gly363, and Ala364) and the 

magnesium-nucleotide complex binds to the C-domain (which contains the 

residues: Ser191, Lys196, Ile282, Leu283, Asn306, Glu313, Gly340, and 

Thr342). For the open (inactive) form of the PGK, the distance between 

the two substrates is about 12-15 Å but this distance decreased in the 

closed (active) form of the enzyme (Figure 1.17) (Balog et al., 2007). 
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N-domain 

C-domain 

3-PG 

C-domain 

N-domain 

3-PG-ADP 

Figure 1.16. The structure of human PGK with its N- and C-domains. The 

secondary structure of the enzyme is composed of six β -sheets (arrows) located in 

the core of each domain and surrounded by multiple α -helices. (top): open 

conformation of human PGK-3PG complex. (bottom): open conformation of human 

PGK-ADP-3PG complex. This illustration was adopted from (Zerrad  et al. , 2011).  

α-helix 
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C-domain 

N-domain 

3-PG-F3Mg-

ADP 

Figure 1.17. The structure of closed conformation of human PGK -3-PG-F3Mg-

ADP. In this conformation, the N- and C-domains come close to each other to 

facilitate the transfer of the phosphate group from the nucleotide t o the 3-PG in 

order to form (1,3-BPG). This illustration was adopted from (Cliff et al. , 2010).  
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1.4.1.4 Open/closed conformation 

The substrate-free form of the PGK enzyme exists in an (inactive) open 

conformation which has been identified from the unligated PGK crystals 

obtained from different bacteria (Lee et al., 2006; Zheng et al., 2012). 

However, upon binding of the PGK substrates to their correspondent 

domains, the enzyme undergoes substantial conformational changes and, as 

a result, the PGK domains come close to each other and the enzyme 

adopted a closed (active) conformation in which the distance between the 

PGK substrates reduced to be below 4.4 Å compared to 5.0 Å in the open 

form of the enzyme (Auerbach et al., 1997). The decrease in the distance 

between the PGK substrates in the closed form can facilitate the transfer of 

the phosphate group from the nucleotide to the 3-PG (Zheng et al., 2012) 

(Figure 1.17). 

The switch from the open to the closed form of the PGK occurs vi a the 

movement of the N- and C-domains. This movement is known as hinge 

bending motion (Palmai et al., 2009). The first experimental evidence of 

the hinge bending motion came from the crystal structure of substrate -

bound form of the Trypanosoma brucei (T.brucei) PGK enzyme in the 

closed conformation. The closed structure of the T.brucei PGK showed a 

domain rotation by 32° compared to the open conformation of the horse 

PGK (Bernstein et al., 1997). A study conducted by Kumar et al, (1999) 

reported the formation of an interdomain salt bridge between Arg62 and 

Asp200 of the Thermotoga maritima (Tm) PGK crystal which may 

maintain the closed conformation of the enzyme (Kumar et al., 1999). This 

can also indicate the strong interaction between the N- and C-domains of 

the closed form of the TmPGK beside the involvement of Lys197 in 

stabilising the phosphate group of the adenylyl -imido diphosphate 

analogue during the transition sate of the enzyme.  

The transition state of the human PGK has been studied using transition 

state analogues, such as aluminium tetrafluoride (AlF
4−

) and magnesium 

trifluoride (F3Mg) to investigate the electrostatic environment of the PGK 

enzyme during its catalytic cycle. These findings indicate that the 
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transition state of the enzyme is dominated by charge neutralisation which 

is considered as a key feature for the transfer of the phosphate group 

between the two substrates (Cliff et al., 2010). Similar approach has been 

used later to study different enzyme –substrate interactions (Lallemand et 

al., 2011). 

In addition to the involvement of the N- and C-domains in the hinge 

bending motion of the PGK enzyme, some studies proposed the 

participation of the α-helix, which connects the two domains (Figure 1.16), 

in establishing the motion of these domains. Vaidehi and Goddard (2000) 

applied molecular modelling simulation method (Hierarchical Newton-

Euler Inverse Mass Operator) and suggested that the α-helix (Helix 7) 

exhibits a piston-like motion that aids the PGK to switch from the open to 

the closed conformation (Vaidehi and Goddard, 2000).   

1.4.1.5 Substrate binding and hinge bending motion 

Ligand-free and liganded PGK display two distinct structural 

conformations; therefore, different studies advocated that the role of 

substrate-binding in changing the conformation of protein can occur either 

by destabilising the interdomain region of the open conformation to 

facilitate the closure of the N- and C-termini which, decreases the free 

energy between the open and closed forms, or by utilising the free energy, 

resulting from the binding of substrates, via the initiation of the hinge 

bending motion (Adams and Pain, 1986; Blake, 1997; Varga et al., 2009). 

The stimulation of the hinge bending motion and the formation of the 

closed conformation of the enzyme is believed to occur only after the 

binding of both substrates (nucleotide and 1,3-BPG) (Zecchinon et al., 

2005). By contrast, a study conducted by Gabba et al, (2014) suggested 

that the open conformation of the PGK enzyme exhibited various dynamic 

conformations. This dynamic behaviour is an intrinsic property of the 

enzyme and the binding of the substrates is not essential to initiate these 

conformations. However, the role of the substrates is to induce minor 

structural changes and restrict specific motions to enable the formation of 

the closed conformation (Gabba et al., 2014). From the previous studies we 
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can conclude the important role of substrate binding in providing the 

suitable energy and electrostatic environment to change the conformation 

of the enzyme and facilitate the phosphoryl transfer reaction, and weather  

the structural conformations adopted by the enzyme are due to its intrinsic 

property or initiated by the ligands, the role of substrate binding to the 

PGK domains remains essential step for catalysis (Zheng et al., 2012).  

1.4.1.6 Hinge bending region  

The switching of the PGK enzyme from the open to the closed structure 

requires conformational changes in the interdomain region (Adams and 

Pain, 1986). Blake et al, (1981) suggested that the two PGK domains are 

connected by three α-helices: 7, 14 and 15. The authors considered helices 

7 and 14 as the hinges that undergo helix-helix interaction towards the 

closed conformation (Blake and Rice, 1981). The termini of helix 7 were 

identified later as C-hinge and N-hinge from T.brucei PGK crystal 

structure (Bernstein et al., 1997). Zheng et al, (2012) reported the presence 

of two flexible α-helices in the hinge region of BaPGK and CjBGK protein 

crystals which can regulate the distance between the two domains during 

catalysis (Zheng et al., 2012). 

Another possible main hinge at β-stand L of the interdomain region of a 

pig muscle’s PGK has been proposed and supported by simulation studies 

(Szilagyi et al., 2001; Szabo et al., 2008). The β-stand L hinge is located 

between N and C-domains and upon binding of the substrates, substantial 

conformational changes occurs to the hinge which resulted in further 

interaction of certain conserved residues towards other hinges, such as 

helix 7 facilitating the closure of the two domains (Varga et al., 2006). 

1.4.1.7 The role of magnesium binding 

The formation of a nucleotide-Mg complex is an essential step for the 

catalytic activity of PGK as the cation plays an important role in 

coordinating the phosphate groups of the nucleotide (Joao and Williams, 

1993). Proton nuclear magnetic resonance (
1
H NMR) measurements of 

yeast PGK indicated that the absence of Mg
2+

 causes the anionic oxygen 
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atoms of the diphosphate groups of ADP to interact electrostatically with 

the basic patch region of the N-domain whereas the addition of magnesium 

ions to ADP favours the binding of the nucleotide diphosphate to the 

hydrophobic site on the C-domain. It has been also suggested that the 

electrostatic binding of magnesium ion is shifted from βγ- to αβ-phosphate 

groups of ATP during the catalytic cycle of the PGK to promote the 

transfer of the terminal phosphate (Graham and Williams, 1991). Later 

studies indicated that the binding of  magnesium ions to βγ- or αβγ-

phosphates of ATP or GTP forms octahedral coordination sphere which is 

further completed by the binding of other oxygen anions from threonine, 

serine, aspartate or glutamate residues of the enzyme (Auerbach et al., 

1997; Matte et al., 1998; Bugaev et al., 2016). A study conducted by 

Bernstein et al, (1979) suggested that the magnesium ions can align the β -

phosphate group of the nucleotide with the phosphate group of the 3 -

phosphoglycerate providing the correct geometry to establish the 

phosphoryl transfer reaction (Bernstein et al., 1997).  

1.5 Methods for nucleotide characterisation 

X-ray crystallography and nuclear magnetic resonance (NMR) provide 

valuable experimental data useful in the characterisation of different 

natural and modified nucleotides and their interactions with metals and 

proteins (Neidle and Berman, 1983; Gacs-Baitz et al., 2004; Blackburn et 

al., 2006). Nucleotide-protein binding in aqueous phase has been 

investigated using solution NMR which mimics the physiological 

environment (Kay, 2005; Velyvis et al., 2007; Sugiki et al., 2017). Despite 

the wealth of experimental data obtained from X-ray crystallography and 

NMR, they have their own limitations. For example, nucleotide crystals do 

not necessarily reflect their functional conformations under physiological 

conditions. The irregular distribution of charge density of nucleic acids 

and the variation in their dynamic behaviour might affect their accurate 

structural determination by NMR methods (Ulyanov et al., 2006; Xia and 

Ren, 2013).  Raman spectroscopy has been widely used for probing the 

chemical composition and the structure of various biomolecules, such as 
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nucleotides, nucleic acids and proteins (Barron et al., 2003). The technique 

can be also used to study the conformational changes associated with the 

binding of different ligands to enzymes (Kengne-Momo et al., 2012). 

Several studies illustrated the clinical applications of Raman spectroscopy 

in the in vivo detection of multiple pathological conditions affecting 

certain tissues and for the diagnosis of different tumors (Puppels, 2002; 

Wang et al., 2015; Gao et al., 2017).  

The Raman technique is fast, non-invasive and highly sensitive for probing 

the structural changes of various compounds. The Raman spectra can be 

obtained from  small volume of the sample and the method is suitable for 

studying molecules in aqueous environment as water provided weak 

Raman vibrations. Unlike X-ray crystallography and NMR, the Raman 

technique does not require further chemical modifications for the solvent 

or for the analyte and can be applied to study high molecular weight 

proteins (Fraser-Miller et al., 2016). Despite the advantages of the Raman 

spectroscopy, the method has some limitations, such as fluorescence which 

might arise from the analyte or from the impurities in the solution, and the 

destruction of some samples by the heat of the laser beam.   

 The absolute configuration of chiral biomolecules, such as DNA and 

amino acids and their dynamic features have been further investigated by 

applying a Raman-based technique known as Raman optical activity 

(ROA) (Blanch et al., 2002-2003). The ROA is a sensitive as well as non-

invasive method which can provide detailed structural information on 

many molecules based on the small differences between right and left 

circulatory polarised light (Barron et al., 2003). The ROA was applied to 

probe the structural conformation of the sugar ring of different 

monosaccharides and the position of the surrounding hydroxyl groups in 

aqueous environment (Wen et al., 1993). The spectral markers that 

distinguish α-helix and β-sheets of human serum albumin and rabbit 

aldolase respectively were investigated using ROA spectroscopy (Barron 

et al., 2000). Therefore, combining Raman and ROA techniques can 

provide a great potential for investigating the structural characteristics of 

different molecules.  
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Despite the benefits of using the Raman and ROA as experimental tools 

for studying nucleotides, the application of computational methods, such 

as Density Functional Theory (DFT), can provide further insight about the 

assignment of particular vibrational modes. The DFT method is accurate, 

cost-effective and shown to be in agreement with the experimental 

measurements (Halls and Schlegel, 1999; Fairchild et al., 2009). 

Experimental Raman coupled with DFT calculations have been used by 

Paiva et al, (2017) to study D/L enantiomeric forms of valine and lysine 

amino acid crystals. The experimental results agreed with the theoretical 

simulations and showed detailed structural features and assignment of 

different vibrational modes of the racemic amino acids (Paiva et al., 2017). 

DFT was also used in combination with other spectroscopic techniques, 

such as infrared multiple photon dissociation spectroscopy (IRMPD) to 

investigate the molecular structure of the deprotonated form of adenosine 

5’-diphosphate ([ADP–2H]-2) and adenosine 5’-triphosphate ([ATP–2H]-

2) di-anions in gas phase (Schinle et al., 2013). The DFT simulation has 

been also applied with 
1
H and 

13
C NMR to provide further details about 

the structural features of cyclic uridine monophosphate in aqueous solution 

(Bango et al., 2008). 

1.6 Raman and ROA spectroscopies: Overview, principles and 

instrumentation  

1.6.1 Overview of the scattering phenomena 

The interaction between photons of light with a target molecule can result 

in absorption or scattering of the incident photons. In some cases, the light 

does not react with the molecule and gets transmitted directly through it. 

Scattering occurs when a molecule absorbs a photon from the incident 

light. This photon transmits the molecule to a virtual state. The molecule 

then returns to its ground state and emits another photon with the same or 

different energy to the incident photon (Maher, 2010).  
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1.6.2 Principle of Raman spectroscopy  

Raman scattering is considered as a vibrational spectroscopic technique 

that is used to detect the vibrational energy associated with the chemical 

bonds of the analyte (Smith and Dent, 2005). The technique relies on the 

inelastic scattering effect which results from the interaction between light 

of a given frequency and a molecule or a group of molecules. When a 

molecule is irradiated by a photon, the latter will change the polarisability 

of the electron cloud of the target molecule. As such, the distorted 

electrons will move to a higher energy (virtual state) at which, the 

molecule may have different electron geometry but its nuclei remain 

virtually unchanged. The new virtual state of the molecule is unstable and 

short lived and thus, the molecule will immediately return to its ground 

state and emits energy in the form of a second photon that might be 

scattered in any direction. The energy of the emitted photon depends on 

the energy of the incident light and the electronic properties of t he 

molecule. Usually, the emitted photon will have the same amount of 

energy as contained in the incident photon; this is known as elastic or 

Rayleigh scattering. However, the second photon might be emitted with a 

different amount of energy producing a weak, approximately 10
-5

 of the 

incident radiation, such an emission is called the inelastic or Raman 

Scattering phenomenon (Ferraro et al., 2003; Smith and Dent, 2005) 

(Figure 1.18).  

The inelastic scattering photon can be emitted at different energy states:  

Stokes or anti-Stokes. The Stokes state is characterised by less energy 

compared to the incident photon and usually observed when the molecule 

is excited from its ground state. In contrast, the anti-Stokes photon has 

higher energy than the incident photon. This can occur because the 

molecule is already excited or in a high energy level (Figure 1.24). 

Observations from Raman spectroscopy indicate that Stokes scattering is 

more intense than the anti-Stokes (Hold et al., 2005). This arises from the 

Boltzmann distribution of the vibrational states , which indicated that for 

typical conditions more molecules are found in ground state than in 
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excited states. Therefore, the Stokes lines are generally used in Raman 

measurements (Smith and Dent, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

The vibrations of a given molecule can be described by its normal modes 

as: (3N-5) for linear and (3N-6) for non-linear molecules, where N is the 

number of atoms in a single molecule. Water molecule, for example, has 

three normal modes while oxygen molecule (O2) has only one normal mode 

of vibrations. , i.e., N = 3 for water, (3 x 3) - 6 = 3 modes. There are several types 

of molecular vibrations based on the bond type and the molecular 

structure. These vibrations can be categorised into: stretching vibrations 

and bending vibrations. The former is characterised by a change in the 

bond length and can be symmetric or asymmetric. The bending (or 

deformation) vibrations are characterised by a change in the angle of the 

bond and can be in-plane, (such as rocking and scissoring) or out -of-plane, 

Figure 1.18. Energy level diagram describing the different states of Raman 

scattering. When the energy of the incident photon (red arrows) is similar to the 

energy of the scattered photon (blue arrows), this is called Rayleigh scattering. The 

energy of the scattered photons can be less than that of the incident photon, this is 

known as Stokes scattering. Sometimes, the molecule exists in excited state 

therefore; the energy of the scattered photon is higher than that of the incident 

photon, this is called anti -Stokes scattering. This illustration is adopted from 

(Smith and Dent, 2005).  

Virtual states  

Fluorescence 

Rayleigh Anti-Stokes Stokes 

Vibrational states  

Ground vibrational 

state  
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(such as wagging and twisting vibrations) (Smith and Dent, 2005) (Figure 

1.19). 

 

For polyatomic molecules, the vibrational modes become more 

complicated and might result in the formation of coupled or degenerate 

vibrations (Ferraro et al., 2003). For example, in some cases, certain atoms 

(groups) in a molecule might have similar vibrational frequency (energy). 

This causes some of their possible vibrations  to be coupled (combined) 

and appeared as a single unique vibration, e.g.,  the acetone molecule, 

(CH3–C=O–CH3), contains two methyl groups that might have similar 

vibrational energy and thus, these groups are said to have: one asymmetric 

stretching vibration (Rather than two separate CH3  asymmetric stretching 

vibrations) and one out-of-plane bending vibration (Rather than two 

separate CH3 out-of-plane bending vibrations) (Popp and Reichenbacher, 

2012).  
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Symmetric stretching Asymmetric stretching 

          Rocking     Scissoring 

     Wagging        Twisting 

Figure 1.19. Spring and ball model illustrating different types of molecular vibrations.  

Stretching vibrations involve a change in the bond length  and can be symmetric or 

asymmetric. Bending vibrations involves a change in the bond angles and can be in 

plane (rocking and scissoring) or out of plane (wagging and twisting). This illustration 

is adopted from (Ferraro  et al., 2003).   
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Raman and infra-red (IR) are considered as vibrational spectroscopic 

techniques as they both detect the change in the vibrational energy of the 

molecules (Smith and Dent, 2005). However, the mechanism of excitation 

is different. In the Raman method, as discussed earlier, the incident photon 

should change the polarizability of the molecule. However, in infrared 

spectroscopy the incident photon should change the dipole moment of the 

molecule. Therefore, some vibrational modes are Raman active but IR 

inactive and vice versa. Other vibrational modes can be active for both 

Raman and IR methods. For example, the symmetric starching of the CO 2 

changes the polarisability of the molecule but does not change its dipole 

moment; as a result, it is Raman active and IR inactive. Another example 

is H2O molecule which exists in three normal vibrational modes: 

symmetric, asymmetric and bending. All of these vibrational modes are 

Raman and IR active because they result in changes in the polarizability 

and the dipole moments of the molecule (Aroca, 2007). 

1.6.3 Principle of Raman optical activity (ROA) 

The phenomenon of Raman optical activity was first discovered by Atkins 

and Barron (Atkins and Barron, 1969). The authors demonstrated that the 

intensity of the Raman scattered light from a chiral molecule depends on 

the degree of circular polarization of the incident light and on the circular 

components of the scattered light. In 1971, Barron and Buckingham 

developed the ROA theory and introduced the dimensionless circular 

intensity difference (CID) which is described by equation (1):  

                        Δ= ( IR - IL ) / ( IR + IL )            (1) 

 Where Δ is (CID), IR and IL are the scattered intensities in right and left 

circulatory polarised light (Barron and Buckingham, 1971).  

CID can be used as a more powerful experimental observable in measuring 

the difference in the intensities between the right and left polarised light 

with respect to the absolute Raman intensities obtained from different 

instruments.  
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In practice, ROA can be observed by applying one of two types of the 

incident beams: the incident circular polarisation (ICP-ROA) or the 

scattered circular polarisation (SCP-ROA). In (ICP-ROA), a circulatory 

polarised incident light (right and left) is applied then the difference in the 

light intensity is measured. Applying the SCP-ROA, which is used in this 

study, entails the use of the incident light with fixed polarisation following 

by detecting the intensities of the circulatory polarised light. The ICP -

ROA or the SCP-ROA methods can be applied for collecting the 

backscattering ROA spectra. Both methods, nevertheless, can be used 

irrespective of the different design required for each method (Zhu et al., 

2005).   

1.6.4 Instrumentation  

The Raman spectrometer is generally composed of four major parts: a laser 

source, optics, a monochromator, and a detector (Schrader, 2007). The 

availability of an intense and stable laser beam is important to irradiate the 

analyte at specific wavelength. Therefore, different laser sources are used 

in Raman spectrometers, e.g., Argon ion laser (488 and 514.5 nm), 

Helium–Neon diode laser (632.8 nm), Near Infrared (NIR) diode lasers 

(785 and 830 nm) and Neodymium–Yttrium Ortho-Vanadate (Nd:YVO4) 

diode laser (532 nm) (Bumbrah and Sharma, 2016). The Raman 

spectrometer comprises a group of optics, which are collection of lenses, 

used to direct the laser bream to the sample and collect  the light scattered 

from it. Optimising the optics in the correct alignment increases the 

intensity of the Raman signal and enhances its quality especially for 

samples with low concentrations and samples examined in gaseous phase 

(Petrov et al., 2016). The monochromator is usually used with Rayleigh 

line filters, e.g., edge and notch filters to remove and separate the 

Rayleigh line from the Raman scattering radiation (Ferraro et al., 2003). 

Modern Raman spectrometers are equipped with highly sensitive char ge-

transfer device (CTD) detectors, in which the emitted photon from the 

sample strikes the silicon layer in the detector, and resulted in the 

generation of electric charges which are accumulated and measured. The 

amount of the generated charges is proport ional to the number of photons 
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entered the detector (Sweedler, 1993).  Common types of the CTD include 

charge-coupled device (CCD) and charge-injection device (CID) detectors 

(Skoog et al., 2007).  

For ROA measurements, the instrument is optimised in a backscattering 

geometry to enhance the detection of ROA signals (Blanch et al., 2006). In 

ICP-ROA, the incident laser beam passes through an electro -optic 

modulator (EOM) to control the interchange of the left and the right 

circulatory polarised light states. The backscattering radiation emitted 

from the sample is then reflected off by 45°-mirror then passes through an 

edge filter to remove the Rayleigh line the transmitted to a group of optics 

which direct the beam to the CCD detector (Barron et al., 2000) (Figure 

1.20).     

 

  

Figure 1.20. The ICP-ROA instrumentation. The instrument is optimised in backscattering 

geometry to improve ROA signals. The incident laser beam passes through a polariser 

to the electro-optic modulator (EOM) to control the interchange of the left and right 

circulatory polarised light states. The backscattered light from the sample reflected off 

by45°-mirror and passes to an edge filter to remove the Rayleigh radiation then 

directed by optics to the CCD detector.  This illustration is adopted from (Blanch et al. , 

2006). 
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1.7 The use of Raman and ROA spectroscopies for structural 

characterisation of nucleotides 

Despite the discovery of the Raman phenomena in 1928 by the independent 

work of C. V. Raman and L. I. Mandelstam (Singh, 2002), the technique 

was considered as insensitive and time-consuming method. However, the 

development of fiber optics, multi -channel array detectors and enhanced 

data interpretation software enhances the sensitivity and improves the 

applicability of the Raman spectroscopy (Kim et al., 1993; Griffiths and de 

Haseth, 2007). The use of Raman methods for nucleotide characterisation 

began in 1967 when Lord and Thomas used Cary Model 81 Raman 

spectrometer to study the structure of different purine and pyrimidine 

nucleotides and their monophosphate derivatives in solid and liquid state 

at different pH environments (Lord and Thomas, 1967).  Later on, Fanconi 

et al, (1969) demonstrated the Raman spectra of some monophosphate 

nucleotides, including 5’-AMP, 5’-GMP, 5’-CMP and 5’-UMP, and their 

polynucleotide counterparts (Fanconi et al., 1969). Rimai et al, (1969) 

explored the Raman spectra of 5’-AMP, 5’-ADP and 5’-ATP in liquid 

phase and investigated the spectral changes associated with the adenosine 

derivatives as a function of pH. Some of the phosphate related vibrations 

were assigned based on previous work on infrared spectra (Rimai et al., 

1969). Medeiros and Thomas (1971) investigated the structure of inosine 

and inosine-5’-monophosphate in aqueous and deuterated solution 

(Medeiros and Thomas, 1971). The binding of different divalent cations 

such as, Ca
2+

, Mg
2+

, CO
2+

, Cu
2+

, and Hg
2+ 

to ATP at different pH 

environments was examined by Lanir and Yu (1979). The work identified 

different metal-ATP binding sites based on the change in the protonation 

and deprotonation states of the nitrogenous base and the phosphate chain  

(Lanir and Yu, 1979). Carmona et al., (1988) applied the Raman 

spectroscopy to assess the interaction of copper ions with AMP and GMP 

nucleotides in solution. The study revealed the binding of the nucleotide 

phosphate groups with the copper ions (Carmona et al., 1988). As the 

Raman technique becomes more desirable in the investigating the 

structural changes of various molecules, Kopecky et al, (2002) compared 
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the ionisation states of the antiviral nucleotide analogue 9-[2-

(Phosphonomethoxy) ethyl] adenine (PMEA) with their natural adenosines 

(5′‐AMP, 3′‐AMP, and 2′‐AMP) at different pH values in order to observe 

the impact of protonation/deprotonation on the binding sites and the PKa 

values of the antiviral drug (Kopecky et al., 2002). In 2012, Ostovarpour 

and Blanch, (2012) conducted the first study that combined Raman and 

ROA measurement for examining the structure of different adenosine 

derivatives and the influence of phosphorylation on their Raman and ROA 

profiles. The study identified certain Raman marker bands and reported the 

high sensitivity of ROA method for the structural changes associated with 

the adenosine derivatives (Ostovarpour and Blanch, 2012). The previously 

illustrated studied reflect the growing interest for using the Raman and 

ROA as a tools for structural analysis and clinical diagnosis. Desp ite the 

structural information gathered from Raman and ROA, the techniques are 

still in their early stages compared to x-ray and NMR methods. There is a 

need to establish a comprehensive experimental and computational Raman 

studies for various biomolecules and their interactions.    

1.8 The use of Raman and ROA spectroscopies for structural 

characterisation of proteins 

Early applications of Raman spectroscopy in determining protein 

structures were carried out in the late 1960s and aimed to examine the 

Raman profile of α-helical poly-L-alanine chain (Fanconi et al., 1969; 

Koenig and Sutton, 1969). Fanconi et al, (1969) identified the Raman 

vibrations for poly-L-alanine in fibres after irradiating the sample with 

laser beam for an hour to eliminate fluorescence. Moreover, Koenig and 

Sutton, (1969) presented the Raman spectrum of poly-L-alanine in aqueous 

solution and compared their results with infrared (IR) measurements 

reported in an earlier study by Miyazawa and Blout,  (1961) (Miyazawa and 

Blout, 1961). Interestingly, Koenig and Sutton,(1969)  determined six 

major amide regions in the Raman profile of the poly-L-alanine and 

analysed their related frequencies. A year later, Lord and Yu, (1970) 

conducted a Raman experiment on the lysozyme and identified its 
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constituent amino acids in solution, where the authors identified 

characteristic Raman bands at 1660 and 1150 cm
-1

 which corresponded to 

the Amide I and the Amide III regions respectively (Lord and Yu, 1970).  

The use of Raman and Raman-based techniques, such UV resonance 

Raman  spectroscopy (UVRR), for probing the structural properties of 

proteins has extended and involved a wide range of biologically important 

polypeptides, for example, haemoglobin (Bangcharoenpaurpong et al., 

1984), albumin (Dingari et al., 2012),  cytochrome c (Okada et al., 2012) 

and globulin (Artemyev et al., 2016) 

Kinalwa et al, (2010) investigated the secondary structure of different 

proteins using Raman spectroscopy. In this study, the Amide I, II and III 

regions were considered as key markers for distinguishing α- helices, β- 

sheets and other forms of the protein secondary structure (Kinalwa et al., 

2010). Rygula et al, (2013) used different excitation wavelengths and 

reported the Raman spectra of 26 proteins (Rygula et al., 2013).  

The influence of post-translational modifications such as glycosylation and 

metal binding, of some polypeptides were analysed by Ashton et al, (2017) 

using a combination of Raman spectroscopy and chemometric methods. 

The study identified, the influence of glycosylation and iron binding on 

the structures of the apo- and holo- forms of the transferrin. The authors 

then applied a quantitative analytical approach to detect glycosylation in a 

mixture of glycosylated and non-glycosylated transferrin (Ashton et al., 

2017).  

Surface enhance Raman scattering (SERS), a Raman based technique used 

to enhance the Raman signals by adsorbing the analyte  to a synthesised 

nanoparticles, was used as a tool for the detection of tumor marker 

proteins, such as α-fetoprotein (AFP) and carcinoembryonic antigen (CEA) 

(Wang et al., 2013; Song et al., 2017). 

ROA spectroscopy provides rich structural information for the secondary 

and tertiary structure of polypeptides. The technique is also applicable for 

identifying different conformations and probing the folding/non-folding 
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states of different proteins in aqueous solution (Matousek and Morris, 

2010). Unlike conventional Raman spectroscopy, ROA spectra reflected 

signals originate mainly from the backbone of the polypeptide chain while 

the side chains provided less dominant vibrations (Barron et al., 2000). 

Therefore, the ROA method features higher sensitivity in identifying the 

small structural modifications and the dynamic properties of many proteins 

in aqueous environment. Blanch et al, (2000) applied ROA measurement 

for studying the structure of equine and hen lysozyme in addition to the 

calcium bound bovine α-lactoalbumin (Blanch et al., 2000).The secondary 

structure of different polypeptides and proteins including poly (L-lysine), 

human serum albumin, human immunoglobulin G, bovine ribonuclease A 

and bovine β-casein was investigated in aqueous phase by ROA 

spectroscopy (Zhu et al., 2006).The above mentioned studies showed the 

growing interest for applying Raman and ROA methods as powerful tools 

to investigating the structural features and the dynamics of certain proteins 

and their interactions.  

It is worth noting that the most important Raman vibrations for 

polypeptides can be defined by: The backbone skeletal stretch region, 

Amide A and B regions and Amide I-VII. The former region is usually 

observed at ~870–1150 cm
-1

 and originates mainly from Cα–C, Cα–Cβ and 

C-N stretching vibrations (Blanch et al., 2000). Amide A and B regions are 

observed at 3500 and 3100 cm
-1

 respectively and arise specifically from 

NH group vibrations. Therefore, these regions not affected by the 

structural changes of the protein (Barth, 2007). Amide I to VII are mainly 

observed at: (I: 1600–1690 cm
-1

, II: 1480–1580 cm
-1

, III: 1230–1300 cm
-1

, 

IV: 625–770 cm
-1

, V: 640–800 cm
-1

, VI: 540–600 cm
-1

, and VII: 200 cm
-1

) 

(Rygula et al., 2013). Unlike amide A and B, Amide I-III are sensitive to 

the alterations of the polypeptide secondary structures; therefore, they are 

widely used as diagnostic markers for protein structural analysis (Barth, 

2007).  
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1.9 Research aim and objectives 

It is well known that nucleotides participate in a wide variety of 

biochemical processes. Phosphorylation is one of the most common 

biological reactions. In many phosphorylation reactions, a phosphoryl 

group is transferred from a nucleotide to the target substrate. Often this 

occurs via the action of kinases, such as phosphoglycerate kinase (PGK), 

where ATP is used to deliver the phosphoryl group. During 

phosphorylation, magnesium ions bind to the nucleotide, which can cause 

significant conformational alterations in the nucleotide, in the enzyme 

(such as in PGK) or in the substrate. The structure of nucleotide -Mg 

complexes in solution and the mode of coordination of the metal ion by the 

phosphate oxygen atoms remain controversial.  

The PGK enzyme requires the purine nucleotides, such as adenosines 

(ATP/ADP) as phosphate donors. Guanosine nucleotides (GTP/GDP), in 

addition, are also used by other enzymes, such as G-proteins for several 

phosphoryl transfer reactions. As this study focuses mainly on 

phosphorylation reactions, the light was shed on purine rather than 

pyrimidine nucleotides. Therefore, this project aims to: 

  Apply Raman spectroscopy, coupled with using Density Functional 

Theory (DFT) models to assign the vibrational spectra, to 

characterise purine nucleosides (adenosines and guanosines) and 

their nucleotide derivatives.  

 Investigate the influence of magnesium binding on the spectral 

profile of adenosine and guanosine mono-, di-and tri- phosphates in 

aqueous solution, including as a function of pH.  

  Explore the Raman profile of the human phosphoglycerate kinase 

(hPGK) in its open conformation, when no ligands are bound, and in 

its fully closed conformation, when ADP, 3-phosphoglycerate and a 

metal fluoride mimic of the transferring phosphoryl group are  all 

bound in a transition state analogue arrangement. The influence of 

conformational changes on the amide I and amide III regions of the 

enzyme spectrum were investigated using uniform isotopic 

substitution of nitrogen atoms with 
15

N (
15

N-hPGK).  
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2.1 Abstract 

Phosphorylation is an important metabolic process in which a phosphoryl 

group is transferred from a substrate to nucleotide or between two 

nucleotides by the influence of kinases. The transfer of a  (PO −
3
) group 

involves the binding of magnesium to the nucleotide. This binding results 

in significant conformational alterations in the nucleotides, enzymes or 

substrates. The structure of the adenosine nucleotide-Mg complex and the 

mode of coordination remain controversial. This study reports the use of 

Raman spectroscopy, peak deconvolution and Density Functional Theory 

(DFT) to characterise adenosine nucleotides and examine the influence of 

magnesium ions and pH on the spectral profile of adenosine mono -, di-and 

tri- phosphate in aqueous solution. These studies into the effects of Mg
2+

 

and pH are supported by 
31

P NMR measurements. Our results show that  the 

Raman spectroscopy is sensitive to the degree of phosphorylation of 

different adenosine nucleotides and is able to identify the primary markers 

for adenosine and its phosphate containing derivatives. Combining Raman 

spectroscopy with a quantitative displacement approach from DFT provided a 

powerful diagnostic tool which determines a spectral fingerprint of each 

phosphorylated derivative of adenosine in aqueous environments. Raman 

and 
31

PNMR measurements supported a model where the coordination of 

Mg
2+

 involves both α- and β-phosphate groups of 5’-ADP and β- and γ-

phosphate groups of 5’-ATP in aqueous solution at pH 7.0. Results also 

indicated that the acidic pH has a remarkable impact on the magnesium 

bound phosphate groups in 5’-AMP, 5’-ADP and 5’-ATP. However, the 

alterations in the pH environment from pH 5-8 did not change the binding 

sites of magnesium ions and did not facilitate the binding of the divalent 

cation to other parts of the adenosine nucleotide molecule.  
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2.2 Introduction 

The transfer of a phosphoryl (PO
-

3
) group between a substrate and a 

nucleotide or between two nucleotides is essential to numerous cellular 

processes, such as energy management, gene expression, and the initiation 

of cell signalling cascades (Blackburn et al., 2006; Ardito et al., 2017). 

Phosphorylation of adenosine or guanosine diphosphates to form ATP or 

GTP is the most common reactions metabolically. The transmission of the 

phosphoryl group is usually accompanied by the binding of an essential 

magnesium ion (Mg
2+

) to the nucleotide (Black et al., 1994; Bazydlo et al., 

2014) and substantial conformational changes in the enzymes, substrates or 

nucleotides (Jai and Horowitz, 1999).The structure of nucleotide -Mg 

complexes in solution and  the mode of coordination remain controversial 

(Szabo et al., 2008; Hercend et al., 2011), despite the widespread 

availability of experimental data provided by NMR spectroscopy and X-ray 

crystallography (Watson and Gamblin, 1985; Graham and Williams, 1991; 

Bango et al., 2008). Though solution NMR methods can simulate the 

aqueous environment, there is an irregular distribution of proton density in 

the ribonucleotide molecule and limitations associated with describing 

conformational ensembles accurately (Gong et al., 2009; Dingley and 

Pascal, 2011; Ostovarpour and Blanch, 2012). Moreover, crystals of 

ribonucleotides do not necessarily accurately reflect the conformations of 

the molecules under physiological conditions. For adenosines, most reports 

suggested the exclusive binding of the metal cation to the phosphate chain 

but, in some, the interaction of the magnesium ions with the nitrogenous 

base or the hydroxyl group(s) of the ribose sugar is proposed (Jiang and 

Mao, 2001). The studies are further complicated by the effects of variations 

in the experimental conditions, such as pH and concentrations, which may 

lead to some of the differences in the proposed models of adenosine 

nucleotide-Mg complexes. 

Raman spectroscopy is a vibrational spectroscopic tool with which to 

examine the structural characteristics of proteins, viruses and nucleic acids 

(Black et al., 1994). Compared with X-ray crystallography and NMR, the 
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application of Raman spectroscopy for studying nucleotides is still in its 

early stages. However, there is a growing body of evidence that supports 

the high sensitivity of Raman techniques to the structural composition and 

chemical constituent of different molecules. Raman spectroscopy is highly 

suitable for aqueous solutions since water provides only weak Raman 

vibrations (Smith and Dent, 2005).  Density functional theory (DFT) 

calculations offer a complementary powerful computational approach for 

the prediction and assignment of vibrational bands in Raman spectra 

(Jimenez-Hoyos et al., 2008; Fairchild et al., 2009).The combination of Raman 

spectroscopy and DFT calculations, therefore, has the potential to lead to a 

detailed understanding of the ensemble of structures adopted by adenosine 

nucleotides and the ligation and conformational changes associated with 

the binding to magnesium. Such an analysis would form the basis from 

which the mechanism of action of many kinases could be examined in great 

detail, with an overall goal of understanding their catalytic activity under 

physiological and pathological conditions. In thi s paper we report the 

characterisation of the Raman spectra of common adenosine nucleotides 

and identify the frequencies of vibrational modes associated strongly with 

their phosphate groups using DFT methods. The results are compared with 

1
H and 

31
P NMR spectra of the same nucleotides under identical 

conditions. The influence of magnesium binding on the Raman spectra of 

adenosine mono-, di- and triphosphates is investigated, along with the 

impact of environmental pH. We find that in aqueous solution, both t he α- 

and β-phosphate groups of 5’-ADP are coordinated by Mg
2+

 while in 5’-

ATP coordination involves the β- and γ-phosphate groups at pH 7. 

Acidification does not alter the coordination of magnesium ions but does 

significantly affect the vibrational modes associated with the phosphate 

groups in 5’-AMP, 5’-ADP and 5’-ATP. 

 

 

 



Chapter Two 

83 

 

2.3 Material and methods 

2.3.1 Chemicals 

Samples of adenosine, 5’- adenosine monophosphate sodium salt, 5’- 

adenosine diphosphate sodium salt, 5’- adenosine triphosphate sodium salt 

hydrate, magnesium chloride and deuterium oxide (99.9 %) were purchased 

from Sigma-Aldrich Ltd and used without further purification.  

2.3.2 Sample preparation 

Adenosine samples were prepared with a concentration of 50 mM in 0.5 ml 

deionised water. Three replicates of each adenosine nucleotide were made. 

The pH of each solution was adjusted to 7.0 (± 0.1) using 1 M NaOH 

solution. Samples were centrifuged at 9500 g for 5 minutes to eliminate 

dust contamination. 100 µL of each nucleotide sample was transferred  to a 

quartz microflourescence cell for spectral analysis. Raman measurements 

on the adenosine nucleotides were carried out without any further 

purification. For 5’-AMP-Mg, 5’- ADP-Mg and 5’-ATP-Mg complexes, 

each sample was prepared by mixing 0.5 ml of 100 mM adenosine 

nucleotide with 0.5 ml of 200 mM MgCl2. 

2.3.3 Variation of pH 

Analyte complexes were prepared at pH 5.0, 6.0, 7.0 and 8.0. The pH 

measurements were examined using a Hanna pH 209-laboratory pH meter 

with accuracy of (± 0.05) pH and a resolution of 0.01 pH units.  Each 

magnesium bound nucleotide was centrifuged and Raman spectra were 

measured on the ChiralRaman instrument.  

2.3.4 NMR samples 

A 100 mM solution of each nucleotide was prepared in 0.5 mL of 99.9 % 

deuterated water (D2O) and then 0.5 mL of 200 mM MgCl2 was added to 

each adenosine nucleotide sample then 0.7 mL of each analyte and 1 μL of 

0.5 % (w/w) of tetramethylsilane was added to a 5 mm NMR tube.  
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2.3.5 Raman measurements 

A ChiralRaman spectrometer (BioTools Inc., Jupiter FL, USA) operating in 

backscattering mode was used to measure all Raman spectra. The set -up of 

the instrument includes: Laser wavelength of 532 nm, spectral resolution of 

7 cm
-1

, power at the laser head of 1.20 W, length of illumination period 

was 1.029 seconds, total data acquisition times of 0.166 hrs. Data analysis 

was carried out using MATLAB R2013a, software that includes an inbuilt 

Raman toolbox. 

2.3.6 Raman data analysis and peak deconvolution 

The averaged Raman spectra were processed using Matlab sof tware version 

R2013a. In this application, the Raman data for each adenosine nucleotide 

were summed and baselined. The resulting data were plotted using Origin 

8.5 software.  Peak deconvolution techniques were applied to enhance the 

resolution and to discriminate between the overlapping Raman peaks 

(Lorenz-Fonfria and Padros, 2005; Aragao and Messaddeq, 2008). The Origin 8.5.1 

software was used for this purpose and the Gaussian function was chosen 

for deconvolution modelling. The second derivative was generated in each 

case to decrease the bandwidth and identify the position of the hidden 

peaks. The quality of the fitting was assessed by calculating the adjusted r 

square values. Peak deconvolution with the adjusted r square values near 1 

(~ 0.95) indicated the goodness of the data (Miles, 2014).  A more complete 

analysis of the deconvoluted peaks is provided in appendix 2 . The results 

for the number of component peaks were verified using the DFT analysis of 

the same spectral region(s).  

2.3.7 NMR measurements  

1
H NMR measurements of the adenosine nucleotides at 300K were carried 

out using a Bruker Avance III 400 MHz spectrometer. To test for the 

saturation of binding of magnesium to the nucleotides, increasing 

concentrations of MgCl2 were added up to 500 mM at pH 7.0 (Figures S2-

8, S2-9). The nucleotide concentrations were 50 mM, dissolved in D 2O. 
31

P 

NMR measurements were also carried out for each nucleotide -Mg complex 
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over the pH range 5.0 to 8.0, using 
1
H decoupling. Data were processed 

using TopSpin 3.2 software. Spectra were referenced using internal 

tetramethylsilane. A complete illustration of the NMR spectra for 

adenosine nucleotides is provided in appendix 2 

2.3.8 Density functional theory calculations 

All calculations were carried out using the Gaussian09 package (Frisch, 

2009). Structures for adenosine (A), 5’-adenosine monophosphate (5’-

AMP), 5’- adenosine diphosphate (5’-ADP) and 5’-adenosine triphosphate 

(5’-ATP) were constructed by hand and a stochastic conformational search 

was carried out in MOE to find the lowest energy conformers (ULC, 2013). 

The lowest energy conformers were then optimised in Gaussian09 at 

B3LYP/6-311+G (d,p) (Lee et al., 1988; Becke, 1993; Naaman and Vager, 

2012). Vibrational frequencies and Raman intensities were also calculated 

at the same level of theory for geometry optimisation. The polarisable 

continuum model (PCM) was used to implicitly model the presence of 

solvent in each system (Miertus et al., 1981). Raman intensities were 

scaled to 1.00 arb. units. according to the most intense Raman vibration, 

which was common to both adenosine and its nucleotide derivatives.  

2.3.9 Analysis of vibrational modes 

Visualisation of vibrational modes and the generation of Raman spectra 

were carried out using GaussView 5 (Lee et al., 1988; Becke, 1993). DFT-

derived vibrations for each adenosine derivative were analysed by 

measuring the displacement of individual atoms within each vibrational 

mode and classified according to which atoms were affected to the greatest 

extent (Figure S-1). Quantification of the relative displacement of each 

atom in every computed vibration for each Adenosine-based structure 

allows for the construction of a ‘vibrational profile’ for every computed 

vibration for each Adenosine-based structure. For example, ATP consists 

of five readily definable groups: purine ring, ribose ring, α-phosphate, β-

phosphate and γ-phosphate. Summation of the relative atomic 

displacements in each group in a particular vibration allows th e 
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quantification of the relative contributions to overall molecular 

displacement from each group. Hence, vibrations are described as, for 

example, comprising 84 % ribose ring and 16 % purine ring contributions. 

The assignment of DFT-derived Raman bands to the experimentally 

observed modes is proposed on the basis of both the relative frequency and 

intensity of vibrations computed using DFT. A more complete analysis of 

the proposed assignment of these bands is provided in  appendix 1 (Table 

1.1). 

2.4 Results    

2.4.1 Adenosine and its phosphates, without Mg
2+

  

Raman spectra of adenosine, and adenosine 5’-mono-, di- and tri- 

phosphates, in the absence of Mg
2+

, were measured at pH 7.0 over the 

range 600-1800 cm
-1

 (Figure 2.1). The spectra are very similar to each 

other above 1205 cm
-1

 and below 760 cm
-1

. The main differences between 

the experimental spectra of the various nucleotides are observed in Raman 

bands in the 760-1205 cm
-1

 region.  
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Figure 2.1. Experimental (top) and DFT calculated (bottom) Raman sp ectra for 

adenosine, 5’- adenosine monophosphate (AMP), 5’ - adenosine diphosphate (ADP) 

and 5’- adenosine triphosphate (ATP) at pH 7.0. The experimental and DFT spectra 

showed similar intensities and frequencies above 1205 cm
-1

 and below 760 cm
-1

 

regions. The main spectral differences are observed at 760 -1205 cm
-1

 region.  
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Figure 2-2.  Raman spectrum for adenosine at pH 7.0 . 
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: For adenosine and all of the nucleotide 

derivatives studied here, there is a strong correlation between the 

experimental Raman spectra in the 1205-1800 cm
-1

 region, consistent with 

the component vibrational modes not involving the phosphate moieties. 

The region is dominated by major bands at 1584 cm
-1

, a doublet at 1488 

and 1512 cm
-1

, and a triplet at 1312, 1342 and 1382 cm
-1

 (Figures 2.1, 2-2 

–2-5). More surprisingly, there is also a strong correlation between the 

experimental Raman spectra in the 600-760 cm
-1

 region, where vibrations 

involving the phosphate moieties are more likely. However, the 600 -760 

cm
-1

 region is relatively devoid of intense bands; it dominated by a single 

band at 734 cm
-1

 (Figures 2.1, 2-2-2-5). 
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Figure 2-3.  Raman spectrum for 5’- adenosine monophosphate (AMP) at pH 7.0 . 
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Figure 2-4. Raman spectrum for 5’- adenosine diphosphate (ADP) at pH 7.0 . 
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Figure 2-5.  Raman spectrum for 5’- adenosine triphosphate (ATP) at pH 7.0 . 
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760-1205 cm
-1

: This region contains two broad peaks that are common to 

adenosine and all of the nucleotide derivatives, one in the range 760-870 

cm
-1

 and one in the range 990-1205 cm
-1

 (Figure 2-6). Deconvolution of 

these peaks was performed in order to establish the features of the 

underlying components. For adenosine, deconvolution of the lower 

frequency (760-870 cm
-1

) peak revealed three bands, at 785, 800, and 825 

cm
-1

 (Figure 2-6), while deconvolution of the higher frequency (1020–1120 

cm
-1

) peak revealed five bands, at 1040, 1055, 1073, 1091, and 1100 cm
-1

 

(Figure 2-6). For 5’-adenosine monophosphate (5’-AMP), in addition to the 

760-870 cm
-1

 and 1020-1120 cm
-1

 peaks observed for adenosine, there is a 

distinct new peak at 981 cm
-1

 (Figure 2.1). The broad peaks at 760-870 cm
-

1
 and 1020-1120 cm

-1
 show some differences in shape compared to the 

equivalent peaks for adenosine. Deconvolut ion reveals four bands (788, 

803, 821, 853 cm
-1

) for the lower frequency peak and four bands (1042, 

1063, 1087 and 1099 cm
-1

) for the higher frequency peak. The primary 

differences to the bands observed for adenosine are changes in relative 

intensities. This is particularly noticeable for the band at 853 cm
-1

, for 

which there is only a hint in the Raman spectrum of adenosine. Also, in the 

higher frequency peak the band at 1087 cm
-1

 becomes dominant in 5’-AMP, 

and the band at 1063 cm
-1

 substitutes for the bands at 1055 and 1073 cm
-1

 

in adenosine, the latter being the dominant band in the absence of 

phosphorylation.  

For 5’-adenosine diphosphate (5’-ADP), the large peak at 981 cm
-1

 in 5’-

AMP appears to have moved to higher frequency in the experimental 

spectrum, where it overlaps with the main 1020-1120 cm
 -1

peak (Figure 

2.1). The broad peak at 1020-1120 cm
-1

 has a different shape and intensity 

compared to the equivalent peak for 5’-AMP.  Deconvolution of the 1020-

1120 cm
-1

 peak for 5’-ADP revealed six bands (1038, 1046, 1061, 1087, 

1102, 1114 cm
-1

), with the most intense peak at 1087 cm
-1

, as observed for 

5’-AMP. However, the 1087 cm
-1

 band dominates the intensity of this 

broad peak far more for 5’-ADP than for 5’-AMP.  



Chapter Two 

92 

 

  

Figure 2-6.  Peak deconvolution of the Raman spectrum for adenosine in the 

regions 760-870 cm
-1

 (top)
 
and 1020-1120 cm

-1
 (bottom) at pH 7.0. 
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The other primary differences compared with the spectrum of 5’ -AMP are 

the resolvable bands at both the low (1038 cm
-1

) and high frequency (1114   

cm
-1

) ends of the broad peak, and the reduction in relative intensity of the 

1061 cm
-1

 band. Deconvolution of the 760-870 cm
-1

 peak revealed four 

bands (784, 801, 829, 855 cm
-1

) at similar frequencies to the equivalent 

bands observed for 5’-AMP, except for a +8 cm
-1

 shift for the 829 cm
-1

 

band. There is also a significant reduction in intensity in the 801 cm
-1

 

band.  

For 5’-adenosine triphosphate (5’-ATP), an intense peak is observed at 

1122 cm
-1

 (Figure 2.1,). Deconvolution of the 1020-1120 cm
-1

 region was 

insufficient to define all of the major component bands owing to the new, 

intense peak at 1122 cm
-1

 and so the deconvoluted region was extended to 

990-1150 cm
-1

. This deconvolution revealed four bands in addition to the 

1122 cm
-1

 band (1013, 1037, 1067, 1091 cm
-1

). The band at 1013 cm
-1

 for 

5’-ATP did not appear in the spectrum of the other nucleotides. The 1067 

cm
-1

 band is now dominant in intensity and the 1037 cm
-1

 band is much 

larger than the equivalent band in 5’-ADP. Deconvolution of the 760-870 

cm
-1 

peak revealed four bands (784, 801, 829, 855 cm
-1

), which are 

indistinguishable in frequency and intensity from the equivalent bands for 

5’-ADP. This indicates that the addition of the γ-phosphate group has no 

detectable influence on these vibrations.  

 

2.4.2 Adenosine phosphates, with Mg
2+

  

For 5’-adenosine monophosphate (Figures 2.7, 2-8), the major diagnostic 

band at 981 cm
-1

 is shifted by +3 cm
-1

 on saturation with Mg
2+

. This 

relatively minor change in the Raman spectrum is reflected in the 

equivalent 
31

P NMR spectra on Mg
2+

 saturation, where the chemical shift 

of the phosphate group moves downfield slightly (0.2 ppm) on addition of 

Mg
2+

. Deconvolution of the broad Raman peak at 760-870 cm
-1

 also 

identified only a minor change in the frequencies of the component bands 

as a result of metal binding, while the 1020-1120 cm
-1

 peak did not reveal 
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any resolvable differences compared with unbound 5’ -AMP (Figures S2-7, 

S2-13).  

  

Figure 2.7. Experimental Raman spectra for 5’- adenosine monophosphate (AMP), 5’- 

adenosine monophosphate-magnesium complex (AMP-Mg), 5’- adenosine diphosphate 

(ADP),5’- adenosine diphosphate-magnesium complex (ADP-Mg), 5’-adenosine  triphosphate 

and 5’-adenosine  triphosphate-magnesium complex. The major spectral differences 

observed on saturation with Mg
2+

 are the +3 and +5 shifts of the bands at 981 and 

1122 cm
-1

 for 5’-AMP and 5’-ATP respectively.  
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Figure 2-8.  Experimental Raman spectra for 5’- adenosine monophosphate 

complex (AMP-Mg) and 5’- adenosine monophosphate (AMP) at pH 7.0. 
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For 5’-adenosine diphosphate (Figures 2.2, 2-9), Mg
2+

 binding has no 

resolvable effect on the broad peak at 760-870 cm
-1

. On deconvolution of 

the 1020-1120 cm
-1

, differences were detectable in the Raman bands 

following saturation with Mg
2+

. The distribution of component bands 

moves the overall intensity to higher frequency, in line with the behaviour 

of the 981 cm
-1

 band of 5’-AMP, and the band at 1087 cm
-1

 no longer 

dominates. The peak of intensity of the experimental spectrum is now ca. 

1100 cm
-1

. It is difficult to ascribe changes to individual bands in the 

deconvolution spectrum, though the general trend of the component peaks 

is to higher frequency by approximately +3 cm
-1

. In the equivalent 
31

P 

NMR spectra, the changes in chemical shift are greater than that observed 

in 5’-AMP at pH 7.0, likely as a result of its increased pK a compared with 

the mononucleotide, whereby the α- and β-phosphate resonances move 

downfield by 0.7 and 1.3 ppm, respectively, on binding of Mg
2+

. These 

results support a model where the coordination of Mg
2+

 involves a 

substantial contribution from both the α- and β-phosphate groups of 5’-

ADP, which would affect multiple bands in the broad peak at 1020 -1120 

cm
-1

. 
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Figure 2-9. Raman spectra for 5’- adenosine diphosphate-magnesium complex 

(ADP-Mg) and 5’- adenosine diphosphate (ADP) at pH 7.0 . 
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For 5’-adenosine triphosphate (Figures 2.2, 2-10), the major diagnostic 

band at 1122 cm
-1

 is shifted by +5 cm
-1

 on saturation with Mg
2+

. As for 5’-

ADP, deconvolution of the broad Raman peak at 760-870 cm
-1

 identified no 

changes in the frequencies or intensities of the bands on binding of Mg
2+

. 

However, deconvolution of the 990-1150 cm
-1

 peak indicated a significant 

shift to higher frequency of component bands at 1013, 1037 and 1067  cm
-1

 

by +10, +16 and +5 cm
-1

, respectively, which is consistent with their 

assignment as having substantial contributions from the phosphate groups . 

In the equivalent 
31

P NMR spectra, downfield chemical shift changes for 

the β- and γ-phosphate groups (by 2.5 and 1.3 ppm, respectively) are 

observed on binding of Mg
2+

. The 
31

P chemical shift of the α-phosphate 

shifts downfield by only 0.1 ppm, supporting a model where the 

coordination of Mg
2+

 is dominated by the β- and γ-phosphate groups. 

  



Chapter Two 

99 

 

  

Figure 2-10.  Experimental Raman spectra for 5’ - adenosine triphosphate complex 

(ATP-Mg) and 5’- adenosine triphosphate (ATP) at pH 7.0 . 

 

600 800 1000 1200 1400 1600 1800

1
1
2
2

ATP-Mg 

Wavenumber/cm
-1

ATP

R
a
m

a
n

 I
n

te
n

s
it
y
/A

rb
it
r.

U
n
it
s

1
1
2
7



Chapter Two 

100 

 

 

2.4.3 The pH effects on adenosine phosphates-Mg
2+

 complexes 

For 5’-adenosine monophosphate-Mg (Figures 2.3, 2-11), the Raman 

spectra were relatively unaffected between pH 7.0 and 8.0. However, by pH 

5.0, the 981 cm
-1

 and 1020-1120 cm
-1

 peaks displayed a significant 

alteration. The 981 cm
-1

 peak is no longer visible to a significant extent, 

and there is no clear evidence that it has moved to a nearby frequency. 

Deconvolution of the 1020-1120 cm
-1

 peak revealed changes in intensity of 

the two major components. The component peak at ca. 1063 cm
-1

 falls in 

intensity as the pH falls, whereas the peak at ca. 1087 cm
-1

 increases 

substantially. In the 
31

P NMR spectra over the same pH range, the chemical 

shift of the phosphate group moves upfield by 2.6 ppm at pH 5.0 (δ = 0.7 

ppm) compared with at pH 7.0 (δ = 3.3 ppm), consistent with protonation 

of the Mg-bound phosphate group under the experimental conditions used. 

Deconvolution of the 760-870 cm
-1

 peak also revealed changes in intensity 

of components bands. Here, the band at ca. 800 cm
-1

 increases from pH 8.0 

to 6.0 before falling again by pH 5.0, the latter effect of which may be 

related to the onset of protonation of the N1 atom in the purine ring (Corfu 

et al., 1990). 
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Figure 2-11.  The Raman spectra for 5’- adenosine monophosphate-magnesium 

complex (AMP-Mg) at different pH environments. 
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For 5’-adenosine diphosphate-Mg (Figures 2.3, S2-23), like for 5’-AMP-

Mg, the Raman spectra were relatively unaffected between pH 7.0 and 8.0. 

At pH 5.0, the broad peak at 1020-1150 cm
-1

 is affected dramatically; 

deconvolution revealed the peak becomes dominated by the component 

band at 1104 cm
-1

, and a new band appears at 1132 cm
-1

 (Figure S2-24). In 

the 
31

P NMR spectra over the same pH range, the chemical shifts of the α - 

and β-phosphates move upfield by 0.2 (-10.2 to -10.4 ppm) and 1.0 ppm    

(-6.1 to -7.1 ppm), respectively, (Figure S2-25), consistent with protonation 

reversing some of the chemical shift changes associated with Mg binding. 

Deconvolution of the 760-870 cm
-1

 peak revealed changes in intensity of 

components bands moderately similar to those observed in 5’ -AMP-Mg 

(Figure S2-24). The band at ca. 800 cm
-1

 falls substantially in intensity 

between pH 6.0 and 5.0, though the increase in intensity between pH 8.0 

and 6.0 observed for 5’-AMP-Mg is not visible for 5’-ADP-Mg, where the 

ca. 800 cm
-1

 is intense throughout this pH range.  
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Figure 2-12.The Raman spectra for 5’- adenosine diphosphate-magnesium 

complex (ADP-Mg) at different pH environments .  

600 800 1000 1200 1400 1600 1800

R
a
m

a
n

 I
n

te
n

s
it
y
/A

rb
it
r.

U
n
it
s

pH 5

pH 6

ADP-Mg

pH 7

Wavenumber/cm
-1

pH 8



Chapter Two 

104 

 

For 5’-adenosine triphosphate-Mg (Figures 2.13, 2-14), like the other two 

nucleotides the Raman spectra were relatively unaffected between pH 7.0 

and 8.0. At pH 5.0, the Raman peak at 1127 cm
-1

 is shifted +3 cm
-1

. 

Deconvolution of the broad 990–1150 cm
-1

 peak was not successful but the 

primary observation is that a band at 1019 cm
-1

 becomes dominant in 

intensity at pH 5.0 compared with higher frequency bands. This behaviour 

contrasts with that of the 1020-1150 cm
-1

 peak for 5’-ADP-Mg, where the 

higher frequency components become dominant. In the 
31

P NMR spectra 

over the same pH range, the chemical shifts of the β- and γ-phosphate 

groups move upfield by 0.8 and 1.0 ppm, respectively, over the same pH 

range (-19.3 to -20.1 ppm, and -5.9 to -6.9 ppm), consistent with 

protonation having a large effect on both of these phosphate groups. In 

contrast, the chemical shift of the α-phosphate group remains relatively 

unchanged (-10.9 to -11.1 ppm). Deconvolution of the 760-870 cm
-1

 peak 

revealed similar changes in intensity of components bands to those 

observed in 5’-ADP-Mg. The band at ca. 800 cm
-1

 falls substantially in 

intensity between pH 6.0 and 5.0.  
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Figure 2-13.The Raman spectra for 5’- adenosine triphosphate-magnesium 

complex (ATP-Mg) at different pH  environments.  
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Figure 2.14  Experimental Raman spectra for 5’-adenosine monophosphate-magnesium 

complex (AMP-Mg), 5’- adenosine diphosphate-magnesium complex (ADP-Mg) and 5’- 

adenosine triphosphate-magnesium complex (ATP-Mg) at pH 5.0 and 8.0. Acidification 

decreases the intensity of the 5’-AMP band at 981 cm
-1

 and shifts the 5’-ATP band at 1127 

cm
-1

 by +3 cm
-1

.  
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2.4.4 Assignment of Raman bands using DFT models  

In order to understand more thoroughly the differences in the experimental 

Raman spectra of adenosine, and adenosine 5’-mono-, di- and tri- 

phosphates, the Raman bands of the different species were calculated using 

a DFT approach. From this, some assignments of individual bands to 

specific vibrations are proposed.  

Raman Vibrations above 1205 cm
-1

: For adenosine and all of the nucleotide 

derivatives studied here, there is a strong correlation between the 

experimental and the DFT-derived Raman spectra in this region. According 

to the DFT calculations, the experimental 1584 cm
-1

 band corresponds to a 

vibration of significant relative Raman intensity (0.74 a.u., averaged across 

adenosine and the nucleotide derivatives - see methods section, (Figure 

2.1) in which the purine ring atoms contribute to 95 % of atomic 

displacement. The 1488/1512 cm
-1

 doublet bands actually comprise 3 

vibrational modes; a very intense (0.88 a.u.) purine-dominated (91 %) 

band, and two less intense (0.10 a.u., 0.18 a.u.) bands, ribose -dominated 

(99 %) and purine-dominated (94 %), respectively. The 1312/1342/1382 

cm
-1

 triplet bands contain a very intense (1.00 a.u.) purine-dominated (87 

%) band at 1342 cm
-1

, whereas the bands at 1312 cm
-1

 and 1382 cm
-1

 are 

comprised of multiple less intense vibrational modes with more equal 

contributions (56 %: 44 % and 66 % :34 %) from the purine and ribose 

groups, respectively. As expected on the basis of the similarity in the 

experimental spectra in this region, the phosphate groups do not contribute 

to any vibrational modes in this region of the spectra. Therefore no 

significant frequency or intensity changes of any DFT bands in this region 

across adenosine and its derivatives are found.  

Raman Vibrations below 760 cm
-1

: The experimental Raman spectra for 

adenosine and all of the nucleotide derivatives are dominated in this region 

by a band at 734 cm
-1

 (Figure 2.1). According to DFT calculations, there 

are 3 vibrational modes that are potential contributors to this band, one of 

which is close in frequency (722 cm
-1

) and two within 40 cm
-1

 (705 and 

770 cm
-1

 for adenosine). For adenosine, the 722 cm
-1

 mode is dominant in 
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intensity (0.60 a.u., compared with 0.19 a.u. for the 705 cm
-1

 mode and 

0.16 a.u. for the 770 cm
-1

 mode, and all three modes have near 50 % 

contributions from the purine and ribose groups . Unlike the region above 

1205 cm
-1

, vibrations in this region can include phosphate character, which 

may alter both the frequency and intensity of bands. For the adenosi ne 

derivatives, each of these modes gains a contribution from the phosphate 

group(s) in the nucleotides (up to a maximum of 14 %) but the frequencies 

are only moderately affected (a shift of up to 6 cm
-1

). The intensities are 

more strongly affected, the 722 cm
-1

 mode falls from 0.60 a.u. in adenosine 

to 0.33 a.u. in 5’-ATP, whereas the 705 cm
-1

 and 770 cm
-1

 modes rise from 

0.19 a.u. to 0.30 a.u. and from 0.16 a.u. to 0.30 a.u., respectively. 

Experimentally, an intensity drop in the 734 cm
-1

 band is observed from 

adenosine to its phosphate derivatives. This is not reflected in the sum of 

the behaviour of the 705 cm
-1

, 722 cm
-1

 and 770 cm
-1

 modes in the DFT 

calculations, but is consistent with the behaviour of the 722 cm
-1

 mode in 

isolation. 

Raman Vibrations in the region 760-1205 cm
-1

: In the experimental spectra 

this region contains the major diagnostic peaks for the nucleotide 

derivatives, in addition to two broad peaks that they share in common with 

adenosine, one in the range 760-870 cm
-1

 and one in the range 990-1150 

cm
-1

. 

In 5’-AMP, the major diagnostic band that appears at 981 cm
-1

 can be 

related to a new intense vibration in the DFT calculations (921 cm
-1

, 0.54 

a.u.), which has significant (74 %) phosphate contribution . This peak is 

reduced in intensity in 5’-ADP and 5’-ATP, which is consistent with its 

absence in the spectra of these derivatives. In 5’ -ADP, the diagnostic band 

around 1087 cm
-1

 can be rationalized by the increase in intensity of DFT 

vibrations in this region, particularly a new relatively intense vibration 

(1051 cm
-1

, 0.34 a.u.) with significant (41 % α-, 11 % β-) phosphate 

contribution. In terms of DFT, this vibration is not seen in adenosine and 

5’-AMP, and is reduced in intensity in 5’-ATP, which is consistent with its 

absence in the other spectra. In 5’-ATP, the diagnostic peak appears at 
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1122 cm
-1

, which can be rationalized by the appearance in the DFT 

calculations of a very intense peak (1064 cm
-1

, 0.67 a.u.) with significant 

(29 % α-,24 % β-, 6 % γ-) phosphate character that is not observed in 

adenosine or its other derivatives. 

In the 760-870 cm
-1

 range, there are multiple DFT-derived Raman modes 

in that approximate area that potentially contributes to the shape of the 

broad peak in this region. There are five modes that are common to all 

species (including the 770 cm
-1

 mode discussed above), though the 809 cm
-

1
 mode is predicted to have low intensity throughout. The 825 cm

-1
 mode 

has substantial contributions from both purine and ribose groups in 

adenosine but has a 58 % contribution from the phosphate groups in 5’-

ATP, where its intensity has increased from 0.23 a.u. to 0.78 a.u. In 

contrast, the 860 cm
-1

 mode decreases in intensity from 0.23 a.u. to 0.05 

a.u. between adenosine and 5’-AMP, stays at approximately that level in 

the other nucleotides, moves to higher frequency by up to 18 cm
-1

 and 

picks up little contribution from the phosphate groups. The 881 cm
-1

 mode 

peaks in intensity in 5’-AMP (0.31 a.u) and is dominated by the atoms of 

the ribose ring. There are a further three modes, one present for 5’ -AMP, 

5’-ADP and 5’-ATP, one for 5’-ADP and 5’-ATP and one for 5’-ATP 

alone. The overall complexity makes it difficult to assign DFT modes to 

the experimental bands identified using deconvolution. However, there are 

similarities in behaviour. Experimentally, an increased intensity at 

approximately 825 cm
-1 

is observed for both 5’-ADP and 5’-ATP. This is 

also found in the DFT-derived spectra. In adenosine and 5’-AMP, there are 

no peaks in this region with a calculated relative intensity greater than 0.3. 

However in 5’-ADP and 5’-ATP, there are vibrations in this region with 

large relative intensities (0.64 in 5’-ADP, 0.78 in 5’-ATP) that contain 

significant contributions from phosphate groups (80 % and 58 % 

respectively). 

In the 990-1150 cm
-1

 range, there are over 15 DFT-derived Raman bands 

that contribute to the shape of the broad peak in this region for adenosine, 

making any attempts at assignment to be very subjective.  
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2.5 Discussion  

The Raman spectra recorded in this study identify primar y marker bands 

for 5’-AMP, 5’-ADP and 5’-ATP at 981 cm
-1

, 1087 cm
-1

 and 1122 cm
-1

, 

respectively. By comparison with DFT-derived spectra of the same 

compounds, these bands appear be have substantial contributions from 

vibrations of the α-phosphate atoms for 5’-AMP, and 5’-ADP, and the α- 

or β-phosphate atoms for 5’-ATP. It is noticeable that the assigned modes 

are displaced from the experimental bands to lower frequency by 60, 36 

and 58 cm
-1

, respectively, for 5’-AMP, 5’-ADP and 5’-ATP. The source of 

this offset is unknown but may relate to the DFT calculations using in 

vacuo structures, while experimental measurements were in aqueous 

solution. 

Secondary markers are observable, particularly in the variations in shape 

of the broad peaks in the 760-870 cm
-1

 and 1020-1120 cm
-1

 regions, but the 

contributing modes are difficult to assign owing to the number of 

contributory vibrations and any offsets between DFT-derived and 

experimental frequencies introduced when the vibrations involved 

phosphate group atoms. The Raman spectra above 1205 cm
-1

 are 

indistinguishable and according to DFT-derived spectra these vibrations do 

not involve phosphate group atoms.  

The binding of Mg
2+

 to adenosine nucleotides has only a small effect on 

the primary diagnostic bands, ranging from +3 cm
-1

 for the 981 cm
-1

 band 

of 5’-AMP to +5 cm
-1

 for the 1122 cm
-1

 band of 5’-ATP. It is more 

difficult to ascribe the change in 5’-ADP owing to the overlap between the 

1087 cm
-1

 band observed in the absence of Mg
2+

 overlapping with a broad 

peak in the 1020-1120 cm
-1

 region. It is intriguing that in both resolvable 

cases the change is consistently to higher frequency, despite the expected 

increase in mass afforded by coordination of the phosphate group atoms to 

a Mg
2+

 ion. A shift to higher frequency on metal binding has been 

proposed (Iyandurai.N et al., 2009) to result from the transient interruption 

of the adjacent hydrogen bonds as a result of the binding of the metal to 

the oxygen atoms. 
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Protonation of the Mg-bound adenosine nucleotides has no dramatic effect 

on the Raman spectrum of adenosine or its nucleotide derivatives in the pH 

range 6.0 – 8.0. The 
31

P NMR spectra are consistent with Mg binding 

selecting for the dianion state of AMP, the trianion state of ADP and the 

tetraanion anion state of ATP at neutral pH. Each nucleotide exhibits 

protonation with a pKa value between 5.0 and 6.0, with the primary 

protonation event most strongly affecting the α-, β-, and γ-phosphate 

groups for 5’-AMP, 5’-ADP and 5’-ATP, respectively. The Raman spectra 

at pH 5.0 differ substantially from the spectra at neutral pH, but this effect 

cannot be confidently ascribed solely to the protonation of the phosphate 

moieties, since significant protonation of the N1 atom of the base is likely 

at this pH. 

The experimental results presented here for adenosine and its nucleotide 

derivatives in the absence of Mg are in general agreement with previously 

reported Raman profiles (Rimai et al., 1969; Carmona et al., 1988; 

Ostovarpour and Blanch, 2012). The major diagnostic Raman band  for 5’-

ATP was reported previously (at 1123 cm
-1

) (Takeuchi et al., 1988), and it 

has been proposed that different vibrations for phosphate groups in 

adenosine nucleotides occur in the 850-1205 cm
-1

 region (Carmona et al., 

1988; Kopecky et al., 2002). Also, the equivalent band to that reported 

here at 734 cm
-1

 was reported in an earlier study (Ostovarpour and Blanch, 

2012), but occurred at 754 cm
-1

 for adenosine, 731 cm
-1

 for 5’AMP and 

5’ADP, and 693 cm
-1

 for 5’-ATP. A likely source of the previously 

observed variation is the solution pH, which was 6.0 for 5’ -AMP, 5.2 for 

5’-ADP and 4.2 for 5’-ATP. 

The Raman spectra of adenosine nucleotides in solution indicated greater 

spectral differences than similar molecules measured in solid state. A 

previous study (Gorelik et al., 2008) reported the Raman spectrum of 5’-

ADP in its crystalline form. There are significant spectral variations 

between the spectrum in crystallo and the results for 5’ADP in solution 

from this study, and a previous study in solution (albeit at low pH) 

(Ostovarpour and Blanch, 2012).  
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In conclusion, the results from this study have shown that Raman 

spectroscopy is sensitive to the degree of phosphorylation of different 

adenosine nucleotides. Raman spectroscopy was able to provide diagnostic  

spectral fingerprints for adenosine, 5’-AMP, 5’-ADP and 5’-ATP in 

aqueous solution. The representation of the fundamental Raman vibrations 

derived from DFT a model using an averaged atom displacement is  a useful 

tool to provide a quantitative description of the contribution of the 

different moieties to the vibrational mode, and thus the experimental 

spectrum. By combining this approach with experimental spectra and peak 

deconvolution, secondary markers of the adenosine nucleotides are 

identified. This has allowed us to describe more fully the effects of the 

binding of magnesium ions, and the effects of pH variation on the spectra, 

thus paving the way for more detailed investigations of these nucleotides 

in the variety of environments in which they function in nature.  
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3.1 Abstract 

Phosphorylation is a metabolic process by which a phosphate group is 

transferred enzymatically from a donor to an acceptor. Often the phosphate 

donor is ATP or GTP, the latter often undergoing enzyme-catalysed 

hydrolysis to GDP where the acceptor is water. The transfer of phosphate 

between guanosine nucleotides relies on the binding of magnesium ions to 

form nucleotide-Mg
2+

 complex. This binding can exert substantial 

conformational changes in the nucleotides, enzymes or substrates. In the 

absence of enzymes, the role of magnesium ions in coordinating guano sine 

nucleotides remains elusive. This study applies Raman spectroscopy, peak 

deconvolution, Density Functional Theory (DFT) and Raman Optical 

Activity to characterise guanosine nucleotides and compare their diagnostic 

Raman bands with those observed for adenosines mono-, di-, and 

triphosphates. The study also investigates the impact of magnesium ion 

binding and different pH values on the spectral profile of guanine mono -, 

di-and tri- phosphate in aqueous solution. The effects of Mg
2+

 and pH are 

further supported by 
31

P NMR measurements, which are used to determine 

the protonation state of the phosphate groups. The results provide a 

sensitive and diagnostic approach to identify the primary and secondary 

marker bands of different forms of guanosine nucleotides and these bands 

are described using DFT-derived assignment and an averaged atom 

displacement.approach. Mg
2+

 binding to guanosine nucleotides was 

consistent with a model where it coordinates both α- and β- phosphate 

groups of 5’-GDP and β- and γ-phosphate groups of 5’-GTP in aqueous 

solution at pH 7.0. Acidification exerted a substantial impact on the Raman 

spectra of phosphorylated forms of guanosine. However, the magnesium 

binding sites remain unchanged at pH 5-8. 
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3.2 Introduction 

Guanosine nucleotides are essential molecules for different cellular 

activities. In addition to their role as one of the basic units of DNA and 

RNA molecules, they are also involved in signal transduction, energy 

transfer, coenzyme synthesis and allosteric regulation (Brosh et al., 1992; 

Nelson et al., 2008). The activity of the nucleotide mono-, di- and tri 

phosphates during phosphorylation reaction depends largely on the binding 

of metal ions, most importantly magnesium (Anastassopoulou and 

Theophanides, 1995). The binding of the metal cation to the nucleotide 

helps to stabilise the molecule via neutralising its negatively charged 

phosphate groups (Anastassopoulou and Theophanides, 2002). This can 

result in substantial conformational changes of the nucleotide, the enzyme 

or the substrate (Rudack et al., 2012). The role of Mg ions in coordinating 

the nucleotide and the modes of interaction are controversial (de la Fuente 

et al., 2004). Therefore, studying the dynamic behaviour of the nucleotide -

Mg complex and the mode of interaction in aqueous solution at 

physiological pH is important for further understanding of the role of these 

metal ions and their influence on the structure of guanosine nucleotides, 

which in turn affect the catalytic activity of various kinase enz ymes.  

The use of X-ray crystallography and NMR spectroscopy as powerful tools 

for studying the properties of nucleotides and nucleic acids has provided 

rich information about the structure and properties of  these molecules 

(Watson and Gamblin, 1985; Dingley and Pascal, 2011). However, these 

techniques are associated with some experimental limitations when 

examining the nucleotides in aqueous environments.  

Solution NMR methods, for instance, experience an irregular distribution 

of the proton density in the ribonucleotide molecule (Ulyanov et al., 2006). 

Other challenges of solution NMR include the preparation of the target 

analyte in deuterated solvents and the large volume of sample required for 

the measurements (Gong et al., 2009; Ostovarpour and Blanch, 2012). 

Raman spectroscopy is a powerful tool for studying the structural 

conformations of different biological molecules, such as proteins, 
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enzymes, nucleotides and nucleic acids (Black et al., 1994; Ostovarpour 

and Blanch, 2012). The technique is characterized by its high sensitivity to 

minor structural changes in addition to its suitability to be used for 

aqueous samples since water molecules generate weak Raman signals 

(Smith and Dent, 2005). The measurements of the Raman technique can be 

also made using low volumes of sample (~100 microliter) without the need 

for further chemical modification of the target analyte.  

Raman Optical Activity (ROA) is a Raman-based vibrational spectroscopic 

technique that relies on detecting the minor Raman scat tering differences 

from chiral molecules (Nafie, 2011). ROA is considered to be a more 

sensitive technique than the corresponding Raman for studying the 

structural differences of various biological molecules, such as nucleic 

acids and proteins, carbohydrates and viruses. The technique was 

previously used to probe a variety of conformational changes of nucleic 

acids, such as the orientation of the ribose ring and the nitrogenous base 

around the glycosidic bond (Blanch et al., 2003).  

Density functional theory (DFT) is a computational modelling technique 

which can be applied for the prediction and assignment of the Raman 

vibrational bands of different molecules (Balbuena and Seminario, 1995; 

Hanlon et al., 2000; Koch and Holthausen, 2001). Combining Raman 

measurements and DFT calculations can enhance our understanding of the 

dynamic structure of guanosine mono-, di-, and tri- phosphates and the 

conformational changes associated with the binding of magnesium.  The 

use of ROA along with the Raman spectroscopy can offer further details 

about the structural differences between guanosine nucleotides in aqueous 

solution. The application of Raman, ROA and DFT analysis can expand our 

knowledge about mechanism of action of many nucleotide binding proteins 

and their structural variations in different conditions.  

The aim of this study is to use Raman, ROA and NMR to characterize the 

structure of the guanosine mono, di- and triphosphate molecules in aqueous 

solution and investigate the impact of the binding of the magnes ium ions 

and pH on their Raman profiles.   
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3.3 Material and methods 

3.3.1 Chemicals 

Samples of guanosine, 5’- guanosine monophosphate sodium salt hydrate 

(5’-GMP), 5’- guanosine diphosphate sodium salt (5’-GDP), 5’- guanosine 

triphosphate sodium salt hydrate (5’-GTP), magnesium chloride and 

deuterium oxide (99.9 %) were purchased from Sigma-Aldrich Ltd. 

3.3.2 Sample preparation 

Samples of guanosine, 5’-GMP, 5’-GDP and 5’-GTP were prepared with a 

concentration of 50 mM in 0.5 ml deionised water. Metal guanosine 

nucleotide complexes were prepared by adding 0.5 ml of 100 mM 

guanosine nucleotide and 0.5 ml of 200 mM MgCl 2. For each guanosine 

nucleotide, three biological replicates and four technical replicates were 

made for the Raman measurements and three replicates were made for the 

ROA analysis. Samples are prepared at pH 7.0 (±0.1) using 1M NaOH 

(w/v) and 2.3 % (v/v) HCl solutions and centrifuged at 9500 g for 5 

minutes to exclude contaminants. 100 µL of each nucleotide sample was 

transferred to a quartz microflourescence cell for Raman analysis.  

3.3.3 Variation of pH 

Magnesium bound guanosine nucleotides were prepared at pH 5.0, 6.0, 7.0 

and 8.0. The pH measurements were adjusted using a Hanna pH 209-

laboratory pH meter with accuracy of (±0.05) pH and a resolution of 0.01 

pH units.  

3.3.4 NMR samples 

Each guanosine nucleotide was prepared with a concentration of 50 mM in 

0.5 ml of 99.9 % deuterated water (D2O). Guanosine-Mg samples were 

prepared adding 0.5 ml of 100 mM guanosine nucleotide and 0.5 ml of  200 

mM MgCl2. Samples were transferred to a 5 mm NMR tube and 1μL of 0.5  

% (w/w) of tetramethylsilane was added to each sample.  
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3.3.5 Raman measurements 

The Raman and ROA measurements were applied using a ChiralRaman 

spectrometer (BioTools Inc., Jupiter FL, USA). The set-up of the instrument 

includes: Laser wavelength of 532 nm, spectral resolution of 7 cm
-1

, power 

at the laser head of 1.20 W, length of illumination period was 1.029 

seconds, total data acquisition times of 0.166 hrs. Data analysis was 

carried out using MATLAB R2013a software that includes an inbuilt 

Raman toolbox. Data were analysed using MATLAB R2013a software that 

includes an inbuilt Raman and ROA toolbox. 

3.3.6 Raman data analysis and peak deconvolution 

Matlab software version R2013a was used to process the averaged Raman 

spectra. In this software, the Raman data for each Guanosine nucleotide 

were summed and baselined then plotted using Origin 8.5 software. A peak 

deconvolution technique was performed to identify the overlapped peaks in 

the broaden areas of the Raman spectra (Hobro et al., 2007; Szabo, 2008). 

Origin 8.5.1 software was also used for deconvolution and the Gaussian 

function was selected for deconvolution modelling. The second derivative 

was obtained in in each case to decrease the bandwidth and enhance the 

resolution of the overlapped peaks. The quality of the fitting was assessed 

by calculating adjusted r square values. Peak deconvolution with adjusted r 

square values near 1 (~ 0.95) indicated the goodness of the data  (Miles, 

2014). A more complete analysis of the deconvoluted peaks is provided in  

appendix 3.  The results for the number of component peaks were verified 

using the DFT analysis of the same spectral region(s).  

3.3.7 NMR measurements 

1
H NMR measurements of the guanosine nucleotides at 300K were carried 

out using a Bruker Avance III 400 MHz spectrometer. To test for the 

saturation of binding of magnesium to the nucleotides, increasing 

concentrations of MgCl2 were added up to 500 mM at pH 7.0. The 

guanosine, mono-, di-, and triphosphate concentrations were 50 mM, 

dissolved in D2O. 
31

P NMR measurements were also carried out for each 
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nucleotide and nucleotide-Mg complex over the pH range 5.0 to 8.0, using 

1
H decoupling. Data were processed using TopSpin 3.2 software. Spectra 

were referenced using internal tetramethylsilane.  A complete illustration of 

the NMR spectra for guanosine nucleotides is provided in appendix 3.  

3.3.8 Density functional theory calculations 

Gaussian09 package was applied for DFT calculations  (Frisch, 2009). 

Molecular structures of guanosine, 5’-GMP, 5’-GDP and 5’-GTP were 

constructed manually and a stochastic conformational search was carried 

out in MOE to identify the lowest energy structural orientations. The 

lowest energy conformers were optimised in Gaussian09 at B3LYP/6 -

311+G (d,p)( Becke, 1993; Naaman and Vager, 2012). The calculations of 

the Raman frequencies and intensities were achieved at the same level of 

theory for geometry optimisation. The polarisable continuum model (PCM) 

was used to implicitly simulate the presence of solvent in the systems. 

Visualisation of vibrational modes and generation of Raman spectra was 

carried out using GaussView 5(Lee et al., 1988; Becke, 1993; Luque et al., 

2001).  

3.3.9 Analysis of vibrational modes 

Visualisation of vibrational modes and the generation of Raman spectra 

were carried out using GaussView 5(Lee et al., 1988; Becke, 1993; Luque 

et al., 2001). DFT-derived vibrations for each guanosine derivative were 

analysed by measuring the displacement of the individual atoms within 

each vibrational mode and classified according to which atoms were 

affected to the greatest extent (Figure S3-1). Quantification of the relative 

displacement of each atom in every computed vibration for each 5’ -GMP, 

5’-GDP and 5’GTP allows for the construction of a ‘vibrational profile’ for 

every computed vibration for each guanosine-based structure. For example, 

GTP consists of five readily definable groups: purine ring, ribose ring, α -

phosphate, β-phosphate and γ-phosphate. Summation of the relative atomic 

displacements in each group in a particular vibration allows the quantification of the 

relative contributions to overall molecular displacement from each group. 
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Hence, vibrations are described as, for example, comprising 84  % ribose 

ring and 16 % purine ring contributions. The assignment of DFT-derived 

Raman bands to the experimentally observed modes is proposed on the 

basis of both the relative frequency and intensity of vibrations computed 

using DFT. A more complete analysis of the proposed assignment of these 

bands is provided in appendix 1 (Table 1.2). 

 

3.4 Results 

The Raman spectra for guanosine, 5’-guanosine monophosphate (5’-GMP), 

5’-guanosine diphosphate (5’-GDP) and 5’-guanosine triphosphate (5’-

GTP) showed general spectral similarities above 1150 cm
-1

 and below 760 

cm
-1

 (Figures 3.1, 3.2). However, The Raman spectrum for guanosine 

revealed multiple variations in the frequency of their Raman bands 

compared to its phosphate derivatives. These variations are inconsistent  

with the DFT calculations nor with the Raman spectra for adenosine and it s 

phosphate derivatives, which showed comparable Raman spectra above 

1150 cm
-1

 and below 760 cm
-1

 (Figure 2.1). The reason behind these 

spectral differences between guanosine and its phosphate derivatives is 

unknown but it could be related to the self-aggregation of the guanosine 

molecules at the time of the Raman measurements. Unlike 5’-ADP and 5’-ATP, 

the results of the saturation curves of 5’-GDP and 5’-GTP reflected a very 

complicated series of binding equilibria with magnesium ions.        
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Figure 3-1 . Experimental (top) and DFT calculated (bottom) Raman spectra for  

guanosine (G), 5’- guanosine monophosphate (GMP), 5’- guanosine diphosphate 

(GDP) and 5’- guanosine triphosphate (GTP) at pH 7.0. The experimental Raman 

spectrum for guanosine differs from its phosphate derivatives. This is inconsistent 

with the DFT calculation. The reason behind this is unknown but it could be due 

to self-aggregation of guanosine molecules in aqueous solution.  
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Figure 3.2 Experimental (top) and DFT calculated (bottom) Raman spectra for 5’ - 

guanosine monophosphate (GMP), 5’- guanosine diphosphate (GDP) and 5’- 

guanosine triphosphate (GTP) at pH 7.0. The experimental and DFT spectra 

showed similar intensities and frequencies  above 1150 cm
-1

 and below 760 cm
-1

 

regions. The main spectral differences are observed at 760 -1150 cm
-1

 region. 
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3.4.1 Raman spectra for guanosines vs adenosines  

The chemical structure of the nitrogenous base of guanosine differs from that of the 

adenosine by the presence of (C=O) and (NH) groups. The amino group (NH2) of the 

guanosine’s base is attached to C2’ compared to C6’ of its adenosine analogue 

(Figures 3.3, 3.4). The Raman profile for 5’-GMP, 5’-GDP and 5’-GTP recorded 

over the range of 600-1800 cm
-1

 showed some spectral variations as well as  

similarities between guanosine mono-, di- and tri-phosphates and their adenosine 

analogues (Figure 3.5). For example, the strong Raman band detected  at 

1490 cm
-1

 for 5’-GMP, 5’-GDP and 5’-GTP is absent in 5’-AMP, 5’-ADP 

and 5’-ATP. The doublet identified in the guanosine nucleotides at 1370 

and 1327 cm
-1

 is replaced by a triplet in adenosine molecules at  1312, 1342 

and 1382 cm
-1

. The sharp Raman band at 734 cm
-1

 for adenosine 

nucleotides is shifted in all phosphate containing guanosines to 672 cm
-1

 

(Figures 3-5). 

The region at 760-1200 cm
-1

 is characterised by general similarities in the 

Raman features for adenosine and guanosine nucleotides (Figure 3.4). 

Deconvolution of the overlapped regions at, 760-870 and 1020-1120 cm
-1

, 

for guanosine derivatives showed some similarities as well as variations 

compared to the same regions for adenosine nucleotides. The deconvoluted 

regions and the spectral variations between guanosine and adenosine 

molecules are illustrated in appendix 2.  

 

 

 

 

 

 
Figure 3.3 The structural differences of the nitrogenous bases of the purine 

nucleosides adenosine and guanosine   
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Figure 3.4. The Raman spectra for guanosine adenosine at pH 7.0 . 
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3.4.2 Guanosine mono-, di- and tri-phosphates, without Mg
2+

  

The Raman spectra for guanosine 5’-mono-, di- and tri- phosphates, in the 

absence of magnesium, were recorded over the range from 600 -1800 cm
-1

 

at pH 7.0 (Figure 3.2). The Raman spectra of all guanosine nucleotides are 

comparable above 1150 cm
-1

 and below 760 cm
-1

. The major spectral 

alterations between the guanosine phosphate molecules are mainly 

appeared in the region at 760-1150 cm
-1

 (Figures 3.6-3.8).  
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Figure 3.6.  Raman spectrum for 5’-guanosine monophosphate (GMP) at pH 7.0. 
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Figure 3.7.  Raman spectrum for 5’-guanosine diphosphate (GDP) at pH 7.0. 
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600-760 and 1150-1800 cm
-1

: The 1150-1800 cm
-1

 region showed similar 

Raman features for all the guanosine mono-, di, and triphosphates. These 

spectral similarities are supported by the DFT calculations which also 

reflected consistent bands with similar frequencies and intensities (Figure 

3.2). The high intensity Raman bands observed at 1579 cm
-1

, 1491 cm
-1

 

and the doublet at 1370 and 1327 cm
-1

 are the characteristic features of this 

region. The region at 600-760 cm
-1

 is dominated by a Rama band at 672 

cm
-1

 for all the guanosine derivatives.  

760-1150 cm
-1

: This region of the Raman profile is dominated by two 

broad and asymmetric peaks, one at 760 - 870 cm
-1

 and the other one at 

990 - 1160 cm
-1

. These broad peaks were deconvoluted to identify the 

overlapped bands for comparison with the DFT analysis (Griffiths and de 

Haseth, 2007; Aragao and Messaddeq, 2008). 

For 5’-GMP, a distinct Raman band is detected at 982 cm
-1

(Figure 3-6), 

which is absent in 5’-GDP and 5’-GTP. Deconvolution of the 1020-1120 

cm
-1

 identified three bands at 1053, 1064 and 1085 cm
-1

 , with the band at 

1085 cm
-1

 having the highest intensity of the three. The deconvoluted 

region at 760-870 cm
-1

 resolved to three overlapped bands, at 790, 809 and 

825 cm
-1

.  

For 5’-GDP, the peak at 982 cm
-1

 in 5’-GMP disappears and a new peak 

appears at higher frequency, where it overlaps with the broad 1020-1120 

cm
-1

 peak. Deconvolution of the 1020-1120 cm
-1

 peak for 5’-GDP revealed 

three bands at 1058, 1091 and 1114 cm
-1

, with the most intense peak at 

1091 cm
-1

. Deconvolution of the 760-870 cm
-1

 peak reflected the presence 

of three overlapped bands at 798, 810 and 830 cm
-1

. The noticeable 

differences between 5’-GMP and 5’-GDP are the general shift in the 

resolved bands to higher frequency in 5’-GDP and the presence of a small 

band at 1114 cm
-1

 which is not present for 5’GMP.   

For 5’-GTP, there is a distinctive new Raman band at 1121 cm
-1

 (Figure 3-

8). Deconvolution of the 1020-1120 cm
-1

 peak was insufficient to include 

all of the fundamental bands and so the deconvoluted region was extended 
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to 990-1160 cm
-1

. This deconvolution revealed three bands in addition to 

the band at 1121 cm
-1

, at 1039, 1070 and 1090 cm
-1

. The bands at 1039 and 

1070 cm
-1

 did not appear in the Raman spectra of 5’-GMP or 5’-GDP. The 

band at 1090 cm
-1

 is dominant in intensity, similarly to the 5’GDP band at 

1091 cm
-1

. Deconvolution of the 760-870 cm
-1

 peak reflected three bands, 

all of which are similar to the ones observed for 5’-GDP, at 789, 810 and 

830 cm
-1

. This indicates that the addition of the γ-phosphate group has no 

discernible effect on the frequencies of these vibrations.  

3.4.3 Guanosine mono-, di- and tri-phosphates, with Mg
2+

  

In vivo, guanosine nucleotides present in aqueous environment  are 

normally associated with different metals, such as magnesium ions. 

Therefore, this study investigated the impact of magnesium ions on the 

Raman spectra of 5’-GMP, 5’-GDP and 5’-GTP.  

For 5’-GMP (Figure 3.9), the Raman spectra of the unbound and 

magnesium-bound forms showed no observable spectral differences in the 

frequencies of the Raman bands. However, the intensity of the diagnostic 

band for 5’GMP, at 982 cm
-1

 was reduced by ~ 8.0 % for 5’-GMP-Mg 

(Figure 3-10). The deconvoluted regions at 760-870 cm
-1

 reflected minor 

spectral changes in the bands at 825 cm
-1

 which shifted to lower frequency 

(821 cm
-1

) in the 5’-GMP-Mg complex , while the 1020-1120 cm
-1

 peak did 

not reveal any resolvable differences compared with unbound 5’-GMP. 

Equivalent 
31

P NMR spectra showed that the chemical shift of the 

phosphate group for 5’-GMP moves only slightly downfield (0.1 ppm) on 

addition of Mg
2+

, indicating little sensitivity of this group to magnesium 

binding.  

For 5’-GDP (Figure 3.2), similarly to 5’-GMP, the binding of the 

magnesium has no resolvable effect on the overall spectral profile of 5’-

GDP. However, the shape and the component bands of the broaden peak of 

the 5’-GDP-Mg complex at 1020-1120 cm
-1

 differ from that of the unbound 

5’-GDP. The maximum intensity is now ca. 1083 cm
-1

 which has decreased 

in intensity by ~14 % compared to the dominant band at 1091 cm
-1

 for 5’-
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GDP (Figure 3-10). It is difficult to ascribe changes to individual bands in 

the deconvoluted spectrum, though the general trend of the component 

peaks is to lower frequency by approximately -9 cm
-1

. The 
31

P NMR 

measurements of 5’-GDP showed more chemical shift changes in the 

phosphate resonance, upon magnesium saturation, compared with the 5’-

GMP. In 5’-GDP-Mg complex, the α- phosphate peak moved downfield by 

0.6 ppm and that of the β-phosphate shifted down field by 1.0 ppm. These 

results support a model where the coordination of Mg
2+

 involves a 

substantial contribution from both the α- and β-phosphate groups of 5’-

GDP.  

For 5’-GTP (Figure 3.9), a significant change is observed for the 

diagnostic band at 1121 cm
-1

, which is shifted to higher frequency by +6 

cm
-1

 on saturation with magnesium (Figure 3-11). The intensity of this 

band also decreased by ~31 % upon magnesium binding (Figure 3.10), 

whereas the deconvoluted peaks at 760-870 cm
-1

 for 5’-GTP overlay 

closely on binding to Mg
2+

. In contrast, deconvolution of the 990-1160 cm
-

1
 peak for the 5’-GTP-Mg complex indicated the presence of a new band at 

1140 cm
-1

 and a shift in the frequency of the 5’-GTP component bands at 

1039, 1070 and 1090 cm
-1 

by +9, +9 and -3 cm
-1

, respectively, which is 

consistent with their assignment as having substantial contributions from 

the phosphate groups. In the equivalent 
31

P NMR spectra, a downfield 

chemical shift was detected for the β- and γ-phosphate groups (by 2.3 and 

1.0 ppm, respectively) for the 5’-GTP-Mg complex. However, the α-

phosphate peak did not change chemical shift, supporting a model where 

the coordination of Mg
2+

 is dominated by the β- and γ-phosphate groups. 
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Figure 3.9. Experimental Raman spectra for 5’- guanosine monophosphate (GMP), 

5’-guaosine monophosphate-magnesium complex (GMP-Mg), 5’- adenosine 

diphosphate (GDP), 5’- guanosine diphosphate-magnesium complex (GDP-Mg), 5’-

guanosine triphosphate and 5’-guanosine  triphosphate-magnesium complex. The 

major spectral differences observed on saturation with Mg
2+

 are the +5 shifts of 

the band at 1122 cm
-1

 for 5’-GTP. 
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Figure 3.10 . The difference in the experimental Raman intensities of the bound 

and free guanosine mono-, di- and triphosphate molecules. The intensity of the 

band at 981 cm
-1

 for 5’- guanosine monophosphate complex (5’ -GMP-Mg) is 

reduced by~ 8 % , the intensity of the band at 1091 cm
-1

  for 5’-guanosine 

diphosphate complex (5’-GDP-Mg) decreased by ~14 % and the intensity of the 

band at 1127 cm
-1

 for 5’- guanosine triphosphate complex (5’-GTP-Mg)  is 

reduced by 31 %  at pH 7.0.  

940 960 980 1000 1020

0.0

2.0x10
8

4.0x10
8

6.0x10
8

8.0x10
8

1.0x10
9

Wavenumber/cm
-1

R
am

an
 In

te
ns

ity
/A

rb
itr

.U
ni

ts
 GMP

 GMP-Mg

98
1

1080 1100 1120 1140

0

1x10
8

2x10
8

3x10
8

4x10
8

5x10
8

11
27

11
21

R
am

an
 In

te
ns

ity
/A

rb
itr

.U
ni

ts
 

 Wavenumber/cm
-1

 GTP

 GTP-Mg

1040 1060 1080 1100 1120

0.0

5.0x10
7

1.0x10
8

1.5x10
8

2.0x10
8

2.5x10
8

3.0x10
8

3.5x10
8

Wavenumber/cm
-1

R
am

an
 In

te
ns

ity
/A

rb
itr

.U
ni

ts

GDP

 GDP-Mg

10
91

10
83



Chapter Three 

146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Experimental Raman spectra for 5’- guanosine triphosphate 

(GTP) and 5’- guanosine triphosphate complex (GTP-Mg) at pH 7.0. 
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3.4.4 The pH effects on guanosine phosphates-Mg
2+

 complexes 

The influence of environmental pH on the Raman profiles of 5’-GMP-Mg, 

5’-GDP-Mg, and 5’-GTP-Mg complexes was examined at pH 5.0, 6.0, 7.0 

and 8.0  to determine whether this approach offered a signature of the 

protonation state of the phosphate groups.  

For 5’-GMP -Mg (Figure 3.12, 3-13), the Raman profiles were unaltered 

between pH 7.0 and 8.0. However, at pH 5.0, the diagnostic band at 982 

cm
-1

 showed a remarkable decrease in its intensity such that it
 
is no longer 

visible in the Raman profile, and there is no evidence supporting its shift 

to a nearby frequency (Figure 3-13). Deconvolution of the peak at 1020-

1120 cm
-1

 for 5-GMP-Mg reflected alterations in the intensities and 

frequencies of some of the component bands. For example, the dominant 

band at 1085 cm
-1 

falls in intensity at pH 5.0, whereas the band at 1064 cm
-

1
 at pH 7.0  increases substantially and moved to lower frequency (1060 cm

-

1
). Deconvolution of the peak at 760-870 cm

-1
 reflected an overall shift to 

a lower frequency and a decrease in the intensity of all the component 

bands at pH 5.0. The protonation of the magnesium bound phosphate group 

was also investigated between pH 5.0 and 8.0 using 
31

P NMR.  The results 

reflected a substantial upfield chemical shift change of 1.8 ppm at pH 5.0 

(δ = 1.4 ppm) compared with that at pH 7.0 and 8.0 (δ = 3.2 and 3.3 ppm 

respectively). This indicates that there is protonation of the magnesium-

associated phosphate group over this pH range.   

For 5’-GDP-Mg (Figures 3.12, 3-14), the Raman profiles were unaffected 

between pH 7.0 and 8.0. At pH 5.0, deconvolution of the peaks at 1020-

1120 cm
-1

 and 760-870 cm
-1

 identified a decrease in the intensity of the 

dominant bands at 806 and 1082 cm
-1

 at low pH. However, the equivalent 

results obtained from 
31

P NMR measurements indicated only a slight 

upfield shift of the α-and β-phosphate resonances by 0.3 (δ-10.1 to -10.4 

ppm) and 1.3 ppm (δ-6.2 to -7.5 ppm), respectively, over the pH range 8.0 

to 5.0. This is consistent with little change in the protonation state of 

either phosphate group in the presence of magnesium, which makes it 
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difficult to equate any changes in Raman spectra over this pH range with 

changes in protonation. 

For 5’-GTP-Mg (Figures 3.12, 3-15), the Raman profiles were again 

unaltered between pH 7.0 and 8.0. At pH 5.0, the diagnostic band at 1127 

cm
-1

 (at pH 7.0) shifted to higher frequency by +3 cm
-1

. Similarly, 

deconvolution of the 990-1160 cm
-1

 region also indicated a shift in the 

component bands at 1079 and 1087 cm
-1

. Deconvolution of the 760-870 

cm
-1

 peak identified a small shift of the band at 807 cm
-1

 to higher 

frequency. In the equivalent 
31

P NMR spectra, a upfield chemical shift 

changes for α-, β- and γ-phosphate groups (by 0.4, 0.4 and 0.8 ppm, 

respectively) are observed at pH 5.0. , which again indicate that there is no 

substantial protonation of the phosphate groups over this pH range.  
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Figure 3.12. Experimental Raman spectra for  5’- guanosine monophosphate-

magnesium complex (GMP-Mg), 5’-guanosine diphosphate-magnesium complex 

(GDP-Mg) and 5’-guanosine triphosphate-magnesium complex (GTP-Mg) at pH 

5.0 and 7.0. Acidification decreases the intensity of the 5’ -GMP band at 982 cm
-1

 

and shifts the 5’-GTP band at 1127 cm
-1

 by +3 cm
-1

.  
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Figure 3.13. The Raman spectra for 5’- guanosine monophosphate-magnesium 

complex (GMP-Mg) at different pH environments. 
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Figure 3.14.The Raman spectra for 5’- guanosine diphosphate-magnesium 

complex (GDP-Mg) at different pH environments .  



Chapter Three 

152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

600 800 1000 1200 1400 1600 1800

1
1
3
0

pH 5

pH 8

pH 7

pH 6
1
1
2
7

1
1
2
7

1
1
2
7

Wavenumber/cm
-1

R
 a

 m
 a

 n
  
 I

 n
 t

 e
 n

 s
 i
 t

 y
/A

rb
it
r.

U
n
it
s

GTP-Mg

Figure 3.15.The Raman spectra for 5’- guanosine triphosphate-magnesium 

complex (GTP-Mg) at different pH environments.  
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3.4.5 ROA spectra for Guanosine mono-, di- and triphosphates, without 

Mg
2+

 

The ROA is sensitive to minor structural changes associated with chiral 

molecules. Therefore, the technique was applied to investigate the spectral 

differences between 5’-GMP, 5’-GDP and 5’-GTP. The ROA spectrum for 

each was recorded over the range of 600-1800 cm
-1

 at pH 7.0 (Figure 

3.16). The resulting profiles identify multiple ROA bands across the 

spectra. The ROA region at 800-1250 cm
-1 

is characterised by several 

positive ROA bands, which can potentially be used as marker bands to 

distinguish between different guanosine nucleotides. The ROA band at 893 

cm
-1

 for 5’-GMP is shifted to higher frequency by + 6 wavenumbers in 5’ -

GDP and 5’-GTP, while the band at 1135 cm
-1

 for 5’-GMP remains at the 

same frequency in 5’-GDP but shifts to higher frequency by + 8 

wavenumbers in 5’-GTP. Interestingly, the region of the ROA spectra at 

1250-1800 cm
-1

 also changes in a diagnostic way that distinguishes 5’-GTP 

from 5’-GMP and 5’-GDP, despite none of these vibrations having a direct 

contribution from atoms of the phosphate groups (see below). The positive 

ROA bands at 1493 and 1580 cm
-1

 for 5-GMP and 5’-GDP, moved to 1498 

and 1584 cm
-1

, respectively, for 5’-GTP.  
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Figure 3.16.  The ROA spectra for 5’- guanosine monophosphate (5’-GMP), 5’- 

guanosine diphosphate (5’-GDP) and 5’- guanosine triphosphate (5’-GTP) at pH 

7.0. The spectra identified multiple positive ROA marker bands that can 

discriminate between each guanosine nucleotide.  
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3.4.6 Assignment of Raman bands using DFT models  

For a more detailed understanding of the differences in the experimental 

Raman and ROA spectra of guanosine 5’-mono-, di- and tri- phosphates, 

the Raman bands of the different species were calculated using a DFT 

approach. From this, some assignments of individual bands to specific 

vibrations can be proposed (Figure 3.18).  

Raman vibrations above 1150 cm
-1

: In this region, the results of the 

experimental Raman measurements and the DFT-derived vibrational modes 

are significantly correlated for all of the nucleotide derivatives. The 

intense experimental Raman band at 1579 cm
-1

 can be assigned to a DFT 

mode at 1579 cm
-1

 (± 1), which is calculated to have substantial relative 

Raman intensity (1.0 a.u., averaged across guanosine and its phosphate 

derivatives - see methods section, figure 3.2). In this vibrational mode the 

purine ring atoms contribute to 90 % of atomic displacement. The small 

experimental band at 1539 cm
-1

 is assigned to a DFT mode with low 

predicted Raman intensity (0.05 a.u.) at 1554 cm
-1 

(± 1), where the atomic 

displacement is again dominated by purine atoms (94 %). The intense 

experimental band at 1491 cm
-1

 can be assigned to an intense DFT mode at 

1505 cm
-1

 (0.9 a.u., 93 % purine vibration). The small experimental band 

at 1420 cm
-1

 can be assigned to two DFT modes; 1423 cm
-1

 (± 1) (0.22 

a.u., 43 % purine vibration) and 1430 cm
-1

 (± 1) (0.16 a.u., 45 % purine 

vibration). The 1370 cm
-1 

band of the (1370/1327 cm
-1

) doublet can be 

assigned to an intense DFT mode at 1378 cm
-1

 (± 1) (0.21 a.u.), with some 

contribution from weaker DFT modes at 1372 cm
-1

 (± 1) (0.04 a.u.) and 

1374 cm
-1

 (± 2) (0.11 a.u.).All of these vibrational modes are dominated by 

ribose vibrations (71 %). The 1327 cm
-1

 band of the (1370/1327 cm
-1

) 

doublet can be assigned to an intense DFT mode at 1335 cm
-1

 (± 2) (0.7 

a.u.), with additional contribution from a weaker DFT mode at 1 327 cm
-1

 

(± 1) (0.02 a.u.). Both vibrational modes are dominated by ribose atom 

vibrations (67 %).As expected on the basis of the similarity in the 

experimental spectra in this region, the phosphate groups do not contribute 

directly to any vibrational modes in this region of the spectra. Therefore no 
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large frequency or intensity changes of any DFT modes in this region are 

found between guanosine and its nucleotide derivatives.  

 

Raman vibrations below 760 cm
-1

: The experimental Raman spectra for 

guanosine and its nucleotide derivatives are dominated in this region by 

bands in the 670-690 cm
-1

 region. According to DFT calculations, there are 

3 vibrational modes that are likely contributors to these band s, one of 

which is close in frequency (677 ± 1 cm
-1

, 0.01 a.u.)  and two within 20 

cm
-1

 (665 ± 1, 0.11 a.u. and 657 ± 2 cm
-1

, 0.15 a.u.). All three modes have 

near 60 % contributions from the purine and 16 % from the ribose group. 

Unlike the region above 1150 cm
-1

, vibrational modes in this region can 

include direct phosphate group atom contributions, which may alter both 

the frequency and intensity of bands. For the guanosine derivatives, each 

of these modes gains a contribution from the phosphate group(s) in the 

nucleotides (up to a maximum of 71 %  in 5’-GTP) but the frequencies and 

intensities are only moderately affected (a shift of up to 4 cm
-1

 in the 

frequency and 0.1 a.u. in the intensity). The minor change in the intensity 

of the DFT modes is in agreement with the experimental spectra, which 

reflected no significant alterations in the intensity of the 670-690 cm
-1

 

region bands in the guanosine nucleotides  

 

Raman Vibrations in the region 760-1150 cm
-1

 region: In the experimental 

spectra, this region contains the major diagnostic peaks for the nucleotide 

derivatives, in addition to two broad peaks, one in the range 760 -870 cm
-1

 

and one in the range 990-1160 cm
-1

. 

For 5’-GMP, the diagnostic band at 982 cm
-1

 correlates to a DFT mode at 

921 cm
-1

 (0.28 a.u.), which has a 76 % contribution of the phosphate group 

atoms (Figure 3.17). The calculated intensity of this mode is reduced for 

5’-GDP and 5’-GTP, which is consistent with its absence in the 

experimental Raman spectra of these derivatives.  
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The deconvoluted 760-870 cm
-1

 region is associated with multiple DFT 

modes that can potentially contribute to the shape of the broad peak . For 

5’-GMP, the 752 cm
-1

 (0.23 a.u.) mode is moved to 773 cm
-1

 (0.18 a.u.) 

and 771 cm
-1

 (0.14 a.u.) for 5’-GDP and 5’-GTP, respectively. These three 

DFT modes have substantial contribution of ribose atoms (58 %) and, to a 

lesser extent phosphate group atoms (12 % for 5’-GMP, 31 % for 5’-GDP 

and 41 % for 5’-GTP). The 842 cm
-1

 (0.34 a.u.) and 824 cm
-1

 (0.33 a.u.) 

DFT modes for 5’-GDP and 5’-GTP respectively, are characterised by a 

low contribution of the purine (3 % for 5’GDP and 2 % for 5’ -GTP) and 

ribose (18 % for 5’GDP and 5’-GTP) atoms but a higher contribution of the 

phosphate group atoms (46 % α- and 33 % β- for 5’GDP and 26 % α-, 32 % 

β- and 22 % γ- for 5’-GTP). 

Deconvolution of the 990-1150 cm
-1

 region revealed more than 12 DFT 

modes that potentially contribute to the shape of the broad peak in this 

region, making any attempts at assignment to be very subjective. While 

potential assignments of the diagnostic band for 5’-GDP at 1091 cm
-1 

can 

be proposed, the potential DFT modes are predicted to have low intensity , 

e.g. the DFT mode at 1076 cm
-1

 (0.03 a.u.), which has significant 

contributions from both the α- (4 %) and β- (94 %) phosphate groups). For 

5’-GTP, the diagnostic peak at 1121 cm
-1

 can be assigned to a DFT mode 

9
8

2

9
2

1

Experiment DFT

Figure 3.17.  Comparison of the GMP experimental Raman band at 982 cm
-1

 with  

a similar DFT band at 921 cm
-1

.  
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at 1064 cm
-1

 (0.42 a.u.), which is unique to 5’-GTP and has significant 

contributions from phosphate groups atoms (37 % α-, 30 % β-, 8 % γ-). 

 

3.5 Discussion: 

This study provides an analysis of the Raman and Raman Optical Activity spectra for 

guanosine and its nucleotides 5’-GMP, 5’-GDP and 5’-GTP. Assignments of the 

vibrational modes that give rise to the experimental spectra are proposed where 

possible on the basis of DFT calculations of the individual species. The primary 

guanosine marker bands are identified at 1490, 1370 and 1327 cm
-1

, which are 

attributed to vibrational modes involving atoms from both the purine and the ribose 

rings, in line with previous proposals using different computational method 

(Rodriguez-Casado et al., 1998). There was no evidence for a contribution of the 

phosphate group(s) atoms in any of these marker bands in the spectra of the 

nucleotides. The study also identified primary diagnostic bands for 5’-GMP           

(982 cm
-1

), 5’-GDP (1091 cm
-1

) and 5’-GTP (1121 cm
-1

). The corresponding DFT-

derived vibrational modes appear to have substantial contributions from the α-

phosphate group for 5’-GMP (76 %), the β-phosphate group for 5’-GDP (94 %) 

(though this is a more tentative assignment owing to its low predicted intensity) and 

the α-, β and γ-phosphate groups for 5’-GTP (37 %, 30 % and 8 %, respectively). 

The assignment is supported by a focus on predicted vibrational modes that occur 

only when the relevant phosphate groups are present, and it is noticeable that the 

assigned diagnostic modes are displaced from the experimental bands to lower 

frequency by 61, 15 and 57 cm
-1

, respectively, for 5’-GMP, 5’-GDP and 5’-GTP. 

The source of this offset is not established here but a likely contributory factor is the 

environmental differences between the DFT calculations (using in vacuo structures), 

and the experimental measurements in aqueous solution. 

Secondary marker bands for the different species are present in the 670-870 and 

1020-1120 cm
-1

 regions but their analysis depends on using a deconvolution 

approach to resolve component bands in heavily overlapped peaks. This leads to 

some uncertainties in the assignment of component bands owing to the number of 

potential contributing vibrations and any offsets between DFT-derived and 

experimental frequencies introduced when the vibrations involve phosphate group 

atoms.  
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The binding of Mg
2+

 to the guanosine nucleotides had relatively little effect on the 

Raman spectra. A minor shift to a higher frequency (1127 cm
-1

) was observed for the 

diagnostic band of 5’-GTP at 1121 cm
-1

, but not clearly for the other nucleotides. 

Such behaviour for metal bound nucleotide complexes has been proposed to arise 

from the transient interruption of hydrogen bonding as a result of the binding of the 

metal to the oxygen atoms (Iyandurai.N et al., 2009). A more general observation is 

that the binding of magnesium ions to the guanosine nucleotides led a change in the 

Raman intensity in the phosphate containing bands in the normalised Raman spectra. 

For 5’-GMP-Mg, the decrease of the diagnostic band is small (981 cm
-1

, ~ 8 %) but 

the decrease becomes more marked for the diagnostic bands of 5’-GDP-Mg (1083 

cm
-1 , 

~ 16 %) and of 5’-GTP (1127 cm
-1

, ~ 35 %). Such a decrease in the intensity of 

the Raman bands has previously been rationalised on the basis of an increase in the 

size of the molecule (Chio et al., 2003; Smith and Dent, 2005), but the pattern 

between the nucleotides observed here does not fit the proportional increase in size 

afforded by a single magnesium ion.   

The changes observed in the Raman spectra of the magnesium bound guanosine 

nucleotides as a function of environmental pH over the range 5.0 to 8.0 were much 

more variable. The spectra were unaltered for each between pH 7.0 and 8.0, with the 

changes confined to the low end of the pH range studied. The 
31

P NMR spectra 

report on extensive protonation of 5’-GMP-Mg by pH 5.0 ( = 1.8 ppm), with less 

change for 5’-GDP-Mg ( = 0.3 and 1.3 ppm) and for 5’-GTP-Mg ( = 0.8, 0.4 

and 0.4 ppm).The corresponding changes in the Raman spectra ranged from a 

dramatic loss in intensity for the diagnostic band of 5’-GMP-Mg, through a modest 

loss in intensity for the some bands of 5’-GDP-Mg, to a +3 cm
-1

 shift for the 

diagnostic band of 5’-GTP. The lack of clear correlations between the behaviour of 

the different nucleotides reflects their disparate susceptibilities to protonation over 

this pH range, coupled with the potential to have significant protonation of the N1 

atom of the base as a contributory factor at pH 5.0. 

ROA spectra for guanosine and its nucleotide derivatives have not been reported 

previously. The ROA spectra over the range 600-1800 cm
-1

 reveal primary marker 

bands for the nucleotides. In the region where phosphate group atoms can contribute 

directly to the vibrational modes, the band at 893, cm
-1

 is diagnostic for 5’-GMP; it 
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occurs at 893 cm
-1

 for 5’-GDP and 5’-GTP. In contrast, the band at 1143 cm
-1

 is 

diagnostic for 5’-GTP; it occurs at 1135 cm
-1

 for 5’-GMP and 5’-GDP. More 

surprising is the influence of the length of the phosphate chain on vibrational modes 

where its atoms do not contribute directly. The bands at 1498 cm
-1 

and at 1584 cm
-1

 

are diagnostic for 5’-GTP; they occur at 1493 cm
-1

 and 1580 cm
-1

 for 5’-GMP and 

5’-GDP. Overall there is a general shift to higher frequency as a function of 

phosphorylation, and the effects are more widespread for 5’-GTP than for 5’-GDP. 

The source of this frequency shift is not established here but is consistent with the 

general shift to higher frequency of the diagnostic Raman bands of the three 

nucleotides, albeit significantly lower in magnitude. A plausible contributing factor 

is an influence of the phosphate groups on the conformational properties of the 

purine and ribose moieties, but this is not apparent in the respective crystal structures 

to a significant extent. Intriguingly, the primary diagnostic bands in the Raman 

spectra are not those highlighted by the ROA measurements. 

In conclusion, Raman spectroscopy is a sensitive tool that can be used to 

discriminate guanosines from their adenosine analogues. The technique is sensitive 

to the phosphorylation state and able to distinguish between different guanosine 

nucleotides, their binding to magnesium ions and the environmental pH. ROA 

spectroscopy provides a complementary diagnostic of the phosphorylation state, with 

well defined bands reflecting different vibrational modes to those that dominate the 

Raman spectra. The description of the underlying DFT-derived vibrational modes 

using an averaged atom displacement method has provided a quantitative description 

of the contribution of the different moieties to the each mode. By combining this 

approach with experimental spectra and peak deconvolution, primary and secondary 

markers of the guanosine nucleotides can be characterised. This paves the way for 

more detailed investigations of these nucleotides in the variety of environments in 

which they function in nature. 
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Figure 3.18. Continued. 
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Fig .10.  Raman spectra for 5’ATP-Mg and 5’-ATP at pH 7 
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4.1 Abstract 

Human phosphoglycerate kinase (hPGK) is a 415-residue glycolytic 

enzyme that catalyses the reversible transfer of a phosphoryl  (PO −
3
) group 

from 1, 3-bisphosphoglycerate (1,3 BPG) to adenosine diphosphate (ADP) 

forming adenosine triphosphate (ATP) and 3-phosphoglycerate (3PG). 

During catalysis, the enzyme adopts a hinge bending motion forming a 

closed hPGK conformation, which is mimicked using a hPGK-ADP-AlF4-

3PG transition state analogue complex. Despite the wealth of structural 

data obtained from X-ray crystallography and NMR, the detailed 

mechanisms and the chemical interactions involved during the hinge 

bending motion of the hPGK remain ambiguous. This study uses the 

Raman spectroscopy to characterize the spectral profile of hPG K in 

aqueous solution and study the structural changes associated the enzyme 

during its catalytic cycle. The impact of isotopic substitution on Amide I 

and Amide III bands and the contribution of the ADP nucleotide were also 

explored. The results revealed the Raman profiles for apo-hPGK, hPGK-

ADP, hPGK-3PG and hPGK-TSA complexes in aqueous environment at 

neutral pH. The marker bands from Amide I and III regions and the 

spectral changes associated with these bands for the different states of the 

enzyme are identified. The results also indicated that the spectral changes 

associated with binding of ADP or 3-PG corresponded mainly to some of 

the α-helices of the hPGK backbone. In the closed conformation of hPGK, 

both β-sheets and α-helices are involved, supporting the role of different 

hydrogen bonding in stabilizing the enzyme in different stages of its 

catalytic cycle. The results also suggested that Raman vibrations identified 

at 1030-1070 cm
-1

 in the hPGK-ADP complex could arise from ADP 

vibrations.  
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4.2 Introduction 

Human phosphoglycerate kinase (hPGK) is a 45 kD monomeric protein composed of 

415- residues. The enzyme plays a vital role in the glycolytic pathway as it reversibly 

transfers a phosphoryl (PO3
2-

) group from 1, 3-bisphosphoglycerate (1,3 BPG) to 

adenosine diphosphate (ADP) forming adenosine triphosphate (ATP) and 3-

phosphoglycerate (3-PG) (Voet and Voet, 2011). Structurally, PGK comprises two 

similar size subunits (N- and C-domains) folded into α-helices and β-sheets and 

separated by a flexible hinge (Yon et al., 1990). For hPGK, the N-domain is 

composed of 27 % α-helix and 11 % β-sheet conformations, while, the C-domain is 

composed of 42 % α-helix and 14 % β-sheet (Damaschun et al., 1999). The hinge 

region of PGK also consists of a combination of α-helices and β- sheets in addition to 

other random coil-like structures (Watson et al., 1982).  The binding sites for 1, 3-

BPG and ADP are located in the N- and the C-domains respectively (Hosszu et al., 

1997). X-ray studies have identified two structural conformations for PGK crystals 

(open and closed). The open conformation of the protein occurs in the absence of the 

bound substrates and is defined by separated N- and C-subunits.  

During the catalytic cycle of the enzyme, the two domains move in a hinge bending 

motion towards each other bringing the substrates together and forming the closed 

PGK conformer (Szabo et al., 2008). The movement of the two domains during 

catalysis is essential for the function and activity of the protein. Despite the wealth of 

experimental and computational information already established, the detailed 

molecular mechanisms and the diverse chemical interactions underlying the hinge 

bending motion remains elusive (Dhar et al., 2010). X-ray crystallography and 

nuclear magnetic resonance (NMR) are considered as the fundamental techniques 

that provided valuable data about the structural modifications associated with PGK 

during its enzymatic activity. Nevertheless, X-ray crystallography and NMR have 

their own disadvantages. The former method is restricted in the information about the 

dynamic behavior of the molecules while NMR is limited to smaller to medium sized 

molecular weight proteins (Krishnan and Rupp, 2001).  
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Open conformation 

3-PG-F3Mg-

ADP 

Figure 4.1. The structure of the open (top) and closed (bottom) conformation of 

human PGK.  

 

Closed conformation 
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Raman spectroscopy is a state of art vibrational spectroscopic technique that could 

overcome some of these limitations. It has been used successfully for studying and 

identifying the chemical constituents and the structural characteristics of proteins, 

viruses and nucleic acids in solid and aqueous environments (Black et al., 1993). 

Samples for Raman analysis do not require chemical labeling and can be used for 

proteins of all sizes (Smith and Dent, 2005). Raman spectroscopy can also be applied 

to study the secondary structure of proteins and detect the structural changes 

accompanying different phases of the catalytic cycles of enzymes (Pappas et al., 

2000 ; Kinalwa et al., 2010). Alterations in the protein secondary structures can be 

analyzed using certain vibrational frequencies that appear in characteristic regions of 

Raman spectra, most importantly those involving CONH groups, which are referred 

to as Amide A, B and I to VII modes (Kong and Yu, 2007). The Amide I and III 

regions are considered to contain the bands that are most sensitive to changes in the 

secondary structure of the protein backbone (Yang et al., 2015; Cai and Singh, 2004). 

The Amide I region is located between 1600-1680 cm
-1

 and results from the 

stretching vibrations of the carbonyl group C=O. The Amide III region is located 

between 1230-1300 cm
-1

 and corresponds to a mix of C-C and C-N stretching with 

C-H deformation and N-H bending vibrations (Schulz and Baranska, 2007).  

Studying the conformational changes of the enzymes leading to the formation of the 

transition state (TS) is fundamentally important in the development of a detailed 

understanding of the chemical interactions involved during the catalytic cycle of the 

enzyme. The lifetime for the enzymatic TS lasts for a few femtoseconds, therefore, 

direct monitoring of the TS remains a challenging task (Zewail, 2000; Schramm, 

2015)
,
. The use of transition state analogues (TSAs) is considered as a valuable 

alternative approach for exploring the dynamic behavior of the target protein during 

catalysis (Schramm, 2007). Aluminium and magnesium fluoride derivatives have 

been used as TSAs for studying the catalytic activity of PGK as they are able to 

neutralise the charges in the active site of the protein and mimic the geometry of its 

TS (Cliff et al., 2010; Bowler, 2013). This study aims to:  

a) Characterize the Raman profile of hPGK and study the spectral changes associated 

with the Amide I and III regions of the enzyme during its catalytic cycle.  
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b) Identify bands in the Amide I and III region specifically associated with amide 

groups through the introduction of isotopic labels. .              

c) Study the contribution of the nucleotide ADP and the coordination of α- and β- 

phosphate groups during catalysis.  

4.3 Material and methods 

4.3.1 Chemicals 

Samples of 3-phosphoglycerate (3-PG), 5’- adenosine diphosphate sodium salt (5’-

ADP), magnesium chloride (MgCl2) and aluminium chloride (AlCl3) were purchased 

from Sigma-Aldrich Ltd and used without further purification. 

4.3.2 Sample preparation 

Each sample of 3-PG, ADP, MgCl2 and was prepared with a concentration of 2.8 mM 

in 50 mM Tris buffer. The pH of each solution was adjusted to 7.0 (±0.1) using 1 M 

NaOH solution. Samples were centrifuged at 9500 g for 5 minutes to eliminate dust 

contamination. AlCl3 was prepared in a similar concentration and used as a transition 

state analogue to maintain the closed conformation of the enzyme (Zerrad et al., 

2011). 

4.3.3 Human phosphoglycerate kinase (hPGK) enzyme 

Expression and purification of the enzyme have been described earlier (Flachner et 

al., 2005). The protein sample [20 mg/ml in 50 mM Tris buffer] was stored at -80 °C. 

Samples of hPGK-3-PG and hPGK-ADP were prepared with a concentration of 0.4 

mM of the protein and 0.4mM of the substrate at pH 7.2. The protein complex was 

prepared at a concentration of 0.4 mM of hPGK and 0.4 mM of 3-PG, ADP, MgCl2 

and AlCl3 at pH 7.2.  For spectral analysis, each sample of apo-hPGK, hPGK-ADP, 

hPGK-3-PG and hPGK TSA complexes were replicated three times and 100 µL of 

each replicate was transferred to a quartz microfluorescence cells. The expression 

and purification of 
15

N-labeled-hPGK have been described in a earlier study (Reed et 

al., 2003). 
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4.4.4 Raman measurements 

A ChiralRaman spectrometer (BioTools Inc., Jupiter FL, USA) operating in 

backscattering mode was used to measure all Raman spectra. The set-up of the 

instrument includes: Laser wavelength of 532 nm, spectral resolution of 7 cm
-1

, 

power at the laser head of 1.20 W, length of illumination period was 1.029 seconds, 

total data acquisition times of 0.166 hrs. Data analysis was carried out using 

MATLAB R2013a software that includes an inbuilt Raman toolbox. 

4.4.5 Raman data analysis and peak deconvolution 

The Raman spectra were processed using Matlab version R2013a. In this software, 

the accumulated Raman data for each protein sample were summed and baselined. 

Spectral subtraction was performed for each replicate to eliminate the bands from 

buffer (Severcan and Parvez, 2012). The data were then plotted using Origin 8.5 

software. Curve fitting was applied for the broaden bands of hPGK to improve the 

resolution and identify the overlapping Raman peaks (Lorenz-Fonfria and Padros, 

2005; Aragao and Messaddeq, 2008). Origin 8.5.1 software was used for this purpose 

and the Gaussian function was chosen for deconvolution modelling. The second 

derivative was applied in each case to reduce the bandwidth and identify the 

frequency of each underlying bands. The quality of the fitting was assessed by 

calculating adjusted r square values. Peak deconvolution with adjusted r
2
 values near 

1 (~ 0.95) indicated the goodness of the data (Miles, 2014).  

4.4 Results    

The Raman spectra for apo-hPGK, hPGK-ADP, hPGK-3-PG and hPGK TSA 

complexes were recorded. To our knowledge, this is the first study to report the 

Raman spectra for hPGK and which probe the spectral changes associated with the 

enzyme during catalysis. The Raman profile for 0.4 mM apo-hPGK in Tris buffer is 

shown for the region at 950-1800 cm
-1

 (Figure 4.2). The general features of the 

spectrum are in agreement with spectra from earlier studies performed on different 

proteins (Figure 4.3), for example α-synuclein (Maiti et al., 2004; Esmonde-White et 

al., 2009). The main bands in the Amide I and III regions for apo-hPGK are located 

at 1668 and 1242 cm
-1

, respectively (Figure 4.2). The results show broadened 
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bandwidth and asymmetry for the Amide I and III band profiles, which indicates the 

presence of overlapping Raman bands (Figure 4.4) (Maiti et al., 2004).  

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  The Raman spectrum of 0.4mM hPGK at pH 7.2.   
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Figure 4.3.  General similarities between the Raman spectra of α-synuclein 

(left) from earlier study and hPGK (right) in the present study.  
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Figure 4.4.  Peak deconvolution of the Amide I (above) and III regions (below) of 

hPGK. The black line represents the experimental band, red line represents  the 

cumulative modelled band profile and green lines represent the deconvoluted band  

components.   
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In order to confirm that the assigned bands in the Amide I and III regions were from 

vibrational modes that included Amide group atoms, the Raman spectrum of apo-

hPGK uniformly labelled with 
15

N (
15

N-hPGK) were also recorded over the range 

900-1800 cm
-1

. The spectra for 
15

N-hPGK identified a general shift to lower 

frequency of the Amide I (by 5 cm
-1

) and Amide III (by 2 cm
-1

) bands. The Raman 

band at 1009 cm
-1

 also shifted to lower frequency (by 3 cm
-1

) in 
15

N-hPGK (Figure 

4-5). A comparable change in the Raman frequency of aspartic acid and its isotopic 

analogues has been reported (Navarrete et al., 1994).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. The Raman spectra of hPGK(top) and its isotope analogue 
15

NhPGK 

(bottom). The Amide I and III bands at 1668 and 12480 cm
-1

 respectively are 

shifted to lower wavenumber in the 
15

NhPGK molecule.  
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The Raman profiles for the enzyme bound substrate and TSA complexes are 

compared in Figure 4.6. This revealed general spectral similarities between apo-

hPGK and its bound complexes. However, alterations are observed in the frequency 

and the shape of the bands in the Amide I and III regions. For the hPGK-ADP 

complex, the fitted bands in the Amide I region indicated a 3 cm
-1

 shift to higher 

frequency compared with apo-hPGK (1651 to 1654 cm
-1

) for the band that is 

assigned to the α-helical structure. However, the band that is dominant in intensity at 

1668 cm
-1

 (assigned to the β-sheet structure), revealed a similar frequency to that in 

apo-hPGK. For the hPGK-3-PG complex, the β-sheet band at 1668 cm
-1 

again 

remained unchanged while the α-helix band move to  higher frequency by 3 cm
-1

 

(1651 to 1657 cm
-1 

) compared with apo-hPGK (Figure 4.7).  

The hPGK-TSA complex, on the other hand, there is a distinct change in the Amide I 

region, where both the α-helix (1651 to 1656 cm
-1

) and the β-sheet (1668 to 1665 cm
-

1
) bands alter their frequency and intensity compared to apo-hPGK. The intensity of 

the β-sheet band, in particular, was decreased dramatically (Figure 4-7).  

The Raman profiles also showed some distinctive spectral characteristics for apo-

hPGK, hPGK-ADP, hPGK-3-PG and hPGK-TSA complexes in the amide III region 

(Figure 4-8). The Raman band assigned to the β-sheet vibration 1242 cm
-1

 does not 

change in frequency but there is a marked change in its relative intensity to other 

bands in the Amide III region. In the hPGK-3PG and hPGK-ADP complexes, the 

band in the 1257-1259 cm
-1

 range increases significantly compared with apo-hPGK. 

In the hPGK-TSA complex the equivalent band (at 1258 cm
-1

) increases further in 

relative intensity such that it is almost equal in magnitude with the 1242 cm
-1

 band. 

The assignment of this band is not well established in the literature.   
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Figure 4.6 . Raman spectra for 0.4 mM hPGK, hPGK-ADP, hPGK-3-PG and hPGK 

complex at pH 7.2.   
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Figure 4-7.  Peak deconvolution of the Amide I region of PGK, PGK -ADP, PGK-3-

PG and PGK complex. The black line represents the experimental band, red line 

represents the cumulative modelled band profile and green lines represent the 

deconvoluted band components.   
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Figure 4.8 . Peak deconvolution of the amide III region of PGK, PGK -ADP, PGK-3-

PG and PGK complex.  The black line represents the experimental band, red line 

represents the cumulative modelled band profile and green lines represent the 

deconvoluted band components.   
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The asymmetric broad Raman peak in the region 1030-1070 cm
-1

 revealed spectral 

changes, particularly between the hPGK-ADP and the hPGK-TSA complexes 

(Figure 4.9). Deconvolution of the peak in this region revealed the presence of seven 

bands in both the TSA complex and the nucleotide bound enzyme. Based on our 

DFT calculations conducted previously on 5’-ADP molecule, the Raman band at 

1037 cm
-1

 for hPGK-ADP is potentially correlated to two DFT modes (1034 cm
-1

, 

0.16 a.u., and 1039 cm
-1

, 0.02 a.u.) of the nucleotide. The 1047 cm
-1

 band for the 

PGK-ADP complex is also potentially correlated to a DFT-derived mode             

(1051 cm
-1

, 0.34 a.u.). Finally, the high intensity band for the PGK-ADP complex 

observed at 1077 cm
-1

 potentially corresponds to the two DFT-derived nucleotide 

modes (1073 cm
-1

, 0.07 a.u. and 1078 cm
-1

, 0.07 a.u.). All of these vibrational modes 

have a 39 to 99 % contribution of the α- and β-phosphate groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Peak deconvolution of the region at 1030-1070 cm
-1

 for hPGK 

complex (above) and hPGK-ADP (below). Black line represents the 

experimental band, red line represents the cumulative band and green lines 

represent the deconvoluted bands. The red arrows indicate the ADP Raman 

bands based on out DFT calculations.  
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4.5 Discussion 

The Raman profiles in this study define the spectral characteristics for apo-hPGK, 

and the hPGK-ADP, hPGK-3PG and hPGK-TSA complexes. The work therefore 

explores the spectral alterations in the Amide I and III regions of the enzyme during 

its catalytic cycle. Isotopic substitution with 
15

N confirmed that the primary bands 

analysed in the Amide I and III regions directly involved the backbone amide groups. 

The general features of the Raman spectrum of hPGK are the presence of intense 

Raman signals in the regions previously assigned to Amide I vibrations (at 1668 cm
-

1
), C-H deformation (at 1454 cm

-1
) and phenylalanine vibrations (at 1009 cm

-1
). 

Comparing the Raman profiles for hPGK with other proteins reviewed in an earlier 

study (Rygula et al., 2013), it can be concluded that all of the intense bands can be 

used as spectral markers that distinguish hPGK from other proteins. For example, 

Dingari et al. (2012) recorded the Raman spectrum for albumin and revealed the 

presence of three high intensity Raman bands that are similar to the ones observed 

for hPGK, but with clear differences in frequencies (Dingari et al., 2012).  

The Amide I and III bands, at 1668 and 1248 cm
-1

 respectively, reflect the large 

contribution of β–sheet secondary structure to the overall architecture of hPGK. The 

Raman vibrations of these bands correspond mainly to C=O stretching (Amide I) and 

C-H, N-H deformation (Amide III) (Merlino et al., 2008). Alterations in the 

vibrational frequencies in these regions reveal chemical or structural modifications of 

the protein molecule. The Raman spectrum of 
15

N-labelled apo-hPGK, demonstrated 

the impact of isotope substitution on Amide I and Amide III regions of the hPGK 

enzyme as these regions shifted by -5 and -2 cm
-1

 respectively compared to the 

unlabelled enzyme.  

The Raman profiles for apo-hPGK, and the hPGK-ADP, hPGK-3PG and hPGK-TSA 

complexes revealed distinct spectral features. The deconvoluted Amide I region of 

the hPGK is dominated by bands at 1668 cm
-1

, assigned to the β-sheets, in apo-hPGK 

and the two substrate complexes. The binding of ADP or 3-PG has no measureable 

effect on the frequency of this band, but a significant effect on its relative intensity, 

especially in the case of 3-PG binding The primary effect of substrate binding is to 

shift the band at 1651 cm
-1

, assigned to the α-helices, to higher frequency (+ 3 cm
-1

 

for ADP and + 6 cm
-1

 for 3-PG) and to increase the relative intensity of these bands. 
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These observations suggest that the binding of ADP or 3-PG can impart structural 

modifications to hPGK even when the enzyme remains in an open conformation. 

There is no crystal structure of apo-hPGK but small-angle X-ray scattering models of 

its structure indicate that it has a more open conformation than the ADP or 3-PG 

bound forms (Zerrad et al., 2011). This is consistent with changes in the hinge 

region, which is dominated by α-helices, between apo-hPGK and the substrate 

complexes. These changes in Raman spectra are also in agreement with molecular 

dynamic studies, which revealed that the binding of the nucleotide and 

bisphosphoglycerate can alter the PGK structure by decreasing the flexibility of the 

C-domain and increasing the fluctuations of the N-domain respectively (Palmai et 

al., 2009). 

A more substantial effect on the Amide I region is observed on formation of the TSA 

complex. The β-sheet band at 1668 cm
-1

 for apo-hPGK, hPGK-ADP and hPGK-3PG 

complexes moved to 1665 cm
-1

 in the hPGK-TSA complex with a notable reduction 

in intensity. The Amide I region became dominated in intensity by a band, also in the 

β-sheet region, at 1675 cm
-1

. The α-helix band at 1651 cm
-1

 in apo-hPGK moved to 

1656 cm
-1

 in the TSA complex, which is similar to the behavior observed for 

substrate binding. The marked alterations in the vibrational energy of the β-sheet 

bands between the open and closed conformation of the enzyme supports an 

important role of the β-sheet structures in the hinge bending motion of the enzyme 

that leads to closure, since the β-sheet, especially β-strand L, plays an important role 

in the function of main hinge region in PGK (Hayward, 1999; Szilagyi et al., 2001). 

A further role of the α-helical conformation was proposed by Auerbach et al, (1997) 

who shed light on the contribution of the α-helix structure in enhancing the 

thermostability and facilitate the transfer of (𝛾 − PO 2−
3

) groups for Trypanosoma 

PGK (Auerbach et al., 1997). This is consistent with the Raman shift (by 5 cm
-1

) 

observed in the hPGK-TSA complex as this change can be due to the involvement of 

α-helical rearrangements during the closure of the two domains of the enzyme 

complex. However, the observed change in Raman spectra is similar without full 

closure of the enzyme. The closed conformation of PGK involves the formation of 

hydrogen bonding between the Amide groups of various amino acids to stabilise the 

structure and neutralise the negative charges on the γ-phosphate group, thus, 

decreasing its free energy (Auerbach et al., 1997; Bernstein and Hol, 1998; Pelton 
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and McLean, 2000). The results of the deconvoluted bands in Amide I regions for the 

hPGK-TSA complex showed noticeable decreases in the intensity of the β-sheet 

vibrations compared to the unbound form of the protein. As the reduction in the 

intensity of the Raman bands can be used as an indicator of the formation of 

hydrogen bonding (Triggs and Valentini, 1992), we can conclude that the decrease in 

the intensity of the β-sheet bands in the Amide I regions of the hPGK complex 

indicated the involvement of these regions in H-bonding during the formation of the 

transition state conformation of the enzyme.  

Although the assignment of Raman bands in the Amide III region is less robust than 

in the Amide I region, the changes observed in the two regions between apo-hPGK, 

the two substrate complexes and the hPGK-TSA complex mirror each other to some 

extent. The similarity is most apparent in that the dominant band (1242 cm
-1

 in 

Amide III and 1668 cm
-1

 in Amide I) reduce in intensity relative to a higher 

frequency band (1257-1259 cm
-1

 in Amide III and 1675-1685 cm
-1

 in Amide I), 

meaning that the overall change in shape remains similar. It is noteworthy though 

that there is not a one-to-one correspondence in the changes, and further 

interpretation of the underlying causes will require future efforts to assign the bands 

with more confidence. 

Finally, the hPGK-ADP and hPGK-TSA complexes showed noticeable similarities in 

the 1030-1070 cm
-1

 region of the Raman spectrum, which distinguish them from apo-

hPGK and the hPGK-3PG complex. The changes in the spectral profiles of the 

deconvoluted region at 1000-1140 cm
-1

 for hPGK-ADP and hPGK-TSA complex 

reflect nucleotide binding, and could be due to the hydrogen bonding network 

established as the C-domain of hPGK is occupied. The hydrogen bonding in this 

region helps to stabilise the oxygen anions in the phosphoryl groups and to 

coordinate them in a way that allows the terminal phosphate to be transferred to 3-

phosphoglycerate, and vice versa (Szilagyi et al., 2001). The interpretation of the of 

the deconvoluted Raman bands of the protein bound ADP based on the experimental 

measurements and DFT calculations can provide a comprehensive description of the 

dynamic behaviour of the nucleotide upon binding to the protein. This will also 

enable further investigations of the involvement of different chemical moieties of the 

nucleotide, such as phosphate group(s), during the activity of different proteins. 

Despite that, interpreting the spectral changes of the bound nucleotide using this 
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approach (Raman measurement and DFT) can have some limitations. For instance, 

the detection of the Raman bands of the bound nucleotide is difficult due to the small 

size of the nucleotide compared to the bound protein. The Raman bands of the buffer 

might interfere with the nucleotide bands; therefore, careful subtraction of the buffer 

is necessary to eliminate this interference. The Raman peak at which the Raman 

vibrations of the ADP are expected is broadened. Therefore deconvolution is required 

to detect the overlapped bands. The deconvoluted bands could have different 

frequencies than the real bands that arise from the actual vibration of the molecule 

Therefore, the frequencies and intensities of the deconvoluted bands should be 

comparable to their DFT counterparts to ensure the accuracy of the results.     

In conclusion, this study reports the Raman profile for hPGK and identified three 

intense bands at at 1668, 1454 and 1009 cm
-1

 along with their assignments. Our 

experimental results showed that the binding of each of the substrates resulted in 

spectral changes in the Raman bands assigned for the α-helical structure from the 

Amide I regions. These changes are ascribed to modifications in the backbone of 

PGK, in agreement with previous molecular dynamics calculations. The Raman 

spectrum for the closed conformation of hPGK was recorded using aluminum 

fluoride to establish a transition state analogue with ADP and 3-PG. The changes in 

the Raman spectra of the hPGK-TSA complex for the bands assigned for α- helical 

and the β-sheet vibrations revealed the important role of both the α- helical and the β-

sheet secondary structures hydrogen bonding in establishing the transition state of the 

enzyme. The results also supported the role of the hydrogen bonds in stabilizing the 

structure of the closed PGK complex. The Raman vibrations of the nucleotide are 

also identified in the region of 1030-1070 cm
-1

 and the coordination of α and β 

phosphate groups was indicated by the alterations in the vibrational energy 

associated with them on formation of the hPGK transition state. 
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          Chapter 5: Conclusion and future works 

 

Purine nucleotides (Adenosines and guanosines) and their phosphate derivatives are 

involved in different metabolic and cellular processes. Phosphorylation is one the 

important cellular reactions which involves the transfer of a phosphoryl group from 

the nucleotide to the target substrate via the influence of certain enzymes, such as 

phosphoglycerate kinase (PGK). During phosphorylation, a nucleotide molecule is 

used as a source of the phosphoryl group and the magnesium ions bind to the 

nucleotide and cause substantial conformational changes in the nucleotide, in the 

enzyme (PGK) or in the substrate. The structure of nucleotide-Mg complexes in 

solution and the mode of Mg
2+

coordination remain controversial. Therefore, this 

project applies a combined Raman spectroscopy and Density Functional Theory 

(DFT) approach to characterise and assign the fundamental bands in the Raman 

profiles of the purine nucleotides and their phosphate derivatives in aqueous solution 

at physiological pH. The study investigates the influence of magnesium 

binding on the spectral profile of adenosine and guanosine mono-, di-and 

tri- phosphates in aqueous solution, as a function of pH.  These studies into 

the effects of Mg
2+

 and pH are supported by 
31

P NMR measurements. The 

study further applies Raman spectroscopy to explore the spectral profile of 

the human phosphoglycerate kinase (hPGK) in its open conformation, 

when no ligands are bound, and in its fully closed conformation, when 

ADP, 3-phosphoglycerate and a metal fluoride mimic of the transferring 

phosphoryl group are all bound in a transition state analogue arrangement. 

The influence of conformational changes on the Amide I and III regions of 

the enzyme spectrum were investigated using uniform isotopic substitution 

of nitrogen atoms with 
15

N (
15

N-hPGK).  

In this study , the Raman spectra of purine nucleotides and their phosphate 

derivatives were recorded and the results have shown that the use of 

Raman spectroscopy coupled with averaged atom displacement method 

(obtained from DFT calculations) provide a powerful tool for 

characterising and assigning the Raman spectra of purine nucleotides. This 

tool is useful to provide a quantitative contribution  of each atom in the 
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nucleotide molecule. The results of this study identified the primary and 

secondary markers for purine nucleotides and their phosphorylated forms. 

In the absence of the enzyme, the Raman and 
31

PNMR measurements 

supported a model where the coordination of Mg
2+

 involves both α- and β-

phosphate groups of the diphosphate purine nucleotides, (5’-ADP and 5’-

GDP), and β- and γ-phosphate groups of the triphosphate purine 

nucleotides (5’-ATP and 5’-GTP) in aqueous solution at pH 7.0. Results 

also indicated that the acidification has a remarkable impact on the 

magnesium bound phosphate groups in adenosine and guanosine 

nucleotides. However, the alterations in the pH environment from pH 5 -8 

did not change the binding sites of the magnesium ions and did not 

facilitate the binding of the divalent cation to other parts of the purine 

nucleotide molecule. 

The Raman spectra of PGK enzyme in its open and closed conformation 

were recorded over the range of 900-1800 cm
-1

 at physiological pH in Tris 

buffer. The Amide I and III regions were identified and the spectral 

changes of these regions in different forms of the PGK enzyme were 

detected and used to analyse the changes in the PGK secondary structure in 

the open and closed confirmation. The results supported the role of the α- 

helix, β-sheet and hydrogen bonds in switching the PGK enzyme from the 

open (inactive) to the closed (active) conformation. The study proposed 

some of the ADP Raman bands for the |PGK-ADP-magnesium complex in 

the 1030-1070 cm
-1

 region, and assigned these bands to include a 

considerable contribution of the α- and β- phosphate groups. 

The Raman spectroscopy, peak deconvolution and averaged atom 

displacement approach from DFT used in this study provided a powerful 

diagnostic tool to probe the structural changes associated with many 

nucleotides and proteins. Therefore, the method can be further applied to 

investigate the primary and secondary marker bands for other nucleotides 

such as, cytidines, inosines, cAMP, etc. The combined Raman and DFT 

method can pave the way for further pharmaceutical studies to explore the 

structure and dynamic behaviour of different nucleoside and nucleotide 
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analogues and their interaction with other molecules in aqueous 

environments.  

The dynamic structure of different proteins and the impact of the binding 

of certain nucleotide on changing the conformation of different enzymes 

during multiple biological processes, such as the binding of ATP to AMP-

activated protein kinase and the binding of GTP to cytidine 5-triphosphate synthase, 

remain ambiguous. Therefore, applying Raman spectroscopy for studying 

these interactions can provide promising results and increase our 

knowledge of the dynamic behaviour of different biologically important 

molecules.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 1 

 

 

194 

 

Appendix 1 

Table 1.1. Averaged atom displacements for adenosine (A), 5’-adenosine 

monophosphate (5’-AMP), 5’-adenosine diphosphate (5’-ADP) and 5’-

adenosine triphosphate (5’-ATP). ῡ= wavenumber (cm-1), RRI = relative Raman 

intensity (a.u.), P = purine ring atomic displacement (%), R = ribose ring atomic 

displacement (%), α = alpha phosphate atomic displacement (%), β = beta 

phosphate atomic displacement (%), γ = gamma phosphate atomic displacement 

(%) and D = total atomic displacement (Å).  

A 
    

AMP 
     

ADP 
      

ATP 
       

  

𝒗̅ RRI P R D 𝒗̅ RRI P R α D 𝒗̅ RRI P R α β D 𝒗̅ RRI P R α β γ D   

628 0.04 29 71 4.63   

    

  617 0.06 12 33 32 23 5.12 602 0.06 15 30 15 25 15 5.51   

  

    

  

    

  605 0.26 8 23 51 18 4.82 620 0.34 5 19 32 31 13 5.16   

643 0.07 54 46 5.20 645 0.10 58 38 4 5.05 645 0.11 58 37 5 0 5.09 645 0.10 55 35 5 4 1 5.12   

  

    

  

    

    

     

  656 0.20 8 15 38 32 7 5.11   

663 0.01 84 16 3.52 664 0.02 88 10 2 3.33 665 0.01 88 11 1 0 3.34 663 0.02 70 10 10 8 2 3.58   

689 0.02 79 21 3.86 689 0.02 64 30 6 4.24 690 0.01 77 19 4 0 3.66 689 0.02 74 18 4 4 0 3.75   

705 0.19 42 58 5.09 699 0.17 30 60 10 5.02 707 0.35 38 50 8 4 5.23 707 0.30 37 50 9 4 0 5.27   

722 0.60 51 49 5.09 716 0.38 59 36 5 4.89 722 0.31 42 44 9 5 5.27 723 0.33 43 43 9 5 0 5.26   

770 0.16 41 59 4.63 775 0.12 35 62 3 4.54 774 0.10 19 61 14 6 4.67 771 0.30 27 50 13 8 2 5.04   

  

    

750 0.47 21 67 12 4.41 772 0.39 26 53 13 8 4.94 774 0.12 12 52 19 12 5 4.70   

809 0.05 78 22 4.05 809 0.04 79 21 0 3.91 809 0.04 80 20 0 0 3.89 809 0.05 77 23 0 0 0 4.03   

825 0.23 41 59 4.51 824 0.22 39 60 1 4.40 825 0.25 38 59 2 1 4.42 824 0.78 14 28 19 23 16 5.27   

  

    

  

    

    

     

  826 0.05 20 31 16 19 14 5.16   

860 0.23 9 91 3.70 872 0.05 10 84 6 3.84 878 0.06 12 82 6 0 3.77 877 0.08 12 77 3 4 4 3.84   

881 0.13 16 84 3.57 876 0.31 11 80 9 3.91 890 0.10 9 69 14 8 4.11 887 0.05 7 53 11 12 17 4.39   

  

    

  

    

  842 0.64 3 17 47 33 3.84 903 0.24 6 20 28 19 27 4.73   

911 0.09 79 21 3.96 911 0.10 72 17 11 4.06 912 0.11 76 22 2 0 4.09 911 0.11 67 20 6 3 4 4.26   

918 0.07 91 9 1.60 952 0.11 72 20 8 1.80 941 0.08 78 15 0 7 1.62 929 0.05 92 8 0 0 0 1.50   

948 0.07 10 90 3.75 961 0.17 14 70 16 3.94 963 0.04 8 72 11 9 3.95 963 0.08 6 75 10 6 3 3.90   

  

    

921 0.54 6 20 74 3.80 948 0.29 4 10 31 55 3.84 956 0.16 0 7 13 35 45 3.69   
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973 0.01 99 1 1.38 972 0.01 98 2 0 1.47 972 0.01 98 2 0 0 1.44 972 0.01 98 2 0 0 0 1.40   

992 0.04 47 53 4.41 992 0.04 37 57 6 4.39 992 0.04 40 53 4 3 4.48 991 0.04 40 54 4 2 0 4.44   

1003 0.21 59 41 3.74 1006 0.16 61 36 3 3.64 1005 0.24 58 37 5 0 3.70 1004 0.21 58 37 5 0 0 3.64   

1027 0.11 14 86 4.02 1036 0.12 12 82 6 3.92 1034 0.16 10 52 31 7 4.37 1029 0.05 7 38 25 22 8 4.73   

  

    

  

    

  1051 0.34 10 38 41 11 4.47 1037 0.07 5 41 20 26 8 4.57   

1040 0.02 16 84 4.03 1044 0.02 17 75 8 4.05 1039 0.20 8 60 26 6 4.02 1043 0.10 9 53 8 24 6 4.35   

  

    

  

    

    

     

  1064 0.67 21 20 29 24 6 5.05   

1067 0.03 62 38 4.16 1068 0.02 61 38 1 4.12 1068 0.03 58 37 4 1 4.21 1068 0.19 38 26 17 12 7 4.73   

  

    

  

    

    

     

  1070 0.06 4 4 7 6 79 2.91   

  

    

  

    

    

     

  1077 0.07 0 2 4 6 88 2.19   

1091 0.03 5 95 3.79 1090 0.04 6 90 4 3.76 1092 0.04 6 87 7 0 3.81 1091 0.05 4 82 11 3 0 3.85   

1096 0.03 7 93 3.97 1098 0.05 8 84 8 4.00 1098 0.06 6 78 13 3 4.04 1097 0.07 8 71 15 6 0 4.16   

1109 0.04 22 78 4.40 1109 0.04 21 76 3 4.52 1112 0.04 21 77 2 0 4.38 1113 0.03 20 78 2 0 0 4.41   

1133 0.07 11 89 3.78 1135 0.04 10 84 6 3.58 1135 0.05 9 84 7 0 3.55 1132 0.05 8 84 8 0 0 3.54   

  

    

  

    

  1073 0.07 1 1 3 95 2.07 1169 0.05 0 0 3 94 3 1.86   

  

    

  

    

  1078 0.07 0 1 3 96 1.99                   

1182 0.04 28 72 3.74   

    

    

     

  

       

    

1186 0.16 36 64 3.89 1183 0.12 52 48 0 4.23 1184 0.13 54 46 0 0 4.26 1185 0.12 54 46 0 0 0 4.19   

  

    

1059 0.05 2 4 94 2.22                                 

  

    

1074 0.07 1 9 90 2.69 1176 0.04 2 9 87 2 2.58 1202 0.03 4 24 70 2 0 3.52   

1208 0.07 12 88 3.14 1202 0.11 13 87 0 3.06 1205 0.11 13 87 0 0 2.98 1204 0.12 21 79 0 0 0 3.10   

1232 0.26 70 30 3.47 1226 0.02 21 79 0 3.22 1231 0.09 40 60 0 0 3.52 1227 0.06 35 65 0 0 0 3.50   

1252 0.09 20 80 3.26 1239 0.32 63 37 0 3.85 1239 0.23 47 53 0 0 3.89 1237 0.22 51 49 0 0 0 3.93   

1263 0.19 68 32 3.99 1264 0.16 71 29 0 3.85 1264 0.18 74 26 0 0 3.78 1263 0.20 74 26 0 0 0 3.80   

1280 0.13 2 98 2.65 1269 0.13 10 90 0 2.64 1279 0.14 2 98 0 0 2.49 1274 0.13 7 93 0 0 0 2.56   

1305 0.11 19 81 3.43 1304 0.15 20 80 0 3.37 1306 0.16 21 79 0 0 3.37 1305 0.16 21 79 0 0 0 3.38   

1316 0.68 56 44 3.56 1318 0.72 56 44 0 3.67 1318 0.76 56 44 0 0 3.65 1317 0.71 55 45 0 0 0 3.62   

1326 0.24 23 77 3.19 1326 0.09 14 86 0 2.91 1327 0.13 16 84 0 0 2.97 1329 0.17 22 78 0 0 0 3.13   

1332 0.31 66 34 4.17 1332 0.35 72 28 0 3.88 1333 0.35 68 32 0 0 4.03 1332 0.27 61 39 0 0 0 4.22   

1343 0.04 10 90 2.89 1342 0.03 11 89 0 2.79 1343 0.03 11 89 0 0 2.80 1343 0.03 11 89 0 0 0 2.77   
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1357 1.00 87 13 3.43 1357 1.00 84 16 0 3.50 1357 1.00 85 15 0 0 3.49 1357 1.00 87 13 0 0 0 3.46   

1371 0.09 17 83 3.31 1372 0.03 14 86 0 3.21 1373 0.09 18 82 0 0 3.30 1372 0.04 15 85 0 0 0 3.25   

1378 0.52 25 75 3.41 1374 0.56 22 78 0 3.25 1376 0.51 22 78 0 0 3.30 1376 0.49 22 78 0 0 0 3.25   

1386 0.29 69 31 3.26 1385 0.36 59 41 0 3.61 1386 0.35 69 31 0 0 3.22 1386 0.32 67 33 0 0 0 3.26   

1399 0.06 14 86 3.29 1389 0.06 21 79 0 3.41 1395 0.04 11 89 0 0 3.38 1395 0.04 13 87 0 0 0 3.40   

1429 0.22 40 60 3.27 1397 0.06 11 89 0 3.23 1403 0.05 11 89 0 0 2.88 1399 0.06 12 88 0 0 0 3.08   

1435 0.22 58 42 3.58 1428 0.22 40 60 0 3.26 1429 0.17 48 52 0 0 3.56 1429 0.19 43 57 0 0 0 3.38   

1446 0.02 2 98 3.10 1434 0.21 57 43 0 3.44 1435 0.28 50 50 0 0 3.22 1436 0.26 53 47 0 0 0 3.40   

1450 0.05 4 96 3.01 1446 0.03 5 95 0 2.75 1449 0.03 4 96 0 0 2.68 1446 0.03 6 94 0 0 0 2.75   

1490 0.18 97 3 2.66 1490 0.14 96 4 0 2.66 1490 0.16 96 4 0 0 2.68 1490 0.17 93 7 0 0 0 2.81   

1495 0.10 1 99 1.60 1493 0.09 1 99 0 1.60 1496 0.09 0 100 0 0 1.56 1491 0.08 5 95 0 0 0 1.62   

1520 0.88 91 9 3.07 1523 0.86 91 9 0 2.96 1521 0.92 91 9 0 0 2.99 1521 0.86 91 9 0 0 0 3.01   

1599 0.74 95 5 3.32 1599 0.72 95 5 0 3.44 1599 0.75 95 5 0 0 3.38 1599 0.73 95 5 0 0 0 3.44   

1607 0.04 98 2 2.54 1609 0.02 98 2 0 2.57 1608 0.04 98 2 0 0 2.56 1608 0.02 98 2 0 0 0 2.55   

1637 0.13 99 1 2.45 1639 0.13 99 1 0 2.40 1638 0.13 98 2 0 0 2.45 1639 0.13 98 2 0 0 0 2.41   
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Table 1.2. Averaged atom displacements for 5’-guanosine monophosphate (5’-

GMP), 5’-guanosine diphosphate (5’-GDP) and 5’-gauanosine triphosphate (5’-

GTP).  ῡ= wavenumber  (cm-1), RRI = relative Raman intensity (a.u.), P = 

purine ring atomic displacement (%), R = ribose ring atomic displacement (%), 

α = alpha phosphate atomic displacement (%), β = beta phosphate atomic 

displacement (%), γ = gamma phosphate atomic displacement (%) and D = total 

atomic displacement (Å). 

GMP 

     

GDP 

      

GTP 

       

  

𝒗̅ RRI P R α D 𝒗̅ RRI P R α β D 𝒗̅ RRI P R α β γ D   

  

    

  612 0.01 81 8 9 2 1.98 612 0.01 97 3 0 0 0 1.77   

  

    

  614 0.02 12 35 31 22 4.90 620 0.18 3 18 32 33 14 5.00   

659 0.15 58 37 5 4.83 657 0.10 65 29 6 0 4.35 655 0.11 14 15 35 29 7 5.22   

  

    

    

     

  658 0.04 49 19 14 14 4 4.55   

665 0.11 69 30 1 4.43 665 0.16 62 34 4 0 4.61 664 0.21 55 34 7 4 0 4.93   

676 0.01 84 16 0 3.83 678 0.01 85 15 0 0 3.77 677 0.01 84 15 1 0 0 3.79   

704 0.02 59 35 6 4.81 703 0.02 86 13 1 0 3.72 704 0.02 85 14 1 0 0 3.75   

700 0.03 35 55 10 5.19 716 0.07 26 57 12 5 5.13 717 0.07 25 56 12 7 0 5.16   

733 0 96 4 0 2.98 733 0.00 96 4 0 0 2.95 734 0.00 97 3 0 0 0 2.91   

764 0.04 35 64 1 4.48 760 0.03 35 65 0 0 4.49 761 0.04 34 64 2 0 0 4.50   

752 0.23 20 68 12 4.45 773 0.18 11 58 19 12 4.51 771 0.14 9 50 22 14 5 4.56   

782 0.03 79 21 0 3.58 782 0.03 81 19 0 0 3.53 783 0.03 50 50 0 0 0 3.57   

  

    

    

     

  805 0.05 42 48 10 0 0 4.60   

804 0.05 40 58 2 4.65 805 0.05 40 58 2 0 4.59 824 0.33 2 18 26 32 22 4.44   

859 0.09 57 41 2 4.59 

               

  

  

    

  842 0.34 3 18 46 33 3.99 904 0.12 5 20 28 20 27 1.56   

873 0.03 12 82 6 3.91 860 0.08 57 36 4 3 4.54 860 0.08 59 35 2 1 3 4.46   

876 0.15 9 82 9 3.86 878 0.03 12 83 5 0 3.78 880 0.04 11 78 3 4 4 3.84   
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921 0.28 3 21 76 3.55 947 0.15 1 11 32 56 3.70 955 0.09 0 5 13 36 46 3.51   

937 0.06 82 9 9 1.45 903 0.04 87 13 0 0 1.47 900 0.04 69 8 7 8 8 4.50   

962 0.11 6 76 18 3.84 962 0.02 5 74 12 9 3.86 964 0.05 4 76 11 6 3 3.86   

995 0.03 21 71 8 4.05 994 0.04 21 69 7 3 4.43 994 0.03 21 71 7 1 0 4.05 

  

 

1029 0.03 54 43 3 4.40 1030 0.09 43 37 15 5 4.76 1028 0.03 24 32 21 18 5 5.36   

1037 0.08 32 64 4 4.43 1040 0.09 24 62 11 3 4.43 1032 0.03 35 23 18 18 6 4.75   

  

    

  1035 0.07 25 38 29 8 5.27 1039 0.04 17 39 14 23 7 4.87   

1043 0.02 16 76 8 4.12 1050 0.16 8 39 43 10 4.39 1043 0.08 17 54 5 18 6 4.45   

  

    

    

     

  1064 0.42 7 18 37 30 8 4.56   

1072 0.06 63 33 4 4.11 1074 0.06 63 32 4 1 4.10 1074 0.08 56 28 8 5 3 4.26   

  

    

    

     

  1070 0.04 3 3 5 6 83 2.65   

  

    

    

     

  1076 0.04 1 2 3 5 89 2.18   

1089 0.01 40 56 4 4.40 1090 0.02 29 65 6 0 4.43 1091 0.02 48 45 5 2 0 4.21   

1092 0.02 48 51 1 4.09 1094 0.01 53 42 5 0 4.06 1094 0.02 39 51 8 2 0 4.34   

1198 0.03 10 82 8 4.12 1097 0.03 22 69 9 0 4.36 1097 0.04 16 66 13 5 0 4.41   

1114 0.02 34 63 3 4.52 1117 0.02 33 65 2 0 4.48 1118 0.02 30 68 2 0 0 4.48   

  

    

  1134 0.04 13 80 7 0 3.65 1133 0.04 12 81 7 0 0 3.63 

  

 

  

    

  1154 0.08 81 19 0 0 3.97                   

  

    

    

     

  

       

    

1136 0.04 12 82 6 3.61 1171 0.03  2 1 2 95 2.17 1154 0.09 82 18 0 0 0 3.90   

1154 0.09 81 19 0 4.00  1076  0.03  1  1  4 94  1.96  1169  0.03  0  0  3  94  3  1.87   

1058 0.03 0 5 95 2.14 1175 0.02  0 10 89 1 2.51 1201 0.02 6 48 45 1 0 3.49   
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1075 0.04 6 9 85 3.10 1204 0.05 20 80 0 0 2.95 1202 0.05 8 63 29 0 0 3.15   

1202 0.05 11 89 0 2.96 1224 0.11 62 38 0 0 3.52 1224 0.11 65 35 0 0 0 3.42   

1223 0.11 57 43 0 3.67 1230 0.01 16 84 0 0 2.92 1231 0.01 16 80 4 0 0 3.05   

1229 0.01 15 85 0 2.91 1250 0.03 49 51 0 0 3.22 1252 0.03 45 52 3 0 0 3.32   

1253 0.04 53 47 0 3.17 1374 0.07 1 97 2 0 2.44 1278 0.07 2 95 3 0 0 2.47   

1277 0.08 1 99 0 2.40 1308 0.02 6 94 0 0 3.06 1307 0.02 7 93 0 0 0 3.04   

1306 0.02 6 94 0 3.03 1327 0.01 10 90 0 0 3.82 1326 0.02 12 88 0 0 0 2.90   

1327 0.02 9 91 0 2.86 1335 0.61 56 44 0 0 3.55 1335 0.61 55 45 0 0 0 3.58   

1337 0.85 55 45 0 3.48 1343 0.09 19 81 0 0 3.00 1343 0.08 15 85 0 0 0 2.89   

1343 0.11 21 79 0 3.03 1345 0.09 92 8 0 0 2.33 1347 0.11 95 5 0 0 0 2.28   

1342 0.11 81 19 0 2.64 1372 0.05 30 70 0 0 3.79 1370 0.04 26 74 0 0 0 3.68   

1371 0.04 28 72 0 3.73 1376 0.09 20 80 0 0 2.99 1374 0.10 20 80 0 0 0 2.97   

1373 0.15 12 88 0 2.75 1379 0.23 38 62 0 0 4.07 1378 0.22 42 58 0 0 0 4.18   

1378 0.18 44 56 0 4.19 1394 0.02 7 93 0 0 3.21 1394 0.03 12 88 0 0 0 3.39   

1391 0.03 11 89 0 3.36 1400 0.06 10 88 2 0 3.14 1401 0.05 10 87 4 0 0 2.80   

1401 0.05 12 86 2 3.04 1424 0.20 48 52 0 0 3.88 1423 0.22 39 61 0 0 0 3.57   

1422 0.23 43 57 0 3.70 1430 0.18 41 59 0 0 3.14 1429 0.16 49 51 0 0 0 3.39   

1429 0.16 45 55 0 3.31 1450 0.01 3 97 0 0 2.66 1447 0.01 3 97 0 0 0 3.69   

1447 0.01 3 97 0 2.70 1493 0.04 0 100 0 0 1.56 1495 0.04 0 100 0 0 0 1.59   

1498 0.05 3 97 0 1.63 1505 0.91 93 7 0 0 3.33 1505 0.91 93 7 0 0 0 3.31   

1505 0.88 92 8 0 3.36 1554 0.05 94 6 0 0 3.42 1554 0.04 94 6 0 0 0 3.44   

1555 0.07 94 6 0 3.32 1579 1.00 90 10 0 0 3.39 1580 1.00 90 10 0 0 0 3.37   

1579 1.00 90 10 0 3.43 1598 0.25 99 1 0 0 2.45 1599 0.27 99 1 0 0 0 2.45  

1597 0.27 99 1 0 2.49 1643 0.11 100 0 0 0 1.98 1644 0.10 100 0 0 0 0 2.00  
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1643 0.10 100 0 0 2.00 1706 0.35 97 3 0 0 2.86 1706 0.35 97 3 0 0 0 2.88  

1705 0.35 98 2 0 2.87                 
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Appendix 2 

AMP, ADP and ATP saturation curves: 

The dissociation constants (Kd) for adenosine mono-, di- and tri-

phosphates were determined by monitoring changes in 
1
H NMR 

chemical shifts for 50 mM nucleotide at pH 7.0 on increasing the MgCl2 

concentrations. The results for 5’-AMP reflected a very complicated 

series of binding equilibria. However, for 5’-ADP and 5’-ATP simple 

hyperbolic saturation curves were observed,  reflecting nucleotide-Mg 

saturation at the concentrations used in this study.  

  

0 50 100 150 200 250 300 350 400 450 500 550
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MgCL
2
 mM

ADP
ppm   ppm 

Figure 2-1. Saturation curve for 5’- adenosine diphosphate (ADP) at pH 7.0 (50 

mM 5’-ADP + variable concentrations of (Mg Cl 2) at pH 7.0. 
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Figure 2-2.  Saturation curve for 5’- adenosine triphosphate (ATP) at pH 7.0 (50 

mM 5’-ATP + variable concentrations of (Mgcl 2) at pH 7.0. 
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Figure 2-3.  Peak deconvolution of the Raman spectrum for  5’- adenosine 

monophosphate (AMP), 5’- adenosine diphosphate (ADP) and 5’- adenosine 

triphosphate (ATP) in the regions 760-870 cm
-1

 (left)
 
 and  990-1140 cm

-1
 (right) 

at pH 7.0. 
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Figure 2-4. Peak deconvolution of the Raman spectra for 5’ - adenosine 

monophosphate-magnesium complex (AMP-Mg), 5’- adenosine diphosphate-

magnesium complex (ADP-Mg) and 5’- adenosine triphosphate-magnesium 

complex (ATP-Mg) in the regions 760-870 and 990-1150 cm
-1

 at pH 7.0.
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Figure 2-5. Deconvoluted Raman spectra for 5’ - adenosine monophosphate-

magnesium complex (AMP-Mg) in the regions 760-870 (left) and 1020-1120 cm
-1

 

(right) at different pH environments . 
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Figure 2-6. Deconvoluted Raman spectra for 5’- adenosine diphosphate-

magnesium complex (ADP-Mg) in the regions 760-870 cm
-1

 (left) and 1020-1120 

cm
-1

 (right) at different pH environments. 
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Figure 2-7. Deconvoluted Raman spectra for 5’- adenosine triphosphate-

magnesium complex (ATP-Mg) in the regions 760-870 (left) and 990-1150 cm
-1

 

(right) at different pH environments . 
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  3.1

ppm

AMP

P

Figure 2-8.
 31

PNMR for 5’- adenosine monophosphate (AMP) at pH 7.0. (P):    

phosphate group  

 

AMP-Mg

3.3

P

ppm

Figure 2-9. 
31

P NMR for 5’- adenosine monophosphate-magnesium complex 

(AMP-Mg) at pH 7.0. (P): phosphate group. 
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Figure 2-10.  
31

P NMR for 5’- adenosine diphosphate (ADP) at pH 7 at pH 7.0 .  

 

α-P (-10.9) β-P (-7.4) 

  ppm 

  

ADP 

Figure 2-11 . 
31

P NMR for 5’- adenosine diphosphate-magnesium complex (ADP-

Mg) at pH 7.0.  

 

α-P (-10.2) β-P (-6.1) 

  ppm 

  ADP-Mg 
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Figure 2-12.  
31

P NMR for 5’- adenosine triphosphate (ATP) at pH 7.0 .  
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Figure2-13.  
31

P NMR for 5’- adenosine triphosphate-magnesium complex (ATP-

Mg) at pH 7.0.  

 

ATP-Mg
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γ-P (-5.9) β-P (-19.3)
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  Figure 2-14.
31

P  NMR for 5’- adenosine monophosphate-magnesium complex 

(AMP-Mg) at different pH environments. 

  AMP-Mg 

  ppm  ppm 

  ppm   ppm 
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     Figure 2-15.
31

P NMR for 5’- adenosine diphosphate-magnesium complex (ADP-Mg) at 

different pH environments . 

  ADP-Mg 



Appendix 2 

 

 

213 

 

ppm

α-P (-10.9)

γ-P (-5.9) β-P (-19.3)

pH 7

pH 5

β-P (-20.1)γ-P (-6.9)

ppm

α-P (-11.1)

pH 6

α-P (-11.0)

β-P (-19.6)γ-P (-5.9)

ppm

α-P (-11.1)

pH 8

β-P (-19.6)γ-P (-6.0)

  ATP-Mg 

α-P (-11.0) 

β-P (-19.6)   γ-P (-5.9) 

α-P (-11.1) 

β-P (-20.1)   γ-P (-6.9) 

α-P (-11.1) 

β-P (-19.6)   γ-P (-6.0) 

α-P (-10.9) 

β-P (-19.3)   γ-P (-5.9) 

 pH 5  pH 6 

 pH 7  pH 8 

  

ppm 

  

ppm 

  

ppm 

  

ppm 

Figure 2-16. 
31

P NMR for 5’- adenosine triphosphate-magnesium complex 

(ATP-Mg) at different pH environments. 
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Figure 3-2.  Peak deconvolution of the Raman spectrum for 5’-GMP, 5’-GDP and 

5’-GTP for the regions 760-860 cm
-1

.  
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Figure 3-3.  Peak deconvolution of the Raman spectrum for 5’ -GMP-Mg, 5’-GDP-

Mg and 5’-GTP-Mg in the regions 760-870 (left) cm
-1

 and 1020-1120 cm
-1

 (right) 

at pH 7.0. 
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Figure 3-4. Deconvoluted Raman spectra for 5’- guanosine monophosphate-

magnesium complex (GMP-Mg) in the regions 760-870 (left) and 1020-1120 cm
-1

 

(right) at different pH environments .  
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Figure 3-5. Deconvoluted Raman spectra for 5’ - guanosine triphosphate-

magnesium complex (GTP-Mg) in the regions 760-870 (left) and 990-1150 cm
-

1
 (right) at different pH environments. 
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Figure 3-6. Deconvoluted Raman spectra for 5’- guanosine diphosphate-

magnesium complex  (GDP-Mg) in the regions 760-870 cm
-1

 (left) and 1020-

1120 cm
-1

 (right) at different pH environments.  
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Figure 3-7.
 31

P NMR for 5’- GMP at pH 7.0. (P): phosphate group  
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Figure 3-8.
 31

P NMR for 5’- GMP-Mg complex at pH 7.0. (P): phosphate group .  
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Figure 3-9.
 31

P NMR for 5’- GMP at pH 7.0. (P): phosphate group  
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GDP 

ppm 

Figure 3-10.
 31

P NMR for 5’- GDP-Mg complex at pH 7.0. (P): phosphate group .  
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Figure 3-11.
 31

PNMR for 5’- GTP at pH 7.0. (P): phosphate group .  
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Figure 3-12.
 31

PNMR for 5’- GTP-Mg complex at pH 7.0. (P): phosphate group.  
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Figure 3-13.
31

P NMR for 5’- guanosine monophosphate-magnesium complex 

(GMP-Mg) at different pH environments.  
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Figure 3-14 .
31

P NMR for 5’- guanosine diphosphate-magnesium complex (GDP-

Mg) at different pH environments.  
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Figure S3-15 .
31

P NMR for  5’- guanosine triphosphate-magnesium complex 

(GTP-Mg) at different pH environments. 
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Figure 4. 1..Raman (I
R
+I

L
) spectra of Cytidine, Cytidine 5’-monophosphate (C5-

MP), Cytidine 5’-diphosphate (C5-DP) and Cytidine 5’-triphosphate (C5-TP). 
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Figure 4.2. .Raman optical activity ROA( I
R
-I

L
)  spectra of Cytidine, Cytidine 5’ -

monophosphate (C5-MP), Cytidine 5’-diphosphate (C5-DP) and Cytidine 5’-

triphosphate (C5-TP). 
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Figure 4.3. Raman (I
R
+I

L
) spectra of Cytidine 5’-monophosphate (C5-MP), Cytidine 

2’,3’- cyclic monophosphate (C2,3-CMP) and Cytidine 3’,5’-cyclic 

monophosphate(C3,5-CMP). 
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Figure 4.4. Raman optical activity (ROA) (I
R
-I

L
) spectra of Cytidine 5’-

monophosphate (C5-MP), Cytidine 2’,3’- cyclic monophosphate (C2,3-CMP) and 

Cytidine 3’,5’-cyclic monophosphate(C3,5-CMP). 
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Figure 4.5.   Raman (I
R
+I

L
) spectra of Cytidine, Cytidine 5’-monophosphate (C5-

MP), Cytidine 5’-diphosphate (C5-DP) and Cytidine 5’-triphosphate (C5-TP), 
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Figure 4.6.   Raman optical activity ( ROA) (I
R
-I

L
)  spectra of Cytidine, Cytidine 5’ -

monophosphate (C5-MP), Cytidine 5’-diphosphate (C5-DP) and Cytidine 5’-

triphosphate (C5-TP). 



Appendix 4 

 

 

232 

 

 

 

 

 

 

 

 

 

 

 

                   

         

 

 

  

Figure 4.7.  Raman (I
R
+I

L
) spectra of Cytidine 5’-diphosphate (C5-DP) and 

Cytidine 5’-diphosphocholine (C5-DPC). 
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Figure 4.8.  Raman optical activity (ROA) (I
R
-I

L
) spectra of Cytidine 5’-

diphosphate (C5-DP) and Cytidine 5’-diphosphocholine (C5-DPC). 
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Figure 4.9.   Raman (I
R
+I

L
)  spectra of Uridine, Uridine 5’-monophosphate (U5-MP), 

Uridine 5’-diphosphate (U5-DP) and Uridine 5’-triphosphate (U5-TP). 
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Figure 4.10. Raman optical activity  (ROA) (I

R
-I

L
)  of Uridine, Uridine 5’-

monophosphate (U5-MP), Uridine 5’-diphosphate (U5-DP) and Uridine 5’-

triphosphate (U5-TP). 
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Figure 4.11.  Raman (I
R

+I
L
)  spectra of Inosine, Inosine 5’-monophosphate (I5-MP), 

Inosine 5’-diphosphate (I5-DP) and Inosine 5’-triphosphate (I5-TP). 
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Figure4 .12.  Raman optical activity  (I
R

-I
L
)  spectra of Inosine, Inosine 5’-

monophosphate (I5-MP), Inosine 5’-diphosphate (I5-DP) and Inosine 5’-triphosphate 

(I5-TP). 


