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Abstract 

Aldehydes are toxic carbonyl compounds that can react with proteins and modify their 

function, stability and shape, e.g by inducing AGEs production. This class of compounds can 

be formed intracellularly and can be transported to the extracellular environment. D-

glyceraldehyde, a hydroxyaldehyde, can cross the cell membrane, but the transport 

mechanism has not yet been fully elucidated. Transport of D-GA across a cell membrane has 

been studied in isolated nerve terminals from the formation of D-lactate, which is recovered 

in the extracellular fluid, and the specificity of the aldehyde transport mechanism has been 

studied by the inhibitory effect of other aldehydes on D-lactate formation from D-GA. 

However, it is not known whether other aldehydes inhibit the D-GA transport mechanism or 

if they inhibit the enzymatic reactions leading from D-GA to D-lactate. The objective of this 

investigation was to study the enzymatic pathway from D-GA to D-lactate and the effect of 

different aldehydes on the enzyme activities in this pathway. By identifying aldehydes that do 

not inhibit these enzymes, one can more safely assume that they are pure inhibitors of the 

aldehyde transport mechanism in the cell membrane. The competing aldehydes were 

acetaldehyde, acrolein, butanal, crotonaldehyde, formaldehyde, L-glyceraldehyde, 

methylglyoxal and propanal. Another objective was to evaluate the fibrillation of the protein 

glucagon by various aldehydes. Nuclear magnetic resonance (NMR) spectroscopy and UV 

spectrophotometry were used to study enzymatic reactions involved in D-GA metabolism. 

Liquid-state 1H NMR was used to investigate if aldehydes induced fibrillation of glucagon, a 

protein that readily undergoes fibrillation. The aldehydes that inhibited the phosphorylation 

of D-glyceraldehyde or the glyoxalase system were butanal, formaldehyde, methylglyoxal 

and L-glyceraldehyde. Aldehydes that did not inhibit these enzymes were acetaldehyde, 

acrolein, crotonaldehyde and propanal. The latter aldehydes are probably inhibitors of the 

aldehyde transport mechanism in the cell membrane. None of the aldehydes seemed to 

initiate the fibrillogenesis of glucagon.  

 

 

 

 

 

 



v 
 

Abbreviations  

AcA - Acetaldehyde 

Acr - Acrolein 

a-CSF - Artificial cerebrospinal fluid 

AD - Alzheimer`s disease 

AGEs- Advanced glycation end-products 

AFM - Atomic force microscopy 

AGEs- Advanced glycation end-products  

ATP - Adenosine triphosphate  

ADP - Adenosine diphosphate 

AMP - Adenosine monophosphate 

A240 - Absorption at 240 nm 

B0 - External, static magnetic field 

COSY - Correlation spectroscopy  

Crotonal - Crotonaldehyde 

CW - Continuous waves  

CyD - Cyclodextrins  

DEPT - Distortionless enhancement of polarization transfer 

D-GA - D-glyceraldehyde 

EM - electron microscopy 

ES - Excitation sculpting  

FA - Formaldehyde 

FTIR - Fourier-transform infrared spectroscopy 

GAPDH - Glyceraldehyde-3-phosphate dehydrogenase  

Glo I - Glyoxalase I 

Glo II - Glyoxalase II 

GSH - Glutathione 
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HTA- Hemithioacetal 

HMBC - Heteronuclear Multiple Bond Correlation 

HSQC - Heteronuclear Single-Quantum Correlation 

I - Nuclear spin quantum number 

J - Coupling constant 

LC - Liquid Chromatography  

LDH - Lactate dehydrogenase  

MGO - Methylglyoxal 

Mw - Molecular weight  

NADH - Nicotinamide adenine dinucleotide (reduced) 

NADPH - Nicotinamide adenine dinucleotide phosphate (reduced) 

NMR - Nuclear magnetic resonance  

OS - Oxidative stress 

PFGs- Pulsed field gradients 

Pi - Inorganic phosphate 

PPP - Pentose phosphate pathway 

PR- Presaturation 

R- Organic substituent 

Rep - Replicate  

RF- Radio frequency  

ROS - reactive oxygen species  

SAXS - Small angle X-ray scattering 

SLG - S-D-lactoylglutathione  

SLS/DLS - Static/Dynamic Light Scattering 

SSAO - Semicarbazide-sensitive amine oxidase 

TEM - Transmission electron microscopy  

ThT - Thioflavin T 
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TMS - Tetramethylsilane  

TOCSY - Total correlation spectroscopy 

TSP - Trisodium phosphate  

UV- Ultraviolet  
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Definitions  
Advanced glycation end-products (AGEs): reducing sugars such as glucose, react non-

enzymatically with amino groups of proteins, lipids and nucleic acids forming Schiff bases 

and Amadori products to produce AGEs [1]. 

 

Aging: The process of growing old or maturing, where operations of the human body begin to 

be more vulnerable to daily wear and tear; there is a general decline in physical, and possibly 

mental, functioning. [2]. 

Apoptosis: Active process of programmed cell death requiring metabolic energy [3]. 

Cooperativity: An interaction between binding sites within a protein molecule whereby the 

binding of a ligand to one site influences the affinity of other sites on the same molecule for 

further ligands [3].  

Cross-linking: Cross-linking is the process of chemically joining two or more molecules by a 

covalent bond [4].  

Fibrillogenesis: the formation and development of fibrils [5].  

Glycation: the non-enzymatic addition of reducing sugars such as glucose to amino groups of 

proteins, lipids and nucleic acids [1]. 

Metabolism: The physical and chemical processes involved in the maintenance and 

reproduction of life in which nutrients are broken down to generate energy and to give 

simpler molecules [3]. 

Morphology: The branch of biology that deals with the form and structure of organisms 

without consideration of function [2]. 

Neurodegeneration: the progressive loss of structure or function of neurons, including death 

of neurons. Many neurodegenerative diseases including amyotrophic lateral sclerosis, 

Parkinson's, Alzheimer's, and Huntington's occur as a result of neurodegenerative processes 

[2]. 

Oligomerization: The process of converting a monomer or a mixture of monomers into an 

oligomer [3]. 

Oxidative stress: reflects an imbalance between the systemic manifestation of reactive 

oxygen species and a biological system's ability to readily detoxify the reactive intermediates 

or to repair the resulting damage [2]. 

Pathology: (from the Greek roots of pathos meaning "experience" or "suffering", and -logia 

meaning "study of") is a significant component of the causal study of disease and a major 

field in modern medicine and diagnosis [2]. 

Protein misfolding: an error in protein conformation or incorrectly formed proteins that can 

lead to diseases [6].  

Toxicity: Capacity to cause injury to a living organism defined with reference to the quantity 

of substance administered or absorbed [3]. 
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1 Introduction  

1.1 Aldehydes: Characteristics and toxicity 

Aldehydes are widely occurring in nature. Their general structure is R-CHO, where the 

substituent R can be any organic substituent, giving rise to different classes of aldehydes. In 

the chemical industry, aldehydes are synthesized from the oxidation of alcohols and used as 

solvent or starting material to prepare other compounds [7]. Low-molecular-weight aldehydes 

can occur naturally in cells, and low levels of aldehydes are formed during the metabolism of 

natural compounds, drugs and xenobiotics [8]. In mammals, some aldehydes are formed from 

lipid peroxidation in response to oxidative stress [9, 10]. They are long-lived and can diffuse 

from the location of origin (i.e., membrane or liver), leading to reactions with targets both 

extracellularly or intracellularly, distant from the starting point where they were formed [9]. 

As electrophilic compounds, they can undergo addition reactions with cellular nucleophilic 

compounds such as thiols, amines, hydroxyls and amides [8]. The modification of proteins or 

nucleic acids by aldehydes is also known as carbonylation that results in the loss of function 

and stability, as well as the production of advanced glycation end-products (AGEs) [11-13]. 

The toxicity of aldehydes plays an important role when aldehyde levels exceeds the defensive 

capacity of target issues. Normally, aldehydes are metabolized to the corresponding acids or 

the corresponding alcohols by aldehyde dehydrogenases or oxidases and alcohol 

dehydrogenases, respectively [8, 14]. Thus, such enzymes serve in aldehyde detoxification 

mechanisms.   

Acetaldehyde (AcA), formaldehyde (FA), propanal and butanal are examples of saturated 

aldehydes. AcA and FA are known to have the most significant effects on human health due 

to their carcinogenic effects [15, 16]. Exposures to these aldehydes occur through tobacco 

smoke, combustion engine exhaust, in addition to alcohol consumption, which produces 

acetaldehyde [8, 15, 16]. 

α,β-unsaturated aldehydes are organic compounds formed under oxidation conditions [17]. 

They have two main functional groups, the aldehydic group conjugating with the carbon-

carbon double bond. Both groups can participate in reactions with other molecules, 

particularly molecules with thiol groups (SH groups) such as cysteine or reduced glutathione 

(GSH) [17]. The smallest α,β-unsaturated aldehyde is propenal, also known as acrolein (Acr), 

with three carbons. Like acetaldehyde and formaldehyde, human exposure to acrolein occurs 

primary through cigarette smoking, hence its action as a potent lung irritant and inhibitor of 
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various cellular processes [18-20]. The next smallest aldehyde in this class is butenal, also 

called crotonaldehyde, with four carbons. Both Acr and crotonaldehyde are relevant to the 

environment because they are hazardous air pollutants [17, 20, 21].  

Aldehydes having an aromatic ring as the substituent are known as aromatic aldehydes. A 

typical aromatic aldehyde is cinnamaldehyde, which consists of benzene ring, a C-C double 

bond and an aldehyde group, all three in conjugation. Cinnamaldehyde constitutes the main 

component of cinnamon and has been extensively studied for its antimicrobial activity against 

gram positive and gram negative bacteria [22, 23]. 

α-oxoaldehydes, also known as dicarbonyls, are compounds having two adjacent carbonyls 

(one ketone and one aldehyde). These aldehydes are involved in the non-enzymatic glycation 

of proteins and act as biomarkers for diabetes, AGEs and other [24-26]. The most known 

compound of this class is methylglyoxal. 

D-glyceraldehyde (D-GA) is a common hydroxyaldehyde. This compound is formed as an 

intermediate in the metabolic pathway of D-fructose [27] and is metabolized to D-lactic acid 

via methylglyoxal (MGO) [28]. Recent studies have demonstrated that D-GA can be 

cytotoxic and mutagenic [29] and causes production of intracellular peroxides in pancreatic 

islets [30]. In addition, AGEs derived from glyceraldehyde show strong neurotoxicity for 

primary cultured neurons, which promotes a marked increase of apoptosis [31]. The 

following Fig. 1.1 show the mentioned aldehydes and the category to which they belong.   
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Figure 1.1: Most common aldehydes organized by the categories to which they belong. The mentioned 

compounds are used in the experiments of the present research. IUPAC names are shown in 

parenthesis.  

 

1.2 D-glyceraldehyde metabolism to methylglyoxal  

In the metabolic pathway of D-fructose, fructose-1-phosphate is cleaved by aldolase to D-GA 

and dihydroxyacetone phosphate (DHAP) [32]. D-GA is then phosphorylated at the expense 

of ATP by the triokinase enzyme to form glyceraldehyde-3-phosphate (G-3-P) [33]. G-3-P is 

converted non-enzymatically to methylglyoxal (MGO) and inorganic phosphate (Pi) [34]. 

The following scheme is the graphical illustration of the reaction.  
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Scheme 1.1: D-GA metabolic pathway to MGO. (1) Enzymatic phosphorylation of D-GA by 

Triokinase forms G-3-P. (2) Spontaneous dephosphorylation of G-3-P forms MGO and free inorganic 

phosphate. 

 

1.3 Methylglyoxal toxicity: AGEs 

MGO is a natural occurring dicarbonyl compound produced by diverse metabolic pathways. 

The major pathway for MGO production in biological systems is glycolysis, where MGO is 

formed as a by-product from the fragmentation of the triosephosphate intermediates G-3-P 

and DHAP [34-36]. Enzymatic metabolism of amino acids, lipid peroxidation and the 

enzymatic conversion of DHAP by methylglyoxal synthase represent other routes of the 

production of MGO, in addition to the enzymatic deamination of aminoacetone [34, 37-39].  

MGO is a well-known reactive aldehyde that is mutagenic and genotoxic. The toxicity of 

MGO is mainly due to its ability to react with amino groups in proteins, lipids and nucleic 

acids spontaneously and irreversibly, altering their shape, stability and function forming 

advanced glycation end products (AGEs) [34]. The modifications can be a result of the 

reaction with either the ketone or aldehyde group of MGO, but the aldehyde is more prone to 

react [40]. Protein residues that are more likely to react in AGEs reactions are arginine (Arg), 

lysine (Lys), and histidine (His), but also compounds with a thiol group as cysteine (Cys), 

causing protein inactivation and protein cross-links [14, 34]. This process is also known as 

Maillard reaction, which can produce reactive dicarbonyl intermediates such as MGO [41, 

42]. 

Therefore, MGO represents a major cell precursor of AGEs. MGO-derived AGEs 

accumulation is associated with oxidative stress and diseases such as diabetes, Alzheimer 

disease (AD), aging and other degenerative processes [1, 26, 43-45] (See scheme 1.2). 

Whether they are a cause or consequence of such pathologies are not known [1]. All of these 

pathologies have in common the formation of AGEs that leads to protein deposition [12, 26, 

46, 47]. Moreover, the polymerization of β-amyloid, the major component of senile plaques 

in AD, was shown to be significantly accelerated by AGEs mediated protein cross-linking 
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[48]. On the other hand, the activity of various NADPH-generating enzymes is reduced on 

exposure to MGO. The reason is that arginyl residues, which are mostly found in the active 

site of these enzymes, are very sensitive to MGO and react irreversibly with it [[34] p.349].  

  

 

Scheme 1.2: Schematic description of the methylglyoxal toxicity in mammalian organisms. 

MGO reacts with proteins, lipids and nucleic acids producing AGEs. These AGEs 

accumulate in cells causing oxidative stress and β-amyloid formation. These lead to aging, 

neurodegenerative diseases and cellular damage.  

 

Cells are protected against MGO toxicity by different mechanisms. Several studies describe a 

series of metabolic pathways for the detoxification of MGO [24, 34, 49, 50]. However, the 

glyoxalase system represents the main MGO detoxification route, playing a major role in the 

cellular defence against glycation and oxidative stress [51-54].  Alternatively, MGO could be 

metabolized to D-lactate by the enzyme DJ-1[55]. Compounds such  as aminoguanidine and 

ascorbic acid (vitamin C) have been suggested as possible AGEs inhibitors in diabetes 

complications by trapping dicarbonyls like MGO and avoiding the formation of AGEs 

[[1]p.141]. 

Despite the negative effects of MGO, previous studies have demonstrated that MGO has 

antimicrobial activity in natural cosmetics, in addition to being the main antibacterial factor 

in Manuka honey [56-59].  
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1.4 Methylglyoxal detoxification by the glyoxalase system 

The glyoxalase system is present in the cytosol of cells and cellular organelles, particularly 

mitochondria [60]. The system is composed by glyoxalase I (glo I) and glyoxalase II (glo II). 

Together, they detoxify high levels of MGO in the cell using reduced glutathione (GSH) as 

the co-factor. The reaction starts with the spontaneous production of the hemithioacetal 

adduct (HTA) formed from MGO and GSH. The HTA is converted to its isomer S-D-

lactoylglutahione (SLG) by glo I. Consecutively, glo II catalyzes the conversion of SLG into 

D-lactic acid, regenerating the GSH consumed in the first step [51-54]. The following scheme 

show the reaction. 

 

 

Scheme 1.3: Methylglyoxal detoxification mechanism via glyoxalase system. (1) Spontaneous 

formation of the hemithioacetal from reduced GSH and MGO. (2) Glyoxalase I catalyzes the 

isomerization of HTA to SLG. (3) Glyoxalase II catalyzes the conversion of SLG to D-lactate 

(2-hydroxypropanoic acid), regenerating GSH. 

 

The following table shows a more detailed description of the Glyoxalase system. The 

information was acquired with the help of the Protein Data Bank, and the drawing tool Pymol 

was used to draw the molecules Glo I and Glo II that are shown in the following figures 1.2 

and 1.3. The PDB codes are 1FRO for glo I [61] and PDB 1QH5 for glo II [62].  

 



7 
 

Table 1.1: Description of the structure, interactions, active site and important aspects of 

Glyoxalase I and Glyoxalase II.  

Enzyme Glyoxalase I Glyoxalase II 

Organism human human 

Classification lyase hydrolase 

Location cytosol cytosol 

Type of protein globular globular 

Oligomeric state dimer dimer 

Chains A,B,C,D A,B 

Residues 183 per monomer 260 

Secondary structure α-helices, β-sheets and loops α-helices, β-sheets and loops 

Function converts HTA produced 

from GSH and oxoaldehyde 

into SLG. 

converts SLG into D-lactate 

and GSH. 

Co-factor GSH No cofactor, but regenerates 

glutathione 

Ligand Zn2+, GSH  Zn2+, SLG 

Active site Situated in the dimer 

interface 

Situated in the dimer 

interface 

Residues in the active site Glutamic acid, glutamine 

and histidine 

Histidine, aspartic acid and 

Zn2+ 

Interactions ligand-protein hydrogen bonds and 

hydrophobic interactions 

Hydrogen bonds and 

hydrophobic interactions  

Importance Avoid accumulation of toxic 

oxoaldehyde. 

Prevent the formation of 

AGEs.  

Has been targeted in the 

design of anti-tumor drugs.  
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Figure 1.2: Schematic representation of Glyoxalase I. Each monomer has been colored with 

green and light blue. The zinc ligands are shown in grey and the glutathione analogs in 

magenta. The active site is formed only on dimerization. The figure was made using Pymol 

and the PDB code 1FRO [61]. 

 

 

Figure 1.3: Schematic representation of Glyoxalase II. The molecule has been coloured by 

domain with green and light blue. The green domain consists of α-helices, β-sheets and loops 

while the other consists only of loops. The zinc ligands are shown in grey and the glutathione 

analogs in magenta. The figure was made using Pymol and the PDB code 1QH5 [62].  

 

1.5 Amyloid fibril formation 

Amyloidosis constitute a large group of diseases caused by the the misfolding of a specific 

protein or peptide. A general feature is the conversion of soluble forms into larger solid 

organized fibrillar structures. These structures aggregate extracellularly and are known as 
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amyloid fibrils or plaques composed by β-sheets [63]. There exist many human diseases 

associated with protein aggregation, and they are grouped into different categories, depending 

on where the aggregation occurs. Diseases in which aggregation occurs in the brain, are 

known as neurodegenerative. Alzheimer’s, Parkinson’s, Huntington’s and dementia are well-

known examples of this category [12, 63]. When aggregation occurs in one single tissue or 

multiple tissues, then it is called nonneuropathic localized amyloidosis and nonneuropathic 

systemic amyloidosis, respectively. Nevertheless, previous studies suggest that the toxic 

species in such diseases is a soluble oligomeric form of the disease-causing protein, and it 

remains unclear whether the soluble amyloid is a folding intermediate or an off-pathway 

conformer [47, 64]. 

Previously investigations have found that essentially all polypeptides can form amyloid-like 

aggregates, under the right conditions [65]. This finding has led to the idea that the ability to 

fibrillate is an inherent property of polypeptide chains [63]. Some proteins form naturally 

amyloid-like fibrils with specific functional roles rather than disease-associated role 

[[63]p.340]. Other proteins can exist in both soluble and fibrillar conformation within 

biological systems. Proteins with such behaviour are called prions and are known to be 

infectious and associated to several animal and human diseases [63, 66].  

Nowadays, the fundamental methods used to characterize and understand the mechanism 

behind fibril formation, and amyloid structures and bonding are many. The two more used are 

(solid/liquid-state) NMR and X-ray crystallography, in combination with other biophysical 

approaches like computational energy minimization procedures, imaging techniques such as 

transmission electron microscopy (TEM), staining with Congo red dye, Thioflavin T 

fluorescence (ThT), Fourier-transform infrared spectroscopy (FTIR), atomic force 

microscopy (AFM), hydrogen/deuterium exchange mass spectrometry, antibody interactions,  

small-angle X-ray scattering (SAXS), among other [63, 67-71]. Tycko and co-workers 

demonstrated that different fibrils can be formed from the same peptide or protein, and are 

known to have distinct morphological variations [72-74]. Such variations are linked to 

heterogeneity in molecular structure [[63]p.345]. One example of heterogeneity is the peptide 

hormone glucagon, where fibrils formed at varied temperatures or concentrations can adopt 

different structures within the same peptide [75].   
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1.6 Glucagon 

Glucagon is a 29-residue peptide hormone that has been widely used as a model system for 

the study of amyloids formation with several methods under various conditions [67, 70, 75-

77]. Glucagon is important to maintain the balance of the blood glucose level, and it is used 

as a medicament to treat insulin-induced hypoglycemia [78]. Since the 1970s, it is known that  

at pH values less than 3, glucagon is soluble and stable, but fibrillates rapidly [79]. Because 

its isoelectric point is ~7.5, glucagon is insoluble in neutral solutions (at pharmaceutical 

concentrations of ~1 mg/mL), and becomes soluble at pH values greater than 9, but degrades 

chemically [67, 76, 80]. The fibrillation is a common problem in pharmaceutical peptides 

leading to decreased stability and biological activity [ref].  

 

1.7 Nuclear magnetic resonance spectroscopy 

1.7.1 General theory 

The nuclei of all atoms have a magnetic property called nuclear spin that is fundamental to 

NMR phenomenon. Those with nuclear spin quantum number, I, equal to 0 are NMR active 

and therefore can be observed, but those with I = 0, possess no nuclear spin and cannot 

exhibit NMR, so they are termed NMR silent [[81]p.11].  

From quantum mechanics, it is stated that a nucleus can have 2I+1 orientations (or energy 

levels) [82]. Thus, the spin ½ nucleus, such as 1H, 13C, 15N and 31P, can have two different 

states, either the parallel or antiparallel, also called the α and β states with respect to the static 

field [[81]p.12].  

In the absence of an external, static magnetic field (B0), the spinning nuclei are oriented 

randomly. When the sample is placed in the B0, the nuclei adopt specific orientations. Some 

of the spins are aligned parallel while others are antiparallel relative to the B0 [[7]p.457]. 

These two orientations do not have the same energy. The parallel orientation α has a slightly 

lower energy than the antiparallel orientation β, so at equilibrium the nuclei will prefer the α 

state over the β state [[81]p.13]. The excess of nuclear spins in the α state (that points to the 

same direction than B0 does) can be described as a resultant bulk magnetisation vector M 

along the z-axis. There is no net magnetization in the xy-plane since there are no spins 

pointing in this direction. The process is simplified in the next fig. 1.4.   
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Figure 1.4: The bulk magnetisation vector. Figure from [83]. 

  

When the field is turned on, the nuclear spins start to move with a circular path around the 

applied field. This motion is referred to as precession, or Larmor precession, whose 

frequency depends on the strength of the B0, defined by equation 1.1. 

                                                              𝑣 =  
−𝛾𝐁

2𝜋
                                                       1.1 

Where v is the Larmor frequency and γ is the magnetogyric ratio of the nucleus, which is a 

constant for any given nuclide. NMR then occurs when the spin state of the nucleus is 

changed due to the absorption of a quantified energy or photon. This energy is applied as 

electromagnetic radiation and must have the same frequency as the Larmor frequency 

[[81]p.13]. 

In 1900, the German physicist Max Planck proposed that the energy of a photon is directly 

proportional to its frequency and can be calculated using the following equation 1.2. 

                                                            ∆𝐸 =  ℎ𝜈                                                    1.2 

Where E represents the energy, h is known as Planck’s constant and has the value of  

6.63x10-34 J/s [84].  

 

1.7.2 Preparing the spectrometer 

Prior to the data acquisition of each sample, the NMR spectrometer must be optimized for 

this. The required amount of time will vary depending on the instrument, the nature of the 

sample and the experiment to be run. However, the aim will be always the same: to achieve 
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optimum resolution and sensitivity, and ensure system reproducibility. The general 

procedures are summarized in the following Fig. .  

 

Scheme 1.4: The typical procedure followed in preparing a spectrometer for data collection. 

Figure adapted from [[85], p.65].  

The samples are inserted into a probe. The probe is an apparat inside the magnetic field that 

holds the transmit and receive coils as close as possible to the sample to allow the detection 

of weak NMR signals. For an efficient function of the coils, it is necessary to enhance the 

electrical properties of the coil circuit and tune the coil to the radio frequency of the desired 

nucleus. This process is called tuning and matching, and its analogous to the tuning of a radio 

to the desired radio station [[85] p.65].  

The solvents used in NMR are deuterated, which means that hydrogen atoms are replaced 

with deuterium (2H). The reason why such solvents are used is that if the solvent only 

contains protons, the signals coming from the analyte are not observable because the solvent 

concentration is too high in comparison to that of the analyte (more about this in the next 

chaapter). A second reason is that the magnetic field in the NMR instruments tends to drift 

over time. To correct this problem, the frequency of the deuterium resonance of the solvent is 

monitored for corrections. This is done with a separated coil within the instrument that 

detects 2H. This is referred to as locking or the lock [[85] p.75].  

The next step in preparing the NMR instrument is to optimize the field homogeneity. This 

process is called shimming and its goal is to obtain a uniform magnetic field over the active 

volume of the sample (that is the region of the NMR sample that sits within the coil and 

contribute to the detected response) to acquire a high-quality spectrum. The field can be 

modified with help of a sets of “shim coils”, which carry electrical currents. Adjusting the 

currents through them will remove any remaining field gradients inside the sample. A crucial 
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aspect during the shimming is that the whole sample should be at thermal equilibrium. For 

aqueous solutions this may demand 10-20 min equilibration in the probe [[85] p.77]. 

  

1.7.3 Solvent suppression techniques 

Many molecules of biochemical and medicinal interest, such as proteins and nucleotides, 

must be studied in water. Water, usually containing 5-10 % D2O (deuterated water), is used in 

order to see all 1H signals within these molecules with 1H NMR. This solvent has a high 

concentration of protons and produces a large 1H signal in the spectrum covering the signals 

coming from the analyte. For this reason different techniques for water suppression have been 

developed [85, 86].  

The more widely used methods can be classified into three areas: saturation of water 

resonance; production of zero net excitation of water; and destruction of the water with 

pulsed field gradients (PFGs). The following chapters describe the methods that have been 

used in the present investigation.  

 

Presaturation  

Also known as continuous wave (CW), it is the simplest and most robust technique for 

saturation of water resonance [85]. It is simple to implement and functions best with 

resonance located away from the presaturation resonance. It applies a continuous, weak RF 

irradiation at the solvent frequency prior to excitation and acquisition, making the solvent 

spins saturated and therefore unobservable (see the next figure xx). The longer presaturation 

periods, the better the solvent suppression at the expense of extended experiment time. 

Therefore, 1-3 seconds are typically used. The disadvantage of this technique is that 

exchangeable protons also experience reduction of intensity [85].  

 

 

Figure 1.4: Solvent suppression based on presaturation. Figure adapted from [[85] p.355]. 
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Pulsed field gradients 

Pulsed field gradients (PFGs) is the most effective technique of solvent suppression. It works 

by destroying the net solvent magnetization. Excitation sculpting (ES) is an example of 

applying a double PFG spin-echo instead of a single-echo like water suppression by gradient-

tailored excitation (WATERGATE) does [85]. The next figure present the solvent 

suppression schemes base on WATERGATE (a) and ES (b).  

 

 

 

Figure 1.5: Selective excitation based on a single (a) and double (b) pulsed field gradient 

spin-echo, also known as excitation sculpting. S represents any selective 180º pulse and the 

gradients G1 are identical. Figure acquired from [[85] p.350]. 

 

1.8 UV spectrophotometry 

Ultraviolet (UV) absorption spectrophotometry, also known as UV-visible absorption 

spectrophotometry is a suitable method for quantitative and qualitative analysis of organic 

compounds. The method is based on the measurement of a chemical concentration with the 

absorbance of light with a specific wavelength [87]. Generally, a monochromatic light beam 

in the UV-visible region of the electromagnetic spectrum is employed, which is selected with 

a monochromator. The relation between the wavelength and the frequency of an 

electromagnetic wave in vacuum is defined by the following equation i, 
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                                ν = c /λ                                                                                         (i) 

where the frequency (ν) is the number of oscillations per second that the wave make, c is the 

light speed 2.998x10 8 m/s and the wavelength (λ) represent the distance between two 

neighbouring waves [87].  

When a molecule absorbs light, different types of transitions can occur: rotational, vibrational 

and electronic. The electronic transitions within a molecule are the ones responsible for UV 

absorption. This happens when the molecule absorbs radiation and an electron in the 

molecule moves from a lower energy level to a higher one, so the molecule is promoted to an 

excited state. The energy difference between these levels can be calculated using the 

following equation ii that relates energy (E) and frequency (ν),  

                                E = E2- E1 = h ν                                                                          (ii) 

Where E2 is the energy of the higher energy level, E1 the energy of the lower energy level, h 

the Planck’s constant. Combining equation i and ii, 

                                 E = hc/λ = hc�̃�                                                                            (iii) 

where �̃� (= 1/ λ) is called wavenumber and the most common unit of wavenumber is cm-1. 

Thus, energy is directly proportional to wavenumber but inversely proportional to the 

wavelength [87].  

The part of the molecule responsible for the absorbance of light is called chromophore. The 

absorbance can be based on the Beer`s law, which state that the absorption is directly 

proportional to the concentration by the following equation iv  

                                   A = ɛlc                                                                                      (iv) 

where A represents the absorbance and is dimensionless, ɛ is called the molar absorptivity 

and the units are (mol/L)-1 cm-1, l represents the light length expressed in cm, and c represents 

the concentration, usually in mol/L. In order to Beers law to be fulfilled, three important 

requirements are needed. Firstly, the use of monochromatic light, that is, light consisting of 

only one wavelength. Secondly, the law applies to solutions with low concentrations, 

typically lower than 0,01 mol/L and finally, solutions with a constant refractive index [87].  
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2 Aims of study 

The aim of the study was to investigate whether the intracellular metabolism of D-GA to D-

lactate via MGO is inhibited by other aldehydes (acetaldehyde, acrolein, butanal, 

crotonaldehyde, formaldehyde, L-glyceraldehyde, propanal). The activity of the D-GA 

phosphorylation and the glyoxalase system were determined, and a variety of aldehydes were 

added to determine whether the activities were affected by them. Exogenous D-GA is 

metabolized by various types of cells, indicating that it can cross the cellular membrane [28, 

88-90]. However, its transport mechanism has not yet been fully elucidated nor is there a 

known transporter for this molecule. In an unpublished study, we have investigated the 

uptake of D-GA into isolated nerve endings from the formation of D-lactate by the nerve 

endings. The formation of D-lactate was inhibited by other aldehydes, suggesting that they 

competed with D-GA for an aldehyde transporter in the cell membrane. However, the other 

aldehydes could have inhibited enzymes responsible for the conversion of D-GA into D-

lactate. The present study therefore elucidated whether aldehydes inhibit enzymes responsible 

for the conversion of D-GA into D-lactate to elucidate if aldehydes would be pure inhibitors 

of the enzymatic metabolism of D-GA. Further, because D-GA and MGO formed in fructose 

and glucose metabolic pathways [24, 27, 52, 91] can react with proteins, nucleic acids and 

lipids to produce AGEs, it is important to study the D-GA metabolism by its phosphorylation 

and also the MGO detoxification by the glyoxalase system.   

A second aim of study was to see if aldehydes induced the fibrillation of proteins under 

physiological pH. The possible fibrillation of glucagon due to the exposure to aldehydes was 

evaluated at pH 7.4. In general, amyloid fibrils form when proteins with a large number of α-

helices lose their native conformation and are converted into β-sheets increasing the 

possibility to form amyloid fibrillar aggregates [92]. Li et al., Obrenovich and Monnier and 

Kapurniotu et al. pointed out that β-cross structures of amyloid are a result of AGEs, which 

are formed by chemical modifications of proteins with reducing sugars and oxoaldehydes 

[12, 71, 92]. Therefore, it is interesting to explore if other aldehydes can also induce amyloid 

fibril formation so that scientists can find new routes that prevent or decrease fibrillation. 

Preventing such abnormal reactions can reduce the number of persons affected by diseases 

related to the production of fibrils like diabetes, Alzheimer’s disease, Parkinson’s and prion 

diseases. Nuclear magnetic resonance (NMR) and UV spectrophotometry were the principal 

methods of analysis in the present research. The following figures 2.1 and 2.2 illustrate a 

graphical aim of the study showing where (or how) the aforementioned tools were used. The 
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research was divided in part one for the D-GA metabolism via MGO and part two where the 

protein glucagon was used as test model to investigate fibrillation.  

 

 

Figure 2.1: Graphical illustration of the aim of study and the tools used in the investigation 

of the D-GA metabolism via methylglyoxal (the first part of the research). The NMR picture 

was collected on [93]and the UV/instrument was drawn in the Paint program.    

 

 

 

Figure 2.2: Graphical illustration of the aim of study and the tools used to evaluate the 

possible fibrillation of glucagon (the second part of the research). The NMR picture was 

collected on [93]. 

 

 

 

 



18 
 

3 Experimental 

3.1 Chemicals 

Glucagon (synthetic, powder, suitable for cell culture), L-Glutathione reduced (≥ 98%), S-

lactoylglutathione (≥  90%), triton X-100 (laboratory grade), adenosine 5’-triphosphate 

disodium salt hydrate (≥ 99%) and adenosine 5’-diphosphate disodium salt were purchased 

from Sigma-Aldrich (Germany). Sodium pyrophosphate tetrabasic decahydrate (≥ 99.5%), 

methylglyoxal solution (40% in H2O), acetaldehyde (≥ 99.5 %), D-(+)-glyceraldehyde 

(98.0% , HPLC), L-(-)-glyceraldehyde (≥ 90%, HPLC), crotonaldehyde, mixture of cis/trans 

(1:20 ratio, >99.5%), sodium L-lactate (98%), acrolein, butyraldehyde (≥ 96%) , 

propionaldehyde (97%) , formaldehyde solution in water (36.5-38%), potassium dihydrogen 

phosphate (KH2PO4), tritripex III (EDTA), trizma hydrochloride (99%, reagent grade), 

sodium fluoride (99%), magnesium chloride (≥ 98%, anhydrous), orthophosphoric acid (≥ 85 

%), perchloric acid (70 %) were purchased from Merck. Potassium hydroxide pellets from 

Kebolab (Sweden). Deuterium oxide (99.8 %), chloroform-d (D, 99.8%). Glycerol oil (97 %), 

HCl solution (35 %), buffer solution (pH 7) and buffer solution (pH 10) were obtained from 

VWR. Trisodium phosphate (Na3PO4), sodium azide (NaN3), trizma hydrochloride (called 

Tris-HCl later) (pH 8) from an unknown producer and unknown purity.  

The water used in the experiments is Type II water, purified with a Milli-Q Integral 

purification system with Q-POD (0.22 μm filter) dispenser from Merck. Thus, type II water is 

referred as water in the project.  

 

3.2 Solutions 

All the solutions were freshly prepared and stored at 4 °C in a refrigerator.  

 

3.2.1 The buffers used in NMR  

Phosphate buffer for lactic acid analysis 

100 mM phosphate buffer was prepared by dissolving 0.69 g sodium phosphate in 50 mL of 

water.  The pH was adjusted to 7.0 using a pH-meter and adding drops of 1 M NaOH solution 

while the solution was stirred with a magnetic stirrer. After pH adjustment, the solution was 

transferred to a volumetric flask.  
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Deuterated phosphate buffer 

Solution A was prepared by dissolving 10.23 g KH2PO4  in 35 mL D2O solution. KOH tablets 

were added until pH was 5, while the solution was stirred with a magnetic stirrer until all the 

KH2PO4 was dissolved. The pH adjustment was followed with pH paper. Three KOH tablets 

were added, and one tablet weighed about 0.11 g. 

Solution B contained 50 mg TSP dissolved in 5 mL D2O. The solution was transferred to a 

volumetric flask with an automat pipette and mixed with help of an ultrasonic bath.  

Solution A and B were mixed with help of an ultrasonic bath. The new mixture was called 

solution C. The pH was adjusted to 7.4 by adding a solution of 8 M KOH in D2O dropwise. 

In this case, a pH-meter was used to adjust the pH. 0.0146 g NaN3 was added to the solution 

as bactericide. Solution C was transferred to a 50 mL volumetric flask and diluted with D2O 

to a total volume of 50 mL was reached  

The pH was measured with the 877 Plus Titrino pH meter.  

 

Phosphate buffer used for glucagon experiments 

The phosphate buffer used in the NMR experiments of glucagon was a mixture of 90% water 

and 10% deuterated phosphate buffer (previously described) to make a 90% H2O + 10% D2O 

solvent. The pH of the phosphate buffer was still 7.4.   

 

Tris-HCl buffer  

A 50 mM tris-HCl buffer was made by dissolving 0.4 g tris-HCl in 45 mL of water. The pH 

was adjusted to 7.0 by adding 1M HCl dropwise. When the desired pH was reached, the 

solution was transferred to a 50 mL volumetric flask and filled with water to the dilution 

mark. The pH was measured with the 827 pH Lab pH-meter.  

 

Tris-HCl buffer with phosphate  

The buffer was made by dissolving 0.4 g tris-HCl and 0.063 g orthophosphoric acid (85 %) in 

45 mL water. The pH was adjusted to 7 with 1M HCl dropwise. The solution was transferred 
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to a 50 mL volumetric flask after pH adjustment and filled with water to the mark. The final 

concentration of the buffer was 50mM Tris-HCl and 13.5 mM phosphoric acid.  

 

3.2.2 Solutions used in 31P NMR experiments 

Brain homogenate from mouse 

The stock brain solution was prepared using the brain of five mice by Bjørnar Hassel and 

given to the student in a 15 mL tube. 1 mL of the pure solution was transferred to a 10 mL 

tube and diluted with 9 mL of 0.3 M sucrose solution to make a 10 % brain solution. 1 mL of 

the 10% brain solution was transferred to an eppendorf and centrifugated at 13000 g using the 

Eppendorf 5424 or the eppendorf 5415 R centrifuge.   

 

ATP solutions  

To prepare 50 mM ATP solution, 0.275 g ATP was dissolved in 10 mL of tris-HCl buffer.  

To prepare 30 mM ATP solution, 0.0420 g ATP was dissolved in 2.5 mL of tris-HCl buffer.  

To prepare 10 mM ATP solution, 0.0140 g ATP was dissolved in 2.5 mL of tris-HCl buffer. 

To prepare 5 mM ATP solution, 0.0070 g ATP was dissolved in 2.5 mL of tris-HCl buffer.  

 

MgCl2 solutions 

To prepare 50 mM MgCl2 solution, 0.0476 g MgCl2 was dissolved in 10 mL tris-HCl buffer.  

To prepare 30 mM MgCl2 solution, 0.0072 g MgCl2 was dissolved in 2.5 mL tris-HCl buffer.  

To prepare 10 mM MgCl2 solution, 0.0024 g MgCl2 was dissolved in 2.5 mL tris-HCl buffer. 

To prepare 5 mM MgCl2 solution, 0.0012 g MgCl2 was dissolved in 2.5 mL tris-HCl buffer.  

 

ADP solution 

10 mM ADP solution was prepared by weighting 0.0130 g ADP and dissolving it in 3.0 mL 

tris-HCl buffer for 31P NMR experiments.  
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AMP solution 

10 mM AMP solution was prepared by dissolving 0.0039 g AMP disodium salt and in 1 mL 

tris-HCl buffer for 31P NMR experiments.  

 

Pyrophosphate solution 

10 mM solution was prepared by dissolving 0.0045 g sodium pyrophosphate tetrabasic 

decahydrate in 1 mL tris-HCl buffer for 31P NMR experiments.  

 

D-glyceraldehyde solution 

10, 30, 50, 100, 150, 200, 250 and 300 mM D-GA was prepared from a stock solution of 6 M 

D-GA. The respective quantities were dissolved with water to the desired volume.  

 

Glucagon solution 

0.5 mg glucagon was dissolved in 2.5 mL phosphate buffer made specially for glucagon in a 

dram glass. The concentration of this solution was 0.057 mM (0.2 mg/mL).  

 

3.2.2 UV spectrophotometric solutions 

Glyoxalase I buffer 

The buffer was a 100 mM phosphate buffer in water with pH 6.6. It was made by first 

dissolving 3.58 g of sodium hydrogenphosphate-12-hydrate in 95 mL of water. Then the pH 

was adjusted to 6.6 by adding drops of 1M HCl. When the desired pH was reached, the 

solution was transferred to a 100 mL volumetric flask and filled with water to the dilution 

mark. The pH was measured with the 827 pH Lab pH meter.  

Glyoxalase II buffer 

The buffer was a 100 mM tris-HCl buffer with pH 7.4. First, 0.8 g of tris-HCl was dissolved 

in 45 mL of water. The pH was adjusted to 7.4 by adding 1M HCl dropwise. The solution 

was transferred to a 50 mL volumetric flask and filled with water to the dilution mark. The 

pH was measured with the 827 pH Lab pH meter.  
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GSH solution  

GSH solution for glo I assay was made by dissolving 30.73 mg GSH in 1 mL of the 

corresponding phosphate buffer. From this solution, which was 100 mM, 600 µL were 

transferred to a dram glass and mixed buffer to a total volume of 3 mL. The final solution had 

a concentration of 20 mM. 40 mM GSH solution was also prepared by transferring 800 µL of 

100 mM solution and dissolving it in 1.2 mL of the buffer to a total volume of 2 mL.  

 

MGO solution 

MGO solution for glo I assay was 40 mM. The solution was made by dissolving 76.9 µL of 

MGO (40%) in buffer to a total volume of 5 mL. From this solution with 100 mM, 600 µL 

were transferred to a dram glass and mixed with the buffer to a total volume of 3 mL. The 

final concentration of the MGO solution was 20 mM.  

 

Aldehyde solution 

The aldehydes used in the research were acetaldehyde, acrolein, butanal, crotonaldehyde, D-

glyceraldehyde, L-glyceraldehyde, formaldehyde, methylglyoxal and propanal. The 

concentrations of the aldehyde stock solutions was 300 mM and were provided by Bjørnar 

Hassel. 30 mM aldehyde solutions were prepared by transferring 1 mL of the stock solution 

of aldehyde to a 10 mL volumetric flask and diluting with water to the mark. The aldehydes 

used to measure the spectrophotometric glyoxalase assay (both glo I and II) had a final 

concentration of 3 mM in the cuvette. The final concentration of the aldehydes in the 31P 

NMR analysis was 30 mM and 50 mM in the NMR tube.  

 

SLG solution 

A 3 mM SLG solution for glo II assay was prepared by dissolving 0.017 g SLG in 15 mL of 

tris-HCl buffer. The solution was stored in a volumetric flask and at 4 °C in a refrigerator. 

During the experiments, the SLG solution was kept cold in a water-ice bath.  
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3.3 Sample preparation 

3.3.1 NMR samples  

The solvent in all NMR samples was a mixture of 90% water and 10% D2O solution. The 

D2O solution had TMS that was used for calibration at 0 ppm.   

 

Samples for lactic acid analysis 

NMR samples used in the analysis of D-lactic acid (D-lactate) were prepared by Bjørnar 

Hassel. All the sample were added 55 µL D2O solution before NMR analysis. The next table 

3.1 gives a description of the sample. Synaptosomes are also known as isolated nerve 

terminals (see Appendix section 7.8 p.99).   

Table 3.1: Content of the samples used in the NMR analysis of lactate.  

Sample Content 

FRHS1 500 µL solution (buffer) with MGO and synaptosomes 

FRHS2 500 µL solution with D-GA and synaptosomes 

FRHS3 500 µL solution with L-GA and synaptosomes 

FRHS4 500 µL solution with synaptosomes with a-CSF (artificial cerebrospinal 

fluid) 

FRHS5 Standard solution for MGO (30 mM) 

FRHS6 Standard solution for D-GA (30 mM) 

FRHS7 Standard solution for D-lactate (24.4 mM) 

FRHS8 Standard solution for pyruvate (22.7 mM) 

 

Nine samples for SLG analysis 

980 µL of phosphate buffer (100 mM, pH= 7.0) containing 10 mM GSH and 10 mM MGO 

solution were transferred to an Eppendorf tube. The solution was incubated for 10 min in a 

water bath at 37 °C and cooled in an ice bath. After, 20 µL of brain homogenate were added. 

Then, the Eppendorf tubes were incubated for 15 min and 60 min at 37 °C. After incubation, 

the Eppendorf tubes were centrifuged and 500 µL of the supernatant was transferred to a 5 

mm NMR tube. The same process was performed for control samples. 55 uL D2O was added 

to the tubes before NMR analysis. In total, three replicates for each incubation and three 
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control were prepared. The control were samples without synaptosomes (see Appendix 

section 7.9 p.101).  

 

Part one of the NMR analysis of MGO 

The 30 samples were prepared by Bjørnar Hassel. They contained the following substances: 

50 µL of 50 mM ATP, 5 µL of 300 mM D-GA solution, 375 µL buffer containing KCl, 1mM 

NaF and 5 mM MgCl2, and 20 µL homogenate were transferred to NMR tube. Some of the 

samples had, in addition, 50 µL of 300 mM aldehyde and control samples had buffer instead 

of aldehyde solution. The tubes were incubated for 60 min, centrifuged and 500 µL of the 

supernatant were transferred to the NMR tube. 55 µL D2O was added before NMR analysis 

(see Appendix section 7.10 p.107).  

For details on each sample, see the following table 3.2. 

Table 3.2: A description of the content of the samples used in the NMR analysis of MGO 

analysis. The samples were prepared with different types of aldehydes. Samples 21-30 were 

prepared without aldehydes.  

Sample number Comment 

1 ,2 Formaldehyde 

3, 4 Acetaldehyde 

5, 6 Propanal 

7, 8 Acrolein 

8, 10 Butanal 

11, 12 Crotonaldehyde 

13, 14 Cinnamaldehyde 

15, 16 MGO 

17, 18 L-GA 

19, 20 33 mM D-GA  

21, 22 Control samples 

23, 24 Control samples  

25, 26 Samples without HOM 

27, 28 Samples without ATP 

29, 30 Samples without D-GA 
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Part two of the NMR analysis of MGO 

60 samples were made to investigate if MGO was formed. The samples were prepared with 

the help of the supervisor Bjørnar Hassel.  1 mL of reaction solution was prepared as 

following: 500 µL of 70 mM Tris/HCl buffer (pH 7.4) containing 5.5 mM MgCl2 and 100 

µM NaF (to prevent bacterial growth). 63 µL of 50 mM ATP solution, 6.3 µL of 300 mM D-

GA, 63 µL of 300 mM aldehyde/ NaCl solution (for control samples), 31 µL brain 

homogenate or liver homogenate. All the mentioned substances were transferred to a 1.5 mL 

eppendorf and incubated from 30- 90 min in a 37°C water bath. Later, the eppendorf was 

centrifuged and 500 µL of the supernatant were transferred to a 5 mm NMR tube. 55 µL of 

D2O was added to the tubes before NMR analysis (see Appendix section 7.10 p.109).  

 

Samples for the preliminary NMR examination of the D-GA phosphorylation with 

aldehydes  

The NMR samples used to investigate the phosphorylation of D-glyceraldehyde were 

prepared as described in the following table. The enzymatic reaction was quenched using 

perchloric acid after the incubation time by adding 30 µL of perchloric acid (70 %) to 1 mL 

of reaction mixture. The study of the effect of perchloric acid to the samples are found in 

Appendix section 7.4 p.91.  

For details on each sample, see the following table 3.3.  
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Table 3.3: Content for the samples used in the preliminary study of the D-GA 

phosphorylation. The samples were prepared at different concentrations of D-GA, with added 

aldehydes and without D-GA.   

Sample  Content 

D-GA samples 100 µL of 50 mM ATP, 100 µL of 50 mM MgCl2, 100 µL of D-GA 

solution and 700 µL of 50 mM tris-HCl buffer were transferred to an 

eppendorf and added 40 µL brain homogenate. The reaction mixture 

was incubated for 15 min hour at 37 °C.  

With aldehydes 100 µL of 10 mM ATP, 100 µL of 10 mM MgCl2, 100 µL of 300 

mM aldehyde, 100 µL of 30 mM D-GA solution and 600 µL of 50 

mM tris-HCl buffer were transferred to an eppendorf and added 40 

µL brain homogenate. The reaction mixture was incubated 1 h at 37 

°C.  

Without D-GA 100 µL of 10 mM ATP, 100 µL of 10 mM MgCl2, 100 µL of 300 

mM aldehyde and 700 µL of 50 mM tris-HCl buffer were transferred 

to an eppendorf and added 40 µL brain homogenate. The reaction 

mixture was incubated for 1 h at 37 °C. 

 

After quenching the reaction, eppendorf tubes were centrifugated and 500 µL of the 

supernatant was transferred to a 5 mm NMR tube. 50 µL D2O solution were added before 31P 

NMR analysis. The final concentration of D-GA was 0, 1, 3, 5, 10, 15, 20, 25 and 30 mM.  

 

Samples for the NMR study of the phosphorylation of D-GA with aldehydes  

The following table 3.4 show the details on each of the samples used in this part of the 

investigation. It were prepared samples with (control) and without (zero) D-GA, with 

aldehydes and samples using synaptosomes instead of brain homogenate.  
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Table 3.4: Sample preparation for the samples to study the phosphorylation of D-GA with 

aldehydes. Control samples, null samples and samples with synaptosomes were also 

prepared.  

Sample  Content 

Control samples 100 µL of 50 mM ATP, 100 µL of 50 mM MgCl2, 100 µL of 50 mM 

D-GA solution and 700 µL of 50 mM tris-HCl buffer were 

transferred to an eppendorf and added 40 µL brain homogenate. The 

reaction mixture was incubated for 15 min at 37 °C. Then, the 

enzymatic reaction was stopped by adding 30 µL of perchloric acid 

(70 %) per 1 mL mixture. 

D-GA samples 

with aldehydes 

100 µL of 50 mM ATP, 100 µL of 50 mM MgCl2, 100 µL of 500 

mM aldehyde, 100 µL of 50 mM D-GA solution and 600 µL of 50 

mM tris-HCl buffer were transferred to an eppendorf and added 40 

µL brain homogenate. The reaction mixture was incubated for 15 

min at 37 °C. Then, the enzymatic reaction was stopped by adding 

30 µL of perchloric acid (70 %) per 1 mL mixture. 

Zero samples 100 µL of 50 mM ATP, 100 µL of 50 mM MgCl2 and 800 µL of 50 

mM tris-HCl buffer were transferred to an eppendorf and added 40 

µL brain homogenate. The reaction mixture was incubated for 15 

min at 37 °C. Then, the enzymatic reaction was stopped by adding 

30 µL of perchloric acid (70 %) per 1 mL mixture. 

Synaptosome 

samples 

100 µL of 50 mM ATP, 100 µL of 50 mM MgCl2, 100 µL of 50 mM 

D-GA solution and 700 µL of 50 mM tris-HCl buffer were 

transferred to an eppendorf and added 40 µL synaptosome (isolated 

nerve terminals). The reaction mixture was incubated for 15 min 

hour at 37°C. Then, the enzymatic reaction was stopped by adding 

30 µL of perchloric acid (70 %) per 1 mL mixture. 

 

Samples for the D-GA kinetics experiments  

50 µL of 10 mM ATP, 50 µL of 10 mM MgCl2, 50 µL of 30 mM D-GA solution and 350 µL 

of 50 mM tris-HCl buffer were transferred to an NMR tube. 40 µL of brain homogenate was 

added and the sample was immediately analyzed with 31P NMR overnight at 37 ºC (run from 
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0-20 h). The same sample was monitored again after 20 h, the second time with 20 µL of 

brain homogenate.  

 

Samples for ATP exposed to aldehydes 

100 µL of 50 mM ATP, 100 µL of 300 mM aldehyde solution and 800 µL of 50 mM tris-HCl 

buffer (pH 7) were transferred to an eppendorf and incubated for 15 min at 37 ºC. 500 µL of 

the reaction mixture were transferred to a 5 mm NMR tube. 50 µL D2O solution were added 

before NMR analysis. 

 

Samples for glucagon fibrillation experiments  

500 µL of the 0.057 mM (or 0.2mg/mL) glucagon solution were transferred to a NMR tube 

and immediately analyzed with 1H NMR.   

 

Samples for glucagon fibrillation with added aldehydes 

250 µL of the 0.2 mg/mL glucagon solution and 250 µL aldehyde solution made with 10 % 

molarity of glucagon solution, were transferred to an NMR tube. The sample was 

immediately analyzed with 1H NMR. The aldehydes selected were acetaldehyde and 

methylglyoxal.  

 

3.3.2 UV spectrophotometric assay 

The protocol described in reference [51] for assay of activities of Glo I and Glo II was used.  

 

Glo I assay 

In a 3 mL cuvette, it was added 1500 µL of 100 mM phosphate buffer (pH 6.6), 300 µL of 20 

mM GSH solution, 300 µL of 20 mM MGO solution, 300 µL 30 mM inhibitor/aldehyde and 

540 µL water. The mixture was then incubated for 10 min at 37 °C. After the incubation, 20 

µL brain homogenate was added to the cuvette and A240 was monitored immediately for 5 

min. The control samples (without aldehydes) were also prepared using with 20 mM (control 

1) and 40 mM (control 2) MGO and GSH solution.  
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Glo II assay 

In a 3 mL cuvette, it was added 1500 µL of 100 mM tris-HCl buffer (pH 7.4) at 37°C, 300 µL 

of 3 mM SLG solution, 300 µL 30 mM inhibitor/aldehyde and 840 µL water at 37°C. Then, 

20 µL brain homogenate was added and A240 was monitored immediately for 5 min. Control 

samples were prepared without aldehydes.  

 

3.4 Instrumentation and equipment 

3.4.1 Equipment  

NMR tubes 5 mm diameter from Wildman –LabGlass (USA), Protein LoBind Tube 1,5 mL 

from Eppendorf (Hamburg, Germany) called eppendorf, and 3 mL quartz cuvettes from an 

unknown producer. Glass vials with 24-72 mm plastic snap-caps diameter were obtained 

from Fischer scientific (Germany). Volumetric flasks (1-100 mL) and disposable glass 

Pasteur pipettes from VWR. Finnpipettes with various ranges (20-200 µL, 100-1000 µL) 

from Thermo Fischer Scientific (MA, USA).    

pH measurements were done at ambient temperature with a 827 pH lab pH-meter from 

Metrohm (Switzerland) and an Inolab pH 7110 pH meter from VWR. 

Weighing was performed with a Mettler AT200 analytical balance from Mettler Toledo 

(Switzerland) for Glucagon experiments. For NMR experiments a Sartorius CP324S and a 

Metler AE 260 DeltaRange balance were used.  

A High-performance dispersing instrument, T25 digital ultra turrax, for volumes (1 – 2000 

mL) was used to make the brain and liver homogenate.  

Centrifugation of the samples was done with an Eppendorf 5424 and Eppendorf 5415 R 

centrifuge in the biochemical institute of UiO. The centrifugation of liver and brain 

homogenate was done with a Sorvall WX ultra 80 series centrifuge.  

 

3.4.2 Instruments 

UV spectrophotometer 

A Cary 100 Bio UV visible spectrophotometer was used to measure the UV absorption. The 

instrument is a double beam instrument with a light source, where the light beam is split after 

the monochromator (hence two uses of two cuvettes), using a rotary chopper (mirror), which 
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cuts and reflects the beam. In this way, the light beam will alternate through the sample 

cuvette and the reference cuvette, throughout the measurement. Each measurement will then 

be measured against the reference solution under the same conditions. This may make it 

easier to control for contaminants and other contributions not related to the absorbance of the 

analyte in the sample. 

 

 

 

Figure 3.1: Graphical description of the double beam UV spectrophotometer. The instrument 

is composed of 1. Light source, 2. Monochromator, 3. Rotating disk, 4. Mirror, 5. Sample 

cuvette, 6. Reference cuvette, 7. Semi-transparent mirror, 8. Photodetector and 9. Computer. 

The figure was drawn with the Paint program.  

 

NMR instruments  

1H NMR experiments were run on a Bruker AVIIIHD800 NMR instrument with a 5 mm Triple 

Resonance (TCI) cryoprobe and a temperature adjustable Sample Case. The instrument 

operated with TopSpin 3.5 patch level 6 (3.5pl6) from Bruker. Another NMR instrument which 

was used was AVI600.  

31P NMR experiments were run on a Bruker AVIIIHD400 and a Bruker DRX500, but the last 

one at a less extent. AVIIIHD400 was operating with 31P frequency 162 MHz and equipped 

with a smart probe. Software used Topspin 3.2. The pulse program used was 1D sequence 

with inverse gated decoupling. Acquisition parameters were 64102.56 Hz as spectral width 

with 64k data points, acquisition time 0.51118 s, relaxation time 2 s. 2048 number of scans 

and 4 dummy scans per sample. 
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The DRX500 was operating at 202.5 MHz 31P frequency and equipped with at BBO room 

temperature probe. Software used Topspin 1.3 patch level 10. The pulse program used 

was 1D sequence with power-gated decoupling using a 30-degree flip angle. Acquisition 

parameters were 80645.164 Hz as spectral width with 64k data points, acquisition 

time 0.4063232 s, relaxation time 2 s. 303 number of scans and 4 dummy scans per sample. 
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4 Results and discussion  

The purpose of the research was to study the metabolic conversion of D-glyceraldehyde to D-

lactic acid via MGO and elucidate whether different aldehydes affected the enzymatic 

reactions involved in this pathway. On the other hand, the possible fibrillation of glucagon 

due to exposure to aldehydes was evaluated. The following scheme 4.1 shows an overview of 

the project. The blue boxes represent NMR studies and the green boxes represents UV 

spectrophotometric measurements of the glyoxalase I and II.  

 

 

 

 Scheme 4.1: Graphical description of the project workflow.  

 

The NMR analysis of lactic acid, MGO and SLG was the beginning of this investigation. The 

results are shown and debated in Appendix section 7.5-7.10 p.93 as a preliminary studies of 

the D-GA phosphorylation.  

 

4.1 NMR analysis of the D-glyceraldehyde metabolism  

4.1.1 ATP and ADP 

NMR samples containing ATP and ADP were analyzed both separately and in the same 

sample to observe where the corresponding resonances appeared in the 31P NMR spectrum. 

The following figures 4.1 and 4.2 show the molecular structure of the compounds. 
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Figure 4.1: Molecular structure of Adenosine-5-triphosphate. The three phosphate groups are 

labelled with blue letters: a, b, and c.  

 

 

Figure 4.2: Molecular structure of Adenosine-5-diphosphate. The two phosphate groups are labelled 

with blue letters: a and b.  

 

Samples with different concentrations of ATP were analyzed with 31P NMR. The 31P NMR 

spectra showed that the phosphorus signals depend on the concentration. The higher the 

concentration of ATP, the closer the resonance for the c-phosphorus is to the a-phosphorus 

(around -10.5 ppm in fig. 4.3). When the concentration is 1 and 3 mM the distance between 

the signals were 90.58 Hz. In contrast, when the ATP concentration is reduced to 0.5 mM the 

distance increased to 160.6 Hz. The a- and b-phosphor kept a constant chemical shift no 

matter what the concentration of ATP was. The next figure 4.3 show the 31P NMR spectra of 

ATP.  
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Figure 4.3: Stacked 31P NMR (162 MHz) spectrum of 3 mM (blue), 1 mM (red) and 0.5 mM (green) 

ATP.  

 

1H NMR spectrum for ATP showed two peaks around 8.50 ppm and one peak at 6.14 ppm 

that corresponded to the aromatic protons 14 and 9, and the anomeric proton 5 bound to 

adenine, respectively. The CH protons coming from the sugar part (H2, H3, H4 and H5) were 

not visible in the 1H NMR spectrum due to the solvent suppression technique used to kill the 

water peak. In this technique, protons close to the resonance that is going to be destroyed, 

also experience a decrease in intensity or disappear. However, these peaks could be observed 

in the HSQC spectrum of the compound (see the next Fig. 4.4). The methylene protons at 

position 15 were partially suppressed in the 1H NMR experiment, but the HSQC experiment 

verified their resonance at 4.28 ppm.  

 

b-ATP 
a-ATP c-ATP 
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Figure 4.4: 1H NMR (800 MHz) spectrum for ATP using ES and PR as suppression techniques to 

suppress water at 4.60 ppm. Small peaks between 0.50 -3.00 ppm come from plastics (eppendorf or 

plastic caps).  

 

The following table 4.1 shows the chemical assignment for ATP. 

 

Table 4.1: 31P and 1H NMR spectral assignments for ATP. The resonance for 31P NMR (162 

MHz) were acquired on the AVIIIHD400 instrument, respectively. The 1H NMR (800 MHz) 

resonances were acquired on AVIIIHD800 NMR instrument.  

Atom 31P/ ppm  1H / ppm 13C/ ppm COSY 

correlations 

Description 

b -23.1    alpha position 

a -11.3    beta position 

c -10.3/-10.75/ 

-10.8 

   gamma 

position 

14  8.61 (s) 144.7  CH in 5-ring 

9  8.41 (s) 148.6  CH in 6-ring 

5  6.14 (d) 90.4 4 anomeric CH 

Plastic 

ATP 

ATP 
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4  4.75 77.4 5 CH-OH in 

sugar 

3  4.56 72.9  CH-O in sugar 

2  4.40 86.9 15 CH-O in sugar 

15  4.28 67.8 2 CH2-O in sugar 

11   153.3  Aromatic C 

12   150.9  Aromatic C 

7   121.1  Aromatic C 

 

The following figure 4.5 shows the HSQC spectrum for ATP. In this spectrum, the 

resonances that where suppressed in the 1H NMR with solvent suppression are visible.   

 

Figure 4.5: HSQC (800 MHz) of ATP showing the area between 9.4-3.5 ppm. The line along 

the y-axis around 4.65 ppm comes from water. CH signals are marked with blue color while 

CH2 are green.  

 

When a sample containing both ATP and ADP was studied with 31P NMR, it was observed 

that the a- and b- phosphorus of both compounds overlapped (see Appendix section 7.11, 

p.113). Thus, the interpretation of the NMR data for ADP was similar to the ATP. The 

difference is that ADP has two phosphorous groups instead of three, resonating at -11.1 and -
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10.2 ppm, the a-phosphate and b-phosphate, respectively. The following table 4.2 show the 

chemical assignment for ADP.   

 

Table 4.2: 31P and 1H NMR spectral assignments for ADP. 

Atom 31P/ ppm  1H / ppm 13C/ ppm COSY 

correlations 

Description 

a -11.1    alpha position 

b -10.2    beta position 

14  8.56 152.0  CH in 5-ring 

9  8.33 143.7  CH in 6-ring 

5  6.14 90.0 4 anomeric CH 

4  4.76 77.2 5 CH-O in sugar 

3  4.56 73.0  CH-O in sugar 

2  4.39 86.8 15 CH-O in sugar 

15  4.22 67.7 2 CH2-O in sugar 

11   156.4   

12   151.4   

7   121.3   

 

 

4.1.2 31P NMR analysis of the D-GA phosphorylation: kinetics 

To verify or falsify whether the phosphorylation of D-GA to G-3-P occurs, ATP consumption 

was measured with help of 31P NMR spectroscopy. The following figure 4.6 shows the 31P 

NMR spectra. In the bottom spectrum, three peaks resonating at around -10 ppm and one 

peak around -21.5 ppm correspond to ATP and ADP. The peaks around 0 ppm come from 

adenosine monophosphate (AMP) and inorganic phosphate (Pi). Looking from the bottom to 

the upper spectrum, the gradual disappearance of the ATP, ADP and AMP signals could be 

observed, until only one single peak vas visible around 0 ppm. The peak corresponds to Pi.  
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Figure 4.6: Stacked 31P NMR (162 MHz) spectra of the sample for D-GA phosphorylation 

monitored overnight. The spectrum was collected on an AVIIIHD400 NMR instrument from 

0-20 h in steps of 90 min per spectrum (from bottom to top) at 37ºC.    

 

It is believed that D-GA is being phosphorylated by ATP, forming ADP and G-3-P as 

products of the reaction. G-3-P is converted to MGO nonenzymatically. On the other hand, 

when the enzyme catalyzing ADP recognizes that the substrate is formed, they start 

immediately its conversion to AMP and free inorganic phosphate (Pi). In addition, ADP can 

spontaneously hydrolyze to AMP and Pi due to the presence of water. Since only one peak is 

visible at the end, it is assumed that AMP is hydrolyzed to adenosine and Pi. The following 

scheme 4.2 shows an overview of the entire metabolic reaction previously explained. 
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Scheme 4.2: Phosphorylation reaction of D-GA, ADP formation and their metabolism in 

mouse brain. (a) Enzymatic conversion of D-GA (2,3-dihydroxypropanal) to G-3-P catalyzed 

by Triokinase. (b) Spontaneous reaction of G-3-P to MGO where inorganic phosphate is 

released. (c) Enzymatic reaction in which ADP is hydrolyzed to AMP and inorganic 

phosphate. (d) AMP enzymatic metabolism to adenosine (A) and free inorganic phosphate 

(Pi). 

 

In addition, 1H NMR experiments showed that MGO was formed in the samples for D-GA 

phosphorylation (reaction b in scheme 4.2). It reveals that G-3-P is metabolized to MGO as 

stated in the literature [34, 36]. To make sure that the signals corresponded to MGO, its 

formation was tested by the addition of small quantities of this aldehyde. An increase of the 

MGO signals at 2.29 and 1.36 ppm corresponding to MGO monohydrate and dihydrate, 

respectively, was observed in the 1H NMR spectrum (an NMR study of MGO is shown in 

Appendix section 7.7 p.98). The 1H NMR spectrum is shown in the following figure 4.7.  
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Figure 4.7: 1H NMR (800MHz) spectrum of the sample for D-GA phosphorylation overnight 

before (blue) and after (red) the addition of MGO. The selected signals at 2.30 and 1.36 ppm 

correspond to MGO monohydrate and dihydrate, respectively. The spectrum was collected 

the next day of the sample preparation. 

 

To investigate the kinetics of the D-GA phosphorylation, a sample containing D-GA was 

compared to a sample without D-GA. The comparison was made by evaluating the 

consumption of ATP and formation of ADP, AMP and Pi. The following figure 4.8 show the 

31P NMR spectra for the sample with no D-GA. The vanishing of the ATP, ADP and AMP 

signals can also be observed here, but the ATP signals disappear faster in the sample 

containing D-GA, meaning that ATP consumption is higher when D-GA is present in the 

sample. 
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Figure 4.8: Stacked 31P NMR (162 MHz) spectra monitoring a sample without D-GA. The 

spectra were collected in intervals of 90 min, over a total period of 23 h (from bottom to top). 

 

The ATP consumption was higher in the sample with D-GA than the samples without the 

aldehyde. The calculated concentrations of the metabolites are shown in the following table 

4.3.  

 

Table 4.3: Concentrations of ATP, ADP, AMP and Pi formed in the samples with and without 

D-GA. The calculated concentrations are expressed in nmol. The quantity of brain 

homogenate and D-GA (starting material) used is shown. Incubation time was 1 hour.   

Homogenate          40 µL           20 µL  

D-GA 3 mM - 3 mM - 

ATP 156.2 236.5 279.2 368.2 

ADP 110.5 114,0 118.6 69.95 

AMP 78.12 44.55 29.98 8.50 

Pi 156,2 104.9 74.20 53.33 
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In the samples with 40 µL homogenate, additional 80.3 nmol ATP is used when D-GA is 

present. This accounts for a D-GA specific activity of 2.23 nmol/min/mg protein. However, 

in the samples with 20 µL homogenate, additional 88.9 nmol ATP is used resulting in an 

enzymatic activity specific for D-GA phosphorylation of 4.94 nmol/min/mg protein, almost 

twice as large as for the samples with 40 µL homogenate. For both cases, it was observed that 

the concentration of ATP was lower in the sample with D-GA. The levels of ADP were 

different in the samples with 20 µL homogenate but quite similar in the samples with 40 µL 

(see the following fig. 4.9).  

 

     

Figure 4.9: Bar plots for the ATP and ADP concentration of 20 µL (light blue) and 40 µL (blue) 

homogenate samples with and without D-GA.  

 

4.1.3 31P NMR analysis for the formation of AMP  

A possible reason why ATP is rapidly consumed is that ATP can be directly converted to 

AMP and pyrophosphate (POP), in addition to its conversion to ADP when D-GA is being 

phosphorylated (see the following scheme 4.3). On the other hand, AMP can be formed from 

ADP by two different pathways. The first one is the hydrolysis of ADP to AMP and Pi. The 

second one is the enzymatic reaction catalyzed by adenylate kinase, where two ADP 

molecules interact with each other to form AMP and ATP 
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Scheme 4.3: The different pathways for the formation of AMP. The direct formation of AMP and POP 

from ATP (1), the hydrolysis of ADP to AMP and Pi (b) and the enzymatic conversion of ADP to AMP 

and ATP, catalyzed by adenylate kinase (c).  

 

If AMP is formed by reaction 1 or 3, then the 31P NMR spectra would show an increase in the 

resonances coming from ATP (at -23.1 ppm) and POP. The following figure 4.10 shows the 

31P NMR spectrum of AMP and POP. 

 

 

Figure 4.10: Stacked 31P NMR (162 MHz) spectra for phosphate (blue), pyrophosphate in 

phosphate buffer (red) and AMP with added pyrophosphate in phosphate buffer (green). 

Phosphate is used for calibration at 0 ppm. AMP resonates at 1.63 ppm while pyrophosphate 

resonates at - 9.47 ppm.  

 

Pi 

POP 

AMP 
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The 31P NMR spectra showed that AMP and POP resonate at 1.63 ppm and -9.47 ppm, 

respectively. The signals at 0 ppm corresponds to phosphate (Pi) which is used for 

calibration. The 31P NMR spectra for the D-GA phosphorylation with ATP (see fig. 4.6) 

showed that ATP was consumed over time by the disappearance of its peaks. No peak for 

POP was observed around -9.47 ppm, indicating that the reaction 1 for the direct formation of 

AMP from ATP (scheme 4.3) did not occur. This is in agreement with previous studies [94].   

A sample made of ADP as starting material was monitored with 31P NMR over time. The 

goal was to evaluate if AMP was formed by reaction 2 or 3, or both (see scheme 4.3). The 

spectra are shown in the following figure 4.11. 

 

 

Figure 4.11: Stacked 31P NMR (162 MHz) spectra of ADP exposed to brain homogenate. The 

spectra were collected from 0-11 h in steps of 45 min per spectrum (from bottom to top). 

 

The 31P NMR spectra of the ADP exposed to brain homogenate did not show that ATP is 

formed in the sample. On the contrary, ADP was rapidly consumed and converted to AMP 

and Pi, giving signals at 1.60 and 0 ppm, respectively. At the end of the reaction, only one 

single peak was visible indicating that AMP was hydrolyzed to adenosine and Pi. Thus, the 

reaction 3 (scheme 4.3) can be eliminated concluding that AMP is only formed by the 

hydrolysis of ADP (reaction 2 of scheme 4.3).  
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4.1.4 Adenosine as the final product 

If AMP is metabolically hydrolysed, adenosine and Pi are the final products of the reaction. 

The formation of adenosine was tested with 1H NMR to evaluate whether the brain 

homogenate of the experiment had enzymes that metabolized AMP to adenosine and Pi. The 

1H NMR spectrum for ATP (mM) exposed to brain homogenate showed two small peaks in 

the aromatic area of the spectrum, resonating at 8.56 and 8.49 ppm. The signals are assigned 

to be the aromatic CH groups in adenosine with the methine in the 6-membered ring 

resonating higher.  

A 1H NMR prediction done with ChemDraw, coincided well with the observed NMR signals 

(see Fig. 4.12), indicating that adenosine is formed in the sample. Thus, it can be concluded 

that the brain homogenate of mice contains enzymes that catalyze both the metabolism of 

ATP, ADP and AMP.  

 

 

Figure 4.12: 1H NMR assignment for adenosine predicted with ChemDraw. The predicted 

aromatic signals resonate at 8.58 and 8.35 ppm.  

 

4.1.5 Hexokinase as possible enzyme catalyzing the phosphorylation of D-GA  

The brain of mice is a central organ containing many different enzymes. To investigate if 

hexokinase was one of the enzymes in the brain homogenate catalyzing the phosphorylation 

of D-GA, samples were incubated with the enzyme and studied with 31P NMR.  
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In the resulting 31P NMR spectra (see fig. 4.13), only ATP was visible during the collection 

time (3 h). Neither ADP nor Pi were formed and none of the resonances disappeared in the 

sample. It indicated that the phosphorylation of D-GA did not occur. Thus, hexokinase was 

not a candidate for the D-GA phosphorylation, at least not under the physiological conditions 

studied herein. However, previous studies have shown that triokinase is one the enzymes 

catalyzing the phosphorylation of D-GA at the expense of ATP [90, 95].   

  

 

Figure 4.13: 31P NMR (162 MHz) spectra for the phosphorylation of D-GA at the expense of 

ATP by hexokinase under physiological conditions. The collection time was 3 h in steps of 90 

min per spectrum. 

 

4.1.6 NMR analysis of the phosphorylation of a D-GA series 

In order to obtain a concentration curve that plots the enzymatic activity vs. concentration of 

the substrate, one should look for maximum speed. Then, it should not be used more than 10 

% of the substrate. This is reached by diminishing the incubation time at the desired 

temperature. Thus, the samples here were prepared with 15 min incubation time. 

The concentration of ATP and ADP were calculated from the 31P NMR spectra (see 

Appendix section 7.3.3 p.88). When the concentration of D-GA increased from 0-20 mM, the 

ATP level decreased gradually until it reaches a plateau between 25- 30 mM D-GA. It means 

that the reaction is concentration dependent. The higher D-GA concentration, the faster is the 

reaction consuming more ATP until a stable level is reached. By contrast, the ADP level 
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increased gradually when the concentration of D-GA increased from 0-15 mM until to reach 

a stable level between 20-30 mM D-GA. It means that the ADP level in these samples 

increases in accordance to the ATP consumption. The interesting part is to examine the 

specific ADP production due to the phosphorylation of D-GA in order to calculate the 

enzymatic activity. The concentrations for ATP and ADP are shown in the following figures 

4.14 and 4.15.  

 

Figure 4.14: The ATP concentrations in the samples containing increasing D-GA 

concentration from 0 to 30 mM.  

 

 

Figure 4.15: The ADP concentrations in the samples containing increasing D-GA 

concentration from 0 to 30 mM.  
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The enzymatic activity specific for D-GA phosphorylation at the expense of ATP was 

calculated based on the ADP production in nmol/min/ mg protein. The activity increases with 

increased D-GA concentration, and reaches a maximum when D-GA is more than 15 mM. 

The rate of reaction when the enzyme is saturated with substrate is the maximum rate of 

reaction, called Vmax. The relationship between rate of reaction and concentration of substrate 

can be expressed as the Km (Michaelis constant) of the enzyme. The Km is the concentration 

of substrate which permits the enzyme to achieve half Vmax [96]. In this case, the half-

maximal D-GA phosphorylation (Km of the curve) occurred with D-GA 4.68 mM, and the 

maximal D-GA phosphorylation (Vmax) occurred when the concentration of D-GA exceeds 15 

mM. Then, the phosphorylation of D-GA was hold stable with a Vmax of 125 nmol/min/mg 

protein (see the next fig. 4.16).  

 

  

 

Figure 4.16: The enzymatic activity specific for D-GA phosphorylation in brain homogenate. 

D-GA (0-30 mmol/L) was incubated for 15 min with 5 mmol/L ATP and 20 µL homogenate in 

Tris/HCl buffer. The KM is 4.68 mM and the Vmax is 125.6 mM The plot was acquired using 

python [97].  

 

The data from fig. 4.16 are summarized in the following table 4.4.  
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Table 4.4: Results selected from the preceding plot. Vmin and Vmax are expressed in 

nmol/min/mg protein and KM in mmol/L (or mM). The Hill coefficient is a dimensionless 

parameter.  

Parameter Best-fit value Standard deviation 

Vmin 1,26  4,48 

Vmax 125,6 3,13 

KM (IC50) 4,68 0,25 

Hill coefficient 4,14 0,93 

 

The Hill coefficient is a measure of cooperativity in a binding process. It estimates the 

number of ligand molecules required to bind to a receptor or enzyme to produce a maximal 

effect [98]. A Hill coefficient of 4.14 means that the enzyme can bind four ligands, i.e. four 

D-GA molecules. The more D-GA molecules the enzyme binds, the faster it catalyzes the 

phosphorylation of D-GA.    

A 1H NMR analysis of the samples with 15, 20 and 30 mM D-GA were performed to see if 

MGO was formed in the samples (see fig. 4.17). None of the samples showed the resonances 

corresponding to MGO monohydrate and dihydrate at 2.29 and 1.37 ppm, respectively. It 

indicated that MGO was not formed or that it could not be detected at 600 MHz due to the 

low concentration. 

 

Figure 4.17: 1H NMR (600 MHz) spectra for MGO (blue), 15 (red), 20 (green) and 30 mM 

(purple) D-GA.  
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Since the kinetics experiments for the D-GA phosphorylation showed that MGO was formed 

(See the previous fig. 4.7) the experiment was repeated. This time it was used an NMR 

instrument of 800 MHz and samples with 5 and 20 mM D-GA. The 1H NMR spectra showed 

that MGO was formed in the sample with 20 mM D-GA, and in the 5 mM D-GA sample, but 

to a less extent (see fig. 4.18). The compound was not possible to quantify due to the low 

concentration, but it was verified with the addition of small quantities of MGO to the sample 

with 20 mM D-GA, showing the increase of the resonances coming from MGO. The 

formation of MGO indicated that D-GA was phosphorylated to G-3-P and that this one was 

spontaneously converted to MGO, in agreement with the literature [24, 52, 99].     

 

 

Figure 4.18: 1H NMR (800 MHz) spectra of sample with 20 mM D-GA with added MGO 

(blue), the same sample of 20 mM without addition of MGO (red) and 5 mM (green) D-GA.  

 

13C NMR analysis was used to verify or falsify if D-lactate was formed (an NMR analysis of 

D-lactate is shown in Appendix section 7.5 p.93). Samples with 15, 20 and 30 mM D-GA 

were examined (see the next fig. 4.19). D-lactate was not observed in the spectra. This may 

be due to the low concentration of MGO that surely had not been detoxified by the glyoxalase 

system at that moment.    
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Figure 4.19: 13C NMR (151 MHz) spectra for D-lactate (blue), 15 (red), 20 (green) and 30 

mM (purple) D-GA. 

 

4.1.7 31P NMR spectroscopy is a suitable method for phosphorylation studies 

In the present study, it has been found a high activity of D-GA phosphorylation. This activity 

has previously been ascribed to the enzyme triokinase. Triokinase expression in the brain is 

low, and would not be expected to account for the high maximal activity of D-GA 

phosphorylation found in the present study [89]. McKay and Flynn found at least two 

phosphorylating activities in liver, one with a Km of 10 µmol/L, which corresponded to 

triokinase, and another with a Km of approximately 10 mmol/L [33]. The latter activity was 

not identified. In the present study we found a Km for D-GA phosphorylation of 

approximately 5 mmol/L, which strongly suggested the presence of a D-GA phosphorylating 

activity that is different from that of triokinase.  

The method developed by Eggleston for the detection of D-GA phosphorylation (in liver) 

gave values that were indicative of triokinase [100]. However, they detected the formation of 

ADP by coupling ADP formation to two subsequent enzymes leading to NADH formation 

(detected by spectrophotometry). In the present study, the formation of ADP was detected 

without coupling it to downstream enzymes. This difference may be the explanation why it 

was found a much higher activity of D-GA phosphorylation in brain than Eggleston did in 

liver. This difference is likely to be due to differences in methodology, although differences 

in liver and brain metabolism have to be investigated to elucidate this issue. In any case, the 
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successful quantification of ADP by 31P NMR spectroscopy showed that this method was 

suitable for phosphorylation studies. 

 

4.1.8 Preliminary NMR examination of the samples with aldehydes 

To investigate if the aldehydes inhibited or activated the phosphorylation reaction of D-

glyceraldehyde, a preliminary analysis was done using 3 mM D-GA, 1 mM ATP and 1 h 

incubation time. The experiments showed different ATP levels in the samples with 

formaldehyde and MGO in comparison to the control (3 mM D-GA). The samples with 

added MGO showed high ATP level, meaning that the enzymatic phosphorylation reaction 

was most inhibited in this sample. On the contrary, the samples with formaldehyde showed 

lower ATP level, meaning that formaldehyde slightly activates the phosphorylating enzyme. 

The ADP level in the sample with MGO also verified that the reaction was restrained since 

the ADP level was lower than in the control. However, the level of ADP in the sample with 

formaldehyde was similar to the control, confirming the activation of D-GA phosphorylation. 

The next figures 4.20 and 4.21 show the concentrations of ATP and ADP.  

 

 

Figure 4.20: The ATP concentrations obtained in the preliminary study and the effect of 

different aldehydes. The orange bars indicate high ATP level and the yellow bar indicates 

low ATP level. MGO seemed to inhibit D-GA phosphorylation while formaldehyde activated 
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Figure 4.21: The ADP concentrations obtained in the preliminary study and the effect of 

different aldehydes. The yellow bar indicates low ADP level. MGO shows low levels of ADP.  

 

The curve for the enzymatic activity of the phosphorylation reaction of D-GA (see Fig. 4.16) 

showed a Km value of 4.68 mM D-GA (where the curve is steepest). In order to determine if 

the aldehydes inhibit or activates the reaction more effectively and accurate, the 

concentration of the D-GA in the samples should be as close as possible to the KM value. 

That is why the experiment with aldehydes should be repeated with a substrate (D-GA) 

concentration of 5mM.  

 

4.1.9 31P NMR analysis for the D-GA phosphorylation with aldehydes 

The experiment with aldehydes was repeated, now with a substrate concentration of 5 mM, 5 

mM ATP and 15 min incubation time to better determine whether the aldehydes affect the 

phosphorylation of D-GA to G-3-P at the expense of ATP.  

From the 31P NMR spectra, the concentrations of ATP and ADP were calculated (see 

Appendix section 7.3.3 p.88). As in the preliminary study, the data showed that the level of 

ATP was highest when exposed to MGO and lowest with formaldehyde in comparison with 

the control samples. The ATP level was also significant higher with L-GA and significant 

lower with propanal. Thus, D-GA phosphorylation was inhibited strongly by MGO and 

moderately by L-GA while formaldehyde and propanal activated the enzyme/reaction. As L-

GA was not a substrate for the phosphorylation of glyceraldehyde, while D-GA was a 
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substrate, suggest that the enzyme is stereospecific. The sample without D-GA showed no 

level of ATP indicating its rapid hydrolysis to ADP, AMP and Pi. This is opposite to what the 

preliminary and the kinetics studies of the phosphorylation of D-GA showed. The following 

figure 4.22 shows the ATP concentrations.  

 

 

Figure 4.22: Comparison of the ATP concentrations in the sample with no D-GA, control 

with 5 mM D-GA and samples different aldehydes. The orange bar indicates high ATP level 

and the yellow bar indicates low levels that are statistical different to the control.  

 

Otherwise, the ADP level was lower in the samples with MGO than the control sample, 

verifying the inhibition of the phosphorylation of D-GA. However, in the samples with 

formaldehyde the ADP level were not similar, but significantly lower than the controls and 

MGO. It suggested that formaldehyde not only activated the phosphorylation of D-GA, but 

also the hydrolysis of ADP and further of AMP. This was verified with the intensity of the 

NMR signals coming from Pi that was the highest in this sample (see appendix section 7.13, 

pag.115). In addition, butanal and crotonaldehyde showed significant higher level of ADP in 

comparison to the control sample, indicating that the ADP metabolism was inhibited by these 

aldehydes. The ADP concentrations are shown in the following figure 4.23.  
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Figure 4.23: Comparison of the ADP concentrations in the sample with no D-GA, control 

with 5 mM D-GA and samples with different aldehydes. The orange bars indicate high ADP 

levels and the yellow bars indicates low ADP levels that are statistical different to the 

control.  

 

When comparing the present study with the preliminary examination with aldehydes (section 

4.1.8 p.52), it can be concluded that ATP was consumed faster in the sample with higher D-

GA concentration. Thus, the higher the substrate concentration, the faster the consumption of 

ATP and the production of ADP, and the more AMP and Pi is formed in the reaction. This 

was evident with the increase of the two peaks around 0 ppm corresponding to AMP and Pi, 

and the significant decrease of the ATP resonance (at – 24 ppm) in the samples of D-GA with 

added aldehydes (see Appendix section 7.12 and 7.13, p.114-116). The next figure 4.24 

present the 31P NMR spectra exposed to crotonaldehyde.  
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bFigure 4.24: 31P NMR (162 MHz) spectra for the D-GA samples exposed to crotonaldehyde 

in the preliminary (blue) and the present study (red). The red spectrum shows a higher 

consumption of ATP and more production of AMP and Pi.    

 

Secondly, 1H NMR was used to verify if MGO was produced in the samples. The samples for 

the aldehydes was compared with the sample with added MGO. The spectra did not show 

peaks at 2.30 nor 1.36 ppm, meaning that MGO was not formed in the samples with 

aldehydes. Thus, it is believed that the aldehydes inhibit the phosphorylation of D-GA, 

thereby avoiding the conversion of G-3-P to MGO. Another possible reason why MGO was 

not observed could be the low concentration of the compound. If its concentration exceeds 

the limit of detection of 1H NMR (approximately µ-scale), then the analyte is not possible to 

detect with this method. The following figure 4.25 shows the 1H NMR spectra for the 

samples with aldehydes.  

ATP 
AMP 

Pi 
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Figure 4.25: 1H NMR (600 MHz) spectra for D-GA phosphorylation with aldehydes. From 

bottom to top it is observed sample with added MGO, propanal, formaldehyde, 

crotonaldehyde, butanal, acrolein, acetaldehyde and L-glyceraldehyde. MGO signals at 2.29 

and 1.36 ppm for MGO monohydrate and dihydrate, respectively, are marked.   

 

In contrast to the samples for the study of the D-GA phosphorylation kinetics, the control 

samples here (without aldehyde) did not show MGO. The difference between these samples 

is the incubation time to 37 ºC, and the NMR instrument used. The samples for kinetics 

experiments were exposed to this temperature for 20 h, at 800 MHz. On the other hand, the 

control samples were only exposed to 37 ºC for 15 min, before the reaction was quenched and 

run in the NMR instrument, at 600 MHz and 25 ºC. The shorter the exposure time to 37 oC 

and the lower magnetic field may explain why MGO was not observed in the control 

samples. The spectra are shown in the following figure 4.26.  
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Figure 4.26: 1H NMR (800 MHz) spectra of D-GA with added MGO (blue), for the kinetics 

sample (red) and the control sample (green). The selected peaks at 2.29 and 1.36 ppm 

correspond to MGO. The blue and green spectrum were collected on a 600 MHz instrument.  

 

4.1.10 NMR analysis of the samples for ATP exposed to aldehydes 

A question that showed up during the experiments was if the aldehydes reacted directly with 

ATP decreasing, and thereby decreased the rate of the D-GA phosphorylation. The 1H NMR 

spectra for the ATP samples with added MGO, formaldehyde and cinnamaldehyde did not 

show significant differences in the NMR signals coming from the protons at the adenosine 

and the ribose part of the ATP, indicating that ATP was stable in the sample, or at least did 

not react with aldehydes when they were incubated for 15 min at 37º C. The spectra are 

presented in the following figure 4.27.   
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Figure 4.27: Stacked 1H NMR (500 MHz) spectra for the samples of ATP incubated with 

added aldehydes: MGO (blue), formaldehyde (red) and cinnamaldehyde (green).  

 

The 31P NMR spectra of ATP with formaldehyde and cinnamaldehyde showed signals for 

ATP. In contrast, the spectrum with added MGO showed an additional doublet around -11 

ppm corresponding to ADP, in addition to signals for inorganic phosphate (Pi) and AMP 

around 0 ppm. It means that when ATP is exposed to MGO, its hydrolysis occurs faster in 

comparison to exposure to other aldehydes. The 31P NMR spectrum with added formaldehyde 

also showed a small peak around 0 ppm coming from phosphate, but ADP was not observed. 

The spectra are shown in the following figures 4.28 and 4.29.  
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Figure 4.28: 31P NMR (202.5 MHz) spectra of ATP incubated with MGO (blue), 

formaldehyde (red) and cinnamaldehyde (green) from -30.0 to 10.0 ppm.  

 

b 

Figure 4.29: 31P NMR (202.5 MHz) spectra of ATP incubated with MGO (blue), 

formaldehyde (red) and cinnamaldehyde (green) from -30.0 to 10.0 ppm zoomed from -14.0 

to -8.00 ppm (b). 
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4.1.11 NMR analysis for the phosphorylation of D-GA in isolated nerve endings 

Previously, the phosphorylation of D-GA was studied using a mouse brain homogenate. In 

this chapter, the same experiment was studied in isolated nerve terminals (later called 

synaptosomes).   

The 31P NMR spectrum of the samples with synaptosomes showed that the ATP resonances 

were slightly more intense than the ATP resonances in the 31P NMR spectrum of the control 

sample (see Fig. 4.30). In addition, three NMR signals around 0 ppm can be observed, in 

contrast to the two NMR signals that were observed in the previous spectra. The new rising 

peak appearing around 0 ppm was of unknown origin and must be studied further.  

 

 

Figure 4.30: 31P NMR (162 MHz) spectrum for synaptosomes (blue) and control sample 

(red).  

 

The higher ATP level indicated that the phosphorylation reaction was slower in the samples 

with synaptosomes, than in the samples with brain homogenate. However, the ADP level was 

also higher in the samples with synaptosomes, meaning that the extent of hydrolysis was 

reduced. Thus, the peaks for AMP and Pi are less intense in the 31P NMR spectrum for 

synaptosomes. For now, it is unknown where it comes from. The next figures 4.31 and 4.32 

present the levels of ATP and ADP, respectively.   
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Figure 4.31: ATP concentration in the sample with brain homogenate and synaptosomes. The 

orange colour means statistical high ATP compared to the blue sample. 

 

 

Figure 4.32: ADP concentration in the sample with brain homogenate and synaptosomes. 

The orange colour means statistical high ADP level compared to the blue sample.  

 

In the 1H NMR spectra exposed to synaptosomes, the peaks for MGO were not observed. As 

mentioned before, it is believed that this was related to the low concentration of MGO, or the 

low magnetic field of the NMR instrument (600 MHz). In addition, MGO may not have been 

formed at all, because of the slower phosphorylation reaction in the samples prepared with 

synaptosomes (see Appendix section 7.14, p.117 for the NMR spectra).  
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4.2 UV spectrophotometric measurements of the glyoxalase system 

The enzymatic activity of the glyoxalase system was measured with and without aldehydes. 

The aim was to see if they acted as inhibitors or activators of the reaction/enzyme. In the case 

of Glo I, different concentrations of the starting materials GSH and MGO were evaluated (2 

mM for control 1 and 4 mM for control 2).  

 

4.2.1 Determining the calibration curve of S-lactoylglutathione  

Firstly, since the brain homogenate is 10 % pure tissue diluted in sucrose solution, the 

absorption of sucrose was evaluated. The measurement showed that the compound did not 

absorb radiation at 240 nm. It means that sucrose did not affect the absorption of the analytes 

at the desired wavelength (data shown in Appendix section 7.17 p.129).   

The calibration curve for S-lactoylglutathione (SLG) was determined to evaluate if there is a 

linear relationship between SLG concentration and absorption. The calibration equation was 

the following: A = 0,004c + 0,0069, where A is the absorption (y-axis) and c is concentration 

in µmol/L (x-axis) (see fig. 4.33).  

 

 

Figure 4.33: Calibration curve for SLG.   

 

From the curve it was found that a change in concentration of 20 µmol/L (from 0 to 20 or 20 

to 40 µmol/L) is equivalent to a change in absorption of 0.0851 units. Thus, the precondition 

of linearity is met. In addition, the linearity was also evaluated using different amounts of brain 
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homogenate (5-40 µL) and the resulted plots showed a linear relation. The plots are shown in 

the following fig. 4.34.   

 

 

Figure 4.34: The formation of SLG exposed to different amounts of brain homogenate. The 

absorption was measured at 240 nm with 5 (blue), 10 (orange), 20 (grey) and 40 µL (yellow) 

homogenate. The corresponding calibration equation and R2 factor are presented to the right 

of each plot. Linearity is met in all the cases.  

 

4.2.2 Glyoxalase I spectrophotometric measurements 

In order to calculate the concentration of SLG formed enzymatically by glo I, an increase in 

absorption should be measured over time at 240 nm. The increase in absorption at the desired 

wavelength was observed, indicating the presence of glo I in brain homogenate and the 

formation of SLG. The concentration of SLG and enzymatic activity of the glo I were 

calculated with and without aldehydes (see Appendix section 7.3.1 and 7.3.2 p.86-88). 

Method 2 [51] showed higher concentrations than method 1. The next table 4.5 shows the 

results obtained for the glo I assay. 
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Table 4.5: The absorption equations, the concentrations of the SLG formed, the enzymatic 

activities (nmol/min/mg protein) and statistical analysis (t-test) of glyoxalase I with a series 

of aldehydes.  

Sample Absorption 

curve 

Conc.SLG 

(µmol/L), 

method 1 

Enzym. 

activity, 

method 1 

Conc.SLG 

(µmol/L), 

method 2 

Enzym. 

Activity, 

method 2 

Significant 

difference 

(inhibitor) 

Control 1 

 (2 mM) 

y = 0.0002x 

+ 0.6160 

 

2.89 

 

43.4 4.30 64.5 - 

Control 2 

(4 mM)  

y = 0.0001 + 

0.9623 

 

1.66 24.8 2.46 36.9 Yes 

Acetaldehyde y = 0.0009x 

+ 0.6004 

 

2.45 36.7 3.64 54.5 No  

Acrolein y = 0.00012x 

+ 0,6018 

 

2.51 37.8 3.74 56.1 No 

 

Butanal y = 0,0001x 

+ 0.5788 

 

2.09 31.4 3.11 46.7 Yes 

Crotonaldehyde y = 0.0002 x 

+ 0.8991 

 

4.02 60.3 5.97 89.5 No 

 

D-

Glyceraldehyde 

y = 0.0001 x 

+ 0.5760 

 

2.59 38.8 3.85 57.7 Yes 

Formaldehyde y = 0.00008x 

+ 0.4450 

 

0.890 13.3 1.32 19.8 Yes 

Propanal 

 

y= 0.00015x 

+ 0.6183 

 

3.93 58.9 5.84 87.6 No 

 

From the table 4.5 it can be observed that the glo I had an activity of 43.4 and 64.5 

nmol/min/mg protein in the brain homogenate, by the method 1 and 2, respectively. The only 

aldehyde that acted as activator of glo I was crotonaldehyde. The aldehydes that inhibited glo 

I were butanal, D-glyceraldehyde, formaldehyde in addition to control 2 because these 

samples showed a significant lower activity (see the following fig.4.35). Thus, for all the 

samples a decreased rate of formation of SLG was observed, compared to control 1, which 

describes normal conditions (see Appendix 7.15 p.120 for absorption curves of glo I). 
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Acetaldehyde, acrolein, crotonaldehyde and propanal did not show statistical differences 

from control 1, meaning that these aldehydes did not inhibit the enzymatic reaction.  

 

 

Figure 4.35: The activity of glo I in brain homogenate and the effect of aldehydes. The 

orange bars show samples with significant decrease in the activity of glo I (method 1).  

 

 

4.2.3 Glyoxalase II spectrophotometric measurements 

 

Glo II catalyzes the hydrolysis of SLG to D-lactate and GSH. Thus, a decrease in absorption 

at 240 nm would be expected if SLG was consumed. The observed decrease in absorption 

indicated the presence of glo II in the brain homogenate, and the consumption of SLG.. The 

concentrations of SLG and enzymatic activities for glo II were calculated with and without 

aldehydes. Again, method 2 [51] showed higher concentrations than method 1. The next table 

4.6 shows the results obtained for the glo II assay. 
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Table 4.6: The absorption equations, the concentrations of the SLG, the enzymatic activities 

(nmol/min/mg protein) and statistical analysis (t-test) of glyoxalase II with a series of 

aldehydes. 

Sample Absorption 

curve 

Conc. 

(µmol/L)  

method 1 

Activity,   

method 

1 

Conc. 

(µmol/L) 

method 2 

Activity 

method 

2 

Significant 

difference 

(inhibitor) 

Control  

  

y = -3.50E-

05x + 1,1822 

 

0.980 

 

14.8 

 

1.46 

 

21.9 

 

- 

Acetaldehyde y = -4.50E-

05x + 1.1537 

 

1.45 

 

21.8 

 

2.16 

 

32.4 

 

no 

Acrolein y = -4.75E-

05x + 1.2062 

 

1.05 

 

15.8 

 

1.56 

 

23.4 no 

Butanal y = -4.50E-

05x + 1.2474  

 

1.04 

 

 

15.6 

 

1.55 

 

23.2 

 

no 

Crotonaldehyde y = -4.75E-

05x + 1.1432  

 

1.04 

 

15.5 

 

1.54 

 

 

23.1 

 

no 

D-glyceraldehyde y = -9.25E-

05x + 0.2958 

 

1.92 

 

28.8 

 

2.85 

 

42.8 

 

no 

Formaldehyde y = -4.00E-

05x + 0.9834 

 

0.860 

 

12.9 

 

1.28 

 

19.3 

 

- 

 

Methylglyoxal  

 

 

y = 1.23E-04x 

+ 1.4411 

 

2.62 39.3 

 

3.89 58.4 not used 

Propanal 

 

 

y = -3,25E-

05x + 0,8749 

 

0,89 13.3 1,32 19,83 - 

 

From the table 4.6 it can be observed that glo II had an acitivty of 14.8 and 21.9 

nmol/min/mg protein, calculated by the method 1 and 2, respectively. If we compare the 

activity of glo II compared with the activity of glo I (43.4 and 64.5 nmol/min/mg protein), it 

can be observed that the enzyme glo II was less active than glo I in brain homogenate. This 

agrees with previous publications [52, 60].   

None of the aldehydes acted as inhibitors but activated the enzyme glo II. The aldehydes that 

acted as activators were acetaldehyde, acrolein, butanal, crotonaldehyde and D-
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glyceraldehyde. For all the aldehydes, an increased rate of consumption of SLG was 

observed, compared with the control sample. Formaldehyde and propanal did not show 

statistical difference from the control. Unlike other aldehydes, MGO showed a positive 

uncontrollable drift in absorption. However, the reason is unclear and therefore the assay 

could not be used (see Appendix section 7.16, p.124 for absorption curves of glo II). The 

following figure 4.36 show the activity of glo II.   

 

 

Figure 4.36: The activity of glo II in brain homogenate and the effect of aldehydes. None of 

the aldehydes showed significant decrease in the activity of Glo II (method 1). 

 

4.3 D-GA metabolism and the glyoxalase system: discussion 

4.3.1 Some aldehydes inhibit the enzymes of D-GA metabolism, others do not and could 

be inhibitors of the aldehyde transport mechanism 

 

This study shows that some aldehydes interfere with the metabolism and/or enzymatic 

conversion of D-GA into D-lactate via MGO. This finding has several implications. The 

starting point of this investigation was that previous data suggested that there is a specific 

transporter for aldehydes across the plasma membrane [[101], manuscript in preparation]. 

This notion was based on the metabolism of D-GA into D-lactate, which requires transport of 

the molecule across the plasma membrane, and the inhibition of D-lactate formation by other 

aldehydes, suggesting competition at the plasma membrane transporter. However, the finding 
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in the present study that some aldehydes inhibited the enzymes that convert D-GA into D-

lactate, means that these aldehydes cannot be trusted as pure inhibitors of the transport 

mechanism for D-GA in brain, since they may inhibit the intracellular metabolism. This 

applies to butanal, formaldehyde, methylglyoxal (MGO), L-glyceraldehyde and D-GA itself, 

which inhibited the D-GA phosphorylation and/or glyoxalase I or II. On the other hand, some 

aldehydes did not inhibit the enzymes involved in the metabolism of D-GA into D-lactate, 

meaning that when they inhibit D-lactate formation, it is probably due to an inhibitory effect 

on the plasma membrane transport mechanism. This applies to aldehydes such as 

acetaldehyde, acrolein, crotonaldehyde and propanal.  

Some aldehydes that inhibited D-lactate production from D-GA could not be evaluated for 

their inhibitory action on the glyoxalases, and we therefore do not know whether they 

inhibited the aldehyde transport mechanism or the enzymes responsible for this metabolic 

pathway. This applies to α,β-unsaturated aldehydes (acrolein, crotonaldehyde) and the α-

oxoaldehyde MGO. Further studies with methods other than spectrophotometry will be 

necessary to elucidate the effect of these aldehydes on the aldehyde transport across the 

plasma membrane. 

The study shows that it is important to investigate the action of aldehydes on enzymes before 

concluding that they act on the transport mechanism, as one would easily conclude wrongly 

about their effect on the transporter, when they actually act on the intracellular enzymes. If it 

is correct that there is an aldehyde transporter in the plasma membrane, then it likely 

transports aldehydes other than D-GA, including some of the aldehydes tested in the present 

work (see Appendix section 7.19.2 p.135 about challenges of the glyoxalases experiments). 

 

4.3.2 The activities of D-GA phosphorylation and glyoxalases I and II suggest a high 

capacity for clearance of D-GA and MGO in brain 

The finding of high activities of D-GA phosphorylation and the glyoxalase system points to a 

high capacity for inactivating these metabolites in brain of mice. This high activity may 

reflect the toxic potential of D-GA and MGO. D-GA is formed as a by-product of glycolysis 

[102], which probably has to be handled by the cells to avoid high levels of this metabolite. 

Phosphorylation of D-GA leads to the formation of glyceraldehyde-3-phosphate (G-3-P), 

which is a glycolytic metabolite and could be rapidly metabolized through glycolysis [103]. 

G-3-P is unstable and rapidly disintegrates into MGO and inorganic phosphate (Pi) [34]. The 
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formed MGO, which is toxic to cells, is converted into D-lactate by the glyoxalases I and II. 

The high activity of the glyoxalase system points to a potentially high production of MGO in 

brain. 

 

4.3.3 Limitations and remaining issues 

In the D-GA phosphorylation assays we assumed that D-GA was indeed phosphorylated. It 

has to be admitted that this is an interpretation based on the formation of ADP and the 

substrate specificity of the reaction, which increased with increasing concentrations of D-GA. 

MGO was detected by 1H NMR spectroscopy, but it was not quantified. Therefore, we cannot 

confidently say that all ADP formation reflected D-GA phosphorylation.  

The same criticism could be raised against the glo-II assay. This was based on the reduction 

of absorbance from SLG, not in the identification of D-lactate itself. However, in the 

previous study, which this thesis builds on, D-lactate formation by nerve endings was 

confirmed by 13C NMRS, which detected formation of 13C-labeled lactate [101]. This lactate 

was degraded by D-lactate dehydrogenase, but not by L-lactate dehydrogenase, confirming 

that D-lactate can indeed be formed by nerve endings, but even so, detection of D-lactate in 

the glo-II assay would have been confirmation that D-lactate was indeed formed by glo-II.  

The conversion of G-3-P into MGO is a spontaneous reaction. It has not been investigated if 

this step is influenced by other aldehydes. Theoretically, an aldehyde (and ketones) could 

react with another aldehyde in a carbonyl condensation reaction called the aldol reaction [[7] 

p.904]. The aldol reaction is base-catalyzed. Therefore, we do not expect that G-3-P or 

glyceraldehyde react with another aldehyde, but in principle it could (see Appendix section 

7.19.1 p.132 about challenges of the phosphorylating experiments). 

 

4.4 The possible fibrillation of glucagon 

4.4.1 1H NMR analysis of glucagon 

The possible production of glucagon fibrils due to exposure to aldehydes was evaluated at 

physiological conditions (pH 7.4) with in vitro samples. The amino acid sequence of 

glucagon is: His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-

Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr [104]. From the sequence, it can be 

deduced that the residues most likely to react with aldehydes are His-1, Lys-12, Arg-17 and 
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Arg-18. If fibrillation occurs, the mentioned residues are the one participating in β-cross links 

of fibrils.   

The 1H NMR spectra for glucagon sample alone did not show significant changes during the 

acquisition time (24 h) at 25 ºC (see figure 4.37). The peaks around the amide and aromatic 

region (8.5- 6.2 ppm) did not decrease in intensity. However, this contrasts the findings made 

by Svane et al. [70], where all peaks in the same region of the 1H liquid-state NMR spectra 

decreased in intensity upon fibril formation within a few hours at pH 3. The fibrillation in 

Svane’s study may be due to the acidic environment or the high glucagon concentration (1.4- 

7.0 mg/mL) used in that investigation. In addition, other studies have shown that fibril 

formation is concentration dependent [39, 75]. However, in the present study, glucagon 

concentration was low (0.2 mg/mL) to enhance the solubility of the protein at pH 7.4. 

 

Figure 4.37: Stacked 1H NMR (800 MHz) spectra of Glucagon sample monitored from 0- 24 

h (from the top to the bottom) at 25 ºC. The amide (8.5-7.7 ppm) and aromatic region (7.5-

6.2 ppm) are shown.  

 

The temperature was then increased to 37 ºC. Again, the 1H NMR spectra of glucagon 

indicated that the protein was stable under the experimental conditions and fibril formation 

did not occur (spectra shown in Appendix section 7.16, pag.141). This finding did not agree 

with Pedersen et. al [75] that found that glucagon fibrils were formed during a 24 h shaking 

of 0.5 mg/mL glucagon at 25 and 50 ºC and pH 2.5 with EM [75]. 
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The experiment was repeated adding small amounts of acetaldehyde and methylglyoxal (10 

% of the molarity of glucagon). Surprisingly, none of the aldehydes started the fibril 

formation at 25 ºC, and glucagon remained stable during the entire acquisition time. This was 

observed in the 1H NMR spectra of glucagon with aldehydes which resulted to be quite 

similar to the spectra for glucagon without aldehyde (see the next fig. 4.38). 

 

 

Figure 4.38: Stacked 1H NMR (800 MHz) spectra of glucagon and acetaldehyde (10:1 mol 

relationship) monitored from 0- 24 h (from the top to the bottom) at 25 ºC. The amide (8.5-

7.7 ppm) and aromatic region (7.5-6.2 ppm) are shown.  

 

When the temperature was increased to 37 ºC, significant differences could not be observed 

in the 1H NMR spectra for glucagon with aldehyde. The fibrillation of the protein was not 

observed, meaning that exposure to aldehydes did not start the fibrillation nor 

oligomerization of glucagon under the experimental conditions used in this work (see 

Appendix section 7.18 p.129 for NMR spectra).  

 

4.4.2 Glucagon fibrillation may depend on glucagon concentration and low pH to occur 

Glucagon fibrillation has been previously reported in several investigations [67, 70, 75, 76]. 

In these studies, fibrillation occurred at low pH and/or high concentrations of the protein. In 
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the present study, however, glucagon did not fibrillate. In contrast to other studies, the pH 

was kept at 7.4, which is physiological in the brain, and the concentration was lower than 

previous studies. These are probably the reasons why glucagon did not start fibrillation. Low 

pH increases the charge of many amino acid side groups, which could favor fibrillation [79].  

Pedersen found strategies for controlling fibril formation with the addition of methylated β-

cyclodextrins (CyD), where the compound bound to aromatic side-chains in glucagon blocks 

the formation of fibrils [76]. This is likely what happens in this investigation.  

From the present study, it seems possible that aldehydes (which may play a part in the 

fibrillation of beta-amyloid in the brain [105]) do not play an important part in glucagon 

fibrillation under the experimental conditions used. By contrast, Chen et al. found that 

formaldehyde, MGO and malonaldehyde significantly enhance the formation of β-sheet 

structures and that the increase was in a time and concentration dependent manner [39]. 

However, the concentration of aldehydes in the fibrillation assay was only 10% of the 

glucagon (molarity) concentration. In addition, the concentration of glucagon in the 

experiment was kept lower than in previous studies. This was done to dissolve the protein, 

which is more readily dissolved at low pH. Therefore, both the concentration of aldehydes 

and of glucagon may be parameters that have precluded fibrillation in the present study. 

Further researches are needed to clarify the potential role for aldehydes in the fibrillation of 

glucagon and other proteins.  
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5 Conclusions 

The metabolism of D-glyceraldehyde to D-lactate via methylglyoxal was successfully 

investigated. The phosphorylation of D-GA to glyceraldehyde-3-phosphate was inhibited by 

MGO and L-GA and was activated by formaldehyde and propanal. Since L-GA was not a 

substrate for the phosphorylation of glyceraldehyde but rather D-GA, that suggested that the 

enzyme is stereospecific. The maximal D-GA phosphorylation occurred when D-GA was 

between 15 and 30 mM with a Vmax of 125.6 nmol/min/mg protein. Half-maximal 

phosphorylation occurred with D-GA at 4.68 mmol/L. Furthermore, the activities for glo I 

and glo II were 14.8 and 43.4 nmol/min/mg protein for the method 1, and 21.9 and 64.5 

nmol/min/mg protein for the method 2, respectively, suggesting a high potential for the 

glyoxalase system in the brain of mice. The glyoxalase system was inhibited by butanal, 

formaldehyde and D-GA itself. Some of the aldehydes such as acetaldehyde, acrolein, 

crotonaldehyde and propanal did not inhibit the enzymes responsible for the D-GA 

metabolism to D-lactate, assuming that they are pure inhibitors of the aldehyde transport 

mechanism in the cell membrane.  

In the experiments of glucagon, no fibrillation of the protein was detected under the 

physiological conditions investigated. Glucagon exposure to acetaldehyde and methylglyoxal 

did not start the fibril production nor oligomerization of the protein. Thus, it was concluded 

that at pH 7.4 and low concentrations of 0.2 mg/mL, none of the aldehydes initiated 

fibrillogenesis of glucagon.  

 

5.1 Future work 

A more extensive and quantitative 1H NMR spectroscopy study would have to be conducted 

to elucidate if all ADP formation reflected D-GA phosphorylation. This future investigation 

should also include the effect of aldehyde on the conversion of G-3-P to MGO and inorganic 

phosphate, which is a spontaneous reaction and a deeper examination of the effect of 

aldehydes on ATP. To be able to establish the glo II activity based on D-lactate production, 

the identification and quantification of D-lactate should be carried out, both in brain 

homogenate and isolated nerve terminals.  

In the case of glucagon fibrillation, it is suggested to repeat the experiment, this time with 

higher concentrations of the protein and other environments than neutral pH, e.g. acidic 
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and/or basic. If successful, it would be interesting to assess how temperature affects the fibrils 

morphology.  
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7 Appendix 

7.1 Optimization of the NMR spectrometer prior data acquisition 

The followed procedure prior to data acquisition of the sample is described in the following 

table. The program used was TopSpin 2.x and 3.x software.   

Table 7.1: Steps for the optimization of the NMR instrument before spectrum acquisition. The 

same steps can be perfomed on AVIIIHD400 or AVIIIHD800 instruments from Bruker. The 

first step starts after putting the sample in the magnet wheel.  

Step Command Comment 

1 sx_ Insertion of the sample into the NMR instrument. If the 

sample is in position 32, then we write sx 32 in the 

command line.  

2 edc or new Create a new experiment. Complete with the 

corresponding information.  

3 rpar Choose the NMR experiment of interest. It is important 

that the person knows the name of the experiment to be 

run. For example, PROTON or 13CRESPECT for 1H or 

13C NMR, respectively.  

4 getprosol Get probe and solvent values specific for that instrument. 

5 edte (optional) To adjust the temperature or the gass flow if needed. Then 

the sample should be left in the magnet  10-15 min for 

temperature equilibrium.  

6 lockdisp To display the lock window.  

7 lock Lock the deuterium signal using the corresponding 

solvent. In this case, 90% H2O and 10% D2O mixture with 

salt.  

8 atmm 

atma 

For tunning and matching, automatic tuning and matching 

(atma) or manual tuning and matching (atmm) can be 

used.  

9 rsh Read an old shimfile to have an start point before 

shimming.  

10 topshim gui Shimming the sample. Under SHIM, 1D dimension was 

selected. Under TUNE, Z-X-Y was chosen in the before 

option. Z-X-Y-XZ-YZ-Z chosen in the after option (see 
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Fig…) and start. This step was run until all shim 

directions had numbers with no more than two digits 

under Report window.  

11 

 

wsh (optional) To save the updated shimming. 

12 ns, ds, d1… Parameter adjustment to the desired values. For example 

ns = 16 or 32.  

13 pulsecal Calculates the pulses used 

14 rga Receiver gain adjustment, to reduce/increase the NMR 

signal from the magnet to a maximum allowed level.  

15 expt To know how long time an experiment takes.  

16 zg Start the experiment 

17 Bsmsdisp (optional) For automatic shimming under data acquisition. This step 

is best suited to long experiments.  

 

 

  Figure 7.1: A graphical view of the command topshim gui, 

step 10 in the preceding table. All samples were optimized for 1H and for 31P (when needed). The 

options chosen for SHIM and TUNE to perform the shimming process are shown in the figure.  
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7.2 Acquisition of data on the NMR instruments 

For each sample, a common PROTON experiment before the proton experiment with solvent 

suppression. PROTON had 20.0312 ppm as spectral width with 65536 data points (size of fid), 

acquisition time 2.0447233 s, relaxation time (d1) of 1s, 16 number of scans and 2 dummy 

scans. O1 value was 4940.19 Hz and the experiment time 55 sec. The resulting spectrum 

showed only one big peak coming from water. The value of the water peak was read using 

the cursor information in Hz and used as the resonance (o1 value) to be suppressed in the 

suppression experiment (see Fig. 7.2).   

 

 

Figure 7.2: 1H NMR spectrum for D-GA phosphorylation with ATP. The PROTON 

experiment (blue) and water suppression using excitation sculpting with gradients (red). The 

big signal observed in PROTON corresponds to water, the solvent used in the sample. In the 

upper spectrum, it is possible to see the NMR resonances coming from the molecules due to 

the water suppression technique.  

 

Acquisition parameters for water suppression experiments were adjusted before spectrum 

acquisition. The general parameters tha were used are given in the following table 7.2.  
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Table 7.2: General acquisition parameters for 1H NMR experiments with water suppression. 

Parameters such as PULPROG, NS, RG and o1 (the water resonance to be suppresed) vary 

depending on the sample. The probe temperature was 300.8 K (25 ºC) on the AVIIIHD800 NMR 

instrument.  

Parameter name Abbreviation Value 

Current pulse program PULPROG zgesgp, awprotonespr 

Size of fid TD 131072 

Number of dummy scans DS 4 or 8 

Number of scans NS 16, 32, 64 or 128 

Spectral width SW [ppm] 18.0281 

Acquisition time AQ [sec] 4.0894465 

Receiver gain RG 45- 203 

Dwell time DW [µsec] 31.200 

Transmitter frequency offset  O1 [Hz] 3760-3788 (from PROTON) 

Delays  D1 [sec] 5 

 

 

When the experiments were finished, the spectra were processed with the commands efp and 

apk. The first command Fourier transforms 1D data and the second one applies the automated 

phase correction. The command abs was (optional) used to apply a baseline correction of the 

spectra. The calibration was performed using TMS as reference giving a peak at 0 ppm. The 

selection of the analyte’s chemical shifts (peaks) and integration was done with the pick 

peaks and integrate options within the process window in the upper part of TopSpin.  

 

For the acquisition of the 31P NMR data, the same steps were followed. No solvent 

suppression was needed, and the calibration step was done with phosphate at 0 ppm. The 

acquisition parameters are presented in the following table 7.3.  
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Table 7.3: General acquisition parameters for 31P NMR experiments. The probe temperature was 

298.3 K (25 ºC) and 310.3 K (37ºC) on the AVIIIHD400 NMR instrument.  

Parameter name Abbreviation Value 

Current pulse program PULPROG zgig 

Size of fid TD 65536 

Number of dummy scans DS 4  

Number of scans NS 2048 

Spectral width SW [ppm] 395.7743 

Acquisition time AQ [sec] 0.5111808 

Receiver gain RG 203 

Dwell time DW [µsec] 7.800 

Transmitter frequency offset  O1 [Hz] -8098.78 

Delays  D1 [sec] 2 

 

 

7.3 Calculations  

7.3.1 Calculations of the concentration of SLG  

The calibration curve for SLG was determined measuring the absorption at 240 nm for 

samples with 0, 4, 6, 10, 20, 40 µmol/L concentration. A linear relationship (or correlation) 

between SLG concentration and absorption was required in order to use the curve for 

calculating concentrations. The next table 7.4 shows the numeric data of the calibration curve 

of SLG (figure xx in chapter xx) 

Table 7.4: The absorption at 240 nm for the corresponding concentration of SLG measured 

with an UV spectrophotometer.  

Concentration (µmol/L) Absorption 

0 -0.0004 

4 0.0221 

6 0.0353 

10 0.0459 

20 0.0840 

40 0.1701 
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When the concentration of SLG increases from 0-20 µmol/L the absorption increased 0.0840 

units. When the concentration of SLG increases from 20-40 µmol/L the absorption increased 

0.0861 units. The linear relationship used is that a change in SLG concentration of 20 µmol/L 

is equivalent to an increase in absorption of 0.0851 units (average).  

This information is used to determine the concentration of SLG formed and consumed in glo 

I and glo II, respectively. Two different methods were used for the calculation of the 

concentration. The method 1 follows a relationship given by equation I. 

        ∆𝑐 (𝑆𝐿𝐺) ÷ ∆𝐴 (𝑆𝐿𝐺) = ∆𝑐 ÷ ∆𝐴 (𝑒𝑥𝑝)                                                                     I 

The right side of the equation corresponds to the concentration and absorption in one minute 

of the experiment with added aldehydes and the left side correspond to the SLG data.  

The method 2 described in [40] is used to calculate the concentration of SLG and follows 

Beers law shown in equation iv ( in the introductory part, p.24 ) that states that the absorption 

is proportional to the concentration. 

        A=ε·l·c                                                                                                                       (iv)   

 

7.3.2 Calculation of the enzymatic activity of the enzyme 

When the concentration of SLG was calculated, the enzymatic activity was determined by 

equation III. 

        𝑎 = 𝑐 ÷ t÷ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛                                                                                        III 

In equation III, a is the enzymatic activity expressed in nmol/min/mg protein, c is the 

concentration in nmol, t is the incubation time at 37 ºC of the experiment in minutes (min), 

and mg protein is the weight of the proteins used in the experiment in miligrams (mg). The 

samples used 20 µL of brain homogenate with only 10% pure protein. This resulted in 2 µL 

pure protein which is equivalent to 2 mg tissue again equivalent to 0.2 mg protein. Thus, 40 

µL of brain homogenate is equivalent to 0.4 mg protein. 

 

Example of the calculation of SLG concentration and enzymatic activity (by method 1) 

The sample is control 2 for glo I assay. The concentration was calculated using equation I.  
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20 µmol/L ÷ 0.0851 = c ÷ 0.00704 

c = 20 µmol/L . 0.00704 ÷ 0.0851 = 1.656 µmol/L 

The volume used in the cuvette was of 3 mL. Thus, the concentration was multiplied by 3 

giving a molarity of 4.969 nmol. This value is divided by the time and amount of pure protein 

used in the experiment to calculate the enzymatic activity by equation III. 

a = 4.969 nmol ÷ 1 min ÷ 0.2 mg protein = 24.84 nmol/min/mg protein 

 

Example of the calculation of SLG concentration and enzymatic activity (by method 2) 

The sample is control 2 for glo I assay. The concentration was calculated using equation II.  

c = A ÷ ɛ ÷ ɭ  

c = 0.00704 ÷ 2.86 mM/cm ÷ 1 cm = 0.007383 mM = 2.461 µmol/L 

The volume used in the cuvette was of 3 mL. Thus, the concentration was multiplied by 3 

giving a molarity of 7.383 nmol. This value is divided by the time and amount of pure protein 

used in the experiment to calculate the enzymatic activity by equation III. 

a = 7.383 nmol ÷ 1 min ÷ 0.2 mg protein = 36,92 nmol/min/mg protein 

 

7.3.3 Calculations using NMR integration 

The amount of ATP, ADP and AMP was calculated from the integral of the peak representing 

their gamma, beta and alpha phosphates, respectively, assuming that the sum of ATP, ADP, 

AMP and inorganic phosphate (Pi) was 2500 nmol, which corresponds to the initial amount 

of ATP in the incubation medium. Other samples used 500 nmol as initial amount of ATP.  

 

Example of the calculation of ATP, ADP, AMP and Pi by integration of the 31P NMR 

spectra 

The sample is (the replicate 1 of) the control for the phosphorylation reaction with 5 mM D-

GA. The calculated values are shown in the following table 7.5.  

 



89 
 

Table 7.5: The data extracted from the following Fig. 7.3. 

Compound Integral value % Concentration 

(nmol) 

ATP 1.000 7.364 184.2 

ADP 1.830 13.50 337.0 

AMP 3.071 22.61 565.4 

Pi 7.674 56.51 1413 

Total 13.58 100 2500 

 

The integrals are shown in the next figure 7.3. 

Figure 7.3: 31P NMR (162 MHz) spectrum for the phosphorylation of D-GA (replicate 1). The 

marked integrals are used to calculate the concentration of ATP, ADP, AMP and Pi. 

 

7.3.4 Calculation of the plot for the enzymatic activity of the D-GA phosphorylation 

The ADP concentrations in the samples with D-GA (0-30 mM) were determined using the 

integration method. The ADP value of the zero sample were subtracted from all the rest of 
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the samples to correct the concentrations of ADP that were not formed by the expense of D-

GA phosphorylation. The new values were divided by 15 min (incubation time) and 0.2 mg 

protein (pure protein) used in the experiment to obtain the enzymatic activity of each sample. 

The enzymatic activity was plotted against the concentration of D-GA in the respective 

sample, resulting in the plot for the specific enzymatic activity. The next table 7.6 show the 

calculated data.  

 

Table 7.6: Data for the plot of the enzymatic activity specific for the D-GA phosphorylation 

in the samples with increasing D-GA concentration (0-30 mM).  

D-GA 

(mM) 

ADP 

(nmol) 

Difference E.activity 

(nmol/min/mg 

protein) 

0  233.13 0 
 

1  247.6 14.47 4.823333 

3  277.28 44.15 14.71667 

5  457.3 224.17 74.72333 

10  569.62 336.49 112.1633 

15  613.35 380.22 126.74 

20  606.69 373.56 124.52 

25  636.395 403.265 134.4217 

30 599.69 366.56 122.1867 

 

 

7.3.5 Statistical calculations 

The statistical analysis was performed with the Excel Office program. The results were 

assessed using a two-tailed t-test. The null hypothesis used for all analysis was that the 

samples were not different from the control sample. For glyoxalase assay, the t-test was based 

on the slope of the calibration curve. For the phosphorylation of D-GA with aldehydes, the t-

test was based on the concentration of ATP and ADP.  
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7.4 31P NMR Study of the addition of perchloric acid to quench the enzymatic 

reactions  

The enzymatic reactions carried out in the eppendorf during the incubation time (15 min or 1 

h) were quenched using perchloric acid. It was selected after a NMR analysis, which was 

done to verify if the acid affected the NMR signals for ATP or ADP. The following figure 7.4 

shows the NMR spectra acquired for the samples with and without perchloric acid.  

 

 

Figure 7.4: 31P NMR (162 MHz) spectrum of ADP and ATP mixture with (blue) and without 

(red) added perchloric acid.  

 

With the addition of perchloric acid, the ATP and ADP resonances about -10.8 ppm that 

overlapped in the spectrum without perchloric acid, are slightly displaced to the right with the 

addition of the acid. In addition, the chemical shifts of the signals have been separated, 

making it possible to distinguish between ATP and ADP more readily. The peaks to the left 

around 0 ppm correspond to AMP and Pi. They formed due to hydrolysis of ADP in water 

and not because of the addition of perchloric acid. This was observed analyzing a sample of 

ADP alone in water, which showed the same signals, meaning that ADP hydrolyzes rapidly 

when it is in contact with water. This is in agreement with the literature [94]. The following 

figure 7.6 shows the 31P NMR spectrum of ADP.  
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Figure 7.5: 31P NMR (162 MHz) spectrum of ADP and ATP mixture with (blue) and without 

(red) added perchloric acid zoomed from -9.80 to -13.6 ppm.  

 

 

Figure 7.6: 31P NMR (162 MHz) spectrum of ADP sample. Integral labs are also shown in 

red. The peaks around 0 ppm correspond to AMP and Pi formed by the hydrolysis of ADP in 

water.  
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7.5 NMR analysis of D-lactate 

Before starting the study of D-Glyceraldehyde metabolism, an NMR analysis of a standard 

sample of D-Lactate was done. The next figure xx shows the molecular structure of the 

compound.   

 

Figure 7.7: Molecular structure of D-lactate labelled with numbers.  

 

D-lactate showed two resonances in the 1H NMR spectrum (see figure 7.8). The methyl group 

resonated at 1.33 ppm and the methine at 4.12 ppm giving a double and quartet, respectively. 

The 13C resonances were acquired with the help of the HSQC and HMBC spectrum because 

the 13C NMR spectrum did not show signals (spectrum not shown). The NMR data from 

figure 7.8, 7.9 and 7.10 is summarized in the next table 7.7.  

 

Table 7.7: Resonance assignment for D-lactate.  

Atom  1H/ ppm (splitting) 13C / ppm 1H-13C HMBC 

correlations 

1 1.40 (d) 20.7 68.7, 182.6 

2 4.12 (q) 68.7 20.7, 182.6 

3 - 182.6 1.40 , 4.32 
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Figure 7.8: 1H NMR (600 MHz) spectrum of D-Lactate. 

 

 

 

Figure 7.9: HSQC (600 MHz) spectrum of D-lactate.  
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Figure 7.10: HMBC (600 MHz) spectrum of D-lactate.  

 

7.6 NMR analysis of SLG 

A standard sample for SLG was analyzed with NMR to see where the compound resonated. 

The molecular structure of SLG is shown in the next figure 7.11. 

 

 

Figure 7.11: Molecular structure of SLG labelled with numbers.  

 

The 1H NMR spectrum (see fig. 7.12) showed a duplet resonating at 1.36 ppm that correlated 

to the quartet at 4.40 ppm in the COSY spectrum. The signals correspond to the methyl and 

methine protons of SLG (number 1 and 2 in Fig. 7.11). The next table 7.8 shows the NMR 

assignments of SLG.  
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Table 7.8: NMR assignments of S-lactoylglutathione 

Atom 1H/ ppm 

(splitting) 

13C/ ppm 1H-13C HMBC 

correlations 

Description 

 

1 1.36 (d)  210, 76.5 CH3 

2 4.40 (q) 76.5  CH(OH) 

3 - 210  thioester 

carbonyl 

4 3.44, 3.19 (m) 32.0  Cys-CH2 

5 4.65  55.7  Cys-CH 

6 - 174  Peptide bond 

7 2.48 (m) 34.7  Glu- CH2 

8 2.13 (q) 29.3  Glu- CH2 

9 3.76 (t) 57.4  Glu- CH 

10 - 176  Glu-COOH 

11 - 178  Peptide bond 

12 3.80 (dd) 45.7  Gly-CH2 

13 - 177  terminal COOH 

 

The following figures 7.12 – 7.15 show the NMR spectra of SLG. 

 

 

Figure 7.12: 1H NMR (600 MHz) spectrum of SLG.  
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Figure 7.13: COSY (600 MHz) spectrum of SLG. COSY correlation between the CH3 and CH 

group is marked.  

 

 

 

Figure 7.14: HSQC (600 MHz) spectrum of SLG from 0 to 4.7 ppm. CH3 and CH groups are 

shown in green. CH2 groups are shown in blue.   
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Figure 7.15: HMBC (600 MHz) spectrum of SLG from 1.0 to 3.5 ppm. Correlation of the 

carbonyl at 210 ppm (position 3) to the Cys-CH2 (position 4) and to the methyl group 

(position 1).   

 

7.7 1H NMR analysis of methylglyoxal 

A sample made of methylglyoxal (MGO) was analyzed with 1H NMR to see where the 

compound resonates. The 1H NMR spectrum of MGO showed two intense singlets at 2.29 

and 1.36 ppm (see Fig. ). The signals corresponded to the methyl of MGO monohydrate and 

MGO dihydrate, respectively. The compounds were formed by the nucleophilic addition of 

water to the carbonyl groups of MGO. The chemical reaction is shown in the following 

scheme 7.xx. 

 

 

Scheme 7.1: Reaction of methylglyoxal in water producing MGO monohydrate and MGO 

dihydrate.  
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Figure 7.16: 1H NMR (400 MHz) spectrum of MGO. The water peak was suppressed using 

presaturation during the relaxation time.  

 

It can be concluded that when MGO is analyzed 1H NMR, MGO will be observed as MGO 

monohydrate and dihydrate. These derivatives will resonate at 2.29 and 1.36 ppm, 

respectively.  

 

7.8 1H NMR analysis of D-lactate in the samples with isolated nerve terminals    

Samples with MGO, D-GA and L-GA exposed to synaptosomes were analysed with 1H NMR 

to see if D-Lactate was produced. When comparing the NMR spectra (see the next fig.7.11) 

of the mentioned samples with the 1H spectrum of the standard sample of D-lactate, it was 

observed that D-lactic acid was formed in all samples. This was not consistent with what the 

literature showed [51, 106] because in mammals, D-lactate can barely be formed from the 

metabolism of D-glyceraldehyde via MGO and the action of the glyoxalase system, rather 

than from L-GA. Therefore, it was expected to see the formation of D-lactate in the samples 

with D-GA and MGO, but not in the sample containing L-GA as the 1H spectrum showed.  

 

MGO 

dihydrate 

MGO 

monohydrate 
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Figure 7.17: 1H NMR (600 MHz) spectra of the samples with MGO (blue), D-GA (red), L-GA 

(green) and standard for D-lactate (purple).  

 

The 1H NMR spectra were then compared with the standard samples of synaptosomes, MGO, 

D-GA, D-lactate and pyruvate (see the next figure 7.12). Here it was observed that the 

standard for synaptosomes showed the same duplet of lactate at 1.33 ppm, and the standard 

for D-GA showed the formation of MGO since the resonances for MGO monohydrate and 

dihydrate at 2.29 and 1.36 ppm, respectively, were visible in the sample.  

The synaptosomes used in this part of the investigation has an a-CSF (artificial cerebrospinal 

fluid) containing small quantities of glucose. Therefore, it was concluding that something 

went wrong during the sample preparation due to the contamination of the samples with 

glucose. Thus, the results showed in this chapter were not completely conclusive, but it 

provided some clue for further investigation.  
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Figure 7.18: 1H NMR (600 MHz) spectra of the samples with MGO (blue), D-GA (red), L-GA 

(green), standard sample of synaptosomes (purple), standard sample of MGO (yellow), 

standard of D-GA (orange), standard of D-lactate (lemon green) and standard of pyruvate 

(light pink).   

 

7.9 NMR examination of SLG in the sample with isolated nerve terminals  

It was interesting to study what happened when MGO, GSH and isolated nerve terminals 

(synaptosomes) were blended together and if the glyoxalase system was present in isolated 

nerve terminals of mice so that it could detoxify MGO producing SLG or D-lactic acid (D-

lactate). This was investigated with the enzymatic reaction shown in the following scheme 

7.2. 

 

Scheme 7.2: Detoxification mechanism of MGO by the glyoxalase system. (1) The 

spontaneous formation of the HTA from MGO and GSH. (2) The enzyme glo I converts the 

HTA into SLG. (3) The enzyme glo II produces D-lactate and regenerates the GSH from SLG. 

   

The 1H NMR spectra showed that MGO resonances at 2.29 and 1.36 ppm greatly decreased 

their intensity both in the control sample and the samples with synaptosomes with 15 and 60 

min incubation, suggesting that the compound has been consumed to form the HTA (see the 
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following fig. 7.14 for the 1H spectra). The 1H NMR spectra of the spectra with synaptosomes 

also showed a triplet and a quartet resonating at 1.33 and 4.12 ppm, respectively. The 

resonances correlate to each another in the COSY spectrum (see fig. 7.15) and corresponded 

to the methyl and methine group of SLG or D-lactate. However, the control sample which did 

not have synaptosomes also showed the same signals at a less extent. Therefore, the reason 

why the mentioned peaks were observable in the control sample remained unclear, unless the 

reaction can happen spontaneously but that’s the opposite of what it was found in the 

literature [34, 51, 52]. A second reason could be the synaptosomes   

 

Figure 7.19: 1H NMR (600 MHz) spectra of the sample with MGO (blue), the control sample 

(red) and the samples with 15 (green) and 60 (purple) min of incubation at 37 ºC.  
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Figure 7.20: COSY (600 MHz) spectrum of the sample with synaptosomes and 15 min 

incubation.   

To find out whether the resonances at 1.33 and 4.12 ppm corresponded to SLG or D-lactic 

acid, a HMBC experiment was run to the sample with synaptosomes and 15 min incubation. 

If the resonances were coming from SLG, then the HMBC spectrum should show correlations 

from the thioester carbonyl to the methyl protons and from the same carbon to the Cys-CH2 

(see the following Fig. 7.16). 

 

Figure 7.21: HMBC correlations that show that SLG is formed.  

 

The HMBC spectrum did not show the correlation between the thioester carbon and the Cys-

CH2, but it did show HMBC correlations from carbon at 182.5 ppm to protons at 4.12 and 

1.33 ppm, which corresponded to the thioester carbon to the methyl and methine group in D-

lactate. Thus, it was concluding that the peaks at 1.33 and 4.12 ppm came from D-lactate. 

The following figure 7.17 shows the HMBC spectrum.  
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Figure 7.22: 1HMBC (600 MHz) spectra of the sample with synaptosomes and 15 min 

incubation. The marked correlations correspond to D-lactate.  

An interesting finding found with the help of 1H NMR was the disappearance of the 

resonances at 5.29 and 2.33 ppm. These to peaks were the only ones that were not visible in 

the HSQC spectra of the samples with synaptosomes, but they were observable in the HSQC 

of the control sample (see fig. 7.20). The peaks were assigned to the CH and CH3 group of 

the HTA formed spontaneously form MGO and GSH (see fig.7.19). As the HTA was 

converted to SLG by glo I in the sample with synaptosomes, its concentration decreased. That 

is why it was observed that the intensity of its resonances decreased in the 1H NMR and 

disappeared in the HSQC. The decrease was larger in the sample with 60 min than the sample 

with 15 min incubation, indicating that more SLG was formed in the sample with longer 

incubation time. In addition, the HSQC spectrum (fig. 7.20) showed the overlapping of 

various 1H signals correlating to different carbons. It suggested the presence of various 

compounds in the sample: HTA, SLG and probably D-lactate. The 1H NMR spectra are 

shown in the following fig. 7.18 (the HSQC spectrum of the sample with synaptosomes and 

60 min of incubation was not shown here because the spectrum was similar to the sample 

with 15 min incubation).  

 

   

Figure 7.23: 1H NMR (600 MHz) spectra of the control sample (blue) and the samples with 

synaptosomes and 15 (red) and 60 (green) min of incubation at 37 ºC zoomed from 2.30-2.50 

and 5.20-5.36 ppm.  

HTA 

HTA 
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Figure 7.24: The hemithioacetal spontaneously formed from MGO and GSH. The selected 

CH and CH3 was founded to resonate at 5.29 and 2.33 ppm, respectively.  

 

 

Figure 7.25: Edited HSQC (600 MHz) spectra of the control sample (blue-green) and the 

sample with synaptosomes and 15min incubation (red-pink). The blue and red colour 

indicates the CH2 groups. The green and pink colour indicates the CH and CH3 groups. The 

peaks marked with arrows are from the HTA.   

 

From the NMR analysis, it was concluded that both HTA, SLG and D-lactate were produced 

in the samples with synaptosomes but only the HTA was formed in the control sample. 

Analysis of the 13C NMR of the samples showed more 13C signals in the samples with 

synaptosomes, verifying that there were formed more carbon-containing compounds in these 

samples. In addition, the comparison of the HSQC spectra of SLG and the sample with 

synaptosomes clearly showed the formation of SLG due to the overlapping of the SLG 



106 
 

signals. The following fig. 7.21 and 7.22 shows the 13C NMR and HSQC spectra of the 

sample.   

 

Figure 7.26: 13C NMR (600 MHz) spectra of the control sample (blue) and the samples with 

synaptosomes and 15 (red) and 60 (green) min of incubation at 37 ºC.  

 

 

Figure 7.27: HSQC (600 MHz) spectra of the SLG (red-pink) and the sample with 

synaptosomes and 15 min of incubation (blue-green).  
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7.10 NMR analysis of MGO in the samples exposed to brain homogenate of mice 

7.10.1 Part one 

A series of samples were made with brain homogenate to examine if a mice brain 

homogenate could catalyze the formation of MGO from D-GA with 1H NMR. In addition, the 

samples were exposed to different aldehydes to see if they affected the possible production of 

MGO. The following scheme xx present the studied reaction. 

 

 

Scheme 7.3: MGO formation from D-GA. (1) Enzymatic phosphorylation of D-GA to 3-

glyeraldehyde phosphate (3-G-P). (2) Spontaneous conversion of 3-G-P to MGO.  

 

The analysis of the 1H NMR spectra of the samples with added formaldehyde, acetaldehyde, 

propanal and L-GA showed that MGO was produced when they were compared to a 

reference sample for MGO (see fig. ). Currently, it was not understood why MGO was 

formed in the sample with L-GA. 

 

 

Figure 7.28: 1H NMR (600 MHz) spectra of the samples for the MGO formation with 

aldehydes. From bottom to top, the reference sample for MGO, sample with added 

MGO monohyd. MGO dihyd. 
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formaldehyde, acetaldehyde, propanal and L-GA are shown. All the samples show the 

production of MGO monohydrate and dihydrate, at 2.29 and 1.36 ppm, respectively.  

 

Moreover, samples with D-GA, control samples (without aldehyde), samples without brain 

homogenate and without ATP also showed the formation of MGO (see fig.7.29). These 

results increased the suspicions that something was wrong. How was it possible to see the 

formation of MGO in a sample without homogenate (tissue containing the enzymes) or a 

sample without ATP, the compound required to the phosphorylation of D-GA?  

  

 

Figure 7.29: 1H NMR (600 MHz) spectra of the samples for the MGO formation with 

aldehydes. From bottom to top, the reference sample for MGO, sample with D-GA, control 

sample, a second control, a sample without brain homogenate and without ATP are shown. 

All the samples show the production of MGO.  

 

Finally, the 1H NMR spectrum of the sample without D-GA clarified everything. This sample 

was the only that did not show the production of MGO, which indicated that the D-GA 

solution (used in the previously mentioned samples) was contaminated somehow with MGO 

(see the following fig 7.). In the samples with added acrolein, butanal and crotonaldehyde 

was not possible to detect if MGO was formed due to the overlap with other signals in the 
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spectrum. That was the reason why the experiments were repeated one more time (part two of 

the investigation).  

 

 

Figure 7.30: 1H NMR (600 MHz) spectra of the samples for the MGO formation with 

aldehydes. From bottom to top, the reference sample for MGO, sample with added acrolein, 

butanal, crotonaldehyde and a sample without D-GA are shown. None of the samples show 

the production of MGO.  

 

7.10.2 Part two 

In this part of the investigation a variety of samples made with brain homogenate were 

studied with 1H NMR to see if MGO was produced from the metabolism of D-GA (see last 

scheme 7.). Other samples were exposed to a liver homogenate for comparison with the 

samples prepared with brain homogenate. The samples were also exposed to different 

aldehydes to investigate whether they affected the possible formation of MGO.  

Firstly, the 1H NMR spectrum for a reference sample of MGO was compared with the 1H 

spectrum of the control samples with 30, 60 and 90 min of incubation, the sample without D-

GA and the sample without brain homogenate. The spectra (see fig. ) showed no evidence for 

the formation of MGO since no peaks at 2.29 and 1.36 ppm were visible (corresponding to 

MGO monohydrate and dihydrate, respectively).  
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Figure 7.31: 1H NMR (600 MHz) spectra of the samples for the MGO formation with 

aldehydes. From bottom to top, the reference sample for MGO, control sample with 30, 60 

and 90 min incubation, respectively, sample without D-GA and without homogenate. None of 

the samples show the production of MGO. 

  

Around 2.30 ppm, it is possible to observe a peak that it was thought to be MGO in the 

control samples, but the peak disappeared in the sample without homogenates indicating that 

the peak corresponded to the brain homogenate. However, to ensure the last assertion, small 

quantities of MGO were gradually added to the control sample incubated for 60 min at 37 ºC. 

The 1H NMR spectra showed the increase of a new rising peak at 2.29 ppm coming from 

MGO monohydrate (see fig. 7.32), indicating that MGO was not produced in the original 

control sample. Another rising peak was also detected around 1.36 ppm corresponding to 

MGO dihydrate (not shown here).  

MGO MGO 
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Figure 7.32: 1H NMR (600 MHz) spectra of the control sample for the MGO formation with 

added MGO. From bottom to top it was added 10, 20, 30 and 50 µL 1mM MGO. A new rising 

peak is observed at 2.30 ppm corresponding to MGO monohydrate.   

 

Secondly, the 1H NMR spectrum of MGO was compared with the spectrum of the samples 

containing aldehydes (see fig.7.33). In the samples with acrolein and crotonaldehyde, it was 

no possible to detect the formation of MGO due to the overlap with other signals in the 

spectrum. The samples containing butanal, acetaldehyde and propanal did not show the 

formation of MGO, indicating that the aldehydes inhibited the enzymatic conversion of D-

GA to methylglyoxal (MGO). Another reason why MGO was not observed could be the low 

concentration in which it was formed that was not possible to detect at 600 MHz.  
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Figure 7.33: 1H NMR (600 MHz) spectra of the samples for the MGO formation with 

aldehydes. From bottom to top, the reference sample for MGO, the sample with added 

acrolein, crotonaldehyde, butanal, acetaldehyde and propanal are shown. None of the 

samples show the production of MGO.  

 

The 1H NMR analysis of the samples with liver homogenate did not show the formation of 

MGO. This indicated the low capacity of mice liver to phosphorylate D-GA. On the other 

hand, if the phosphorylation would have been successful, the low concentration of MGO 

would not have been possible to detect at 600 MHz. The following fig. 7.34 shows the 1H 

NMR spectra of liver samples.  
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Figure 7.34: 1H NMR (600 MHz) spectra of the sample with liver homogenate (blue), control 

sample (red) and a sample containing MGO (green). Only one of four replicates are shown in 

the figure. MGO signals at 2.29 and 1.36 ppm are marked. No evidence of the MGO was 

observed in the liver samples.  

 

7.11 NMR spectra of ATP and ADP 

The following figures 7.35 and 7.36 present the 1H NMR spectra of a sample containing ATP 

and ADP.  

 

Figure 7.35: 31P NMR (162 MHz) spectrum for a mixed sample of ATP and ADP.  

 

MGO 
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Figure 7.36: 1H NMR (400 MHz) spectrum for a mixed sample of ATP and ADP. The big 

resonance at 4.70 ppm correspond to water.  

 

7.12 31P NMR spectra for the preliminary NMR examination of the samples with 

aldehydes 

 

All samples run four replicates per aldehyde. However, the next figure only show replicate 1. 

 

Figure 7.37: 31P NMR (162 MHz) spectra for preliminary study of the phosphorylation of D-

GA with aldehydes. From the bottom to the top, samples with acetaldehyde, acrolein, 

crotonaldehyde, formaldehyde, butanal, propanal and MGO are shown.  
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7.13 31P NMR spectra for the phosphorylation of D-GA with aldehydes  

All samples run four replicates per aldehyde. However, the next figures show only one 

replicate. 

 

Figure 7.38: 31P NMR (162 MHz) spectrum for the study of the phosphorylation of D-GA with 

samples exposed to formaldehyde.  

 

 

Figure 7.39: 31P NMR (162 MHz) spectra for the study of the phosphorylation of D-GA with 

samples exposed to acetaldehyde (blue) and acrolein (red).   
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Figure 7.40: 31P NMR (162 MHz) spectra for the study of the phosphorylation of D-GA with 

samples exposed to crotonaldehyde (blue) and butanal (red).   

 

 

 

Figure 7.41: 31P NMR (162 MHz) spectra for the study of the phosphorylation of D-GA with 

samples exposed to L-glyceraldehyde (blue) and methylglyoxal (red).   
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7.14 1H NMR spectra for the phosphorylation of D-GA with aldehydes in isolates 

nerve endings 

All the 1H NMR spectra use TMS as reference for calibration at 0 ppm. Two replicates for 

aldehyde were run.  

 

 

Figure 7.42:1H NMR (600 MHz) spectra for the phosphorylation of D-GA with MGO. The 

selected peaks at 2.29 and 1.36 ppm comes from MGO dihydrate and monohydrate, 

respectively. The spectrum is used to compare with other aldehydes and verify if MGO is 

formed in the sample.  

 

 



118 
 

 

Figure 7.43:1H NMR (600 MHz) spectra for the phosphorylation of D-GA with aldehydes. 

From bottom to top, two replicates of samples with MGO, L-glyceraldehyde, acetaldehyde 

and acrolein are shown.  

  

 

 

Figure 7.44:1H NMR (600 MHz) spectra for the phosphorylation of D-GA with aldehydes. 

From bottom to top, two replicates of samples with MGO, butanal, crotonaldehyde and 

formaldehyde are shown. 
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Figure 7.45:1H NMR (600 MHz) spectra for the phosphorylation of D-GA with aldehydes. 

From bottom to top, two replicates of samples with MGO, control (without aldehydes) and 

propanal are shown.  

 

 

Figure 7.46: 1H NMR (600 MHz) spectra for the phosphorylation of D-GA with 

synaptosomes (blue) and MGO (red).   
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7.15 UV absorption graphs for Glyoxalase I measurements  

 

  

Figure 7.47: Absorption curves for Glyoxalase I with the control 1 samples. 

 

 

  

Figure 7.48: Absorption curves for Glyoxalase I with the control 2 samples. 
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Figure 7.49: Absorption curves Glyoxalase I with acetaldehyde. 

 

 

  

Figure 7.50: Absorption curves Glyoxalase I with acrolein. 
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Figure 7.51: Absorption curves Glyoxalase I with butanal. 

 

 

  

Figure 7.52: Absorption curves Glyoxalase I with Crotonaldehyde. 
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Figure 7.53: Absorption curves Glyoxalase I with D-Glyceraldehyde 

. 

 

  

Figure 7.54: Absorption curves Glyoxalase I with Formaldehyde. 
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Figure 7.55: Absorption curves Glyoxalase I with Propanal.  

 

7.16 UV absorption graphs for Glyoxalase II measurements 

  

  

Figure 7.56: Absorption curves for Glyoxalase II.  

y = 0.0001x + 0.5984
R² = 0.98

0.59

0.6

0.61

0.62

0.63

0.64

0.65

0 100 200 300 400

Propanal 1 y = 0.0001x + 0.6229
R² = 0.9832

0.61

0.62

0.63

0.64

0.65

0.66

0.67

0 100 200 300 400

Propanal 2

y = 0.0002x + 0.5999
R² = 0.958

0.58

0.6

0.62

0.64

0.66

0 100 200 300 400

Propanal 3 y = 0.0002x + 0.6519
R² = 0.9758

0.64

0.66

0.68

0.7

0.72

0 100 200 300 400

Propanal 4

y = -4E-05x + 1.2408
R² = 0.9302

1.225

1.23

1.235

1.24

1.245

0 100 200 300 400

A
b

so
rp

ti
o

n

time(sec)

Glo II rep 1
y = -3E-05x + 1.1782

R² = 0.965

1.165

1.17

1.175

1.18

1.185

0 100 200 300 400

A
b

so
rp

ti
o

n

time(sec)

Glo II rep 2

y = -3E-05x + 1.1194
R² = 0.9633

1.105

1.11

1.115

1.12

1.125

0 100 200 300 400

A
b

so
rp

ti
o

n

Time(sec)

Glo II rep 3
y = -4E-05x + 1.1905

R² = 0.9573

1.175

1.18

1.185

1.19

1.195

0 100 200 300 400

A
b

so
rp

ti
o

n

Time (sec)

Glo II rep 4



125 
 

 

  

Figure 7.57: Absorption curves for Glyoxalase II with acetaldehyde.  

 

 

  

Figure 7.58: Absorption curves for Glyoxalase II with acrolein.  
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Figure 7.59: Absorption curves for Glyoxalase II with butanal.  

 

 

  

Figure 7.60: Absorption curves for Glyoxalase II with crotonadehydel.  
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Figure 7.61: Absorption curves for Glyoxalase II with D-GA.  

 

 

  

Figure 7.62: Absorption curves for Glyoxalase II with Formaldehyde.  
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Figure 7.63: Absorption curves for Glyoxalase II with Methylglyoxal (not used).  

 

 

  

Figure 7.64: Absorption curves for Glyoxalase II with Propanal.  
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7.17 UV Absorption test of sucrose at 240 nm 

Since the brain homogenate was diluted in sucrose. The absorption of sucrose was examined 

to see if sucrose affected or not the data at 240 nm. It was concluded that sucrose did not 

affected the absorption because it did not absorb light at the desired wavelength. The next 

table 7.9 shows the measurements taken in 3 minutes.  

 

Table 7.9: Absorption measurement of sucrose at 240 nm.  

Time(sec) Absorption 

0  -0,0006 

20   0,0000 

40  -0,0005 

60  -0,0003 

80  -0,0003 

100  -0,0003 

120  0.0005 

140 -0,0001 

160 -0,0004 

180 -0,0001 

200  0,0000 

 

 

7.18 1H NMR spectra of Glucagon  

The following figures 7.65- 7.68 show the NMR spectra of glucagon and aldehydes 

(methylglyoxal and acetaldehyde). No evidence for glucagon fibrillation was observed. 
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Figure 7.65: 1H NMR (800 MHz) spectrum of Glucagon at 37 ºC.  

 

 

Figure 7.66: Stacked 1H NMR (800 MHz) spectra of glucagon and methylglyoxal (10:1 mol 

relationship) monitored from 0- 24 h (from the top to the bottom) at 25 ºC. The amide (8.5-

7.7 ppm) and aromatic region (7.5-6.2 ppm) are shown.  
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Figure 7.67: Stacked 1H NMR (800 MHz) spectra of Glucagon and acetaldehyde (10:1 mol 

relationship) monitored from 0- 24 h (from the top to the bottom) at 37 ºC. The amide (8.5-

7.7 ppm) and aromatic region (7.5-6.2 ppm) are shown.  

 

 

Figure 7.68: Stacked 1H NMR (800 MHz) spectra of Glucagon and methylglyoxal (10:1 mol 

relationship) monitored from 0- 24 h (from the top to the bottom) at 37 ºC. The amide (8.5-

7.7 ppm) and aromatic region (7.5-6.2 ppm) are shown. 
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7.19 Challenges  

7.19.1 Challenges in the phosphorylation experiments  

The phosphorylation experiments in the present study were based on previous NMR 

investigations by Frode Rise and Bjørnar Hassel (see fig. 7.69). The objective was to examine 

the phosphorylation of D-GA by the formation of ADP. The samples contained 3 mM D-GA, 

1 mM ATP, 1 mM MgCl2 in Tris-HCl buffer (pH 7.0) with different quantities of 

synaptosomes (10- 100 µL), also called isolated nerve endings.   

 

 

Figure 7.69: 31P NMR (162 MHz) spectra of a sample with 3 mM D-GA in isolated nerve 

terminals (synaptosomes). The spectra were acquired at 37 °C by Frode Rise and Bjørnar 

Hassel.  

 

In the 31P NMR spectra obtained by the supervisors, it was observed the starting material 

ATP, the production of ADP and the disappearance of both compounds over the time. 

Besides, the formation of inorganic phosphate (Pi) and AMP was also observed. Thus, it was 

assumed that the phosphorylation of D-GA did occur in isolated nerve endings.  

The same experiments were repeated by the student, this second time with brain homogenate 

substituting the synaptosomes. The concentrations and reagents were the same as before. 

Surprisingly, the results obtained were quite different from the previous results. The 31P 

NMR spectra did not show ADP production nor ATP consumption (see the next fig. 7.70). 

ATP ADP AMP And Pi 
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Around 0 ppm, it was detected a little resonance coming from Pi, which gave the idea of a 

very slow reaction. The experiments were repeated many other times, with increasing ATP 

concentrations, higher level of D-GA and with more quantities of homogenate (see fig. 7.71). 

Rarely, the 31P NMR spectra resulted to be the same (than fig. 7.70) where ADP was not 

formed and only ATP was visible over time. What was then failing?  

 

 

Figure 7.70: Stacked 31P NMR (162 MHz) spectra of a sample with 3 mM D-GA in brain 

homogenate. The spectra were acquired at 37 °C in steps of 90 min. The visible NMR signals 

corresponds to ATP.  No indications of the D-GA phosphorylation were observed.  
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Figure 7.71: 31P NMR (162 MHz) spectra of a series of sample to examine the D-GA 

phosphorylation. From bottom to top it is observed a sample with 3 mM ATP, 1 mM ATP, 40 

µL homogenate and 20 µL homogenate (the rest of the reagent were the same). The spectra 

were acquired at 37 °C. The visible NMR signals corresponds to ATP. No indications of the 

D-GA phosphorylation were observed.  

The only thing remaining to be changed was the homogenate. The experiments were then 

repeated using a new brain homogenate. Positively, the new 31P NMR spectra showed similar 

results to those expected. The 31P spectra are shown in the following fig. 7.72. It indicated 

that the eppendorf tubes containing the brain homogenate could only be used one time. 

Freezing and using them again would lead to wrong 31P NMR results. Therefore, a new, 

freshly homogenate was always used on each phosphorylation experiment.  
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Figure 7.72: 31P NMR (162 MHz) spectra of a sample of D-GA phosphorylation with brain 

homogenate. The spectra were acquired at 37 °C. ADP, AMP and Pi formation was observed 

indicating that D-GA phosphorylation did occur.  

 

7.19.2 Challenges in the UV measurements of glyoxalase 

At the beginning of the glyoxalases experiments, several problems were encountered. The 

first measurements for Glyoxalase I assay lead to uncontrollable findings that increased and 

decreased in absorption with time (see the next Fig. 7.73). The student and supervisors 

thought that one possible reason was the centrifuge that was not efficient enough to perform 

the centrifugation step properly. After changing to an appropriate centrifuge, the experiment 

for Glo I was repeated and still lead to false findings. The student noticed then that two of the 

four cuvettes that were used, gave a nice increase in absorption while the other two gave 

unstable absorption curve. Something was wrong with these cuvettes. Sigma-Aldrich, a high 

technology company that facilitates chemical instruments to scientific investigations offered 

the explanation to the problem. The fact is that some cuvettes have a spectral range from 360-

2500 nm and other from 200-2500 nm and to measure UV radiation only quartz cuvettes can 

be used. The solution was to use the quartz-cuvettes with the correct spectral range. It 

revealed that the cuvettes leading to the false results were either not made of quartz, or they 

did not have the desired spectral width.  
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Figure 7.73: The preceding measurements for Glyoxalase I. The absorption did not increase 

as expected.  

 

Other aspect interesting to test was the Tris-HCl buffer. The NMR analysis of the samples 

containing ATP and the samples to investigate the D-GA phosphorylation started without 

knowing whether Tri-HCl interfered with the signals of the compounds of interest (MGO, 

ATP, ADP, lactate, etc). Thus, 1H NMR was used to see where this buffer resonates. The 

following fig. 7.74 show the 1H spectrum.  

 

 

Figure 7.74: 1H NMR (600 MHz) spectrum for Tris-HCl buffer used in the experiments. The 

buffer gives a singlet at 3.71 ppm.  
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For our luck, the Tris-HCl buffer (50 mM, pH 7.4) gave a resonance at 3.79 ppm which did 

not overlap the resonances of interest. Therefore, the buffer was a good choice to use in both 

1H and 31P NMR.  

 

7.20 Debating possible errors 

The measurement of the metabolite`s concentrations formed in the phosphorylation reaction 

of D-GA was possible to monitor integrating the peaks in the 31P NMR spectra, but it is 

important to highlight that the integrals are approximate, not accurate. Thus, this is the 

biggest error in the present study. To get more precise concentrations, more samples would 

be needed to have a more precise integration, and because of time restriction, the 

concentrations shown in this work (in D-GA phosphorylation and glyoxalases experiments) 

were based statistically on four replicates. 

The homogenate used in the glo I assay exposed to crotonaldehyde was not as well 

centrifuged as the other aldehydes because the centrifuge that was used earlier, was no longer 

available. Less centrifuge time means more enzyme in the cell membrane of the homogenate. 

This could result in a lower or higher activity. This may have been the reason why 

crotonaldehyde did not inhibit the enzyme/reaction resulting in no significant difference from 

the control (1) sample. However, the assay was used in the investigation.    

When running 31P NMR experiments, the samples were prepared and immediately analyzed. 

It should be kept in mind that it takes 10-15 min to prepare the spectrometer before data 

acquisition. Thus, this time should be added to the acquisition time of each experiment.   

Some of the 1H NMR spectra showed multiple peaks between 0-3.00 ppm. These peaks are 

contaminants coming from plastic (eppendorf, plastic caps or test tubes) where the reaction 

mixture was prepared. This phenomenon ought to be investigated more properly. It is 

possible that many in the scientific community are polluting their samples in this way.  See 

the following fig. 7.75 and 7.76 for the 1H NMR spectra.  
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Figure 7.75: 1H NMR (800 MHz) spectrum for ADP. The selected peaks between 0-3.00 ppm 

are contaminants coming from plastic.  

 

 

Figure 7.76: 1H NMR (800 MHz) spectrum for ADP expanded from 0.00 to 3.00 ppm. The 

selected peaks are contaminants coming from plastic.  

 


