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Abstract 
 

The venoms of snakes and insects are complex mixtures of toxins and enzymes that 

produce profound physiological and behavioural consequences when injected into 

prey creatures. Understanding how these consequences are achieved from very small 

amounts of venom in short time intervals sheds light on the principles of venom action 

and the defence mechanisms that may have to be overcome. In addition to the 

possibility of better treatments for envenomed humans, wider insights into drug 

discovery are also promised. 

This thesis describes an investigation into the chemical effects of Honey Bee (Apis 

mellifera) venom. The toxic effects of some bee venom components (such as melittin 

and phospholipase A2) are well known, but the venom’s capacity to respond to 

potential defensive reactions (as represented by the biomolecules commonly released 

by mammals in response to wounding and the injection of toxins) has not been so well 

studied. 

Using the technique of Real-time NMR, specially adapted to this research, purified 

whole bee venom was challenged with a range of bioactive molecules that a 

mammalian victim could potentially release in response to the presence of the venom 

(i.e. adrenalin, cortisol, angiotensin, bradykinin, substance P and opioid peptides). 

Reactions were carried out in the NMR spectrometer under physiological conditions 

(pH 7.4, 37°C) and full spectrum “snapshots” were taken at frequent intervals. 

Subsequent analysis revealed whether or not any transformation had taken place, and, 

if so, what intermediates and products were generated. 

It was found that only substance P and the opioid peptides were acted upon by the bee 

venom, implying the venom contained one or more appropriate peptidase activities. 

Further experimentation with the opioids Met- and Leu-enkephalin, and their N-

terminal fragment Tyr-Gly-Gly, established that the peptidase activity was primarily 

that of a dipeptidyl dipeptidase, supported by a dipeptidase. Subsequent kinetic studies 

implied that these substrates were not ideal and so other opioid peptides (Endomorphin 

I, Endomorphin II and Casomorphin 1-7) were also tested. It was found that 

Endomorphin I was the “best” substrate. 
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The substrate specificity of the venom dipeptidyl peptidase shows consistencies with 

the known mammalian dipeptidyl peptidases III and IV. The presence of a DPP IV – 

like enzyme (i.e. an evolutionary homologue of the human version) in bee venom has 

been predicted from gene sequence analysis and the generation of melittin from its 

precursor. This bee protein is also known as Api m 5 and is a notable allergen. 

Consequently, the bee venom was challenged with a model substrate and a model 

inhibitor for human DPP IV. The model substrate was readily converted and the model 

inhibitor reduced the rate of conversion of the opioid peptides. Two synthetic variants 

of the inhibitor were tested, but they were not as effective. Although bee venom Api 

m 5 shares structural and preferred substrate/inhibitor similarities with human DPP IV, 

some contrasts remain (for example the former’s ability to act on enkephalin peptides). 

It is proposed that the role of the bee venom DPP-IV like enzyme (i.e. Api m 5) is 

primarily to destroy opioid peptides released by mammalian sting victims in response 

to the physical and toxicological impact of the venom. Opioid peptides bind to skin 

nociceptors to limit pain perception following injury, so fragmentation of these 

peptides could lead to prolonged pain from the sting site(s) and therefore behaviour 

that serves the interests of the bees (i.e. avoidance, retreat or stopping in the case of a 

mammal foraging a hive). 

Preliminary experiments were conducted to follow the action of the hyaluronidase in 

bee venom which breaks up the extra cellular matrix carbohydrate to speed up the 

tissue spread of the venom components. The NMR method again proved to be useful. 
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Chapter 1 

1.0 Bee Venom 
 

1.0.1 Introduction 

 

Bees are thought to have arisen around the time that flowering plants first appeared.1 

In terms of evolution bees arose from the spheciform wasps, sometimes referred to as 

sphecidae or sphecoid wasps.1  Apis mellifera (honey bees) are part of the 

Hymenoptera order in the Insecta class.2–4 The Hymenoptera order of insects includes 

thousands of species of wasps, ants, sawflies and bees.5 The Hymenoptera 

classification is shown in figure 1.0.1.1. The Apis insect classification, an ancient line 

of bees, is thought to have originated in tropical Eurasia which migrated and ended up 

in Europe around ten thousand years ago.5 Honey bees are ca. 15-20 mm in size, they 

live in natural hives, tree cavities and artificial hives and are generally nonaggressive.6  

In a honey bee colony the hierarchy begins with a queen bee followed by workers and 

then drones.7 There is usually only one queen bee in a hive that lays eggs, producing 

offspring, along with tens of thousands of worker bees that are involved in foraging, 

protecting the hive, and caring for the offspring.5,7 Worker bees are sterile meaning 

they cannot reproduce. The queen bee lifespan is much longer than that of the worker 

bees (ca. 10 times longer).5  

Honey bees, like other insects, have an open circulatory system which is known as a 

hemolymph. This means that the body fluid within an insect flows freely and there is 

no distinction between the blood and interstitial fluid.8 This can be compared to the 

mammalian circulatory system which is a closed system with the blood contained 

within capillaries. These different circulatory systems mean that the bee defence 

mechanisms have to overcome the different physical barriers within mammals for 

effective action. However, when bees use their defence mechanisms against other 

insects, the open circulatory system makes it easier to have an effective action. 
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Figure 1.0.1.1: Hymenoptera taxonomy. Adapted from Casale and Burks, 2014.6 

 

Insects do not have an adaptive immune system but have evolved an innate immune 

system meaning that they can distinguish between foreign and non-foreign molecules.8 

The innate immune system of insects works via both cellular and humoral 

mechanisms.8,9 The cellular mechanisms involve phagocytosis, capture by hemocytes 

and confining of pathogens by nodule formation.9 The humoral mechanisms involve 

the release of antimicrobial peptides into the hemolymph from fat bodies, clotting 

within the hemolymph and melanisation, which is the formation of melanin.9 Insects 

are vulnerable to many microorganisms as well as other insects and vertebrates, 

meaning they not only require an established immune response but also a defence 

mechanism. It is well known from literature that bees are stinging insects which inject 

venom as a defence mechanism. However honey bees generally will not sting unless 

provoked.3 

The venom reservoir is where the bee venom is stored, which is secreted from the 

poison and accessory glands.10 Envenomation is the process by which bees insert their 

sting into their victim. The sting of Hymenoptera insects has evolved from ovipositors, 

which were used to lay eggs and therefore only female Hymenoptera insects are 

capable of stinging.4,6 Honey bees have a barbed stinger meaning that they leave 

Hymenoptera

Apidae

Apis mellifera
Bombus species

Vespidae

Polistes species
Vespula species
Vespa crabro

Dolichovespula maculata

Formicidae

Solenopsis invicta
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behind the sting and venom sac when they pull away and this continues to inject venom 

into the victim.2,11  A diagram showing the barbed stinger is shown in figure 1.0.1.2. 

The sting only detaches from the bee when it injects into a vertebrate whereas it stays 

attached to the bee when it stings other insects. This is an adaptation specifically 

against vertebrates.4 There is a nerve ganglion attached to the sting which helps embed 

the sting into the flesh and is responsible for the continuous injection of venom into 

the wound after it is detached from the bee.12 The venom then causes a series of 

different reactions by the various components of the venom. 

 

 

Figure 1.0.1.2: Diagram of the honey bee sting. 4 (reproduced with permission) 

 

Bee venom (BV) is a mixture of various molecules ranging from small molecules (< 

10 kDa) to larger molecules (100 kDa).4,11,13,14 It is known that there are at least 18 

different components to the BV.13 The composition of BV is described in detail in 

section 1.0.2. Venom is produced by honey bees as a defence mechanism against 

predators. Hymenoptera social insects will use their sting to defend against anything 
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that is a threat to their hive.4  The venom has evolved over time to defend against 

different threats with the majority of threats to a honey bee being other insects. When 

honey bees sting other insects the venom causes paralysis and death. However, when 

they sting humans the main effect is to cause pain and distraction.4 The sting and the 

mandibular gland produce what are known as pheromones, the main component being 

isopentyl acetate, which evaporates and gives a smell (like bananas) to warn other bees 

about potential danger.4,15 

Generally a bee sting in humans will cause a local reaction such as pain, swelling, 

redness and itching.16 The areas of the body which have the highest level of pain after 

a bee sting are the mouth/nose.17 The treatment of local reactions would be with H1-

antihistamines (which target H1 histamine receptors) glucocorticoid creams/ointments, 

analgesics or ice/cold compresses.6 The honey bee can inject up to 147 µg of its venom 

into its victim in one sting.2 In some people a single sting from a honey bee can cause 

a hypersensitivity reaction instantly, resulting in anaphylaxis.2,16 Death from a bee 

sting is rare; however it can occur after just one sting.4,16,18 The cause of death from a 

bee sting commonly involves respiratory dysfunction via anaphylaxis or 

cardiovascular failure.6  

There are four types of hypersensitivity reactions (type I, II, III and IV), which have 

been classified by Gell and Coombs according to the immune response.19 Type I 

hypersensitivity reactions, which lead to anaphylaxis, are a result of IgE antibodies20 

being released in response to BV allergens known as phospholipase A2 and 

hyaluronidase.4 These allergens are discussed in greater detail in section 1.0.2. This 

type of reaction occurs only in sensitized individuals. The venom-specific IgE are 

found on mast cells, which cause numerous mast-cell mediators to be released. These 

mediators include histamine, leukotrienes, prostaglandins and platelet activating 

factor.6 The clinical symptoms of an anaphylactic reaction to honey bee venom include 

urticaria, angioedema, tachycardia, asphyxia, nausea and myocardial infarction.6,18 

The treatment of an anaphylactic shock reaction would be by injectable epinephrine, 

H1-antihistamines, oxygen and 2 agonists.6  
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1.0.2 Composition of Bee Venom 

 

BV is a complex mixture of various components. Table 1.0.2.1 below shows some of 

the main components with their molecular weight, biological action and their dry 

weight present in BV.  

 

Table 1.0.2.1: Components of BV 

Component Molecular 

Weight (kDa) 

% present in 

BV 

Action of Component 

PLA2 (Api m 1) 16 10 – 12 % Disruption of cell 

membranes 

Hyaluronidase (Api m 

2) 

39 < 3 % Hydrolyses hyaluronic 

acid

Acid phosphatase 

(Api m 3) 

43 1 % Releases histamine and 

induces wheal and flare 

in the skin 

Melittin (Api m 4) 2.840 40 – 60 % Synergism with PLA2 

and has lytic activity

Venom dipeptidyl 

peptidase IV (Api m 

5) 

100 - Cleaves pro-melittin 

Sequence similarity to 

human DPP IV 

Api m 6 7.190, 7.400, 

7.598 and 

7.808 

- 4 isoforms exist: Api m 

6.01, 6.02, 6.03 and 

6.04. Recent allergen 

found in 40 % of BV 

hypersensitive patients. 

CUB Serine protease 

(Api m 7) 

39 - Cleaves peptide bonds 

using serine at the 

catalytic site 

References 10,11,14,21–24    
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Table 1.0.2.1 continued 

Component Molecular 

Weight (kDa) 

% present 

in BV 

Biological Action 

Carboxylesterase

-6 (Api m 8) 

70 - Hydrolysis of carboxylic 

esters 

Serine 

carboxypeptidase 

(Api m 9) 

60 - Cleaves peptide bonds using 

serine at the catalytic site 

Icarapin-like 

precursor (Api m 

10) 

50 – 55 - - 

Major royal jelly 

protein (Api m 

11) 

50 - - 

Vitellogenin (Api 

m 12) 

200 - Provides nutrients 

Apamin 2.036 2 – 3 % Inhibits Ca2+ dependent K+ 

channels and acts as a 

neurotoxin 

Mast Cell 

Degranulation 

Peptide (MCD) 

2.588 1 – 3 % Releases histamine, anti-

inflammatory and analgesic. 

Inhibitor of K+ channels. 

Adolapin 11.5 1 % Anti-inflammatory and 

inhibits PLA2 and COX 

activity. 

Histamine 0.307 1.5 % Agonist at histamine 

receptors 

References 10,11,14,21–24    

    

Other components and their dry weight in BV include amines (dopamine (0.13 – 1 %) 

and noradrenaline (0.1 – 0.7 %)), enzymes (Lysophospholipase (1 %), and α-
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Glucosidase (0.6 %)) and carbohydrates (2 % - fructose and glucose).13,21,25 Citrate is 

also found in BV, and a study has shown evidence that this may inhibit the BV 

phospholipase A2.26  

 

1.0.2.1 Melittin 

 

Melittin is the major toxic component of the dry weight of bee venom. It has 26 amino 

acid residues and it exists as an amphiphilic structure.10,14 The amino acid sequence of 

melittin is: 

 

GIGAVLKVLTTGLPALISWIKRKRQQ.13 

 

Melittin is fundamentally a hydrophobic molecule but has 6 positive charges at 

physiological pH.27 Located towards the carboxy-terminal end of the melittin molecule 

there are four amino acids (Lys21-Arg22-Lys23-Arg24)27 with positive charges along 

with 6 other amino acid residues at this end giving hydrophilicity to this part of the 

molecule.10 Located towards the amino-terminal end of the melittin molecule there are 

two amino acids27 with positive charges along with 20 other amino acid residues giving 

hydrophobicity to this part of the molecule.10 The crystal structure of melittin is shown 

in figure 1.0.2.1.1. 
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Figure 1.0.2.1.1: Ribbon structure of melittin. This structure was obtained at a 

resolution of 2.0 Å using four sulfate ions as ligands. The structure was taken from 

the RCSB protein data bank.28 The blue balls are modified N-terminals (NH3). The 

bend in each chain is shown in light blue and light green. Dark green/dark blue and 

orange/aqua segments represent chains either side of the bend. 

 

Melittin is synthesized via cleavage of two precursor molecules. The first of these 

precursor molecules is called prepromelittin, which is a 70 amino acid peptide with a 

methionine at the amino end of the peptide.29 This is not detected in the venom gland. 

It is thought that there is rapid cleavage of prepromelittin to the second precursor 

molecule promelittin,29 which would make it difficult to detect prepromelittin. 

Promelittin, which is found in the venom gland and is composed of 49 amino acids,30 

is hydrolysed releasing melittin into the venom gland.27,29,31 The enzyme responsible 

for the hydrolysis of promelittin to release melittin was found to be a dipeptidyl 

peptidase IV-like enzyme.30 This enzyme is mentioned in table 1.0.2.1 and is discussed 

in more detail in section 1.0.2.6. 

The conformation and self-association of melittin has been widely studied due to its 

complexity. When melittin is in its α-helical conformation, it is asymmetric meaning 

there are polar and non-polar amino acids on either side of the peptide. This asymmetry 

formed by the arrangement of amino acids gives melittin its amphiphilic structure.27,32  

Melittin is monomeric when the concentration is low and forms tetramers when the 
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concentration is high.13,27 These structural conformations are important for the various 

actions of melittin.  

The tetramer conformation is dependent on various factors which includes melittin 

monomer concentration (as previously mentioned), salt concentration, and pH.27 These 

factors result in a reduction of the overall charge of melittin and stimulates the 

aggregation of melittin monomers into tetramers. This reduction in charge is necessary 

as the high charge density of melittin means that there would be electrostatic repulsion 

occurring between the monomers which would therefore prevent aggregation into 

tetramers.27 A study by Talbot et al. looked at the conformation of melittin using 

fluorescence measurements, gel filtration and optical rotatory dispersion. These results 

found that melittin is a monomer when there is low concentration of melittin and low 

ionic strength at physiological pH.33 This study also showed that high monomer 

concentration and high ionic strength causes aggregation at physiological pH.  

When melittin is in its tetrameric form the hydrophobic side chains of each melittin 

chain are all positioned towards the inner part of the tetramer making the tetramer core 

apolar. The hydrophilic and charged amino acids are mostly positioned towards the 

outer part of the tetramer giving the tetramer a hydrophilic surface which protects the 

hydrophobic residues from the solvent.  Electrostatic repulsion is thought to be the 

reason that melittin tetramers are soluble in solution and prevents the higher order 

aggregation of tetramers since the four melittin chains in a tetramer contain only 

positive charges.32  

There is a bend in the melittin chain between amino acid residues 11 and 12 (Thr-Gly 

respectively). On either side of this bend there are two -helical regions. There is no 

hydrogen bonding between the amino acid Thr10 carbonyl oxygen and amino acid 

Pro14. This may give Pro14 involvement in the formation of the bend as this would 

destabilise the -helix between amino acid residues 10 – 14.32  

The main biological action of melittin is that it is cytolytic.31 Melittin can incorporate 

into both synthetic and natural phospholipid bilayers of membranes forming pores, 

therefore causing interference with the bilayer structure.27 The mechanism by which 

antimicrobial peptides, including melittin, form pores has been widely studied. Two 

main mechanisms for pore formation have been suggested, a diagram showing these 
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two mechanisms is shown in figure 1.0.2.1.2. One of these mechanisms is known as 

the barrel-stave model where the peptides incorporate into the hydrophobic region of 

the bilayer with the hydrophilic regions of the peptide forming the centre region of the 

pore.34,35 The other mechanism is known as the toroidal model where the peptides 

interact with the polar head groups, pulling these head groups from the top and bottom 

of the bilayer together causing them to bend. This lines the pore with both the polar 

head groups of the bilayer and the peptide.35  

 

 

Figure 1.0.2.1.2 Schematic of pore formation by antimicrobial peptides (adapted 

from Sengupta et al., 2008)36 

 

The mechanism melittin uses to form pores remains controversial in the literature. 

Some papers suggest that melittin follows the barrel-stave model;37 however others 

suggest the toroidal model.35 The process of forming pores appears to be complex with 

several factors affecting the way melittin incorporates into membranes. Another action 

of melittin is that it acts in synergy with phospholipase A2, which is discussed in the 

next section. 
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1.0.2.2 Phospholipase A2 

 

Phospholipase A2 (PLA2) is one of the enzymes found in BV. In general PLA2 

enzymes act at the sn-2 position of membrane phospholipids to release a fatty acid, for 

example arachidonic acid (AA), and a lysophospholipid. 38,39 AA is a precursor 

molecule for signalling molecules such as eicosanoids, which include prostaglandins 

and leukotrienes.39 Prostaglandins and leukotrienes are formed when AA is 

metabolized by the enzymes lipoxygenase and cyclooxygenase.40,41 

Lysophosphatidylcholine is an example of a lysophospholipid which can be released 

by PLA2. These molecules are also the precursor molecules for other signalling 

molecules such as platelet-activating factor (PAF). 23,24 Eicosanoids and PAF play a 

key role in the inflammatory response.41 A diagram showing a membrane phospholipid 

bilayer is shown in figure 1.0.2.2.1 and the general structure of a phospholipid is shown 

in figure 1.0.2.2.2. 

 

 

Figure 1.0.2.2.1: Image of a phospholipid bilayer, this image was taken from 

rsc.org.42 
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The general group of PLA2 enzymes has been classified into numerous different groups 

according to nucleotide and amino acid sequence.39,41,43 Table 1.0.2.2.1 gives details 

of the PLA2 enzyme classification which was adapted from Schaloske and Dennis.43 

There is also a broader classification which groups the PLA2 enzymes into three 

groups; secretory PLA2, cytosolic PLA2 and cytosolic Ca2+-independent PLA2.
39,41 

The majority of PLA2 enzymes require mM concentrations of Ca2+ for optimal 

catalytic activity.39 

 

 

Figure 1.0.2.2.2: General structure of a phospholipid 

 

PLA2 is one of the components in BV which results in an allergic response and is 

therefore considered one of the major allergens in BV. On its own BV PLA2 is non-

toxic; however together with melittin it is hemolytic.2,4 The amino acid sequence of 

the BV PLA2 was determined and compared to vertebrate PLA2 amino acid sequences. 

The result showed that the BV PLA2 has a distinct structure compared to the class I/II 

superfamily of PLA2 enzymes.44,45 BV PLA2 is part of group III PLA2 enzymes, which 

have a molecular weight of ca. 15-18 kDa and have 5 disulfide bridges.41 BV PLA2 is 

comprised of 134 amino acids and is glycosylated at the Asn13 residue.45 

The BV PLA2 enzyme is only structurally similar to vertebrate PLA2 enzymes at the 

active site which contains histidine and aspartic acid residues, the Ca2+ binding loop 

and certain cysteine residues.46 The triad of a hydroxyl-imidazole-carboxylate (Tyr87-

His34-Asp35 in the case of BV PLA2) is a common feature in the active site of 

enzymes which catalyse the hydrolysis of esters.46 In the catalytic site of BV PLA2 the 
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His34 residue is followed by the Ca2+ binding Asp35 residue. The Asp64 residue 

interacts with the His34 residue. However, mutant BV PLA2 enzymes lacking this 

Asp64 residue still show catalysis of phospholipids showing this residue is not 

essential for enzyme activity.46 It is thought that the Asp64 residue is there to stabilize 

the imidazole of His34 into the optimum position for catalysis. BV PLA2 contains only 

one conserved tyrosine residue (Tyr87) in comparison to the class I and II families 

which have two conserved tyrosine residues.44 

 

 

Figure 1.0.2.2.3: Ribbon Structure of BV PLA2. This structure was obtained at a 

resolution of 2.0 Å while in a complex with a transition state analogue. The structure 

was taken from the RCSB protein data bank.47 The black beaded molecule is a 

transition state molecule (diC8(2Ph)PE). The different colours relate to the individual 

secondary structures (α helices and β sheets) of the protein. There are also two 

calcium ions present. 
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Table 1.0.2.2.1: Classification of PLA2 Enzymes 

Group Sub-group Source Molecular Weight 

(kDa) 

I A, B Cobras, Krait, 

Human/porcine pancreas 

13 - 15 

II A, B, C, D, E, F Rattlesnakes, human 

synovial, Gaboon viper, 

Rat/murine testis, 

Human/murine pancreas, 

spleen, brain, heart, uterus, 

testis, embryo  

13 - 17 

III - Bee/human/murine/lizard 15 - 55 

IV A, B, C, D, E, F Human/murine 61 - 114 

V - Human/murine heart, lung, 

macrophage 

14 

VI A1, A2, B, C, D, 

E, F 

Human/murine 28 - 146 

VII A, B Human, murine, porcine, 

bovine 

40 - 45 

VIII A, B Human 26 

IX - Snail venom (conodipine-

M) 

14 

X - Human spleen, thymus, 

leukocyte 

14 

XI A, B Green rice shoots 12 - 13 

XII - Human/murine 19 

XIII - Parvovirus < 10 

XIV - Symbiotic fungus, bacteria 13 - 19 

XV - Human, murine, bovine 45 

Reference 43    
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1.0.2.3 Hyaluronidase 

 

Hyaluronidases are glycosidase enzymes which hydrolyse hyaluronic acid (HA).48 

These enzymes are classified into three different groups and the details of these groups 

are shown in table 1.0.2.3.1. These enzymes are found in mammals, insects, leeches 

and bacteria.49 The substrate for these enzymes, hyaluronic acid (HA), is found in the 

majority of tissues but is most abundantly found in the extracellular matrix (ECM).50 

HA is also found in connective tissue near the collagen and elastin fibres and is able 

to bind a vast quantity of water (which may contribute to the hydration of the skin).51 

HA, also known as hyaluronan, is a glycosaminoglycan (GAG) which is produced by 

fibroblasts and keratinocytes and is known to decrease with age.51  HA has a linear 

structure and is made up of repeating units known as disaccharide units (figure 

1.0.2.3.1). The two repeating disaccharide units present in HA are β-D-(1-3) 

glucuronic acid and β-D-(1-4)-N-acetylglucosamine.52   

 

Table 1.0.2.3.1: Hyaluronidase Enzymes 

 (1) Mammalian 

hyaluronidase 

(2) Hyaluronate-3-

glycanohydrolases 

(3) Microbial 

hyaluronidases 

Numerical 

Classification 

E.C. 3.2.1.35 E.C. 3.2.1.36 E.C. 4.2.99.1 

Cleavage -1-4 glycosidic 

linkages in HA, 

chondroitin and 

chondroitin sulfate 

Glucoronate linkages of 

HA 

-1-4 glycosidic 

linkages in HA, 

using -

elimination 

process 

Product Even numbered 

oligosaccharides 

Tetra- and hexa-

saccharides 

Δ4-5 unsaturated 

oligosaccharides 

Reference 50    
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The ribbon structure of BV hyaluronidase has been solved at a resolution of 1.6 Å.49 

The BV hyaluronidase ribbon structure is shown in figure 1.0.2.3.2. The structure of 

the BV hyaluronidase in a complex with a HA tetramer suggests that the catalytic 

mechanism is an acid-base mechanism. This occurs by Glu113 acting as a proton donor 

and the N-acetyl group on the substrate acting as a nucleophile. Asp111 and Glu113 

amino acids are the only conserved carboxylic residues found in the catalytic binding 

groove. Glu113 showed a distance of 2.6 Å between the carboxyl side chain and the 

glycosidic oxygen, placing it in a good position to act as a proton donor. However the 

Asp111 carboxyl oxygens were 5 Å away from the glycosidic oxygen suggesting the 

Glu113 may be more important for catalysis.49 

 

 

Figure 1.0.2.3.1 Structure of Hyaluronic Acid 

 

Hyal-1, the predominant mammalian hyaluronidase, has a similarly folded structure 

((β/α)8-barrel) to the BV hyaluronidase.48 It is known that initial cleavage of this 

occurs by transfer of a proton from the glutamic acid residue (Glu131 in Hyal-1) to the 

C4 oxygen. A water molecule then replaces the HA leaving group where it is thought 

that the Glu131 and Tyr202 residues polarize this water molecule. This results in a 

nucleophilic attack on the C1 carbon therefore completing the hydrolysis of the 

glycosidic bond.48 Given the similar folding of mammalian hyaluronidase and BV 

hyaluronidase, it is possible that this is the mechanism used by BV hyaluronidase to 

degrade HA. 
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Figure 1.0.2.3.2 Ribbon Structure of BV Hyaluronidase. This structure was 

obtained at a resolution of 1.6 Å. The structure was taken from the RCSB protein 

data bank.53 The tetramer structure is not shown here. The different colours relate to 

the individual secondary structures (α helices and β sheets) of the protein. 

 

It is well known that hyaluronidase is a major allergen found in BV.4,49 Studies carried 

out have shown that over 70 % of people had IgE present in their serum specifically 

against recombinant hyaluronidase.54 BV hyaluronidase is made up of 350 amino 

acids. It has four possible glycosylation sites (N-X-T where X is any amino acid), and 

has two disulfide bridges.49,54 It has been found that two of the four possible 

glycosylation sites are glycosylated (Asn115 and Asn263).54 The BV hyaluronidase 

also shares ca. 30 % sequence similarity to that of mammalian hyaluronidase.48,49 BV 

hyaluronidase degrades HA found in the ECM of the skin which helps aid the spread 

of venom throughout the body and is therefore considered the major ‘spreading 

factor’.4,48,49  
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1.0.2.4 Mast Cell Degranulation Peptide 

 

Mast cell degranulation (MCD) peptide is 22 amino acids long with the following 

amino acid sequence:  

 

IKCNCKRHVIKPHICRKICGKN.11,13 

 

MCD peptide has actions which are strongly linked with allergies.13 MCD peptide 

releases histamine from mast cells at a low concentration. However, at higher 

concentrations it prevents the degranulation of mast cells.11,13 MCD therefore acts as 

both an anti-inflammatory and inflammatory agent. MCD contains two disulfide 

bridges between the Cys3 and Cys15 and the Cys5 and Cys19 residues. These disulfide 

bridges result in a compact cyclic structure of two asymmetric loops.55 The primary 

structure is shown in figure 1.0.2.4.1. 

 

 

Figure 1.0.2.4.1 Primary structure of MCD adapted from Gauldie et al, 1978.56  

 

The process of mast cell degranulation involves several steps and is initiated by the 

binding of antigens to IgE molecules. This is then followed by the cross linking of two 

IgE molecules resulting in dimerization of IgE receptors. This initiates several cellular 

processes beginning with phospholipase C activation (via Ca2+ ion mobilization) 

followed by protein phosphorylation, PLA2 activation, finally resulting in lysolecithin 
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formation. Lysolecithin mediates the fusion of mast cell granules with the plasma 

membrane resulting in the release of various mediators such as histamine.55 

 

1.0.2.5 Apamin 

 

Apamin is 18 amino acids long with the following amino acid sequence:  

 

CNCKAPETALCARRCQQH.11 

 

The primary structure of apamin is shown in figure 1.0.2.5.1.  Apamin has a similar 

structure to the MCD peptide previously described. However, it acts at different 

receptors and has a different physiological action.56 Apamin is a small neurotoxin 

which blocks the Ca2+-activated potassium channels.11,13  

 

 

Figure 1.0.2.5.1 Primary structure of apamin adapted from Gauldie et al., 

1978.56 
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1.0.2.6 Api m 5 
 

Genome studies identified a protein (Api m 5) present in BV with 32 % sequence 

homology to the human DPP IV enzyme.57 A study has identified an enzymatic activity 

for this BV component, which is the sequential cleavage of dipeptides from pro-

melittin to release melittin.30 This is the only known action of BV DPP IV in the 

literature. However, the human DPP IV has been studied extensively. 

Human DPP-IV (EC 3.4.14.5) is a type II cell surface integral glycoprotein which has 

a vast array of functions.58–60 It was originally known as CD26 (cluster of 

differentiation 26), a lymphocyte T cell surface marker, which is composed of 766 

amino acids in total.58–62 The DPP IV molecule has a short intracellular cytoplasmic 

domain composed of 6 amino acids (MKTPWK), a transmembrane domain composed 

of 22 amino acids (VLLGLLGAAALVTIITVPVVLL) which is hydrophobic in nature 

and an extracellular domain which contains the catalytic region and various N-terminal 

glycosylation sites; this domain is composed of the remaining 738 amino acids.58–60  

The catalytic region is a triad of the amino acids Ser630, Asp708, and His740 with 

Ser630 (a crucial catalytic residue) found in a pocket, which is created by an α/β 

hydrolase region and a β propeller domain, which has the active sequence GWSYG.58–

60 DPP IV is an uncharacteristic serine protease as the residues within the catalytic 

triad (Ser630-Asp708-His740) are inverted when compared with a typical serine 

protease, which has the catalytic triad sequence of His-Asp-Ser.59,60 A schematic 

showing a simplistic image of DPP IV is shown in figure 1.0.2.6.1. The ribbon 

structure of human DPP IV has been determined and is shown in figure 1.0.2.6.2. 
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Figure 1.0.2.6.1: Diagram of DPP IV molecule found in humans, this image was 

adapted and reproduced from Ohnuma, K. et al. 

 

The gene for human DPP IV/CD26 is found on the long arm of chromosome 2 

(2q24.3)60,61,63 and is expressed in various different cell types such as epithelial cells 

of the liver, intestine, kidney, prostate tissue and corpus luteum, T-helper cells and 

there is a soluble form found in plasma and urine.59,63 One of the main functions of 

DPP IV is that it cleaves dipeptides (N-terminal) from peptides which preferentially 

have proline or alanine at the penultimate position.58,59,61,63 It has also been found that 

peptides with other amino acids at the penultimate position, such as glycine and 

leucine, can also be hydrolysed. However, this occurs at slower rates when compared 

with proline/alanine in this position.60 Natural substrates for human DPP IV are 

cytokines, neuropeptides, bioactive peptides and hormones.58,59 Other functions 

include acting as an anchor for the enzyme adenosine deaminase (ADA), binding to 

collagen and fibronectin. It can act as a co-receptor for gp120, which is a protein found 

in the HIV envelope, and is also involved in glucose homeostasis.58,59,63 
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Figure 1.0.2.6.2: Ribbon Structure of human DPP IV, this structure was 

obtained at a resolution of 2.6 Å. The structure was taken from the RCSB 

protein data bank.64 

 

Substrates can access the human DPP IV catalytic site via two ways.65,66 One of these 

routes is by a side opening which is found at the point where the hydrolase and β–

propeller domains meet. The other route is entry through a channel formed by the β-

propeller domain.65,66 These openings are shown in figure 1.0.2.6.3.  
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Figure 1.0.2.6.3: Crystal structure of porcine DPP IV forming a dimer of dimers 

with 222 symmetry. Red spheres are crystal modifications, grey spheres are possible 

glycosylation sites. This tetramer was modified to show how DPP IV can facilitate 

cell-to-cell contact. Porcine and human DPP IV have 88 % sequence identity. The 

image was obtained from Engel et al., 200365 with permission from PNAS. 

“Copyright 2003 National Academy of Sciences” The side opening is a distance of 

20 Å from the surface of the protein to the active site compared to the longer distance 

of 37 Å for the β-propeller opening.65 Larger substrates have to unfold to gain access 

to the β-propeller opening. The shorter distance of the side opening appeared to be 

the preferred route for products to leave the catalytic site. 
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The human DPP IV catalytic mechanism involves a catalytic triad of residues Ser630, 

Asp708, and His740.59 Ser630 is the essential catalytic residue which is found in the 

“nucleophilic elbow” of human DPP IV and is formed of the sequence Gly628-

Trp629-Ser630-Tyr631-Gly632.59,67 The Ser630 residue is H-bonded to the His740 

residue and an oxygen atom on Asp708 is H-bonded to His740.59 Ser630 attacks the 

scissile bond as the nitrogen on the His740 residue accepts the hydrogen from the 

Ser630 –OH group. Asp708 H-bonding with the His740 makes the nitrogen on this 

residue more electronegative therefore completing the catalytic triad. 

During catalysis by human DPP IV an oxyanion tetrahedral intermediate is formed. 

This is stabilised by the Tyr547 –OH group along with H-bonding to the –NH group 

of Tyr631.59,67 A study using mutagenesis by replacing the Tyr547 with a 

phenylalanine and therefore removing the –OH group showed that the –OH group on 

Tyr547 was crucial for catalysis.67 Another study using mutagenesis identified 

residues Glu205 and Glu206 as having an important role in the substrate binding.68 

Mutation at these amino acid sites stopped the human DPP IV activity. 
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1.0.3 Bee venom versus snake venom 
 

Insects are not the only species known to produce venom. Therefore a comparison 

between the honey bee and snake venoms will be useful to show the similarities and 

differences between two different venom-producing species. There are differences in 

the components of the different snake venoms. However, for the purpose of this 

research only a general review of the major snake venom components will be 

considered. Table 1.0.3.1 shows the comparison between the major components found 

in bee and snake venom. It is possible that some of the components found in snake 

venom are present in BV.  

 

Table 1.0.3.1: Comparison of the major components in bee/snake venom  

Component Bee Venom Snake Venom 

   

Phospholipase A2   

Hyaluronidase   

Melittin   

MCD-Peptide   

Apamin   

Other neurotoxins   

Histamine   

Cardiotoxins   

Myotoxins   

L-amino acid oxidase   

Metalloproteinases   

Serine proteases   

Bradykinin potentiating peptide   

References 22,69–72   
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The cardiotoxins, myotoxins and neurotoxins found in snake venoms are collectively 

involved in the killing of snake prey during hunting and defence. Cardiotoxins are 

described as lytic factors where they increase muscle contraction, cause lysis of red 

blood cells and result in cardiac arrest.73 Cardiotoxins show some similarities to the 

lytic peptide, melittin, found in BV.74 The myotoxins are involved in causing muscle 

necrosis resulting in paralysis and also inducing an inflammatory response.75 The 

neurotoxins in snake venom damage the nerve tissue by interrupting the transmission 

of neurons at the intramuscular junction which results in paralysis.76 Bees do not sting 

unless provoked; their venom has not evolved to kill mammals but rather to cause a 

distraction to the mammal. However snakes use their venom for both hunting and 

defending. Hence, snake venom has evolved to contain more toxin components used 

for killing mammals.  

The L-amino acid oxidase (LAAO) activity found in snake venoms is also found in 

other organisms such as bacteria, fungi and fish,77,78 giving a possibility that BV also 

has this activity. The LAAO enzymes transform L-amino acids into their α-keto acid 

form via oxidative deamination. This results in oxidative stress via the production of 

H2O2.
78 The snake venom LAAOs have molecular masses between 120 and 150 kDa 

where they are homodimers.78 Several of the snake venom LAAOs are involved in 

either inducing or inhibiting platelet aggregation.77 These enzymes are also involved 

in apoptosis, hemolysis, cytotoxicity and edema, amongst other biological actions.78 

Snake venom metalloproteinases are enzymes which rely on zinc for their activity. 

These enzymes play an important role in tissue damage by snake venom. They are 

responsible for the hemorrhagic effect of snake venom along with causing damage to 

muscles and play a role in inflammatory responses.79  

The bradykinin potentiating peptides increase bradykinin (described in section 1.2.4) 

activity and inhibit the angiotensin converting enzyme which is responsible for 

degrading angiotensin.80 This increases the permeability of blood vessels along with 

vasodilation which lowers the blood pressure in mammals.   
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1.1 Skin Physiology 

 

1.1.1 Introduction 
 

The skin protects internal organs from invasion of foreign substances and hazardous 

environmental factors such as bacteria/viruses and harmful chemicals. An 

understanding of the skin physiology is important as this is where a bee inserts the 

stinger. The skin is made up of various layers of different cells, namely the epidermis 

and dermis.81 The epidermis can subsequently be subdivided into four sub-layers 

known as the stratum corneum, stratum granulosum, stratum spinosum and the stratum 

basale.81,82 The main constituent of the epidermis is keratinocytes and others include 

melanocytes, Langerhans cells, and Merkel cells.82 The dermis can also be subdivided 

into two layers known as the papillary and reticular dermis. The reticular dermis is 

mainly composed of loose connective tissue and elastic fibres which run parallel to the 

papillary dermis.81 The papillary dermis is composed of a mesh network of fibrous 

proteins such as collagen and elastic fibres.81,83 Figure 1.1.1.1 shows a diagram of the 

different skin layers with a bee stinging, releasing bee venom which includes but is 

not exclusive to hyaluronidase, PLA2 and melittin. Also shown in this diagram is the 

defence bio-actives which could be released in response to a bee sting.  

The thickness of the skin varies in different parts of the body. For example the skin on 

the eye lids is much thinner than the skin of the forearm. With that in mind the 

thickness of the epidermis is in the range of 20 - 150 µm and the dermis is in the range 

of 2000 – 3000 μm.84 The lancet of a honey bee sting is around 1.4 mm long85 meaning 

that it would reach the dermis layer of the skin. 

There are numerous receptors found within the skin. These include the nociceptors 

which are involved in pain perception, mechanoreceptors which are involved in touch 

and pressure stimuli, thermoreceptors which are involved in temperature control, and 

also the pruriceptors which are involved in pain and itching.86  
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Figure 1.1.1.1: Diagram showing a bee stinging and the response to the bee 

venom. 

 

1.1.2 Keratinocytes 
 

Keratinocytes, found in the epidermis, are highly proliferative and have the ability to 

self-renew.87 Keratin is a protein with a protective role which is synthesised by 

keratinocytes87 and results in a network of filaments giving the epidermis its 

strength.83,87 Keratinocytes differentiate into corneocytes and during this process their 

structure changes where they become flattened and laden with keratin filaments. These 

keratin filaments within the newly formed corneocytes form a dense array and interact 

with filaggrin (a matrix protein) causing the keratin filaments to form tight bundles.88  

 

1.1.3 Corneocytes 
 

The average thickness of corneocytes is about 1 µm and there are about 15 layers of 

these cells in the stratum corneum.89 Corneocytes are formed from the differentiation 

of keratinocytes and are flat and anucleated cells.88 Corneocytes are laden with keratin 
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filaments which are encapsulated in proteins which are known as the cornified 

envelope (CE).88,89 Keratin filaments have the ability to bind to water and are 

connected through intra- and interkeratin filament disulfide bonds giving a stable 

structure.89 The CE has a lipid monolayer which is composed of covalently bound, 

long-chain ceramides on the outer layer giving a hydrophobic surface.89 The structure 

of an example ceramide is shown in figure 1.1.3.1. The chain length of ceramides 

varies and the predominant ceramides in the stratum corneum (SC) are longer chains 

(> C20).
89  

 

 

Figure 1.1.3.1: Structure of Ceramide NP90 

 

1.1.4 The Stratum Corneum 
 

The SC is the outer most layer of the epidermis, which provides a permeability barrier 

to the most vital organs and is composed mainly of corneocytes. The impermeable 

barrier to water can be attributed to the complex array of lipids in the SC.89–91 This 

barrier to water is essential for life as it ensures the skin is hydrated and therefore gives 

the skin its elasticity.91 However, there is a small amount (10 ml/kg hour) of water loss 

through the SC to the atmosphere and this is known as transepidermal water loss 

(TEWL).90  

Desmosomes and hemidesmosomes, attached to corneocytes of the SC,89 are linked by 

keratin filaments, giving a strong surface to the epidermis.87 This linkage along with 

the contents which are secreted from lamellar bodies gives a brick and mortar 

structure.82,89 This structure contributes to the impermeable barrier provided by the SC. 

Lipids within the intercellular spaces of the SC that are important for the barrier 

function include cholesterol, ceramides and fatty acids which are found at varying 
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amounts; 25, 50 and 10 % respectively. The structure of cholesterol is shown in figure 

1.1.4.1. It has also been noted that there is the presence of some cholesterol sulfate and 

cholesterol esters.88,89,91 These lipids have a range of functions such as providing 

flexibility to the skin and giving structure to the lipid bilayer of the SC.89,90  

 

 

Figure 1.1.4.1: Structure of Cholesterol 

 

1.1.5 Extracellular Matrix 
 

The strength and elasticity of the skin can also be attributed to the connective tissue in 

the dermis known as the extracellular matrix (ECM). This dermal ECM is a complex 

arrangement made up of various fibrous proteins such as collagen and elastic fibres 

and also glycosaminoglycans (GAG).51,81 Large complexes can be formed by these 

fibrous proteins to give skin its structure. They also help with adhesion of cells and the 

control of cell signalling.81 GAGs give skin its outward appearance; they also have the 

ability to bind to water molecules. An example of a GAG found in the skin is HA, 

which has been discussed in section 1.0.2.3. 

The strength of the skin can be attributed largely to the main component of the dermal 

ECM, collagen, or more specifically collagens I and III.81,92 There are many different 

types of collagens. The differences in the types of collagen relate to the structure of 

the collagen. Almost a third of the known types of collagen are fibrillar collagens 

(types I-III, V and XI). Fibrillar collagens have a banding pattern where three  chains 

form a helix structure. The remaining types of collagens are known as non-fibrillar. 

These are further divided into various groups which are shown in table 1.1.5.1. 
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Table 1.1.5.1: Non-fibrillar collagens 

Group Type of Collagen 

  

Fibril associated with interrupted triple helices 

(FACIT) 

IX, XII, XIV, XVI and XIX 

Network forming collagens IV, VIII and X 

Beaded filament collagens VI 

Transmembrane collagens XIII and XVII 

Basement membrane collagens VII 

References 93,94  

  

 

Collagen VII is also found in the extracellular matrix and anchors fibrils to the 

basement of the dermis. This is important for the structure and function of the skin.83 

Collagen IV is known to help provide stability to the skin, and reduced levels of this 

in wrinkles suggests that it plays an important role in the formation of wrinkles.51  

Elastic fibres which are found in the dermal ECM consist of an elastin core, surrounded 

by microfibrils which are predominantly composed of the glycoprotein, fibrillin-1.95 It 

is these fibres which give skin its elastic nature but there are enzymes such matrix 

metalloproteinases (MMPs) which can cleave these microfibrillar structures, resulting 

in a loss of elasticity which is evident in ageing skin.96 
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1.2 Defence Bio-actives to be Investigated Experimentally 
 

Homeostasis is the maintenance of an equilibrium which constantly has to overcome 

intrinsic or extrinsic factors.97 Stress is a term which refers to a threat or challenge to 

the body. These threats can be physiological or psychological causing a cascade of 

responses,98 which would therefore disrupt homeostasis. In mammals a sting from an 

insect such as a bee would consequently cause stress and the initiation of the ‘fight or 

flight’ response.  

The ‘fight or flight’ response is a cascade of cellular actions resulting in the release of 

adrenalin and noradrenaline. This is part of the systemic response. These 

neurotransmitters result in increased smooth muscle contraction and increased heart 

rate.99 This is accompanied by the release of various other biologically active 

mediators such bradykinin, cortisol, substance P, angiotensin II and the enkephalins 

which are produced locally.  These mediators together result in inflammation to help 

to close down the pathogen, pain and changes to heart rate.100 This cascade of 

responses will help to regain homeostasis as quickly as possible by inactivating the 

pathogen (bee venom) and stopping its spread throughout the body.  

A delayed response will also involve the adaptive immune response (for example 

antibodies) being stimulated.101 However, for the purpose of this investigation the 

immediate response is the most important. Therefore, aspects of the adaptive immune 

response will not be discussed. A description of those substances to be used primarily 

in determining if there is any action of the enzymes in BV against these substances are 

described below. These substances were all chosen as they are part of a mammal’s 

immediate response to a threat, and therefore BV may come into contact with them. 
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1.2.1 Adrenalin 
 

Adrenalin, also referred to as epinephrine,102 is a catecholamine which is synthesised 

from the amino acid L-tyrosine.103 The biosynthesis of adrenalin is shown in figure 

1.2.1.1. Adrenalin is a neurotransmitter which is released from the adrenal medulla 

during the ‘fight or flight’ response.99 The release of adrenalin occurs when the 

preganglionic neurons in the sympathetic nervous system are stimulated by the 

neurotransmitter acetylcholine.100 It acts on the adrenergic receptors, also called 

adrenoceptors, giving various responses.104  

There are two subtypes of adrenoceptors known as  and , these are further 

subdivided into 1A, 1B, 1D, 2A, 2B, 2C, and 1, 2 and 3.
104 Adrenoceptors are 

G-protein coupled receptors which are found in almost all peripheral tissues and 

groups of neurones.105 Adrenalin acts on both the  and  adrenoceptors causing two 

distinct effects; vasodilation and vasoconstriction.100 Some examples are used to 

explain these contradictory effects of adrenalin and are listed in table 1.2.1.1.  

The relaxation of the gastrointestinal tract is to get rid of unwanted waste to make it 

easier to escape from the threat a mammal is facing. The contraction and relaxation of 

the blood vessels will increase the rate and force of contraction of the heart, which will 

help to get oxygen around the body quicker. This effect occurs simultaneously and 

allows the body to control blood to specific areas of the body.100,105 
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Figure 1.2.1.1: Adrenalin biosynthesis. Adopted and reproduced with 

permission from Kvetnansky et al., 2009.106 DOPA, dihydroxyphenylalanine. 
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Adrenalin is metabolised by two enzymes known as monoamine oxidase (MAO) and 

catechol-O-methyl transferase (COMT). MAO is located intracellularly and converts 

adrenalin to its corresponding aldehyde, which can then be metabolised by aldehyde 

dehydrogenase to a carboxylic acid. COMT is also located intracellularly and 

metabolises adrenalin by one of the hydroxyl groups becoming methylated.100 The 

metabolism of adrenalin is shown in figure 1.2.1.2. As adrenalin plays an important 

role in the ‘fight or flight’ response it would be released in response to a bee sting.  

 

Table 1.2.1.1: Different actions of adrenalin 

Adrenoceptor Action 

α1 Relaxation of the gastrointestinal tract 

smooth muscle 

Vasoconstriction of blood vessels 

α2 

 

 

Contraction of the smooth muscle of 

blood vessels  

1 

 

Increase heart rate 

2 

 

 

Relaxation of the bronchi 

Vasodilation of blood vessels 

Relaxation of gastrointestinal tract 

Reference 100  
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Figure 1.2.1.2: Metabolism of adrenalin. Adopted and reproduced with 

permission from Kvetnansky et al., 2009.106 MAO, monoamine oxidase; COMT, 

catechol-O-methyl transferase; AD, aldehyde dehydrogenase; AR, aldehyde 

reductase. 
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1.2.2 Cortisol 
 

Cortisol is a glucocorticoid hormone synthesized and released from the adrenal 

cortex;107 the structure is shown in figure 1.2.2.1. The release of cortisol is controlled 

by the hypothalamic-pituitary-adrenocortical (HPA) axis which is activated in 

response to a stress-induced stimulus.108–110 A stimulus such as a bee sting would 

therefore cause this hormone to be released and therefore may be a target for BV. The 

glucocorticoid receptor (GR) is where cortisol binds with high affinity to exert its 

effect. The cortisol-glucocorticoid receptor complex interacts with DNA by promoting 

transcription factors for some mediators as well as reducing transcription of others and 

in doing so inhibits inflammation.100,107 Glucocorticoids like cortisol are also involved 

in immunosuppression, glucose metabolism and general homeostasis.110 Cortisol is 

inactivated via the 11β-hydroxysteroid dehydrogenase process. The two enzymes 

involved are known as 11β-HSD1 and 11β-HSD2; these enzymes convert cortisol to 

the inactive hormone cortisone.111 

 

 

Figure 1.2.2.1: Structure of Cortisol 
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1.2.3 Enkephalin 
 

The first opioid peptides to be discovered were the pentapeptides named met- and leu-

enkephalin.112 The amino acid sequences of met- and leu-enkephalin are YGGFM and 

YGGFL respectively.113,114 For reference, a table detailing the coding used for all 

amino acids is found in appendix 7. The structures of these molecules are shown in 

figure 1.2.3.1. The enkephalins produce an analgesic effect similar to morphine by 

acting on the δ-opioid receptors.114,115 This analgesic effect is reversed in the presence 

of the opioid antagonist naloxone.115 The enkephalins have very short half-lives with 

a range of 20 seconds to 13 minutes, depending on species, due to their rapid 

metabolism.116,117 Given the rapid hydrolysis of these peptides it has been difficult to 

obtain an accurate half-life. Three enzymes are known to be responsible for the 

hydrolysis of the enkephalin peptides. These enzymes work by hydrolysing different 

bonds within the peptide. A schematic showing the cleavage points of enkephalins is 

shown in figure 1.2.3.2. 

 

 

Figure 1.2.3.1: Structure of Met-enkephalin (left) and Leu-enkephalin (right) 
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Hydrolysis of the enkephalin peptides in humans seems to be dominated by the 

cleavage of the Tyr1-Gly2 bond by the aminopeptidase, aminopeptidase N 

(APN/CD13), releasing free tyrosine.117–119  

Neutral endopeptidase 24.11 (NEP), a transmembrane enzyme, cleaves the Gly3-Phe4 

bond of enkephalins releasing the tripeptide Tyr1-Gly2-Gly3 and the dipeptide Phe4-

Leu/Met5.120  

A dipeptidyl aminopeptidase that has been identified as being involved in enkephalin 

hydrolysis is known as dipeptidyl peptidase III (DPP III).121 This enzyme is found 

intracellularly and is sometimes referred to as enkephalinase B.122,123 DPP III works 

by cleaving dipeptides from the N terminus, which would result in Tyr1-Gly2 being 

released during enkephalin hydrolysis. 

 

 

Figure 1.2.3.2: Hydrolysis sites in enkephalin peptides 
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1.2.4 Bradykinin 

 

Bradykinin is released from precursor substrates known as kininogens by enzymes 

known as kallikreins at the site of inflammation.124 The amino acid sequence of 

bradykinin is RPPGFSPFR;124 the structure is shown in figure 1.2.4.1. Bradykinin 

exerts its affect via the bradykinin receptors, B1 and B2, which are seven 

transmembrane G-protein coupled receptors.125 Bradykinin is metabolised by enzymes 

known as kinase I and kinase II. The kinase II enzyme is a peptidyl dipeptidase 

(identical to angiotensin converting enzyme) which cleaves the Pro7-Phe8 bond 

releasing the dipeptide Phe8-Arg9.100 The biological effects of bradykinin are 

vasodilation resulting in increased blood flow and decreased blood pressure, 

inflammation, and pain.126,127 This therefore may be a target for BV as inflammation 

would reduce the spread of BV. 

 

 

Figure 1.2.4.1: Structure of Bradykinin 
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1.2.5 Angiotensin II 
 

Angiotensin II is a hormone comprised of 8 amino acid residues with the following 

sequence; DRVYIHPF.128,129 Angiotensin II is formed from the cleavage of 

angiotensin I by the angiotensin converting enzyme (ACE), which is identical to kinase 

II described above for bradykinin metabolism.100,129,130 ACE therefore inactivates 

bradykinin and converts angiotensin I to angiotensin II.100 The structure of this 

octapeptide hormone is shown in figure 1.2.5.1. Angiotensin II has a role in the 

homeostasis of the cardiovascular system and is the active product in the endocrine 

renin-angiotensin system.129–131 It is a strong vasoconstrictor by acting on the 

angiotensin type I and II receptors (AT1 and AT2), which are G-protein coupled 

receptors.130 As angiotensin II is involved in vasoconstriction it may be a target for the 

BV as vasoconstriction would reduce the spread of the venom. 

 

 

Figure 1.2.5.1: Structure of Angiotensin II 
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1.2.6 Substance P 
 

Substance P is found within the central and peripheral nervous systems.132 The amino 

acid sequence of substance P is RPKPQQFFGLM.133 The structure of substance P is 

shown in figure 1.2.6.1. It belongs to a family of peptides which have a similar 

structure called the tachykinins.133 The tachykinin family also includes neurokinin A 

and B which, along with substance P, have a similar C-terminal amino acid sequence 

(FXGLM, where X is either F or V).132 Substance P acts on the neurokinin-1 (NK1) 

receptor where it is thought to act as a neurotransmitter, neuromodulator or co-

transmitter.133,134 Substance P is involved in many biological processes which includes 

the regulation of the transmission of pain, nociception, respiration, contraction of 

gastrointestinal tissue, inflammation, and immune responses.132–134 A review of 

substance P in the literature found that there were a number of enzymes involved in 

the degradation of this peptide. These enzymes are listed in table 1.2.6.1. All of these 

enzymes hydrolyse substance P in various ways releasing different products. This 

therefore may be a target of the BV as this would restrict the spread of the venom and 

would be released during a stressful situation such as a bee sting.  

 

Table 1.2.6. 1: Enzymes involved in substance P metabolism 

Enzyme Reference 

Neutral endopeptidase (NEP) 135 

Substance P-degrading enzyme 136 

Angiotensin-converting enzyme 

 

Dipeptidyl aminopeptidase IV 

 

Post-proline endopeptidase 

 

Cathepsin-D 

 

Cathepsin-E 

137 

138 

139 

140 

140 
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Figure 1.2.6.1: Structure of Substance P 
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1.3 Therapeutic Applications of Bee Venom 
 

Bee venom has been used in various ways to help treat a variety of health problems 

for thousands of years. The use of BV for a therapeutic purpose is known as bee venom 

therapy (BVT). BVT dates back to ancient Egypt, Greece and China that has been used 

in the treatment of cancer, arthritis, wounds, burns and pain relief.11 Bee venom 

acupuncture (BVA) is a form of BVT which involves the injection of dilute BV into 

acupuncture points.141 There is a lot of controversy in the literature over the value of 

BVT as a means of therapeutic treatment; some of these will now be discussed.  

 

1.3.1 Arthritis 

 

Some studies have suggested that BV has anti-inflammatory properties and would 

therefore be useful in osteoarthritis and autoimmune diseases such as rheumatoid 

arthritis.142,143 Autoimmune diseases occur when the body’s immune response attacks 

healthy cells within the body.101 Rheumatoid arthritis (RA) is caused by inflammation 

primarily in the joints causing pain and stiffness.13 However, the inflammation also 

occurs systemically sometimes resulting in death.144 Osteoarthritis (OA) is caused by 

damage to different parts of the joint such as the articular cartilage being worn out.145 

The treatment of arthritis involves the management of pain using analgesic drugs such 

as opioids and reducing inflammation using NSAIDS (non-steroidal anti-

inflammatory drugs).146 

Studies claim that the BV is involved in the inhibition of inflammatory mediators. Park 

et al. carried out an investigation into the anti-arthritic effect of BV and melittin where 

the results showed that BV had an inhibitory effect on the expression of the following 

inflammatory mediators: cyclooxygenase 2 (COX 2), cytosolic phospholipase A2 

(cPLA2), inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE2), and nitric 

oxide (NO).142 This study also claims that BV causes inhibition of these mediators by 

inhibiting the activation of NF-κB (transcription factor involved in iNOS, COX 2 and 

cPLA2 expression) by binding to the p50 subunit (has a role in activation of NF-κB). 

These results are supported by with the study carried out by Moon et al.147 which also 
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showed that BV inhibited the expression of these inflammatory mediators. However 

this latter study claims that BV inhibits expression of inflammatory mediators by 

preventing the degradation of IκBα (inhibitor of κBs) pathway and also inhibiting the 

Akt (signalling molecule which regulates NF-κB) and JNK (c-Jun N-terminal kinase, 

a mitogen-activated protein kinase) pathways. This is a different claim to the previous 

study showing the need for more experiments to establish the mechanism of BV anti-

inflammatory activity. A third study by Stuhlmeier has claimed that bee venom and 

melittin do not inhibit the activation of NF-κB and also do not inhibit the degradation 

of IκB previously mentioned for other studies.21 This study showed that bee venom 

increased the ability of leukocyte cells to release oxygen radicals. This paper also 

claimed that the concentration of BV or melittin used to supress the NF-κB-p50-DNA 

interaction actually causes the collapse of the cells. These studies are small and carried 

out on cell lines in vitro and are therefore only indicative. In vivo experiments are 

required to establish the clinical significance of the anti-inflammatory effects of BV.  

 

1.3.2 Cancer 

 

Cancer is disease where there is uncontrolled proliferation and spread of abnormal 

cells. Within the developed world cancer is one of the biggest causes of death. There 

are many different types of cancer. These include but are not limited to bowel, lung, 

breast and prostate cancer. Cancer is normally treated by chemotherapy, surgery or 

radiation therapy and usually a combination of two if not all of these interventions.100 

As cancer is so prevalent in the developed world there is a huge interest in finding 

better treatments. Some studies have looked into the effect BV has on cancer cells.  

Orsolic et al. looked into the ability of BV to inhibit tumour growth along with 

inhibition of metastasis both in vitro and in vivo. The results showed that BV was able 

to inhibit the proliferation of carcinogenic cells in vitro and also reduce tumour 

progression in vivo.148 The results also showed that the point of BV injection played a 

role in the ability of BV to inhibit tumour growth. The inhibition of tumour progression 

was shown to also increase responses from localised lymph nodes therefore increasing 

the release of lytic cells from the lymph nodes. Although this study showed promising 
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results with animal experiments there is still a need to show the effectiveness of this 

in clinical studies. There is also a question about the selectivity of melittin as it may 

also damage healthy cells. 

Another study carried out by Jo et al. investigated the effect of melittin, and whole BV 

on ovarian cancer cells.149 This study used the two cells lines, SKOV3 and PA-1 

ovarian cancer cells. The results showed that both melittin and BV increased the 

expression of some death receptors (DRs). The expression of DRs is connected with 

the induction of apoptosis. Apoptosis, also known as programmed cell death, plays a 

vital role in treating cancer. This study also showed that melittin and BV inhibited 

STAT3 (signal transducer and activator of transcription 3), which is involved in a 

variety of roles such as cell growth, metastasis, apoptosis and proliferation. This 

pathway, known as the JAK/STAT3 signal pathway, is involved in many different 

types of cancer so is an important target for cancer treatment. The inhibition of this 

pathway in ovarian cancer cells was shown to reduce cell growth of these cells. It was 

therefore concluded in this study that melittin and BV inhibited ovarian cancer cell 

growth by amplifying the expression of DR3, DR4 and DR6 and also inhibition of 

STAT3. However this study is only carried out on cell lines in vitro meaning there is 

a need for clinical studies to show the effectiveness of BV/melittin in treating this type 

of cancer. 

 

1.3.3 Parkinson’s Disease 
 

Parkinson’s disease (PD) is a neurodegenerative disease of the central nervous system 

(CNS) where there is degeneration of dopaminergic neurons within the substantia 

nigra pars compacta part of the brain. This degeneration causes motor insufficiencies 

such as tremor and stiffness.141,150,151  The pathogenesis of PD is still unclear; however, 

exposure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in humans causes 

neurodegeneration of dopamine neurons and results in a syndrome which resembles 

PD.151,152 Treatment of this disease is the use of the drug Levodopa (also known as L-

DOPA or L-3,4-dihydroxyphenylalanine) which increases the concentration of 

dopamine in the brain.141,150 However there are side effects such as dyskinesia 
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(involuntary movements) and problems with motor function due to the use of this drug 

in the longer term.141 Therefore there is a need to find alternative treatments for PD. 

Studies have shown that BV may be useful in the treatment of neurodegenerative 

diseases such as Parkinson’s disease.151,153 A brief discussion of how BV may have 

potential benefits in the treatment of PD will now be discussed. 

A study carried out by Chung et al. looked at the effect of BV in the MPTP mouse 

model of PD.151 The results showed that BV inhibited microglial activation (which 

have a role in degeneration of dopamine neurons) and reduced the infiltration of CD4+ 

T cells to the substantia nigra of mice which had been injected with MPTP. The results 

also showed that BV increased the peripheral regulatory T cell concentration which 

play a role in immune homeostasis and help to control destruction at the site of 

inflammation. Although the results presented here show promise for the use of BV as 

a treatment for PD in animal studies there is still a need for clinical studies to show the 

true effectiveness of BV to help treat PD. 

Another study carried out by Alvarez-Fischer et al. looked at the neuroprotective effect 

of whole BV along with the single BV component apamin.153 This study used the 

MPTP mouse model to examine the effect of BV/apamin on dopaminergic neurons. 

The results from this study showed that BV had a protective effect on the dopaminergic 

neurons which is consistent with the previous study already discussed. The results also 

found that apamin on its own had a reduced effect in comparison to whole BV 

suggesting that there may be synergy within the whole BV to increase the effect of 

apamin. In control experiments the results showed that apamin actually significantly 

(p<0.05) decreased the concentration of dopamine in the brain suggesting a harmful 

effect on healthy mice compared to the MPTP-induced mouse model of PD. This study 

is relatively small and uses only a maximum of 8 animals per experiment. The results 

shown here are therefore only indicative and further clinical studies would be required 

to show how effective BV/apamin would be in vivo for humans with PD. 
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 1.3.4 Cosmetics 
 

Bee venom has also become a growing interest within the cosmetic industry where it 

is thought to have anti-ageing effects. There are various products already on the market 

which include Rodial, Forapin, Apiven and Manuka Doctor. These products are 

generally skin ointments/creams which are formulated using whole bee venom. 

However it is very difficult to find literature with scientific data showing evidence for 

the anti-aging effects of BV. Hence there is a lot of controversy about how these bee 

venom cosmetic products produce an effect (if any). On the Rodial website for their 

bee venom moisturiser they claim that bee venom ‘plumps and smoothes fine lines and 

wrinkles’.154 However, there is no link to a scientific study which shows that BV has 

these effects. Likewise on the Manuka Doctor website for their Apinourish collection 

the claim is that ‘Purified Bee Venom and Manuka Honey have powerful age-defying 

benefits; these active ingredients from the hive help with rejuvenating the skin's 

appearance’.155 Again there is no link to scientific data for this claim to show that BV 

has anti-aging effects.  

A small study found in the literature by Han et al. looked at the effects of a serum 

containing purified BV on the appearance of wrinkles on the face.156 The results from 

this study showed that after 12 weeks the number of wrinkles, depth of wrinkles and 

area of wrinkles appeared to be reduced. However this study was based on visual 

appearance of wrinkles and only used 22 subjects to look at the effect of this BV 

containing serum. There is no suggestion for the scientific mechanism for how BV 

reduces wrinkles. There is therefore a need to have scientific studies to prove if BV 

has any anti-aging properties. 
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1.4 Nuclear Magnetic Resonance 
 

1.4.1 Introduction 
 

Nuclear magnetic resonance (NMR) is a powerful technique which has the ability to 

give structural data on unknown substances, conduct quantitative experiments and also 

show changes to a molecule as it undergoes a chemical reaction. NMR was discovered 

in 1945 by Bloch and Purcell, who performed the first NMR experiments 

independently of one another.157 The original NMR instruments were based on the 

continuous wave (CW) method, which involved a fixed radiofrequency (RF),158 but 

now the modern instruments use the Fourier transformation (FT) method.159 NMR has 

developed over many years and the imaging application is now used for non-invasive 

medicinal purposes, known as magnetic resonance imaging (MRI). 160 

NMR the spectroscopic application, has developed over the last 50 years so that 

experiments can be carried out not only in one dimension (1D) but in two dimensions 

(2D) and more. There are numerous different two dimensional techniques which can 

be used and these include exchange spectroscopy (EXSY), cross-relaxation (NOESY), 

correlation spectroscopy (COSY), and total correlation spectroscopy (TOCSY). The 

use of 2D NMR is of a major advantage as it provides a clearer picture of interactions 

occurring within a molecule.161  

Solids, liquids and sometimes gases can be analysed by NMR. NMR is frequently used 

by chemists to analyse proteins and peptides to get a better understanding of their 

nature. This is therefore a useful technique in the analysis of WBV enzyme activity 

against various substrates. Advances in the NMR technique allows for reactions to be 

monitored in situ. This is therefore a useful technique for the work to be carried out in 

this project. An NMR method will be developed to monitor the action of the enzyme 

activity in BV against various substrates. 
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1.4.2 Principles of NMR 
 

In NMR, electromagnetic radiation, in the radio wave region, is applied to atoms 

causing the atoms to align with or against the magnetic field (Bo) direction. The 

majority of atomic nuclei possess spin, known as the spin quantum number (I). A 

selection of atomic nuclei I are shown in table 2. To determine the nuclear spin states 

of an atom the following equation can be used:  

No. of energy levels = 2I + 1 

This means that 1H, which has a I of 1/2, has two spin states, with or against the 

magnetic field (Bo). This splitting between the energy levels is known as the Zeeman 

splitting.162  

The magnetic moment (µ) of a substance is where it has the ability to interact with a 

magnetic field. When a nuclei is spinning it has angular momentum (P) and charge 

which produces a specific magnetic moment (µ): 

µ = γP 

where γ is the gyromagnetic ratio which can show how strong the magnetic properties 

are of the nuclei.163 A positive value of γ indicates that the magnetic moment is parallel 

to the angular momentum and vice versa for a negative value of γ.162  

The Larmor frequency is the rate of precession of a nucleus. The rate of precession 

(Larmor precession) is where the static field causes the magnetic moment to rotate 

about an axis in a circular motion which then rotates about the axis of the applied field. 

The Larmor frequency equation is: 

ν = 
−𝛾𝐵𝑜

2𝜋
 

Where ν is the Larmor frequency in Hertz. Nuclei change their spin state when they 

absorb energy from electromagnetic radiation which is applied to the nuclei and must 

be the same as the Larmor frequency to allow resonance to occur.163  

Free-induction decay (FID) is induced by applying a magnetic field and then letting 

the nuclei to come to equilibrium. A radio frequency (RF) pulse is then applied which 
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rotates the spin polarisations. The RF signal produced while the precessional motion 

of the spin is resumed in the magnetic field is detected,162 and this is what produces 

the NMR signal. 

 

1.4.2.1 Chemical Shift 
 

A magnetic field applied to a nucleus causes the atoms to produce their own magnetic 

field; this therefore affects the Larmor frequency. This magnetic field created by 

electrons in an atom can either add to or take away from the external magnetic field.162 

This causes the NMR signal to shift. Protons which have a high electron density have 

a lower δ (chemical shift) value, known as shielding, and resonate at a higher field. 

Electronegative groups can withdraw electrons and therefore reduce the electron 

density causing the δ value to increase, known as de-shielding, and resulting in a 

resonance at a lower field.159,161 The magnetic field at the nucleus (B) can be expressed 

as follows: 

B = B0(1- σ) 

where σ is the shielding constant and B0 is the applied magnetic field. σ is expressed 

in ppm, a dimensionless unit, reliant on the chemical surroundings of the nucleus.161,164  

A reference signal is often used to determine an NMR signal relative to a compound 

added to the sample. Tetramethylsilane (TMS) is a common reference standard which 

is used in NMR. The chemical shift (δ) value of TMS is 0, it is relatively unreactive 

and gives a sharp peak which is well separated from sample peaks making it a good 

reference standard. The position of an NMR signal is often expressed in terms of part 

per million (ppm). The following equation can be used to determine the position of an 

NMR signal when using a reference standard: 

δ = 
𝜈− 𝜈𝑇𝑀𝑆

𝜈𝑇𝑀𝑆
 

where ν is the Larmor frequency of a certain nuclei and νx is the Larmor frequency of 

the same nuclei in the reference compound.162  
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Singlet 

Doublet 

Triplet 

Quintet 

1.4.2.2 Spin-spin Coupling 
 

Resonance signals in NMR can be split into various lines and is often referred to as J-

coupling, scalar coupling or spin-spin coupling.164 Coupling occurs from the valence 

electrons and so is a property of the molecule which cannot be changed by means of 

the external conditions. The coupling constant (J) is measured in Hz and is independent 

of the external magnetic field. Signals can be split into various numbers of lines such 

as a doublet (two lines), a triplet (three lines), a quartet (four lines) and so on. The 

number of lines a resonance will be split into can be calculated as M = n + 1, where m 

is the multiplicity and n is the number of protons three bonds away from the resonating 

group. The expected intensities of the line in a multiplet can be predicted using 

Pascal’s triangle. The protons in a multiplet are aligned in various ways for example 

in a triplet there are three lines where the proton spins are aligned in three different 

ways as shown below.161 

  

 

  

 

Figure 1.4.2.2.1 is a diagram of Pascal’s triangle which shows the expected intensities 

of the lines in a multiplet. 

 

1                    

1  1 

1  2  1 

1  3  3  1 

1  4  6  4  1 

1  5  10  10  5  1 

Figure 1.4.2.2.1: Pascal’s triangle showing the splitting pattern and line 

intensity in NMR spectroscopy.163 
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1.4.2.3 Spin Relaxation 
 

After a nucleus has been placed in a magnetic field the nuclear spins are required to 

come back to their original equilibrium; if this did not happen then NMR would not 

be possible.158 There are two different relaxation processes, these are spin-lattice 

relaxation and spin-spin relaxation.158,162 Spin-lattice relaxation or longitudinal 

relaxation as it is sometimes known as, is where the spins establish their Boltzmann 

population values. Spin-spin relaxation, also known as transverse relaxation, is where 

nuclear spins lose their coherence and the signal dissipates over time. These relaxation 

processes are defined by a time, T1 is the spin-lattice relaxation time and T2 is the spin-

spin relaxation time.158,161,162 

 

1.4.2.4 NMR Instrumentation 
 

The main components of an NMR spectrometer are the probe, pulse programmer, 

superconducting magnet, RF transmitter, receiver and data acquisition/processing 

computer.165 The superconducting solenoid transmits a constant current through coils 

of resistant-free alloys. This is capable of producing a magnetic field which is strong, 

homogenous (within one part in 109) and stable which gives high resolution NMR 

spectroscopy.158 The probe has an RF coil around it and the sample sits on top of the 

probe where the sample is spun and becomes locked in a homogenous magnetic 

field.162 The RF transmitter is responsible for producing the RF signals which are at 

the Larmor frequency of the isotope being studied.162 

 

1.4.3 Reaction Monitoring by NMR 
 

NMR has the major advantage of being non-invasive and non-destructive. There has 

been a lot of work in developing software to assist with the reaction monitoring 

method. Recent advances in this technology now mean that reactions can be monitored 

through flow methods as well as static methods.166 The method used for this work is a 

static method where a reaction takes place in a standard NMR tube within the probe. 
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An advantage of using the static method is that small volumes (ca. 600 µL) can be 

used. There is a large disadvantage associated with the static method: there is a delay 

in collecting the initial spectrum due to the requirement to lock and shim the sample 

to obtain an optimised field homogeneity prior to collection of the first data set.167 

Original flow methods for reaction monitoring in NMR involved altered static NMR 

tubes where the reactants were injected into the tube which was in the probe. This 

involved the development of flow probes where there is a flow cell within the coil area 

of the NMR probe. This had the advantage of allowing the dynamics of the reaction to 

be detected quickly. However this approach meant there was less control over reaction 

conditions.168 There are numerous disadvantages of using flow probes as they are 

expensive, have a narrow temperature range, can normally only detect one nucleus and 

can become blocked if there are particulates present.166,168 Another disadvantage of the 

flow method is that larger sample volumes are required for cleaning the flow lines 

before a reaction takes place. 

Advances in technology then led to the development of a flow cell which allowed the 

analysis of continuous flow or stopped flow reactions.166 This method involves a 

reaction vessel outside of the NMR instrument, where the reaction takes place, and is 

fed into the NMR tube via the flow cell for analysis. The advantage of this approach 

over the flow probe approach is that no modifications to the NMR instrument are 

required and it was compatible with typical 5 mm probes meaning there was a wider 

range of nuclei available for analysis.166 There are, however, various disadvantages to 

this method: the NMR analysis has a lag period associated with it meaning fast 

reactions can be difficult to detect; the temperature of connecting lines may have 

varying temperatures which could have a large effect on the reaction kinetics.168 

The most recent developments came from a group who looked at maintaining the 

advantages of a flow probe and flow cell while reducing the disadvantages of these 

approaches.168 This group designed an NMR flow tube with several considerations 

beforehand. These considerations included the need to design a device with versatility, 

the ability to control reaction conditions throughout the experiment, and to shorten the 

delay of a sample leaving a reaction vessel to being detected in the flow cell. The 
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success of this device was demonstrated through monitoring the reaction of p-

phenylenediamine and isobutyraldehyde to form a diimine. 

 

Software such as MestreNova’s reaction monitoring module has been developed to 

extract the relevant information from reactions monitored by NMR. This software can 

extract kinetic values from the data and can help to visualise the changes in signal 

intensity as a product is formed. This software can also be used for data processing in 

a manner similar to TopSpin.169 Bruker have also recently developed software, called 

InsightMR, which is integrated to a Bruker NMR instrument. This software allows for 

the integration of acquisition and processing features giving rapid handling of many 

spectra and gives the ability to change acquisition parameters based on the real-time 

data. Advances in software such as those mentioned above and others make reaction 

monitoring via NMR a much simpler process.170 However there are some limitations 

to these software packages as sometimes more than one package has to be used to 

extract the relevant data. 

 

There are various methods by which reaction monitoring can be carried out. These 

methods will now be briefly described. 

 

1.4.3.1 In tube mixing 

 

The reactants are mixed in the tube, which is then transferred to the NMR instrument. 

This is the method of choice for this study of work. 

 

1.4.3.2 Sampling from external reaction 

 

Aliquots are taken from a reaction vessel and transferred into a tube which can then be 

transferred to the NMR instrument for analysis. 
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1.4.3.3 Flow NMR 

 

This method involves flowing a reaction mixture from a reaction vessel into an NMR 

tube, which is in the NMR probe. 

 

1.4.3.4 In situ mixing  

 

Reactants can be mixed in a tube which is already in the coil detection area of the 

probe. 
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1.5 Aims 
 

Venoms are produced by many different species and are essentially natural products. 

Natural products are a rich source of bioactivity and many are used as drugs. There is 

a large amount of research on bee venom (BV) found in the literature. However an 

area of research which has been neglected is the action of BV on the mammalian 

defence system. This is therefore an area of research which requires attention. 

The aims of this work are: 

1. To development an enzyme assay under physiological conditions, using real 

time NMR as the analytical technique (chapter 2). 

2. To establish the transformative (i.e. enzyme) activity of WBV in vitro against 

mammalian defence response bioactive molecules (chapter 3). 

3. Having established such activity in WBV, the next aim is to search for related 

substrates that WBV modifies (chapter 4). 

4. Characterise the kinetic properties of any enzyme identified (chapter 4). 

5. To search for potential inhibitors of any enzyme activity (chapter 5). 

6. Identify the component in WBV responsible for the activity (chapter 6). 

7. To propose the role of any activities found (chapter 6). 
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Chapter 2 

2.0 Determination of Limit of Detection (LoD) and Limit of 

Quantification (LoQ) for BV by NMR spectroscopy 
 

2.1 Introduction 
 

Reaction monitoring by NMR is a viable technique for carrying out and observing 

enzyme action in venoms. This method had to ensure that there was efficient water 

suppression and had to ensure that all the signals from WBV could be observed. It is 

also important to determine the analytical performance of the 600 MHz NMR 

instrument on which this work was carried out to get a clearer understanding of its 

capabilities and limitations. An attractive advantage of NMR as the analytical 

technique is that only small amounts of solution are required (550 µL). It is also 

possible to maintain a consistent temperature while carrying out analyses providing 

confidence that the experiments are always carried out at a constant temperature.  

A method was therefore developed with the concept of producing qualitative and 

quantitative data that is reliable. It is thus important to find out the lowest concentration 

of BV solution that gives a signal which is distinct from the background. This is known 

as the Limit of Detection (LoD) and is defined by various regulatory organisations, 

such as WHO, IUPAC and ICH, as a signal-to-noise ratio greater than 3. This is the 

standard ratio used for various instruments and is therefore an accepted signal-to-noise 

ratio. The Limit of Quantification (LoQ) is the lowest concentration of sample that 

gives a signal which is obtained with good precision and accuracy. The LoQ is 

therefore higher than the LoD and the signal-to-noise ratio needs to be greater than ten.  

Obtaining the LoD/LoQ of whole BV is a valuable quality control step when analysing 

the presence of BV in a formulation. The development of a suitable NMR method will 

then be applied to monitoring enzymatic reactions of BV with a range of substrates at 

known WBV and substrate concentrations. 
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2.2 Experimental 
 

2.2.1 Instrumentation 

 

NMR data were acquired under Topspin (version 2.1, Bruker Biospin, Karlsruhe) 

using a Bruker AVANCE III 600 NMR spectrometer operating at a proton resonance 

frequency of 600.13 MHz and equipped with a TBI [1H, 13C, 31P–15N]-z triple 

resonance probe-head fitted with an actively shielded gradient coil for delivery of 

pulsed-field gradients.  

 

2.2.2 Method 
 

One-dimensional 1H NMR data were typically acquired using an excitation sculpting 

approach (Bruker pulse program zgpr) on samples equilibrated at a calibrated 

temperature of 310 K. Data were accumulated and centred at the solvent resonance 

with 64 transients over a frequency width of 7.22 kHz into 32,000 data points for an 

acquisition time aq = 2.27 s with a recycle delay d1 = 2 s between transients using a 

90° radiofrequency (r.f.) pulse (p1 = 10.48 µs at a power level of 0.9 dB attenuation). 

The acquisition parameters are noted below in table 2.2.2.1. The AV600 TBI probe 

was tuned manually using a solution of 100 mM potassium phosphate buffer at 310 K. 

The probe was then allowed to cool down to 298 K to allow a cold sample to be 

inserted and equilibrated to the correct temperature. 550 µL of each concentration was 

transferred into clean NMR tubes for analysis.  

A cleaning process was developed to ensure that all glassware (NMR tubes, volumetric 

flasks etc.) were cleaned to a good standard. This process involved using a 1 % HCl 

solution to remove any contaminants present on the glassware. This was then followed 

by copious amounts of double distilled water to neutralise the glassware. 

Details of the pulse programme mentioned in table 2.2.2.1 are shown in appendix 1. A 

diagram showing the pulse programme described in appendix 1 is shown in appendix 
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2. This reaction was carried out under automation. Therefore, details of the automation 

programme are shown in appendix 3. 

This pulse sequence has been applied as it effectively attenuates the large, broad water 

peak which can affect the quality of spectra. This pulse sequence uses an echo effect 

which involves a pulse field gradient being applied before and after a refocusing 

element. This results in transverse magnetisation being returned to its original 

position.171 The double gradient in this pulse sequence is shown in appendix 2. It 

should be noted that the second pair of gradients are less intense and hence why these 

are shown in the figure as slightly smaller.  This pulse sequence effectively works by 

using a soft and hard 180x° pulse sequence with the soft pulse being applied directly 

to the water resonance resulting in everything but the water being inverted.171 Issues 

were still seen with the water peak not being suppressed properly. Our studies showed 

that this was due to dissolved gas being released from the solution causing tiny bubbles 

which severely degrades magnetic homogeneity. Hence the buffer is de-gassed by 

sonication prior to use to reduce this effect. De-gassing appears to have effectively 

resolved this issue and the pulse sequence works successfully to remove this large 

peak. The effect of a bubble present in an NMR tube during acquisition is shown in 

figure 2.2.2.1. 

 

 

Figure 2.2.2.1: Effect of small bubble present in NMR tube 
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Table 2.2.2.1: Acquisition Parameters 

Parameter Setting 

Probe TBI 

Solvent H2O:D2O (90:10) 

Temperature 310 K 

Receiver Gain 128 

SW (ppm) [Hz] 11.9878 [7194.245] 

O1P (ppm) [Hz] 4.710 [2826.61] 

TD 32768 

AQ (s) 2.2774260 

DW (µs) 69.500 

Number of Scans 16, 64, 256 and 1024 

Nucleus 1H 

Pre-acquisition Delay (D20) 0.5 s 

Experimental Time ca. 2 hours 

Experiment N@es1d_k 

  

 

2.2.3 Materials 

 

BV was provided by Beesen Co. (a South Korean company), lot number WCB010113. 

BV was collected via a commercial product developed by Beesen Co. which leaves 

the bees unharmed. The bees are given a small electric shock from a landing pad in 

front of the bee hive. This causes them to sting into a mesh gauze where the BV can 

be collected. Water used for this experiment was double distilled and D2O was 

obtained from Sigma-Aldrich. NMR tubes were Wilmad (535-PP-7) 5 mm thin 7” 

long, 600 MHz rated tubes. Sodium azide, dipotassium deuterium phosphate and 

potassium dideuterium phosphate were bought from Sigma-Aldrich.   
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2.2.4 Solution Preparation 

 

A description how of all the solutions used throughout this work were prepared is 

detailed below. 

 

2.2.4.1 Sodium Azide 

 

Sodium azide (6.5 mg) was dissolved in H2O (10 mL) in a volumetric flask (10 mL) 

to yield a 0.01 M (10 mM) solution of sodium azide in water. This solution was stored 

in the fridge until required. 

 

2.2.4.2 Potassium Phosphate Buffer 

 

K2DPO4 (1.355 g) and KD2PO4 (312 mg) were transferred into a 100 mL volumetric 

flask. 1 mL of  the 0.01 M sodium azide solution was added to the flask, 10 mL of D2O 

was then added and the flask was made up to the mark with double distilled H2O. This 

gave a 100 mM potassium phosphate buffer solution with 0.1 mM sodium azide at pH 

7.4. This buffer solution was then degassed by sonication at 37 °C for 15 minutes. This 

solution was stored at 3 – 5 °C until required. 

 

2.2.4.3 Bee Venom Solutions 

 

An amount of BV (50.4 mg) was weighed out into 10 mL volumetric flask. This was 

dissolved in 100 mM potassium phosphate buffer. This solution was then filtered using 

0.22 µm pore filters to remove any insoluble particulates and microbial enzymes 

present. BV solutions were then stored at 0 °C until they were required. 
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2.2.4.4 Dilutions 

 

Serial dilutions were carried out using a stock solution of BV. These dilutions were 

carried out using 100 mM potassium phosphate buffer. The concentrations used were 

as follows: 1.008, 0.504, 0.252, 0.126, 0.063, 0.032, 0.016, 0.008, 0.004, 0.002 and 

0.001 mg/mL. These solutions were stored in the fridge until required. The accuracy 

of these dilutions relates to the automatic pipette (± 3.6 – 9.5 µL) and the volumetric 

flasks (± 0.025 mL). 

 

2.3 Results and Discussion 
 

Solutions of BV at varying concentrations were analysed using the method described 

in section 2.2.2. For each tube four experiments were carried out sequentially with the 

same conditions each time but with an increase in the number of scans. The number of 

scans used is shown in table 2.2.2.1. Each tube was therefore in the NMR probe for 

ca. 2 hours. Increasing the number of scans improves the signal-to-noise ratio so it is 

expected that the lowest concentration with a signal-to-noise of greater than 3 will be 

at the highest number of scans. A control was also run at the same time as these 

solutions. The potassium phosphate buffer on its own was used as the control; this was 

used to show there were no obvious contaminants present in the buffer. To ensure 

consistency with results each solution of BV used for analysis had its own assigned 

NMR tube. Therefore, for repeat experiments, an aliquot of the same concentration of 

solution went into the same NMR tube as used in the previous experiment. This 

ensured that there were no contaminants left behind from a solution of different 

concentration, which would obviously affect results. 

Initially the potassium phosphate buffer was being made up using the protonated salts 

(K2HPO4 and KH2PO4). However when running controls using this buffer, it was 

found that there were many unidentifiable peaks present. Various actions were taken 

such as making up fresh buffer and cleaning all glassware (mentioned in section 2.2.2). 

When initial spectra were taken of the buffer shortly after the buffer was made the 

spectrum showed no signals. However if the buffer control was run 24 hours later there 
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were many peaks present. It was therefore decided to use the deuterated salts instead. 

The deuterated salts were cleaner compared to the protonated salts. 

The results from the control showed that, at 1024 scans, there were still some 

unidentifiable peaks present using the deuterated salts. The glassware the buffer was 

made up in was cleaned thoroughly again and the buffer was made up again as 

described above in section 2.2.4.2. The NMR tubes were also cleaned thoroughly 

again. A buffer control was then run for each of the NMR tubes being used. However 

these peaks still remained so it was decided that as these peaks are present in the buffer 

they could be excluded from the BV spectra. There were fewer signals present in the 

buffer using the deuterated salts when compared with the protonated salts. The 

deuterated salts therefore gave a cleaner spectrum so these salts were used for all 

experiments. The signal region in the BV spectra that was chosen for the signal-to-

noise calculation was not at same ppm as the unidentifiable peaks in the buffer.  

Figure 2.3.2 is a diagram which highlights the signal region and the noise region which 

were used to calculate the signal-to-noise ratio in Topspin. The noise region was a 

region at the end of the spectrum where there were no signals from the BV present. 

The signal region was of the largest signal in the BV spectrum. All data were processed 

in the same way so that direct comparisons could be made between the data points. 

The SINO calculation carried out in topspin calculates the signal-to-noise ratio using 

the following formula:  

 

SINO = 
𝑚𝑎𝑥𝑣𝑎𝑙

2 .noise
 

 

where maxval is the highest intensity signal in the defined signal region (shown in 

figure 2.3.3), the noise is calculated using the following formula from the Bruker 

command documentation: 
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𝑛𝑜𝑖𝑠𝑒 =  
√

∑ 𝑦(𝑖)2 −  
1
𝑁 ((∑ 𝑦(𝑖)𝑛

𝑖= −𝑛 )2 +  
3. (∑ 𝑖(𝑦(𝑖) − 𝑦(−𝑖)))2𝑛

𝑖=1

𝑁2 − 1
)𝑛

𝑖= −𝑛

𝑁 − 1
 

 

where N is the total number of points in the noise region (shown in Figure 2.3.2), n = 

(N-1)/2, and y(i) is the nth point in the noise region. 

The signal chosen to calculate the signal-to-noise is that of citrate.164 The structure of 

citrate is shown in figure 2.3.1. A study carried out by Fenton et al. showed that citrate 

is a component present in BV by GC-MS. Therefore using this signal region ensures 

that this method for determining LoD/LoQ is robust. This signal is shown in figure 

2.3.2. 

 

 

Figure 2.3.1: Structure of Citrate 
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* 

 

Figure 2.3.2:
 1H NMR spectra of BV showing signal and noise regions used to 

calculate the signal-to-noise ratio. The signal denoted with * is the signal which 

arises from the solvent. 

 

Figure 2.3.3 and table 2.3.1 show the results from the data obtained at 16 scans. Table 

2.3.1 shows three results for each concentration, this arises from taking three different 

aliquots of a stock solution. From figure 2.3.3 it is clear, as expected, that there is a 

linear response; as the concentration increases the signal-to-noise ratio increases. The 

R2 value (shown in figure 2.3.3) shows that there is good correlation between the data 

points. R2 is a measure of how close the data points are to the line of best fit. Therefore 

the lower the R2 value the closer the data are to the line of best fit, and the data therefore 

has good linear regression. At 16 scans the LoD was found to be at a concentration of 

0.032 mg/mL and the LoQ was found to be 0.063 mg/mL.  

In table 2.3.1 the standard deviation has been calculated and shows that as the 

concentration increases the standard deviation increases. A possible explanation for 

the increased variation as the concentration increases is that there are a lot of small 

proteins and peptides present in BV, so at higher concentrations these could be 

affecting other signals. At lower concentrations all molecules are reduced in 

concentration. This means that components of the WBV which are present in small 

quantities become so diluted they are not detected by NMR. 
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Figure 2.3.3: LoD/LoQ at 16 scans. Concentrations = 0.001, 0.002, 0.004, 0.008, 

0.016, 0.032, 0.063, 0.126, 0.252, 0.504 and 1.008 mg/mL BV, n = 3. 

 

Table 2.3.1: Tabulated data from NMR spectra at 16 scans 

Concentration (mg/mL) S/N 1 S/N 2 S/N 3 Mean STD 

0.001 1.55 1.79 1.8 1.713 0.142 

0.002 1.63 1.71 1.89 1.743 0.133 

0.004 1.57 1.86 1.64 1.690 0.151 

0.008 2.3 2.19 2.23 2.240 0.056 

0.016 2.98 2.09 3.85 2.973 0.880 

0.032 4.9 4.12 3.6 4.207 0.654 

0.063 12.43 12.61 8.28 11.107 2.450 

0.126 23.39 22.28 14.18 19.950 5.028 

0.252 41.63 40.11 51.59 44.443 6.236 

0.504 72.53 74.98 68.67 72.060 3.181 

1.008 169.12 156.81 130.44 152.123 19.761 

S/N = signal to noise ratio and STD = standard deviation. 
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Figure 2.3.4 shows the results of data analysed at 64 scans. Similar to the results seen 

for 16 scans, there is good correlation as the R2 value is low, showing good linearity. 

The LoD was found to be at a concentration of 0.008 mg/mL BV and the LoQ was 

found to be at a concentration of 0.063 mg/mL BV. 

The standard deviation was calculated and is shown in table 2.3.2. Table 2.3.2 shows 

three results for each concentration, this arises from taking three different aliquots of 

a stock solution. A similar pattern is seen in these data to the data at 16 scans. However 

higher standard deviations are seen for lower concentrations when compared with the 

data at 16 scans. It can be assumed that as increasing the number of scans gives a better 

signal there are more small proteins and peptides being detected which are possibly 

causing the variation. 

 

 

Figure 2.3.4: LoD/LoQ at 64 scans. Concentrations = 0.001, 0.002, 0.004, 0.008, 

0.016, 0.032, 0.063, 0.126, 0.252, 0.504 and 1.008 mg/mL BV, n = 3.  
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Table 2.3.2: Tabulated data from NMR spectra at 64 scans 

Concentration (mg/mL) S/N 1 S/N 2 S/N 3 Mean STD 

0.001 1.82 2.11 1.88 1.937 0.153 

0.002 1.96 1.79 1.95 1.900 0.095 

0.004 1.89 1.49 2.49 1.957 0.503 

0.008 2.94 3.1 5.36 3.800 1.353 

0.016 6.67 3.84 7.01 5.840 1.740 

0.032 10.27 9.72 6.25 8.747 2.180 

0.063 24.86 25.02 17.83 22.570 4.106 

0.126 49.8 47.68 33.04 43.507 9.126 

0.252 94.18 102.4 108.4 101.660 7.139 

0.504 151.6 191.54 184.53 175.890 21.326 

1.008 370.47 371.83 332.67 358.323 22.227 

S/N = signal to noise ratio and STD = standard deviation. 

 

 

 

The results for data at 256 scans are shown in figure 2.3.5. These results are similar to 

both 16 and 64 scans, with good correlation (low R2 value) meaning there is good 

linearity. The LoD was found to be at a concentration of 0.004 mg/mL BV and the 

LoQ was found to be at a concentration of 0.008 mg/mL BV. Table 2.3.3 shows three 

results for each concentration, this arises from taking three different aliquots of a stock 

solution. 

The standard deviation was calculated and is shown in table 2.3.3. A similar pattern is 

seen in these data to the data at 16 and 64 scans. Again higher standard deviations are 

seen for lower concentrations when compared with the data at 16 and 64 scans.  
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Figure 2.3.5: LoD/LoQ at 256 scans. Concentrations = 0.001, 0.002, 0.004, 0.008, 

0.016, 0.032, 0.063, 0.126, 0.252, 0.504 and 1.008 mg/mL BV, n = 3. 

 

Table 2.3.3: Tabulated data from NMR spectra at 256 scans 

Concentration (mg/mL) S/N 1 S/N 2 S/N 3 Mean STD 

0.001 2.03 2.16 2.48 2.223 0.232 

0.002 2.25 1.77 3.24 2.420 0.750 

0.004 3.15 2.16 4.81 3.373 1.339 

0.008 5.97 6.89 23.7 12.187 9.981 

0.016 13.41 7.87 15.62 12.300 3.992 

0.032 23.19 21.21 14.98 19.793 4.284 

0.063 51.6 52.67 44.01 49.427 4.721 

0.126 104.5 106.29 85.11 98.633 11.746 

0.252 198.33 228.18 233.63 220.047 19.004 

0.504 301.67 466.16 387.35 385.060 82.269 

1.008 712.27 773.55 778.29 754.703 36.825 

S/N = signal to noise ratio and STD = standard deviation 
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Finally, results for data at 1024 scans are shown in figure 2.3.6. These results are 

similar to 16, 64 and 256 scans, with good correlation (low R2 value) meaning there is 

good linearity. The LoD was found to be at a concentration of 0.001 mg/mL BV and 

the LoQ was found to be at a concentration of 0.008 mg/mL BV. Table 2.3.4 shows 

three results for each concentration, this arises from taking three different aliquots of 

a stock solution. 

The standard deviation was calculated and is shown in table 2.3.4. A similar pattern is 

seen in these data to the data at 16, 64 and 256 scans. Again higher standard deviations 

are seen for lower concentrations when compared with the data at 16, 64 and 256 scans.  

 

 

Figure 2.3.6: LoD/LoQ at 1024 scans. Concentrations = 0.001, 0.002, 0.004, 

0.008, 0.016, 0.032, 0.063, 0.126, 0.252, 0.504 and 1.008 mg/mL BV, n = 3. 
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Table 2.3.4: Tabulated data from NMR spectra at 1024 scans 

Concentration (mg/mL) S/N 1 S/N 2 S/N 3 Mean STD 

0.001 3 3.74 3.53 3.423 0.381 

0.002 4.42 2.26 6.04 4.240 1.896 

0.004 8.2 3.66 7.74 6.533 2.499 

0.008 15.33 16.05 18.58 16.653 1.707 

0.016 26.9 18.07 29.36 24.777 5.937 

0.032 52.81 60.38 35.71 49.633 12.638 

0.063 110.42 119.13 95.38 108.310 12.015 

0.126 202.41 228.31 234.97 221.897 17.201 

0.252 424.64 473.24 511.47 469.783 43.518 

0.504 651.38 964.87 926.58 847.610 171.015 

1.008 1329.7 1312.52 1846.48 1496.233 303.444 

S/N = signal to noise ratio and STD = standard deviation 

 

 

 

2.4 Summary 
 

In summary, the overall LoD is 1 µg/mL BV at 1024 scans and the overall LoQ is 8 

µg/mL BV which can be obtained at both 256 and 1024 scans. These data will be 

important for obtaining reliable results when testing the presence of BV in 

formulations, which is part of a larger project.  

The NMR method used here gave sufficient water suppression and good signal 

detection. This method was therefore applied to the monitoring of the enzyme 

reactions. The results here also showed that this method was robust and reliable giving 

confidence in its application to reaction monitoring. The results of the enzyme 

reactions via reaction monitoring NMR are described in chapter 3. 
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Chapter 3 

3.0 Bioactive Screening 
 

3.1 Introduction 
 

All the substrates which will be used for this study and are potentially released in 

response to a bee sting in mammalian systems have been described in section 1.2, 

along with the molecular structure and amino acid sequence (if applicable) of each 

one. The single amino acid tyrosine (Y) was also tested to assess if there was L-amino 

acid oxidase (LAAO) activity present in BV.  

 

3.2 Experimental 
 

3.2.1 Materials 
 

Hydrocortisone (cortisol), epinephrine, angiotensin II, GG, and bradykinin, were all 

bought from Sigma Aldrich. YGG was bought from Bachem. Substance P was bought 

from Merck Chemicals Ltd. YG was bought from Apollo Scientific Ltd. Met-

enkephalin was bought from Synpeptide Co., Ltd. Leu-enkephalin was brought from 

both Tocris bioscience and Bachem. The supplier of BV was already mentioned in 

chapter 2. 

 

3.2.2 Substrate Solutions 
 

An amount of substrate was weighed out into a 5 mL volumetric flask. All substrates 

were dissolved in 100 mM-1 potassium phosphate buffer, with the exception of cortisol 

which was dissolved in DMSO-d6 due to solubility in aqueous solutions. These 

solutions were then degassed by sonication at 37 °C for 15 minutes. 
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Details of the instrumentation and BV solution preparation has already been described 

in section 2.2 so will therefore not be mentioned here. 

 

3.2.3 NMR Experimental 
 

To carry out this work 400 µL of WBV (ca. 5 mg/mL) was mixed, by pipetting, with 

400 µL of a substrate solution in an Eppendorf tube on ice. These reactions are detailed 

in table 3.2.3.1. However, there is an exception to this protocol, which is the cortisol 

experiment. This experiment used 600 µL of 5.04 mg/mL WBV and 50 µL of 100 

mM-1 cortisol. This was done on ice to reduce any enzyme activity occurring before 

analysis. The substrate solution was sonicated at 37 °C beforehand to ensure the 

substrate was fully dissolved and degassed. The reaction mixture was then transferred 

to an NMR tube, which was subsequently placed in the NMR probe at 298 K. The 

sample was then locked and shimmed, and when the instrument was ready to start 

analysis the temperature was increased to 310 K.  

 

Table 3.2.3.1: Solution details for substrate reactions 

Substrate Stock 

Substrate 

Concentration 

(mM-1) 

Working 

Substrate 

Concentration 

(mM-1) 

Stock BV 

Concentration 

(mg/mL) 

Working BV 

Concentration 

(mg/mL) 

Angiotensin II 4 2 4.85 1.21 

Bradykinin 0.94 0.47 5.02 1.26 

Substance P 0.342 0.171 5.04 1.008 

Leu-enkephalin 2.25 1.13 5.02 1.26 

Met-enkephalin 5 2.5 4.85 1.21 

Epinephrine 5 2.5 4.85 1.21 

Cortisol 100 7.69 5.04 4.65 

Tyr (Y) 5 2.5 4.85 1.21 
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To monitor these reactions via NMR over time, the same NMR method used for the 

LoD/LoQ experiments was used for these experiments. However, the D20 delay 

parameter was altered. This delay pauses the pulse sequence before the acquisition 

begins. As a reaction takes place it will start to slow down the longer it goes on. This 

therefore means there is no need to acquire a spectrum every minute. This delay is 

therefore used to reduce the amount of spectra collected. The details of the delays used 

are shown in table 3.2.3.2. Therefore, each experiment was ca. 12.5 hours long. 

 

Table 3.2.3.2: Pre-acquisition Delays 

D20 

0.5 s for 75 spectra 

10 s for 40 spectra 

20 s for 40 spectra 

40 s for 40 spectra 

80 s for 10 spectra 
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3.3 Results of all Control Experiments for Bioactive Molecules/BV 
 

To be sure that any observed action against a substrate is the result of the BV, the 

necessary controls were run. The substrates and BV were run individually to ensure 

they were stable over the length of the experiment. The data were collected in the same 

way as the BV/substrate reactions, therefore mimicking the reaction procedure. For 

these experiments an aliquot from the stock solution was used and dissolved in an 

equal amount of buffer to keep concentrations consistent. The concentrations are 

shown in table 3.2.3.1.  

The results of the controls found that all of the substrates and BV were stable at 37 °C 

over the 12 hour period. Figure 3.3.1 is an example of a substrate control. This displays 

the results of the control of met-enkephalin. It is shown that there are no changes to 

any of the signals meaning the peptide is stable. The results from the rest of the 

substrate controls can be found in appendix 4. 

 

 

Figure 3.3.1: 1H Met-enkephalin control aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 

12.5 hours). 

 

Figure 3.3.2 displays the results of the BV control. There is some autodigestion of the 

BV which occurs and is shown by very small changes in the signals in both the 

aromatic and aliphatic regions (figure 3.3.2). However the BV is stable for the first 

hour which would be the most critical stage of any enzyme activity by the BV. 
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Figure 3.3.2: 1H BV control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours). 
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3.4 Results of all Bioactive Molecules Experiments 
 

Reactions of BV with the substrates were then carried out. There was a delay of 10-15 

minutes from the point of mixing until the first 1H NMR spectrum was collected this 

is due to the time taken for sample equilibration and to carry out a topshim to get the 

best possible line shape. Topshim is a tool for an easy way to carry out automatic 

shimming. Results have shown that BV mixed independently with angiotensin II, 

bradykinin, epinephrine, cortisol and tyrosine resulted in the substrate remaining 

unchanged throughout the experiment. The spectra of these reactions are shown in 

figure 3.4.1, 3.4.2, 3.4.3, 3.4.4, and 3.4.5 respectively. In these figures the first and last 

spectrum is shown, which shows that there is no change in the substrate signals. These 

results mean that these substrates are not a target for any of the enzymes present in 

BV. The result from the tyrosine reaction means that BV does not have the L-amino 

acid oxidase activity that is present in some snake venoms.77 

 

 

Figure 3.4.1: 1H BV + Angiotensin II aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours) and 2 (after 12.5 hours). 

 

 

Figure 3.4.2: 1H BV + Bradykinin aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours) and 2 (after 12.5 hours). 
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Figure 3.4.3: 1H BV + Epinephrine aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours) and 2 (after 12.5 hours). 

 

 

Figure 3.4.4: 1H BV + Cortisol aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours) and 2 (after 12.5 hours). 

 

 

Figure 3.4.5: 1H BV + Tyrosine aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours) and 2 (after 12.5 hours). 

 

The results from the reactions of BV and the substrates YGGFL, YGGFM and 

substance P showed that these substrates were modified. These results are described 
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in sections 3.4.1, 3.4.2 and 3.4.3 for YGGFL, YGGFM and substance P respectively. 

There are significant changes in the substrate signals, which decrease in intensity as 

degradation occurs along with the appearance of new signals relating to a product. 

 

3.4.1 YGGFL Results 

 

In figure 3.4.1.1 there are clear changes in the aromatic region (δ 7.5 – 6.8 ppm) where 

the signals in this region relate to those from the Y and F amino acid residues. There 

are also new signals which are seen developing clearly in the aliphatic region (δ 3.8 – 

3.6 ppm). This region shows 1H signals arising from the alpha carbons within the 

molecule. 

 

 

Figure 3.4.1.1: 1H BV + YGGFL aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours). 

 

The modification of YGGFL in the presence of BV is shown graphically in figure 

3.4.1.2. The signal represented by δ 7.19 – 7.14 ppm relates to two of the protons on 

the tyrosine residue and the signal represented by δ 3.67 – 3.63 ppm relates to protons 

on the product molecule, which most likely relates to a glycine residue in the product. 
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Figure 3.4.1.2: Graphical representation of YGGFL modification by BV. 

Integral 7.19 – 7.14 ppm represents equivalent protons on Y in YGGFL peptide. 

Integral 3.67 – 3.63 ppm represents protons on product molecule. 

 

It should be noted that due to software and experimental issues these results are not 

absolute and therefore only indicative. The software used to extract this information 

from the data does not allow a time 0 point to be added where the concentration of 

product would be 0. This has therefore caused the results to show some molar 

differences between starting material and product. A way of overcoming this issue 

would be to use an internal standard of known concentration, this can then be used to 

obtain the concentration of starting material and product more accurately. The 15 

minutes delay, previously mentioned, associated with the instrument equilibrium stage 

is an issue that is being addressed with the development of new hardware. This is the 

same issue for all experiments in the remained of this chapter and throughout the rest 

of this work. The levelling out of the results shown in figure 3.4.1.2 at the end of the 

experiment could be due to the enzyme becoming denatured. There are also no error 

bars shown on the graphs in this chapter and the remained of the thesis due to the 

experiments only being completed once. This was due to time and the cost of the 

substrates being used. 
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Figure 3.4.1.3 shows the assignment of YGGFL. There are 29 protons (excluding OH 

and NH protons) in this peptide. However in this 1H spectrum there are only 28 protons 

shown (excluding signal A). The proton marked with an X, which has not been 

assigned is close to the solvent signal and is suppressed as a result. This would 

corroborate with the fact there is a proton missing from the spectrum. Signal A relates 

to an amide and has not been assigned. Signal G also integrates to half a proton, the 

rest of this signal is lost as suppression of the H2O signal takes place. The partial 

assignment details of YGGFL are shown in table 3.4.1.1. 

 

 

Figure 3.4.1.3: 1H YGGFL Partial Assignment. The signal denoted with * is the 

signal which arises from the solvent. 
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Table 3.4.1.1: YGGFL Assignment Details 

1H Label 1H Integral δ (ppm) JHH-coupling (Hz) Multiplicity 

A 1 7.789 8.30 d 

B 2 7.392 7.26 t 

C 1 7.333 7.08 t 

D 2 7.296 7.63 d 

E 2 7.166 8.69 d 

F 2 6.883 8.69 d 

G 1 4.215 - m 

H 1 3.971 7.76 t 

I 2 3.878 2.76 d 

J 2 3.843 7.98 d 

K 1 3.238 

3.214 

5.06, 14.88 

5.22, 14.88 

dd 

L 2 3.050 - m 

M 1 3.003 - dd 

N 3 1.581 - m 

O 6 0.916 

0.886 

6.29, 17.93 

6.18, 17.83 

dd 

     

 

This data was obtained by comparing YGGFL with fragments of this peptide. This is 

shown in figure 3.4.1.4. By comparing these fragments with the YGGFL peptide the 

signal assignment of YGGFL could be made without the need for 2D experiments.  
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Figure 3.4.1.4: Comparison of YGGFM/YGGFL with fragments 
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3.4.2 YGGFM Results 
 

In figure 3.4.2.1 there are similar signal changes seen in both the aromatic and aliphatic 

regions as previously mentioned for the YGGFL results. There is also a change in the 

signal at ca. δ 2.1 ppm, which relates to the methyl group of the methionine residue. 

As the reaction progresses there is the appearance of several new signals at a slightly 

higher chemical shift value which will relate to the methionine being part of a product 

peptide. 

 

 

Figure 3.4.2.1: 1H BV + YGGFM aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours). 

 

The modification of YGGFM in the presence of BV is shown graphically in figure 

3.4.2.2. The signal represented by δ 7.19 – 7.14 ppm relates to two of the protons on 

the tyrosine residue and the signal represented by δ 3.78 – 3.72 ppm relates to protons 

on the product molecule. The points on the graph at the beginning of the reaction for 

integral δ 3.78 – 3.72 ppm which show a large increase compared to the rest of the 

points on the line are due to an issue with the water suppression as these signals lie 

close to the water signal at δ 4.70 ppm. See previous note regarding the levelling out 

of the graphs towards the end of this experiment and also the difference in molar 

balance (section 3.4.1). 
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Figure 3.4.2.2: Graphical representation of YGGFM modification by BV. 

Integral 7.19 – 7.14 ppm represents equivalent protons on Y in YGGFM peptide. 

Integral 3.78 – 3.72 ppm represents protons on product molecule. Highlighted data 

points in the box are due instrumentation error which settles out as the experiment 

continues. 

 

Figure 3.4.2.3 shows the partial assignment of YGGFM. There are 27 protons 

(excluding OH and NH protons) in this peptide, however in this 1H spectra there are 

only 26 protons shown (excluding signal A). Similar to the YGGFL peptide there is a 

proton marked with an X which has not been assigned; this signal is close to the solvent 

signal. This would corroborate with the fact that there is a proton missing from the 

spectrum. Signal A relates to an amide and has not been assigned. Signal G also 

integrates to half a proton, the rest of this signal is also lost as the solvent suppression 

takes place. The partial assignment details of YGGFM are shown in table 3.4.2.1. This 

assignment was carried out by comparing YGGFM with various fragments of this 

peptide (figure 3.4.1.4). This meant that 2D data did not need to be acquired. 
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Figure 3.4.2.3: 1H YGGFM Partial Assignment. The signal denoted with * is the 

signal which arises from the solvent. 
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Table 3.4.2.1: YGGFM Partial Assignment Details 

1H Label 1H Integral δ (ppm) JHH-coupling (Hz) Multiplicity 

A 1 7.856 7.84 d 

B 2 7.393 7.50 t 

C 1 7.334 7.28 t 

D 2 7.294 7.27 d 

E 2 7.170 8.78 d 

F 2 6.886 8.78 d 

G 1 4.263 - m 

H 1 4.003 7.45 t 

I 2 3.887 6.61 d 

J 2 3.859 8.66 d 

K 1 3.224 

3.199 

5.68, 14.55 

5.65, 14.31 

dd 

L 2 3.055 - m 

M 1 3.022 - dd 

N 2 2.480 - m 

O 3 2.103 - s 

P 1 2.076 - m 

Q 1 1.950 - m 
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3.4.3 Substance P Results 
 

The results for the BV and substance P reaction are shown figure 3.4.3.1. There were 

solubility issues with this peptide which therefore meant a very low concentration had 

to be used. In the aromatic region, where the signals relate to the two phenylalanine 

amino acids in the peptide, there are clear changes in the initial signals. However the 

formation and disappearance of signals in the aliphatic region becomes more difficult 

to see due to the low concentration of peptide used. To show more clearly the 

modification of this peptide a graphical representation is shown in figure 3.4.3.2. This 

graph shows that as one of the doublets in the aromatic region decreases in intensity, 

another doublet increases in intensity at a slightly higher chemical shift. From this 

graph is it clear that modification of substance P has occurred after ca. 100 minutes. 

See previous note regarding the levelling out of the graphs towards the end of this 

experiment and also the difference in molar balance (section 3.4.1). 

 

 

Figure 3.4.3.1: 1H BV + Substance P aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 

hours). 
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Figure 3.4.3.2: Graphical representation of substance P modification. Integral 

7.20 – 7.24 ppm represents proton(s) on amino acid residue in substance P peptide. 

Integral 7.23 – 7.27 ppm represents protons on product molecule. 

 

One conclusion which can be made is that BV does not have L-amino acid oxidase 

activity. This is due to the results of WBV mixed with Y showing no activity. Another 

conclusion from these results is that both met- and leu-enkephalin and substance P are 

being modified by BV. There are four peptide bonds within the enkephalin peptides 

and several peptide bonds within the substance P peptide which could be broken by an 

enzyme. There are also a number of side chains on the amino acid residues which could 

be modified. From the results shown here it is not clear how these peptides are being 

modified. Further analysis is required to deduce the modification pathway which will 

be discussed in section 3.5. 
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3.5 Determination of Substrate Cleavage Sites 
 

Due to the issues with substance P it was decided to look further into the modification 

of the enkephalin peptides. A model peptide, YGG, was used as it is the first three 

amino acids of the enkephalin peptide sequences. This model peptide was used as a 

cheaper alternative for the leu- and met-enkephalin (YGGFL and YGGFM 

respectively). The possible fragments of this peptide were also analysed; this includes 

glycine, YG and GG. Details for the experiments are shown in table 3.5.1. A full signal 

assignment of YGG is shown in figure 3.5.1 and table 3.5.2. This assignment was 

carried out by comparing YGG with various fragments of this peptide (figure 3.4.1.4). 

This meant that 2D data did not need to be acquired. 

 

Table 3.5.1: Solution details for substrate reactions 

Substrate Stock 

Substrate 

Concentration 

(mM-1) 

Working 

Substrate 

Concentration 

(mM-1) 

Stock BV 

Concentration 

(mg/ml) 

Working BV 

Concentration 

(mg/ml) 

YGG 5 2.5 5.02 1.26 

YG 5 2.5 4.85 1.21 

GG 5 2.5 4.85 1.21 

G 5 5 n/a n/a 
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Figure 3.5.1: 1H signal assignment of YGG peptide. The signal denoted with * is 

the signal which arises from the solvent. 

 

Table 3.5.2: YGG 1H signal assignment details 

1H Label 1H Integral δ (ppm) JHH-coupling (Hz) Multiplicity 

A 2 7.19 8.76 d 

B 2 6.91 8.82 d 

C 1 3.99 7.44 t 

D 2 3.95, 3.89 16.82, 16.82 dd 

E 2 3.76 - s 

F 2 3.06 

3.02 

7.00, 13.92 

8.03, 13.92 

dd 

dd 

     

 

A control experiment was carried out for this peptide in the same way as the others 

previously described. The results found that the YGG peptide was stable over a period 

of 12.5 hours, the results are shown in appendix 4 (4H). YGG was then mixed with 
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BV in the same way as all other reactions and the results of this reaction are shown in 

figure 3.5.2. 

 

 

Figure 3.5.2: 1H BV + YGG aromatic (A) and aliphatic (B) regions showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours). 

 

In figure 3.5.2 there is a clear transformation of YGG in the presence of BV. The two 

doublets at ca. δ 7.2 and 6.9 ppm in figure 3.5.2 represent the protons A and B 

respectively (figure 3.5.1), found on the aromatic ring of the tyrosine amino acid in 

this peptide. The results show that over time there is a decrease in the size of these 

signals and sequentially the formation of new signals at the lower chemical shift value 

of ca. δ 7.16 and 6.88 ppm.  

 

 

Figure 3.5.3: 1H Glycine 
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A large distinctive signal at δ 3.58 ppm is formed at the same time as the doublets at δ 

7.2 and 6.9 ppm decrease. This signal is that of the alpha carbon of free glycine. The 

1H NMR spectrum of free glycine is shown in figure 3.5.3, which shows that there is 

a single signal at ca. δ 3.6 ppm. This therefore confirms that the formation of the signal 

at ca. δ 3.6 ppm during the transformation of YGG by BV is that of free glycine. This 

result means that BV is cleaving the YGG peptide between the two glycine residues to 

form YG and G which is shown in figure 3.5.4.  

 

 

Figure 3.5.4: Cleavage Pathway of YGG 

 

The modification of YGG in the presence of BV is shown graphically in figure 3.5.5. 

The signal represented by δ 7.22 – 7.16 ppm relates to two of the protons on the 

tyrosine residue and the signal represented by δ 3.59 – 3.58 ppm relates to two protons 

on the product molecule which is free glycine. Some of the points towards the end of 

the reaction stand out compared with the general trend of the line, this is due to the 

water suppression failing possibly because of the formation of a gas bubble, resulting 

in loss of magnetic field homogeneity across the sample. 

 

 

+ 
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Figure 3.5.5: Graphical representation of YGG modification by BV. Integral 

7.22 – 7.16 ppm represents equivalent protons on Y in YGG peptide. Integral 3.59 – 

3.58 ppm represents protons on product molecule. Highlighted data points in the box 

are due instrumentation error which settles out as the experiment continues. 

 

Further experiments were then carried out to look closely at the degradation pathway 

of YGG. The dipeptides YG and GG were analysed confirming that the YGG peptide 

is hydrolysed at the GG bond.  The molecular structure of YG and GG are shown in 

figure 3.5.6 and 3.5.9 respectively. A signal assignment of the YG peptide is shown in 

figure 3.5.7 along with the details of this assignment in table 3.5.3. This assignment 

was carried out by comparing YG with various fragments of this peptide (figure 

3.4.1.4). This meant that 2D data did not need to be acquired. A signal assignment for 

the GG peptide is not shown as there are only two singlets in the 1H spectrum for this 

peptide; these represents the four protons attached to the two alpha carbons (two 

protons on each carbon). 

The controls of YG and GG are both shown in appendix 4 (4I and 4J respectively), 

which show that these dipeptides are stable for the length of the experiment (ca. 5 

hours). The D20 delay parameter for these experiments was not altered and was kept 

at 0.5 s for 70 spectra. This was due to the data being collected for a much shorter 

period of time in comparison to the other substrate/BV reactions. These experiments 
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were carried out for a much shorter period of time as they were being conducted to 

confirm previous results. To show the delayed hydrolysis of the YGG hydrolysis 

product YG so therefore only a short analysis was required.  

 

 

Figure 3.5.6: Structure of YG 

 

The results of these experiments are shown in figure 3.5.8 and 3.5.10 for YG and GG 

respectively. The results for the reaction of BV with GG show that the substrate 

remains intact throughout the experiment. The GG spectrum shows two singlets at ca. 

δ 3.82 ppm which are not present in the spectra during the YGG hydrolysis, this 

therefore rules out GG being a product in the YGG degradation. These results also 

mean that the enzymes present in BV responsible for the hydrolysis are unable to break 

the GG bond without the Y residue being present. This shows the significance of this 

amino acid for the binding of the substrate YGG to the enzyme. Y has a hydrophobic 

side chain which may be a required chemical property that is important for the binding 

of the YGG substrate and subsequently the enkephalin peptides 
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Figure 3.5.7: 1H signal assignment of YG peptide. The signal denoted with * is 

the signal which arises from the solvent. 

 

Table 3.5.3: YG 1H signal assignment details 

1H Label 1H Integral δ (ppm) JHH-coupling (Hz) Multiplicity 

A 2 7.182 8.80 d 

B 2 6.904 8.74 d 

C 1 4.008 7.32 t 

D 2 3.838 

3.614 

17.68, 135.65 

17.68, 135.81 

dd 

E 2 3.060 - m 
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Figure 3.5.8: 1H BV + YG aromatic (A) and aliphatic (B) regions showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 2.5 hours) and 4 (after 5 hours). 

The signal highlighted in green represents the formation of free glycine. The signals 

highlighted in blue represent the formation of free tyrosine. 

 

The results for BV with YG on the other hand showed that YG was broken down. 

There is the development of a singlet at ca. δ 3.58 ppm which is similar to the YGG 

hydrolysis. This has already been confirmed as the development of free G, and this is 

being produced as YG is broken down forming Y and G.  

 

 

Figure 3.5.9: Structure of GG 
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Figure 3.5.10: 1H BV + GG showing spectrum 1 (0 hours) and 2 (after 5 hours). 

 

The cleavage pathway for this experiment is shown in figure 3.5.11. As YG is only a 

dipeptide, the enzyme responsible for this hydrolysis cannot be a dipeptidyl peptidase. 

 

 

 

Figure 3.5.11: Cleavage Pathway of YG 

 

A graph showing the relative rates of reaction of these substrates (YGGFM, YGGFL, 

YGG and YG), except substance P, is shown in figure 3.5.12.  Substance P was 

excluded from this graph as the concentration used for this substrate was not 

comparable to the other substrates used. This graph shows the relative rates at which 

+ 
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these peptides are modified. The doublet at δ 7.19 ppm representing the Y amino acid 

in all four of these substrates was used to obtain these relative rates. The graph only 

shows the first 60 minutes of each reaction as this is the most important part of the 

process.  

 

Table 3.5.4 Tabulated data showing the relative rates for four peptides 

Substrate % Conversion at 

20 mins 

Relative Rate (µM/min-1) 

after 20 mins 

YG 0 % 0 

YGGFL 3.2 % 4 

YGG 3.6 % 4.5 

YGGFM 4 % 5 

   

 

There are no statistics shown for these experiments as they were only conducted once. 

Repeat experiments could not be carried out due to the time and cost of carrying out 

these experiments. 

The graph in figure 3.5.12 shows that YGGFM is modified the quickest followed by 

the model peptide YGG and then YGGFL (table 3.5.4). Also shown is that the YG 

dipeptide remains the same over the 60 minute period. This is expected as this 

dipeptide was a degradation product of the YGG peptide meaning that YG degradation 

will be a slower process. 
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Figure 3.5.12: Graphical representation of the relative rates 

 

3.6 Summary 
 

To summarise, the results presented here show that of all the substrates which were 

tested only the met- and leu-enkephalin (YGGFM and YGGFL respectively) and 

substance P peptides were modified by the BV. Further analysis into a model peptide 

(YGG) for the enkephalin peptides showed that this peptide was hydrolysed between 

the GG bond forming YG and free G. The results also showed that the product, YG, 

was hydrolysed to form free tyrosine and free glycine, but comparatively slower. 

The results here have indicated that the enzyme which may be responsible for this 

activity is a dipeptidyl peptidase (DPP) enzyme. From the literature it is known that a 

component in BV (known as Api m 5) shows sequence homology to the human 

dipeptidyl peptidase IV (DPP IV). Therefore the next step was to look for substrates 

which are related to the enkephalin peptides and may be substrates of a DPP IV 

enzyme. 
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Chapter 4 

4.0 Characterisation of Peptidase Activity 
 

4.1 Introduction 
 

Following on from the substrate screening study for the peptidase activity, the next 

logical step was to look in more detail at other peptides which may be modified by the 

BV. From the previous results it was concluded that the BV appears to be targeting 

peptides like the enkephalin peptides. Therefore, this led to testing other opioid 

peptides (table 4.1.1). There are other opioid peptides (endorphins and dynorphins) 

which were not tested, as the first amino acids in the sequences of these peptides are 

that of met- and leu-enkephalin respectively. This is due to the expense of these other 

peptides. 

 

Table 4.1.1: Experimental Peptides  

Peptide Amino Acid Sequence 

Met-enkephalin YGGFM 

Leu-enkephalin YGGFL 

Substance P RPKPQQFFGLM 

Endomorphin I YPWF 

Endomorphin II YPFF 

Casomorphin 1-7 YPFPGPI 

Nociceptin fragment FGG 

  

 

Opium is a substance which is found in poppy seeds of the Papaver somniferum poppy. 

This led to the discovery of the opioid system due to the analgesic and euphoric 

properties associated with opium.112,172 The active ingredient present in opium is the 

strong analgesic morphine which has been used for many years as a pain killer.112 The 
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opioid system plays a role in an array of different physiological responses such as 

nociception, emotional behaviour, stress, learning and memory and the reward 

system.112,173  

Various endogenous opioid peptides have been discovered which include the 

endorphins, enkephalins, dynorphins and endomorphins.114,172 Gene studies have been 

carried out and the precursor molecules for the enkephalins, endorphins and 

dynorphins have been deduced.172 The gene for the precursor molecule of the 

endomorphins has not yet been deduced. Prepro-enkephalin (PENK), prepro-

opiomelanocortin (POMC) and prepro-dynorphin (PDYN) are the respective genes 

which code for the precursor molecules for the enkephalin peptides, -endorphin and 

the dynorphin peptides.112,114,172  

The opioid peptides share a common amino acid sequence at the N-terminus which is 

known as the “opioid motif”. This sequence is YGGF which is then extended towards 

the C-terminal in a range of 5 to 31 amino acid residues.113,114,172 There is however an 

exception to this common N-terminal sequence as the endomorphin peptides do not 

contain this “opioid motif”.113 The endomorphin peptides are discussed further in 

section 4.1.2. 

 

4.1.1 Opioid Receptors 

 

The opioid receptors have been divided into three groups and these groups are known 

as the μ-opioid receptor (MOR), the δ-opioid receptor (DOR) and the κ-opioid receptor 

(KOR).113,114,172 These receptors are encoded by the Oprm1, Oprd1 and Oprk1 genes 

respectively.174 These receptor groups have been subdivided further giving the MOR 

subtypes as μ1, μ2, and μ3, the DOR subtypes as δ1 and δ2 and the KOR subtypes as κ1, 

κ2 and κ3.
172

  Opioid receptors in humans are most commonly found in the cortex, 

limbic system and the brain stem.112  

The endogenous opioid peptide ligands for these receptors have different affinities for 

different receptor subtypes. The enkephalin peptides have a ×20 higher affinity for the 

δ receptors than the μ receptors.173 The endomorphin peptides have a high affinity for 
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the μ receptors and the β-endorphins have a higher affinity for the μ receptors. The 

dynorphin peptides preferentially bind to the κ receptors.114,173 There has also been the 

discovery of another receptor which is known as the orphanin/nociception receptor 

(also known as OLR-1) with which an endogenous ligand has been termed 

oprhanin/nociceptin FQ.175 

These receptors are membrane bound receptors with high sequence homology to the 

seven-helix bundle transmembrane G protein-coupled receptor family.113,114,172,176 The 

G proteins these receptors couple to are the Go/Gi subtypes which produce the cellular 

effects.172,173 These effects include inhibition in both the production of cyclic 

adenosine monophosphate (cAMP) and the N-type Ca2+ voltage gated channels. 

Hyperpolarization also occurs by exciting inward moving K+ channels.114,172,173 This 

hyperpolarization results in reduced neuronal activity and the decrease in the 

intracellular Ca2+ concentration caused by inhibiting the Ca2+ channels resulting in 

decreased neurotransmitter release.114,173 The different groups of substrates for these 

receptors will be discussed with the exception of the enkephalin peptides as these have 

already been discussed. 

 

4.1.2 Endomorphins 

 

There are two known endomorphin peptides which are termed endomorphin I and 

endomorphin II.177 These peptides differ from each other by one amino acid with the 

endomorphin I amino acid sequence being YPWF and the endomorphin II amino acid 

sequence being YPFF.177,178 Endomorphin I is found predominately in the brain and 

endomorphin II is found predominately in the spinal cord.179 The endomorphin 

peptides acting on the μ-opioid receptors have an anti-nociception effect in the 

supraspinal, spinal and peripheral areas.177,178,180  

The endomorphin peptides are metabolised by several enzymes such as the human 

dipeptidyl peptidase IV enzyme, which cleaves the Pro2-Trp3 bond in endomorphin I 

and the Pro2-Phe3 bond in endomorphin II.181  This releases the dipeptides YP for both 

endomorphin I and II and WF for endomorphin I and FF for endomorphin II. This 

cleavage can also occur by the aminopeptidase M enzyme.182 These dipeptides are then 
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further metabolised to free amino acids. Aminopeptidase P can cleave the Tyr1-Pro2 

bond which releases free Y and leaves the tripeptides PWF for endomorphin I and PFF 

for endomorphin II.183 Human carboxypeptidase Y and proteinase A enzymes convert 

the amide at the C-terminus of the endomorphin peptides into a carboxyl group. 

Hydrolysis then followed cleaving the Trp2-Phe3 bond in endomorphin I and FF bond 

in endomorphin II.182 From BV genome studies a protein equivalent to the human DPP 

IV enzyme has been found. 

 

4.1.3 Endorphins 

 

The endorphins are perceived as the explanation for a “runner’s high/runner’s 

addiction” due to their hypoalgesic effects.184 Post translational processing of the 

prepro-opiomelanocortin (POMC) precursor releases several active peptides which 

includes β-lipotropin, β-endorphin, adrenocorticotropic hormone (ACTH), 

melanocyte stimulating hormone (MSH) and γ-lipotropin.185,186 β-endorphin is 

released from the pituitary gland during exercise, pain and excitement.187  β-endorphin 

produces euphoric and analgesic effects when released.172 The amino acid sequence of 

β-endorphin is: 

YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE.114 

The β-endorphin amino acid sequence is part of the β-lipotropin amino acid sequence, 

specifically amino acids 61-91. 185 The release of β-endorphin normally results in 

increased ACTH levels, which is an indication of a stress response to exercise.184 

Studies have shown that β-endorphin is metabolised by the insulin-degrading enzyme 

which cleaves the F18-K19 bond followed by the L17-F18 bond. This produces the α–

endorphin (β-endorphin amino acids 1-16) and γ–endorphin (β-endorphin amino acids 

1-17) fragments.188 These peptides were not studied in this project due to their cost. 

However, as the first five amino acids (YGGFM) of the β-endorphin peptide is met-

enkephalin it is likely that these peptides would be modified by BV. 
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4.1.4 Dynorphins 

 

There are multiple peptides known so far which make up the dynorphin family of 

peptides. The peptides released after cleavage of the precursor prodynorphin by the 

enzyme proprotein convertase 2 (PC) are dynorphin A, dynorphin B and α/β neo-

endorphin.114,189 There are also varying lengths of the amino acid sequence of 

dynorphin A (DYN A) and dynorphin B (DYN B) peptide which are shown in table 

4.1.4.1.  

The first five amino acids from the N-terminus is the amino acid sequence of leu-

enkephalin, which is found in all of these peptides. These peptides act via the κ-opioid 

receptor in both the central and peripheral nervous systems.172,189,190 The dynorphins 

are involved in the physiological actions pain, learning and memory, stress and 

emotion.189 It is thought that the action of dynorphins in certain areas of the brain result 

in an involvement in drug addiction.191 This has therefore been an area of study to 

understand drug addiction. 

The metabolism of the dynorphin peptides is complex and involves several enzymes. 

Studies have suggested that there are aminopeptidases involved in the degradation of 

the dynorphin peptides. One study showed that puromycin-sensitive aminopeptidase 

and aminopeptidase M showed specificity for the dynorphin peptides.192 One study 

also showed that the human angiotensin-converting enzyme-related carboxypeptidase 

(ACE2) was involved in the hydrolysis of dynorphin 1-13.193  A dynorphin-converting 

endopeptidase has been found in the human spinal cord and shows specificity for the 

dynorphin B peptide. It cleaves the Arg6-Arg7 bond to release YGGFLR.194,195 

Similarly to the endorphin peptides these peptides were not studied in this project due 

to their cost. However, as the first five amino acids (YGGFL) of the dynorphin 

peptides is leu-enkephalin there is a strong possibility that these peptides would be 

modified by BV. 
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Table 4.1.4.1: Name and amino acid sequence of peptides derived from the 

precursor prodynorphin196 

Peptide Name Amino Acid Sequence 

  

DYN A 1-8 YGGFLRRI 

DYN A 1-13 YGGFLRRIRPKLK 

DYN A 1-17 YGGFLRRIRPKLKWDNQ 

DYN B 1-13 YGGFLRRQFKVVT 

Big-DYN YGGFLRRIRPKLKWDNQKRYGGFLRRQFKVVT 

α-neo-endorphin YGGFLRKYPK 

β-neo-endorphin YGGFLRKYP 

Leumorphin YGGFLRRQFKVVTRSQEDPNAYYEEDPNAYYEELFDV 

  

 

4.1.5 Orphanin FQ/Nociceptin 
 

Orphanin FQ (OFQ/N), which is sometimes referred to as nociceptin, has an amino 

acid sequence of FGGFTYARKSARKLANQ.197  This peptide has a significant 

sequence homology to the dynorphin A peptide.175,198 OFQ/N however has little 

affinity for the µ-, δ- and κ-opioid receptors.199 The receptor that OFQ/N acts on is 

called opioid receptor-like 1 (ORL1) which has a significant sequence homology to the 

opioid receptors.200 The cellular action of OFQ/N is similar to that of the opioid 

peptides, which is inhibition of cAMP production and activation of K+ channels.201 

The OFQ/N peptide can be hydrolysed by the aminopeptidase N (APN) enzyme, which 

cleaves the FG bond to release free F. This activity is blocked in the presence of APN 

inhibitors. Endopeptidase 24.15 is also involved in the hydrolysis of OFQ/N by 

cleaving the Ala7-Arg8, Ala11-Arg12 and Arg12-Lys13 bonds.202  For this project the 

full peptide was not studied due to expense. However, a small fragment (FGG) of this 

peptide was used instead. This fragment was not a good model for the nociception 

peptide as there are four positive charges in this peptide (attributed to the Lys and Arg 

amino acids) which could affect entry to the catalytic site. 
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4.1.6 Exogenous Opioid Peptides 

 

There are a number of bioactive peptides which can be found in dairy products such 

as milk. These bioactive peptides include casomorphins, lactorphins, lactoferroxins, 

casoxins, casokinins and others.203 In the literature there are review articles which 

discuss all of these bioactive peptides. However, for the purpose of this work only the 

casomorphins will be discussed.203,204 One group of these peptides is known as the  

casomorphins and consist of fragments of a precursor protein, -casein.205 The  

casomorphin fragments are found in the 60-70 amino acid region (YPFPGPIPNSL) of 

the -casein sequence.203,205 Many fragments can be released from this short sequence, 

these are listed in table 4.1.6.1. These fragments predominately act on the  opioid 

receptors upon release.203,205,206 The casomorphins are hydrolysed by the human 

dipeptidyl peptidase IV enzyme. This enzyme cleaves the Pro2-Phe3 bond releasing 

the dipeptide Tyr1-Pro2.207,208 It would continue to sequentially cleave after each 

proline residue in the sequence. 

 

Table 4.1.6.1: Fragments from the  Casein Protein 

Peptide Name Amino Acid Sequence Precursor 

Fragment 

Reference 

 casomorphin-5 YPFPG  casein amino acids 

60-64 



 casomorphin-7 YPFPGPI  casein amino acids 

60-66 



 casomorphin-11 YPFPGPIPNSL  casein amino acids 

60-70 

209 
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4.1.7 Gly-Pro-7-amido-methylcoumarin 

 

Another substrate which was of interest to test was that of GP-7-amido-4-

methylcoumarin hydrobromide. This substrate will be referred to as GP-X where X is 

7-amido-4-methylcoumarin hydrobromide. The human dipeptidyl peptidase (DPP) IV 

enzyme shows specificity for this substrate. This substrate has a proline residue which 

is a desirable diagnostic indicator for the human DPP IV enzyme. The human DPP IV 

enzyme has optimal activity against substrates with proline at the penultimate 

position.59 The structure of this molecule is shown in figure 4.1.7.1. Genetic studies 

have indicated that an enzyme similar to human DPP IV is present in BV. A study, 

previously mentioned, has also shown that an enzyme similar to the human DPP IV 

enzyme was responsible for the conversion of pro-melittin to melittin.30 Testing this 

substrate with BV will therefore help to confirm if the DPP IV-like enzyme (Api m 5) 

in BV is the enzyme responsible for the modifications of the substrates tested so far.  

 

 

Figure 4.1.7.1: Structure of GP-7-amido-4-methylcoumarin hydrobromide 

 

4.1.8 Kinetics Experiments 

 

Enzyme kinetics experiments will then be carried out. These experiments are a useful 

way to look at how an enzyme works in action as they provide information such as the 

mechanism of action. The Michaelis-Menten equation is way of describing the rate of 

enzyme action by relating the initial reaction velocity (V0) to the substrate 

concentration [S].210 The following equation is the Michaelis-Menten equation: 

𝑉 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
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Where Km is the substrate concentration at which the reaction rate is half of Vmax, 

and Vmax is the maximal rate of the reaction. There are certain assumptions made 

when applying the Michaelis-Menten equation to an enzyme reaction, namely: 

 The concentration of substrate [S] is much larger than the concentration of 

enzyme [E]. 

 A steady state is formed i.e. the rate of formation of enzyme-substrate [ES] is 

equal to the rate of dissociation of [ES].  
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4.2 Experimental 
 

4.2.1 Materials 
 

Endomorphin I & II, and casomorphin 1-7 were all purchased from Sigma Aldrich. 

FGG was purchased from Bachem. GP-7-X was purchased from Apollo Scientific Ltd. 

Details of the sample preparation and instrumentation have already been described in 

sections 2.2 and 3.2 so will therefore not be discussed here. Table 4.2.1.1 shows the 

details of the solutions used in BV/substrate experiments (opioid peptides and human 

DPP IV substrate). The mole ratios for all the BV/substrate experiments are shown in 

table 4.2.1.2. 

 

Table 4.2.1.1: Solution mixing details for substrate reactions 

Substrate Stock Substrate 

Concentration 

(mM-1) 

Working 

Substrate 

Concentration 

(mM-1) 

Stock BV 

Concentration 

(mg/ml) 

Working BV 

Concentration 

(mg/ml) 

YPWF 4.1 2.05 5.11 1.28 

YPFF 1 0.5 1.02 0.255 

YPFPGPI 3.2 1.6 5.11 1.25 

FGG 5 2.5 5.11 1.28 

GP-X 5 2.5 5.28 1.32 
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Table 4.2.1.2: Ratios of BV to substrate for each experiment 

Experiment Ratio (BV:Substrate) 

BV + YPWF 1.3:2.1 

BV + YPFF 1.2:2 

BV + YPFPGPI 1.3:1.6 

BV + FGG 1.3:2.5 

BV + GP-X 1.3:2.5 

 

 

The NMR method used for the BV + GP-X experiment was slightly different from the 

@es1d_k experiment used for all other acquisitions. For this experiment a pure echo 

with water suppression experiment (@PEW5_k) was used which improved the quality 

of the data for this sample. This NMR method is described by Adams, R. W. et al., 

2013.211 There were different D20 delays used for this experiment, these are shown in 

table 4.2.1.3. 

 

Table 4.2.1.3: Pre-acquisition delays 

D20 

0.5 s for 75 spectra 

10 s for 40 spectra 

600 s for 20 spectra 

900 s for 20 spectra 

1200 s for 20 spectra 
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4.3 Results  
 

The results of the additional opioid peptides (endomorphin I and II and casomorphin 

1-7) will be reported first, followed by the results from the human DPP IV substrate 

experiment and finally the kinetic experiments will be reported. The opioid substrate 

experiments were carried out in the same way as the reactions in the substrate 

screening study. The details of the substrate/BV solutions are shown in table 4.2.1.1. 

The FGG tripeptide (figure 4.3.1) was used as a model peptide for the nociception 

peptide as a cheaper alternative. 

 

 

Figure 4.3.1: Structure of FGG 

 

4.3.1 Results of Other Opioid Substrate Experiments 
 

4.3.1.1 Stability 

 

Controls of all the opioid substrates showed that they were all stable in the phosphate 

buffer solution used (pH 7.4). The NMR spectra of all the stable opioid substrates are 

found in appendix 4.  
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4.3.1.2 Results for YPWF 

 

The 1H NMR results for the reaction of BV with YPWF are shown in figure 4.3.1.2.1. 

At the end of the analysis period it is clear that the initial structure has been completely 

modified. This is due to the complete disappearance of signals which relate to the intact 

YPWF peptide. This substrate, along with two others tested (YPFF and YPFPGPI) 

have a common N-terminal sequence of Y-P-X where X is either W or F (see table 

4.1.1). The FGG peptide is an exception to this as the N-terminal sequence is different. 

Proline residues can adopt two different conformations (cis and trans). The YPFPGPI 

peptide has three proline residues meaning it has 23 possible conformations. This is 

important to consider as certain conformations may react more than others. However, 

it appears from the results of all three substrates that conformation is not an issue. 

These conformations make it difficult to establish the specific pathway by which BV 

modifies these peptides due to the presence of signals for each conformation. 

 

 

Figure 4.3.1.2.1: 1H BV + YPWF aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours). 

 

Shown in figure 4.3.1.2.2 is a graphical representation of the BV + YPWF reaction. 

The integral represented by δ 7.73 – 7.67 ppm is a signal from the intact substrate and 

relates to the W amino acid, which decreases as the peptide is modified. This leads to 

the development of a product which is represented by the integral at δ 7.55 – 7.50 ppm; 

this signal also relates to the W amino acid. Comparison of the YPWF 1H spectrum to 

the 1H spectrum of the YPFF spectrum, confirms that these signals must relate to W 

as they are not present in the YPFF spectrum which does not contain a W amino acid. 
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From the graph it is clear to see that the intact endomorphin I peptide is completely 

modified after 5 hours. Modification of the product formed can also be seen as the 

product line in the graph increases, plateaus off and then starts to slowly decrease.  

As previously mentioned there is a lag phase of ca. 15 minutes associated with this 

experiment due to the time it takes from mixing BV with the substrate to starting 

analysis. See previous note regarding the levelling out of the graphs towards the end 

of this experiment and also the difference in molar balance (section 3.4.1). 

 

 

 

Figure 4.3.1.2.2: Degradation of YPWF by BV. Integral 7.73 – 7.67 ppm 

represents protons on an amino acid residue in YPWF peptide. Integral 7.55 – 7.50 

ppm represents protons on product molecule. 
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4.3.1.3 Results for YPFF 

 

The 1H data for YPFF in the presence of BV is shown in figure 4.3.1.3.1. The data 

shows that the YPFF peptide is modified by BV, as signals relating to the unaltered 

peptide completely disappear along with the appearance of new signals relating to the 

modified peptide. 

 

 

Figure 4.3.1.3.1: 1H BV + YPFF aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours). 

 

Shown in figure 4.3.1.3.2 is a graphical representation of the BV + YPFF reaction. The 

integral represented by δ 7.02 – 6.96 ppm is a signal from the Y amino acid in the 

intact substrate, which decreases as modification occurs. This leads to the development 

of a product which is represented by the integral at δ 3.93 – 3.87 ppm which relates to 

the alpha carbon in the Y amino acid in the modified peptide. From the graph it is clear 

to see that the intact YPFF peptide is completely modified after 3.5 hours. See previous 

note regarding the levelling out of the graphs towards the end of this experiment and 

also the difference in molar balance (section 3.4.1). 

Comparing this to the BV + YPWF reaction it appears that this peptide is modified at 

a slower rate. This is a good comparison as the mole ratios of both of these reactions 

are almost identical (see table 4.2.1.2). However for a better understanding of which 

peptide is modified quicker, the enzyme kinetics will have to be determined.  

The graph for the BV + YPFF reaction (figure 4.3.1.3.2) shows that the data points are 

not as close together when compared with the BV + YPWF reaction graph (figure 
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4.3.1.2.2). This is due to the smaller concentration of endomorphin II being used 

meaning there is more noise in the NMR spectra.  

 

 

Figure 4.3.1.3.2: Degradation of YPFF by BV. Integral 7.02 – 6.96 ppm represents 

equivalent protons on Y in YPFF peptide. Integral 3.93 – 3.87 ppm represents 

protons on product molecule. 
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4.3.1.4 Results for YPFPGPI 

 

The 1H data for YPFPGPI in the presence of BV is shown in figure 4.3.1.4.1. The data 

shows that the YPFPGPI peptide is modified by BV, as signals relating to the unaltered 

peptide completely disappear along with the appearance of new signals relating to the 

modified peptide. 

 

 

Figure 4.3.1.4.1: 1H BV + YPFPGPI aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 

hours). 

 

Shown in figure 4.3.1.4.2 is a graphical representation of the BV + YPFPGPI reaction. 

The integral represented by δ 6.90 – 6.86 ppm is a signal from the Y amino acid in the 

intact substrate which decreases as modification occurs. This leads to the development 

of a product which is represented by the integral δ 3.98 – 3.96 ppm which relates to 

the P amino acid in the modified peptide. From the graph it is clear to see that the intact 

YPFPGPI peptide is completely modified after 15 hours. There is a point on the graph 

which is an outlier; this could have been caused by an instrumentation error. See 

previous note regarding the levelling out of the graphs towards the end of this 

experiment and also the difference in molar balance (section 3.4.1). A comparison of 

these results to the YPWF and YPFF experiments show that YPFPGPI is modified at 

a slower rate. The change in chemical shift of the aromatic signals associated with the 

tyrosine residue when compared with YPFF could be due to the differences in 

concentration of the substrate used. 
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Figure 4.3.1.4.2: Degradation of YPFPGPI by BV. Integral 6.90 – 6.86 ppm 

represents equivalent protons on Y in YPFPGPI peptide. Integral 3.98 – 3.96 ppm 

represents protons on product molecule. 
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4.3.1.5 Results for FGG 

 

The results of the reaction of BV with the nociceptin fragment, FGG, are shown in 

figure 4.3.1.5.1. The FGG peptide showed similar results to the YGG peptide 

(previously discussed, section 3.5) which showed the development of a free glycine 

signal (at δ 3.58 ppm) meaning the GG bond was hydrolysed. This result therefore 

suggests the same enzyme responsible for the YGG hydrolysis is the same for FGG 

hydrolysis.  

 

 

Figure 4.3.1.5.1: 1H BV + FGG aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 19 hours). 

 

Figure 4.3.1.5.2 shows a full signal assignment of the FGG peptide with the details of 

the assignment shown in table 4.3.1.5.1. As mentioned for previous signal assignments 

a comparison was made of small fragments (figure 3.4.1.4) to deduce the signal 

assignment of FGG without carrying out 2D experiments.  
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Figure 4.3.1.5.2: 1H signal assignment of FGG Peptide, the signal denoted with * 

is the signal which arises from the solvent. 

 

Table 4.3.1.5.1: FGG 1H signal assignment details 

1H Label 1H Integral δ (ppm) JHH-coupling (Hz) Multiplicity 

A 2 7.44 7.56 t 

B 1 7.38 7.32 t 

C 2 7.32 7.35 d 

D 1 4.02 7.41 t 

E 2 3.94 

3.88 

16.95 

16.72 

dd 

F 2 3.77 

3.72 

17.39 

16.59 

dd 

G 2 3.13 

3.09 

7.14, 13.83 

7.95, 13.71 

dd 

dd 
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The results of the hydrolysis of FGG by BV is shown graphically in figure 4.3.1.5.3. 

This figure shows the development of the free G which is represented by δ 3.60 – 3.57 

ppm. Also shown is the decrease of one of the F signals which is represented by δ 7.35 

– 7.30 ppm. See previous note regarding the levelling out of the graphs towards the 

end of this experiment and also the difference in molar balance (section 3.4.1). Figure 

4.3.1.5.4 shows the cleavage pathway for this enzyme. 

 

 

Figure 4.3.1.5.3: Degradation of FGG by BV. Integral 7.35 – 7.30 ppm represents 

equivalent protons on F in FGG peptide. Integral 3.60 – 3.57 ppm represents protons 

on product molecule. 
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Figure 4.3.1.5.4: Cleavage pathway of FGG 

 

A comparison of the crossover times for all the peptides analysed in this study are 

shown in table 4.3.1.5.2. The crossover time is that point at which 50 % of the intact 

peptide has been modified by BV. The results show that YPWF is modified the 

quickest with FGG being modified the slowest.  As the YPWF peptide is modified 

quicker than the YPFF this suggests that the BV enzyme works optimally with the W 

amino acid residue at the penultimate position over F. 

 

Table 4.3.1.5.2: 50 % Peptide Modification Times 

Peptide Crossover Time (mins) 

YPWF 15 

YPFF 50 

YPFPGPI 393 

FGG > 1145 

 

  

+ 
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4.3.2 Results of Human DPP IV Substrate – GP-X 
 

The details of the solutions used for this experiment are shown in table 4.2.1.1. Figure 

4.3.2.1 shows the results from the control experiment of this substrate. The control 

shows that this molecule is slowly modified over time. Within the aromatic region two 

new doublets appear at ca. δ 7.53 and 6.79 ppm along with two new singlets at ca. δ 

6.62 and 6.08 ppm.  From these data it appears that the modification of GP-X is 

occurring at the Pro-7-amido-4-methylcoumarin bond of the molecule as the signals 

in the aromatic region reflect this part of the molecule. This would result in the 

formation of an NH2 on the free methylcoumarin part of the cleaved molecule (figure 

4.3.2.2). This therefore affects the chemical shift values of the protons on the benzene 

ring which result in the formation of new signals in the aromatic region. There are also 

some notable changes within the aliphatic region where there is also the development 

of new signals.  

 

 

Figure 4.3.2.1: 1H GP-X in buffer aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 19 hours). 

 

In the presence of BV GP-X is also modified.  The results of the BV + GP-X 

experiment showed that GP-X was completely modified within 3.5 hours. The 1H 

NMR results of this are shown in figure 4.3.2.3 which shows the complete 

disappearance of several signals in both the aromatic and aliphatic region which 

represent GP-X before modification.  
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Figure 4.3.2.2: Cleavage pathway of GP-7-amido-4-methylcoumarin 

hydrobromide 

 

The signals appearing at ca. δ 6.7 – 6.8 ppm appear at a slightly different chemical 

shift when compared with the control in figure 4.3.2.1. This could be caused by the 

presence of BV. 

 

 

Figure 4.3.2.3: 1H BV + GP-X aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 19 hours). 

 

Figure 4.3.2.4 shows a graphical representation of the modification of GP-X by BV. 

The signal δ 7.50 – 7.40 ppm represents one of the protons found on the 

methylcoumarin part of the intact molecule and the δ 7.61 – 7.56 ppm signal represents 

one of the protons from the methylcoumarin part of the modified molecule. The 

+ 
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product signal (δ 7.61 – 7.56 ppm) shows an increase and then begins to decrease 

meaning there is further modification of the product molecule. This is possibly due to 

another enzyme found in the BV. 

 

 

Figure 4.3.2.4: Graphical representation of GP-X in the presence of BV. Integral 

7.50 – 7.40 ppm represents protons on an amino acid residue in GP-X. Integral 7.61 

– 7.56 ppm represents protons on product molecule. 

 

A graphical representation showing a comparison between GP-X control and the GP-

X + BV is shown in figure 4.3.2.5. It is clear that in the presence of BV GP-X is 

modified much quicker than the slow modification of GP-X in buffer. There is a steep 

decline of the signal relating to intact substrate in the presence of BV compared with 

the control which is much slower.  
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Figure 4.3.2.5: Comparison of GP-X in buffer with GP-X in the presence of BV. 
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4.3.3 Results of Michaelis-Menten Kinetics Experiments 

 

For the enzyme kinetics experiments the concentration of BV was kept constant and 

the substrate concentration was varied. The details of the solutions used for the enzyme 

kinetic experiments are shown in table 4.3.3.1. The substrates used were YGG, FGG, 

YGGFM and YGGFL. These were used as they were the cheapest peptides which were 

shown to be modified by BV. 

The kinetics experiment reactions were only run for ca. 2 hours to obtain the initial 

reaction velocity. Substrate solutions were always sonicated at 37 °C for 15 minutes 

beforehand to ensure they were fully dissolved and degassed. The kinetics values to 

be obtained are the Vmax and Km. From the point of mixing the substrate with the BV 

and transferring the mixture into the NMR probe there is a delay of approximately 10 

to 15 minutes. This means that capturing the very beginning of the reaction was lost 

due to this delay. The results shown here are therefore less accurate than if a stop flow 

method for the NMR was used. The results will however still give a good indication 

of the enzyme behaviour.  

 

Table 4.3.3.1: Solution mixing details for YGG, YGGFM, YGGFL and FGG 

kinetics experiments 

Stock Substrate 

Concentration 

(mM-1) 

Working 

Substrate 

Concentration 

(mM-1) 

Stock BV 

Concentration 

(mg/ml) 

Working BV 

Concentration 

(mg/ml) 

5 2.5 5.11 

5.11 

5.11 

5.11 

5.11 

5.11 

1.28 

1.28 

1.28 

1.28 

1.28 

1.28 

2.5 1.25 

1 0.5 

0.5 0.25 

0.4 0.2 

0.25 0.125 
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4.3.3.1 Kinetics results for YGG 

 

This method was initially optimized using the YGG peptide as it was a cheaper model 

peptide for the enkephalin peptides (met- and leu-enkephalin). The results of this 

experiment initially produce a graph (figure 4.3.3.1.1) which shows that as substrate 

concentration increases the initial velocity increases until there is saturation of the 

enzyme. To obtain the kinetics values the reciprocal of this graph is taken which 

produces a straight line (figure 4.3.3.1.2), known as a Lineweaver-Burk plot. The 

graph is fitted with a line of best fit and then extrapolated back until it crosses the X-

axis, this gives -1/Km and where the line crosses the Y-axis gives 1/Vmax. There are 

no error bars shown in figure 4.3.3.1.1 as this experiment was only repeated once due 

to the cost and time of carrying out these experiments. This is same for all of the 

kinetics experiments discussed in the remained of this chapter. 

To obtain the results for the BV + YGG reaction, the development of the free glycine 

signal at ca. δ 3.58 ppm was used. In table 4.3.3.1.1 the results from the MNOVA 

output are detailed. The initial velocity for YGG hydrolysis was calculated as follows: 

C2 − C1

T2 − T1
 

where C2 is the concentration of free glycine after 15 minutes and C1 is the free 

glycine concentration at initial mixing (0 mM). T2 is 15 minutes after mixing and T1 

is time 0. The Lineweaver-Burk plot for YGG shows that the Km is 0.111 mM-1 and 

the Vmax is 0.0172 mM/min-1. 
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Figure 4.3.3.1.1: BV + YGG kinetics experiment results. 

 

 

 

Figure 4.3.3.1.2: Lineweaver-Burk Plot of the BV + YGG reaction 

 

y = 6.4431x + 58.06

R² = 0.9629

-20

0

20

40

60

80

100

120

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10

1
/V

0
(m

M
 m

in
-1

)

1/[S] (mM-1)



131 
 

Table 4.3.3.1.1: MestReNova Output of BV + YGG 

Initial Concentration 

of YGG (mM-1) 

Concentration of Free Glycine 

after 15 mins (mM-1) 

Initial 

Velocity (V0) 

(mM/min-1) 

2.5 0.261 0.0174 

1.25 0.241 0.0161 

0.5 0.209 0.0139 

0.25 0.174 0.0116 

0.2 0.157 0.0105 

0.125 0.143 0.00953 

   

 

4.3.3.2 Kinetics results for YGGFM 

 

To calculate the initial velocity of YGGFM (figure 4.3.3.2.1) and YGGFL (figure 

4.3.3.3.1) peptides the same calculation was carried out. However C2 is the 

concentration of a Y containing product after 8 minutes and C1 is the Y containing 

product concentration at initial mixing (0 mM-1). T2 is 8 minutes after mixing and T1 

is time 0. The Lineweaver-Burk plot for YGGFM show that the Km is 0.922 mM-1 and 

the Vmax is 0.0356 mM/min-1. The associated data used to produce this graph is shown 

in table 4.3.3.2.1. 
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Figure 4.3.3.2.1: Lineweaver-Burk Plot for the BV + YGGFM reaction 

 

Table 4.3.3.2.1: MestReNova Output of BV + YGGFM 

Initial Concentration 

of YGGFM (mM-1) 

Concentration of Y product 

after 8 mins (mM-1) 

Initial 

Velocity (V0) 

(mM/min-1) 

2.5 0.299 0.0373 

1.25 0.175 0.0219 

0.5 0.0844 0.0106 

0.25 0.0550 0.00688 

0.2 0.0469 0.00586 

0.125 0.0363 0.00454 
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4.3.3.3 Kinetics results for YGGFL 

 

The Lineweaver-Burk plot (figure 4.3.3.3.1) for YGGFL show that the Km is 0.889 

mM-1 and the Vmax is 0.0362 mM/min-1. The associated data used to produce this 

graph is shown in table 4.3.3.3.1. This Lineweaver-Burk plot also shows a point that 

does not fall on the line of best fit. This point is for the final substrate concentration of 

0.5 mM-1 YGGFL. This could be due to experimental error during sample preparation 

or be caused by line shape which affects the intensity of the peaks in the NMR 

spectrum. This variance could also be due to the presence of another enzyme acting 

simultaneously. 

 

 

Figure 4.3.3.3.1: Lineweaver-Burk Plot for the BV + YGGFL reaction 
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Table 4.3.3.3.1: MestReNova Output of BV + YGGFL 

Initial Concentration 

of YGGFL (mM-1) 

Concentration of Y product 

after 8 mins (mM-1) 

Initial 

Velocity (V0) 

(mM/min-1) 

2.5 0.266 0.0333 

1.25 0.132 0.0165 

0.5 0.160 0.0200 

0.25 0.0529 0.00661 

0.2 0.0513 0.00641 

0.125 0.0375 0.00469 

   

 

4.3.3.4 Kinetics results for FGG 

 

The Lineweaver-Burk plot (figure 4.3.3.4.1) for FGG show that the Km is 0.0347 mM-

1 and the Vmax is 0.0115 mM/min-1. The associated data used to produce this graph is 

shown in table 4.3.3.4.1. This Lineweaver-Burk plot also shows that there is a point 

which does not sit on the line of best fit. This point is for the final concentration of 0.2 

mM-1 FGG. As the rest of the points all follow a linear line it can be assumed that this 

point is lower due to experimental error. Due to this point being lower than expected 

this has caused the R2 value to be lower.  
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Figure 4.3.3.4.1: Lineweaver-Burk Plot for the BV + FGG reaction 

 

Table 4.3.3.4.1: MestReNova Output of BV + FGG 

Initial Concentration 

of FGG (mM-1) 

Concentration of Free Glycine 

after 16 mins (mM-1) 

Initial 

Velocity (V0) 

(mM/min-1) 

2.5 0.176 0.0110 

1.25 0.181 0.0113 

0.5 0.171 0.0107 

0.25 0.160 0.0100 

0.2 0.169 0.0106 

0.125 0.139 0.00869 
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4.4 Summary  
 

These results will be discussed further in chapter 6. However, BV modified all of the 

additional opioid substrates tested (YPWF, YPFF, YPFPGPI and the nociception 

model peptide FGG). This showed further evidence for BV specifically targeting the 

opioid peptides. Due to the complexity of the data for YPWF, YPFF and YPFPGPI, 

the specific details of how these peptides are degraded have not been deduced. 

BV also modified the human DPP IV substrate (GP-X). This result shows evidence 

that the DPP IV-like enzyme known to be present in BV may be responsible for the 

modification of the other substrates.  

The Km and Vmax values were deduced for each of the substrates using the equation 

from the line of best fit in the Lineweaver-Burk plot. These values are shown in table 

4.4.1. From the results it can be concluded that YGGFM and YGGFL are both 

modified by a similar method. The Km/Vmax for both of these substrates are directly 

comparable to each other as the same signal region (δ 7.16 – 7.12 ppm) was used for 

each substrate. This signal region relates to the shift of one of the Y signals as 

modification takes place. 

 

Table 4.4.1: Enzyme Kinetics Values 

Substrate Km (mM-1) Vmax (mM/min-1) Kcat (mM/s-1) 

YGG 0.111 0.0172 0.804 

YGGFM 0.922 0.0356 1.668 

YGGFL 0.889 0.0362 1.698 

FGG 0.0347 0.0115 0.539 

    

 

The results for the YGG and FGG peptides are also directly comparable to one another 

as the same signal region (δ 3.59 – 3.55 ppm) was used. This is the signal for free 

glycine which appears clearly in both of these reactions. These results show 

remarkable differences to one another. The Km for the FGG peptide is ca. 3 times 
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smaller than the Km value for YGG. This means that the BV has a higher affinity for 

the FGG peptide compared to the YGG peptide. The FGG peptide is therefore acting 

like an inhibitor rather than a substrate as it has a low Kcat and Km. 

Looking at the Km values overall it appears the BV enzyme binds to the substrates 

with the following affinity; FGG > YGG > YGGFL > YGGFM. The rate of 

modification which is represented by the Vmax value shows the following efficiency 

of degrading substrate; FGG > YGG > YGGFM > YGGFL. 

As the Km and Vmax values for all substrates were not obtained due to time and cost, 

a comparison between crossover times was used instead. The crossover time is the 

point at which 50 % of the peptide substrate has been modified by BV. This 

comparison is detailed in table 4.4.1 The BV concentration (mg/mL) to substrate 

concentration (mM-1) ratio has also been shown to highlight the differences in 

concentration. 

The difference in concentration ratios between YGGFM and YGGFL mean that a 

direct comparison cannot be made using the crossover times. Therefore the data 

obtained during the kinetic experiments can be used as the same concentrations were 

used for each peptide. The Vmax values, 0.0356 mM/min-1 and 0.0362 mM/min-1 for 

YGGFM and YGGFL respectively, show that there is a marginal difference in the rate 

of hydrolysis of these peptides by BV.  

A comparison between the relative rates of the enkephalin peptides and the 

endomorphin peptides shows that the BV enzyme, like the human DPP IV enzyme, 

binds more strongly to proline at the penultimate position. There is a substantial 

difference in the peptide crossover times with the endomorphin peptides which have 

proline in the P1’ position.  
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Table 4.4.1: 50 % Peptide Modification Times 

Peptide Crossover Time (mins) Ratio (BV:Substrate) 

YGGFM 627 1:2.1 

YGGFL 240 1:0.9 

YPWF 15 1:1.6 

YPFF 50 1:1.7 

RPKPQQFFGLM 36 1:0.2 

YPFPGPI 393 1:1.2 

GP-X 57 1:1.9 

YGG > 768 1:1.9 

FGG > 1145 1:1.9 

  

 

There are no statistics shown for these experiments as they were only conducted once. 

Repeat experiments could not be carried out due to the time and cost of carrying out 

these experiments. 
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Chapter 5 

5.0 Investigation of Enzyme Inhibition 
 

5.1 Introduction 
 

Further investigations of the possibility of the DPP IV-like enzyme in BV being 

responsible for the enzyme action in BV was carried out. There are four different types 

of enzyme inhibition; competitive, noncompetitive, uncompetitive and partial.212 

Competitive inhibition is when the inhibitor binds to the free enzyme and blocks 

substrate access to the catalytic site. Noncompetitive inhibition is when the inhibitor 

is able to bind to both the enzyme/substrate (ES)-complex and the free enzyme. 

Uncompetitive inhibition is when the inhibitor binds to the ES-complex. Partial 

inhibition is when the inhibitor binds to the ES-complex but the enzyme still has the 

ability to form a product but at a much reduced rate. 

There are a vast range of enzymes known which all have different inhibitors. There 

are a number of factors to consider when selecting an inhibitor, these include the 

structure of the catalytic site and the catalytic mechanism. For example inhibition of 

aminopeptidases, which mostly use a metal ion for catalytic activity, involves the 

development of a molecule with a functional group which can complex with the metal 

ion and also contain a group capable of recognising the catalytic site.213 For the 

purpose of this work selection of an inhibitor had to be carefully made. The results so 

far have indicated that a component in BV showed similarity to human dipeptidyl 

peptidase IV. Therefore, the first step at looking to inhibit the BV enzyme was to use 

a specific inhibitor which is used for the human DPP IV enzyme known as diprotin A. 

This is a tripeptide with the amino acid sequence Ile-Pro-Ile (IPI).214  

This study will therefore look at the effect of this inhibitor on the BV enzyme action. 

From here on in diprotin A will be referred to as IPI. Any observed inhibition of action 

by BV in the presence of the inhibitor will provide further evidence that the enzyme 

present in BV is similar to the human DPP IV enzyme. Subsequently modifications 

will be made to the IPI peptide to see if inhibition can be improved. The two modified 

peptides tested were FPI and IPG. Glycine was used as previous results indicated slow 
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hydrolysis with this amino acid in this position (YGG) and phenylalanine was used as 

previous results showed that this amino acid in this position results in a higher Km 

(FGG). 

 

5.2 Experimental 
 

5.2.1 Materials 
 

IPI was all bought from Sigma Aldrich. FPI and IPG were bought from Synpeptide 

Co., Ltd. 

 

5.2.2 Methods 

 

For this work 250 µL of BV (ca. 5 mg/mL) was mixed with 250 µL of 0.5 mM-1 

inhibitor on ice and then pre-incubated at 37 °C for 30 minutes. This was done to allow 

the inhibitor to bind to the enzyme. 250 µL of a 5 mM-1 substrate was then added to 

this mixture on ice, which was then placed in the NMR instrument for analysis. Table 

5.2.2.2 displays the details of the solutions used in this study. All substrates and 

inhibitor were sonicated at 37 °C for 15 minutes prior to any experiment to ensure they 

were fully dissolved. Details of the NMR experiment used are shown in table 5.2.2.1. 

 

Table 5.2.2.1: NMR method used in experiments 

Experiment NMR Method 

BV + IPI + GP-X 

BV + IPI + YGG 

BV + IPI + FGG 

BV + IPI + YGGFM 

BV + IPI + YGGFL 

@PEW5_k 

@es1d_k 

@es1d_k 

@es1d_k 

@PEW5_k 

  

Table 5.2.2.2: Solution details for BV + inhibitor + substrate reactions 
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Substrate (S) or 

Inhibitor (I) 

Stock S or I 

Concentration 

(mM-1) 

Working S or I 

Concentration 

(mM-1) 

Stock BV 

Concentration 

(mg/ml) 

Working BV 

Concentration 

(mg/ml) 

IPI (I) 0.5 0.167 5.28 0.59 

FPI (I) 0.5 0.167 5.04 0.56 

YGG (S) 5 1.67 5.28 0.59 

FGG (S) 5 1.67 5.04 0.56 

YGGFM (S) 5 1.67 5.28 0.59 

YGGFL (S) 5 1.67 5.28 0.59 

GP-X* (S) 5 1.67 5.28 0.59 

*X = 7-amido-4-methylcoumarin hydrobromide     

     

 

5.2.2.1 Inhibitor Control Experiments 

 

Control experiments were run for the inhibitor in the presence of BV and in the absence 

of BV. This was done to test the stability of the inhibitor in the phosphate buffer along 

with testing to see if BV had an effect on the inhibitor peptide.  

 BV + IPI + buffer 

 Buffer + IPI + buffer 

 BV + IPG + buffer 

 Buffer + IPG + buffer 

 BV + FPI + buffer 

 Buffer + FPI + buffer 

These experiments were carried out the same way as the BV + inhibitor + substrate 

experiments, using the same concentrations. However, 100 mM-1 potassium phosphate 

buffer was used to replace the substrate and/or BV. This ensured the concentrations 

were kept constant between control experiments and BV + inhibitor + substrate 

experiments.  
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5.2.2.2 Substrate Control Experiments 

 

To be able to make direct comparisons and ensure that any inhibition of the 

modification of substrates by BV is due to the inhibitor, it was necessary to run 

controls. It is important to point out that these controls are different from experiments 

mentioned previously. For this study the controls which were carried were as follows: 

 BV + buffer + GP-X 

 BV + buffer + YGG 

 BV + buffer + FGG 

 BV + buffer + YGGFL 

 BV + buffer + YGGFM 

These experiments were carried out the same way as the BV + inhibitor + substrate 

experiments, using the same concentrations. However, 100 mM-1 potassium phosphate 

buffer was used to replace the inhibitor. This ensured the concentrations were kept 

constant between control experiments and BV + inhibitor + substrate experiments.  

 

5.2.2.3 Inhibitor + Substrate Control Experiments 

 

Another set of controls were run to ensure there was no interaction between the 

substrate and the inhibitor. This was not carried out for the IPG peptide as results 

showed BV to modify this peptide very quickly (i.e. is a good substrate) and would 

therefore be an unsuitable inhibitor. Therefore, the following controls were also carried 

out: 

 IPI + GP-X 

 IPI + YGG 

 IPI + FGG 

 IPI + YGGFM 

 IPI + YGGFL 

 FPI + GP-X 
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 FPI + YGG 

 FPI + FGG 

 FPI + YGGFM 

 FPI + YGGFL 

These controls were carried out by mixing 400 µL of the substrate with 400 µL of the 

inhibitor. An 1H NMR was taken and then these samples were left at room temperature 

for 7 days. After this period another 1H NMR was taken and compared to the initial 

spectrum. 
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5.3 Results 
 

5.3.1 IPI Controls 

 

The buffer + IPI + buffer control experiment was run to ensure that IPI was stable in 

the potassium phosphate buffer. The results from this control experiment showed that 

IPI is stable on its own in the potassium phosphate buffer (figure 5.3.1.1). This is also 

shown clearly in figure 5.3.1.2 where there is a graphical representation of the IPI 

control. From this graph it is clear that there are no changes in signal intensity over the 

20 hour period meaning the IPI remained intact throughout the analysis. The signal 

represented by δ 1.05 – 1.10 ppm relates to one of the methyl groups on the unmodified 

peptide. The signal represented by δ 1.10 – 1.14 ppm relates to a region of the spectra 

where there are no signals present. This was done so that a comparison between this 

control and IPI in the presence of BV could be made. 

 

 

Figure 5.3.1.1: 1H Buffer + IPI + buffer control aromatic (A) and aliphatic (B) 

region showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 20.5 hours). 

 

Comparing the results shown in figure 5.3.1.2 to the results in figure 5.3.1.4 it is clear 

that there is no modification of IPI in the phosphate buffer in the absence of BV. There 

is clearly no formation of a signal at δ 1.10 – 1.14 ppm and the signal at δ 1.05 – 1.10 

ppm, which relates to the intact IPI peptide, remains stable. 
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Figure 5.3.1.2: Graphical representation of the IPI control experiment. Integral 

1.05 – 1.10 ppm represents protons on an amino acid residue in IPI peptide. Integral 

1.10 – 1.14 ppm represents a region of spectrum where there are no signals. 

 

The BV + IPI + buffer control experiment was carried out to see if the BV had any 

effect on IPI in the absence of a substrate. The 1H NMR spectra of this experiment is 

shown in figure 5.3.1.3. There are changes in signals which can be seen in the aromatic 

region at δ 7.68 ppm and the aliphatic region at δ 1.1 ppm. The data in this figure 

mostly relates to the BV. Those signals highlighted in blue relate to the IPI peptide. 

A graphical representation of this control result is shown in figure 5.3.1.4 where it is 

clear that there is modification of IPI in the presence of BV. From this figure it is clear 

that IPI is completely modified after 13.5 hours. The signal represented by δ 1.05 – 

1.10 ppm relates to one of the methyl groups on the unmodified peptide and the signal 

represented by δ 1.10 – 1.14 ppm relates to one of the methyl groups protons on the 

modified peptide. 
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Figure 5.3.1.3: BV + IPI + buffer experiment aromatic (A) and aliphatic (B) 

region showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 20.5 hours). 

 

 

Figure 5.3.1.4: Graphical representation of the BV + IPI + buffer experiment. 

Integral 1.05 – 1.10 ppm represents protons on an amino acid residue in IPI peptide. 

Integral 1.10 – 1.14 ppm represents protons on product molecule. 
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5.3.2 IPG Controls 

 

The results from the buffer + IPG + buffer control experiment showed that IPG is 

stable on its own in the potassium phosphate buffer (figure 5.3.2.1). There are no 

observed changes in the signals over the 15 hour period. 

 

 

Figure 5.3.2.1: 1H Buffer + IPG + buffer control aromatic (A) and aliphatic (B) 

regions showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 15 hours). 

 

Figure 5.3.2.2 shows the graphical representation of IPG in buffer control. The signal 

represented by δ 1.08 – 1.10 represents protons found on the isoleucine part of the IPG 

molecule. This signal remains constant throughout the experiment meaning it is stable. 

The other integral shown, which is represented by δ 3.57 – 3.59 ppm, is an area of the 

spectrum where there are no signals present. This was again done so that a comparison 

could be made to the results of the IPG peptide in the presence of BV (figure 5.3.2.4). 
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Figure 5.3.2.2: Graphical representation of the IPG in buffer control. Integral 

1.10 – 1.06 ppm represents protons on an amino acid residue in IPG peptide. Integral 

3.59 – 3.57 ppm represents a region of spectrum where there are no signals. 

 

The 1H NMR spectra of the BV + IPG + buffer control experiment is shown in figure 

5.3.2.3. A graphical representation of this control result is shown in figure 5.3.2.4 

where it is clear that there is modification of IPG in the presence of BV.  

 

 

Figure 5.3.2.3: 1H BV + IPG + buffer control aromatic (A) and aliphatic (B) 

region showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 15 hours). 
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The results showed that for IPG in the presence of BV after a 30 minute incubation 

period, the IPG peptide has been completely modified. Therefore it was decided to 

look at the 1H NMR data of the IPG peptide in the presence of BV during the 30 minute 

incubation period. 

The results shown in figure 5.3.2.4 show the modification of the IPG peptide during 

the incubation period. It is clear that modification of the peptide stops after 22 minutes. 

This means that IPG is a very good substrate and therefore would not work effectively 

as an inhibitor. This is due to the IPG peptide being completely modified during the 

30 minute BV/inhibitor incubation period. As a result of this no further work was 

carried out using the peptide as an inhibitor. 

 

 

Figure 5.3.2.4: Graphical representation of IPG in the presence of BV during 

incubation period. Integral 1.06 – 1.10 ppm represents protons on an amino acid 

residue in IPG peptide. Integral 3.57 – 3.59 ppm represents protons on product 

molecule. 
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5.3.3 FPI Controls 

 

The 1H NMR spectra for the buffer + FPI + buffer control experiment show that there 

are no changes in the signals for the unmodified peptide (figure 5.3.3.1). This means 

that the peptide is stable in the potassium phosphate buffer.  

 

 

Figure 5.3.3.1: 1H Buffer + FPI + buffer control aromatic (A) and aliphatic (B) 

regions showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 15 hours). 

 

The 1H NMR spectra of the BV + FPI + buffer control experiment is shown in figure 

5.3.3.2. These data show some changes to the signals of the unmodified peptide 

meaning BV is modifying FPI. A graphical representation of this control result is 

shown in figure 5.3.3.3 where it is clear that there is modification of FPI in the presence 

of BV.  
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Figure 5.3.3.2: 1H BV + FPI + buffer control aromatic (A) and aliphatic (B) 

region showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 

(after 20.5 hours). 

 

Figure 5.3.3.3 shows the FPI peptide in the presence of BV after a 30 minute 

incubation period at 37 °C along with FPI in buffer. The signals used for these two 

controls are the same so that a direct comparison can be made. After the incubation 

period the sample was put on ice and 250 µL of potassium phosphate buffer was added. 

This was done to mimic the experiments where a substrate would be added instead of 

the buffer. The results show that there is an increase in concentration of a product 

signal when in the presence of BV. This signal is not found in the FPI + buffer control, 

or in the BV hence confirming that BV is modifying the FPI peptide. The graph also 

shows that FPI is stable in the buffer over the reaction period meaning any changes 

found must be due to the BV. 
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Figure 5.3.3.3: Graphical representation of FPI in buffer compared with FPI in 

the presence of BV after a 30 minute incubation period. The signal used was δ 

3.94 – 3.98 ppm. This is the same for both experiments. 
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5.3.4 Substrate Controls 

 

The 1H NMR spectra for the BV + buffer + substrate controls are not shown here as 

similar results to these have already been reported in chapters 3 and 4 with 

concentration being the only difference. However a graphical representation of all the 

BV + buffer + substrate control experiments are presented here. The substrates show 

varying rates of modification when the graphical representations are compared. All 

controls are direct comparisons to each other as the concentration of the substrate and 

BV used is consistent in all experiments.  

 

5.3.4.1 GP-X Control 

 

Figure 5.3.4.1.1 shows the results for the BV + buffer + GP-X control. The 1H signal 

δ 7.42 – 7.52 ppm represents one of the protons found on the ring in the 

methylcoumarin part of the substrate. The 1H signal δ 6.86 – 6.77 ppm represents a 

proton on the modified DPP IV substrate. This is most likely to be a proton on the ring 

of the methylcoumarin part of the molecule as this chemical shift is in the aromatic 

region. It is clear the DPP IV substrate is completely modified by BV at ca. 190 

minutes. The results shown in this differ from previous results in section 4.3.2. 

Previous results showed that the product molecule was also modified however, this is 

not seen here. It is possible that there is a contaminant that has inhibited the dipeptidase 

or this could be due to the differences in concentration of both the BV and the substrate 

between the two experiments. 
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Figure 5.3.4.1.1: Graphical representation of the BV + buffer + GP-X 

experiment. Integral 7.42 – 7.52 ppm represents protons on the methylcoumarin part 

of the GP-X molecule. Integral 6.86 – 6.77 ppm represents protons on product 

molecule. 

 

5.3.4.2 YGG Control 

 

Figure 5.3.4.2.1 shows the results for the BV + buffer + YGG control. The 1H signal 

δ 7.14 – 7.20 ppm represents two of the protons found on the ring in the tyrosine part 

of the YGG peptide. The 1H signal δ 3.56 – 3.59 ppm represents two protons on the 

free glycine product (discussed in chapter 3) of the modified YGG peptide. The 

hydrolysis of this peptide is much slower when compared to GP-X.  
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Figure 5.3.4.2.1: Graphical representation of the BV + buffer + YGG 

experiment. Integral 7.14 – 7.20 ppm represents equivalent protons on Y in YGG 

peptide. Integral 3.56 – 3.59 ppm represents protons on product molecule. 
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5.3.4.3 FGG Control 

 

Figure 5.3.4.3.1 shows the results for the BV + buffer + FGG control. The 1H signal δ 

3.98 – 4.06 ppm represents the proton attached to the alpha carbon on the 

phenylalanine (F) part of the FGG peptide. The 1H signal δ 3.57 – 3.59 ppm represents 

two protons on the free glycine product (discussed in chapter 4) of the modified FGG 

peptide. Hydrolysis of this peptide is slower than both GP-X and YGG with hydrolysis 

stopping before all of the FGG peptide is converted to FG + G.  

 

 

Figure 5.3.4.3.1: Graphical representation of the BV + buffer + FGG 

experiment. Integral 3.98 – 4.06 ppm represents protons on F in FGG peptide. 

Integral 3.57 – 3.59 ppm represents protons on product molecule. 
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5.3.4.4 YGGFM Control 

 

Figure 5.3.4.4.1 shows the results for the BV + buffer + YGGFM control. The 1H 

signal δ 7.14 – 7.20 ppm represents two of the protons found on the ring in the tyrosine 

part of the YGGFM peptide. The 1H signal δ 3.72 – 3.78 ppm represents proton(s) on 

the product of the modified YGGFM peptide, possibly due to the Gly residue in the 

dipeptide YG. 

 

 

Figure 5.3.4.4.1: Graphical representation of the BV + Buffer + YGGFM 

experiment. Integral 7.14 – 7.20 ppm represents equivalent protons on Y in 

YGGFM peptide. Integral 3.72 – 3.78 ppm represents protons on product molecule. 
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5.3.4.5 YGGFL Control 

 

Figure 5.3.4.5.1 shows the results for the BV + buffer + YGGFL control. The 1H signal 

δ 7.14 – 7.21 ppm represents two of the protons found on the ring in the tyrosine part 

of the YGGFL peptide. The 1H signal δ 3.61 – 3.66 ppm represents proton(s) on the 

product of the modified YGGFL peptide, possibly due to the Gly residue in the 

dipeptide YG. 

 

 

Figure 5.3.4.5.1: Graphical representation of the BV + buffer + YGGFL 

experiment. . Integral 7.14 – 7.21 ppm represents equivalent protons on Y in 

YGGFM peptide. Integral 3.61 – 3.66 ppm represents protons on product molecule. 
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5.3.5 Inhibitor + Substrate Controls 

 

5.3.5.1 IPI + Substrate Controls 

 

The IPI + substrate experiments will show if there is any interaction between IPI and 

the substrates in the absence of BV. An example of one of these controls is shown in 

figure 5.3.5.1.1 which shows the mixture of IPI with YGG. There is no modification 

of these peptides meaning they do not interact with each other. The rest of the results 

for IPI + FGG, IPI + YGGFM and IPI + YGGFL show the same results and are shown 

in appendix 5 (5A – 5C respectively) with the exception of IPI + GP-X. A previous 

experiment showed that GP-X is modified naturally on its own. The results of the 

mixture of IPI + GP-X substrate are shown in figure 5.3.5.1.2.  

 

 

Figure 5.3.5.1.1: 1H IPI + YGG control aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), and 2 (after 7 days). 

 

Figure 5.3.5.1.2 shows that the GP-X signals show the same changes as a previous 

control experiment, in which GP-X in buffer was tested. However the IPI signals 

remain the same in this experiment meaning that the IPI and GP-X do not react with 

each other. 
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Figure 5.3.5.1.2: 1H IPI + GP-X control aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), and 2 (after 7 days). 

 

5.3.5.2 FPI + Substrate Controls 

 

The FPI + substrate experiments will show if there is any interaction between FPI and 

the substrates in the absence of BV. An example of one of these controls is shown in 

figure 5.3.5.2.1 which shows the mixture of FPI with YGG. There is no modification 

of these peptides meaning they do not react with each other. The rest of the results for 

FPI + FGG, FPI + YGGFM and FPI + YGGFL show the same results and are shown 

in appendix 5 (5D – 5F respectively) with the exception of FPI + GP-X. A previous 

experiment showed that GP-X is modified naturally on its own. The results of the 

mixture of FPI + GP-X substrate are shown in figure 5.3.5.2.2.  

 

 

Figure 5.3.5.2.1: 1H FPI + YGG control aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), and 2 (after 7 days). 
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In figure 5.3.5.2.2, the GP-X signals show the same changes as a previous control 

experiment, in which GP-X in buffer was tested. However the FPI signals remain the 

same in this experiment meaning that the FPI and GP-X do not react with each other. 

 

 

Figure 5.3.5.2.2: 1H FPI + GP-X control aromatic (A) and aliphatic (B) region 

showing spectrum 1 (0 hours), and 2 (after 7 days). 
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5.3.6 Results of BV + IPI + Substrate Experiments 

 

5.3.6.1 BV + IPI + GP-X 

 

In figure 5.3.6.1.1 the IPI inhibitor has had an effect on the modification of GP-X. 

When compared to the control, where GP-X is completely modified after 200 minutes, 

it takes around 1200 minutes for this substrate to be completely modified in the 

presence of the IPI inhibitor. The signal used for this is δ 7.42 – 7.52 ppm which is a 

doublet that relates to a proton on the methylcoumarin part of the GP-X molecule. The 

same signal is used for both experiments so a direct comparison can be made. Also 

shown in the graph is a small increase in signal intensity at the beginning of the 

reaction. This could be related to shimming of the instrument or solubility. The 

solubility issue means that the substrate is becoming more concentrated at the 

beginning of the experiment, therefore showing an increase in signal intensity. This 

could be due to the increase in temperature. 

 

 

Figure 5.3.6.1.1: Graphical representation of the modification of GP-X by BV in 

the presence of IPI. The signal used was δ 7.42 – 7.52 ppm. This is the same for 

both experiments. 
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5.3.6.2 BV + IPI + YGG 

 

In figure 5.3.6.2.1 the modification of the YGG peptide by BV has also been inhibited 

by the IPI inhibitor. There is no modification of the YGG peptide in the presence of 

IPI until ca. 800 minutes where the concentration begins to decrease. When this is 

compared to the control, where the modification is seen from the beginning of the 

reaction. The presence of IPI is affecting the ability of BV to modify the YGG peptide. 

The signal used for this is δ 7.14 – 7.20 ppm, which is a doublet that relates to two 

protons on the Y part of the YGG molecule. The same signal is used for both 

experiments so a direct comparison can be made. 

 

 

Figure 5.3.6.2.1: Graphical representation of the modification of YGG by BV in 

the presence of IPI. The signal used was δ 7.14 – 7.20 ppm. This is the same for 

both experiments. 
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5.3.6.3 BV + IPI + FGG 

 

In figure 5.3.6.3.1 the modification of the FGG peptide has also been inhibited by the 

IPI inhibitor. There is no modification of the FGG peptide in the presence of IPI until 

after 500 minutes. When this is compared to the control, where the modification is 

seen from the beginning of the reaction, IPI is affecting the ability of BV to modify 

the FGG peptide. This result can also be compared to the results for the YGG peptide, 

which was inhibited for a longer period of time. The only difference between these 

two peptides is the hydroxyl on the ring of the Y amino acid. This suggests that not 

having the hydroxyl on the phenylalanine in the first position makes F a stronger 

competitor compared with Y. The signal used for this is δ 3.98 – 4.06 ppm, which is a 

triplet that relates to an alpha proton on the F part of the FGG molecule. The same 

signal is used for both experiments so a direct comparison can be made. 

 

 

Figure 5.3.6.3.1: Graphical representation of the modification of FGG by BV in 

the presence of IPI. The signal used was δ 3.98 – 4.06 ppm. This is the same for 

both experiments. 
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5.3.6.4 BV + IPI + YGGFM 

 

In figure 5.3.6.4.1 the modification of the YGGFM peptide has been inhibited by the 

IPI inhibitor. There are small decreases in the YGGFM concentration in the presence 

of IPI until after 250 minutes where this decrease in concentration becomes bigger. 

When this is compared to the control, where the decrease in YGGFM concentration is 

much bigger, IPI is affecting the ability of BV to modify the YGGFM peptide. The 

signal used for this is δ 7.14 – 7.20 ppm which is a doublet that relates to two protons 

on the Y part of the YGGFM molecule. The same signal is used for both experiments 

so a direct comparison can be made. The same issue is seen here as there is for the GP-

X results where there is a small increase in signal intensity at the beginning of the 

reaction. 

 

 

Figure 5.3.6.4.1: Graphical representation of the modification of YGGFM by 

BV in the presence of IPI. The signal used was δ 7.14 – 7.20 ppm. This is the same 

for both experiments. 
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5.3.6.5 BV + IPI + YGGFL 

 

In figure 5.3.6.5.1 the modification of the YGGFL peptide has been inhibited by the 

IPI inhibitor. There are again small decreases in YGGFL concentration in the presence 

of IPI until after 1000 minutes where this decrease in concentration becomes bigger. 

When this is compared to the control, where the decrease in YGGFL concentration is 

much bigger, IPI is affecting the ability of BV to modify the YGGFL peptide. This 

result can be compared to the results for the YGGFM peptide which was inhibited for 

a shorter period of time. The difference between these two peptides is the Met/Leu 

amino acids at the last position in these peptides. This suggest that the YGGFM peptide 

is a stronger competitor compared to the YGGFL peptide. The signal used for this is δ 

7.14 – 7.20 ppm which is a doublet that relates to two protons on the Y part of the 

YGGFL molecule. The same signal is used for both experiments so a direct 

comparison can be made. 

 

 

Figure 5.3.6.5.1: Graphical representation of the modification of YGGFL by BV 

in the presence of IPI. The signal used was δ 7.14 – 7.21 ppm. This is the same for 

both experiments. 
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The effect of inhibition by IPI is detailed in table 5.3.6.1. This table shows the amount 

of substrate which has been converted at 200 minutes with and without IPI present. 

The results show that for all of these substrates there is a decrease in conversion when 

in the presence of IPI. The biggest decrease is for the GP-X substrate. The % 

conversion of the GP-X in the presence of IPI is not shown, this is due to the small 

increase in signal intensity at the beginning of the experiment which could be due to 

solubility. 

 

Table 5.3.6.1: Effect of inhibition 

Substrate % Breakdown at 

200 mins 

% Breakdown at 200 

mins in presence of IPI 

GP-X 67.3 % N/A 

YGG 8.2 % 1.5 % 

FGG 5.5 % 1.0 % 

YGGFM 19.5 % 5.7 % 

YGGFL 23.5 % 5.9 % 

*N/A results are due to the solubility issues. 
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5.3.7 Results of BV + FPI + Substrate Experiments 
 

5.3.7.1 BV + FPI + GP-X 

 

The results in figure 5.3.7.1.1 show the modification of GP-X in the presence of the 

inhibitor IPI and FPI along with a control experiment. From this graph, both the IPI 

and FPI appear to inhibit the modification of this substrate by BV. The IPI inhibitor 

appears to have a greater effect when compared with the FPI inhibitor as there is a 

longer duration of inhibition. It should be noted that the same signal mentioned 

previously is used for all three experiments. 

 

 

Figure 5.3.7.1.1: Graphical representation of the modification of GP-X by BV in 

the presence of IPI and FPI. The signal used was δ 7.42 – 7.52 ppm. This is the 

same for all three experiments. 
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5.3.7.2 BV + FPI + YGG 

 

The results in figure 5.3.7.2.1 show the modification of the YGG model substrate in 

the presence of the inhibitor IPI and FPI along with a control experiment. The results 

for the modification of the YGG in the presence of the FPI inhibitor show that there is 

a small increase in the signal intensity of YGG at the beginning of this reaction (ca. 

10 - 250 minutes). This may be due to solubility of the YGG. The peptide might be 

becoming more concentrated with the increase in temperature when in the probe. 

However, despite this solubility issue there still appears to be inhibition of the 

modification of the YGG peptide in the presence of both inhibitors. It is also clear that 

the IPI inhibitor showed stronger inhibition when compared with the FPI inhibitor. It 

should be noted that the same signal mentioned previously is used for all three 

experiments. 

 

 

Figure 5.3.7.2.1: Graphical representation of the modification of YGG by BV in 

the presence of IPI and FPI. The signal used was δ 7.14 – 7.20 ppm. This is the 

same for all three experiments. 
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5.3.7.3 BV + FPI + FGG 

 

The results in figure 5.3.7.3.1 show the modification of the FGG model substrate in 

the presence of the inhibitor IPI and FPI along with a control experiment. The same 

issue with solubility seen for the YGG peptide in the presence of FPI inhibitor is also 

seen here for the FGG peptide. It is also clear there is inhibition of the modification of 

the FGG peptide by both inhibitors. The results here show that the modification of the 

FGG peptide in the presence of the IPI inhibitor is completely blocked for around 450 

minutes. However in the presence of the FPI inhibitor (despite the solubility issue) the 

modification is also blocked for around the same amount of time as with the IPI 

inhibitor.  This shows that the inhibition of the FGG peptide by these inhibitors is 

almost the same. It should be noted that the same signal mentioned previously is used 

for all three experiments. 

 

 

Figure 5.3.7.3.1: Graphical representation of the modification of FGG by BV in 

the presence of IPI and FPI. The signal used was δ 3.98 – 4.06 ppm. This is the 

same for all three experiments. 
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5.3.7.4 BV + FPI + YGGFM 

 

The results in figure 5.3.7.4.1 show the modification of the YGGFM substrate in the 

presence of the inhibitor IPI and FPI along with a control experiment. The graph here 

clearly shows that the modification of the YGGFM substrate is inhibited. It also shows 

that there is only a small difference in inhibition between the presence of IPI and the 

presence of FPI. This can be compared to the results for the YGG peptide and the DPP 

IV substrate where the IPI appears to be the better inhibitor. There is also no solubility 

issue seen here which was noted for the YGG and FGG peptides. It should be noted 

that the same signal mentioned previously is used for all three experiments. 

 

 

Figure 5.3.7.4.1: Graphical representation of the modification of YGGFM by 

BV in the presence of IPI and FPI. The signal used was δ 7.14 – 7.20 ppm. This is 

the same for all three experiments. 
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5.3.7.5 BV + FPI + YGGFL 

 

The results in figure 5.3.7.5.1 show the modification of the YGGFL substrate in the 

presence of the inhibitor IPI and FPI along with a control experiment. The graph here 

shows that the modification of the YGGFL substrate is inhibited. The results show that 

the IPI inhibitor is better than the FPI inhibitor as there is a much longer duration of 

inhibition of the modification of the YGGFL substrate (table 5.3.7.1). Although the % 

conversion at 200 minutes shows that the FPI peptide is a better inhibitor, looking at 

the overall results the IPI peptide has a longer effect of inhibition. Comparing these 

results to those from the inhibition of the YGGFM modification, there is a difference 

between the two. The YGGFM substrate showed that in the presence of both IPI and 

FPI there was very similar inhibition (table 5.3.7.1). However, for the YGGFL 

substrate the IPI inhibitor shows much stronger inhibition. Similar to the YGGFM 

results there is no solubility issue seen here either. It should be noted that the same 

signal mentioned previously is used for all three experiments. 

 

 

Figure 5.3.7.5.1: Graphical representation of the modification of YGGFL by BV 

in the presence of IPI and FPI. The signal used was δ 7.14 – 7.21 ppm. This is the 

same for all three experiments. 
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The effect of inhibition by FPI along with IPI is detailed in table 5.3.7.1. The results 

show that for all of these substrates there is a decrease in conversion when in the 

presence of either IPI or FPI. The results show that IPI has the strongest effect of 

inhibiting the conversion of substrates to a product by BV. As previously mentioned 

the % conversion for some substrates are not shown, this is due to the small increase 

in signal intensity at the beginning of the experiment which could be due to solubility.  

 

Table 5.3.7.1: Effect of inhibition on enzyme activity 

Substrate % Breakdown at 

200 mins 

% Breakdown at 

200 mins in 

presence of IPI 

% Breakdown at 

200 mins in 

presence of FPI 

GP-X 67.3 % N/A 38.1 % 

YGG 8.2 % 1.5 % N/A 

FGG 5.5 % 1.0 % N/A 

YGGFM 19.5 % 5.7 % 5.0 % 

YGGFL 23.5 % 5.9 % 1.6 % 

*N/A results are due to the solubility issues. 

   

There are no statistics shown for these experiments as they were only conducted once. 

Repeat experiments could not be carried out due to the time and cost of carrying out 

these experiments. 
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5.4 Summary 
 

The results here have shown that both the IPI and FPI tripeptides inhibited the ability 

of BV to modify all the substrates which were tested. The IPG tripeptide tested is 

completely modified after 20 minutes in the presence of BV. This tripeptide was 

therefore not used in any further experiments. Overall the IPI inhibitor appears to be 

the stronger inhibitor. This is due to there being an overall lower conversion of 

substrate at 200 minutes when compared with the substrates in the presence of FPI 

(table 5.3.7.1).  
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Chapter 6 

6.0 Discussion of results 
 

One of the aims of this project was to develop an effective NMR method for 

monitoring enzyme activity. This was successfully achieved and the method allowed 

the enzyme reactions to be monitored in real time giving a detailed picture of the 

enzyme action as it took place. The successful NMR method was then applied to test 

for activity in BV against various defence mediators that may be released by mammals. 

The detection of activity in BV then led to experiments, using the established NMR 

method, to characterise this activity and to deduce the component responsible for this 

activity. 

The results have shown that BV modifies several of the opioid peptides (YGGFM, 

YGGFL, YPWF, YPFF and YPFPGPI) along with substance P, a specific human DPP 

IV substrate (GP-X) and the model peptides FGG and YGG. The BV activity against 

these substrates was also inhibited by a specific human DPP IV enzyme inhibitor.  

 

6.1 Quality Control 

 

This work is part of a larger project which involves the development of a cosmetic 

product which contains BV. Therefore, it is important to establish the LoD/LoQ of 

WBV as NMR could be used as the method of determining the quality of the cosmetic 

product. 

Cytotoxicity studies of BV were carried out using EZ-cytox Enhanced Cell Viability 

Assay Kit (Clements, C., unpublished work). A control was ran by incubating normal 

human dermal fibroblasts (NHDF) cells at 37 °C, 5% CO2, Dulbecco’s modified eagle 

medium (DMEM) (low glucose) added with 10% foetal bovine serum (FBS) for 24 

hours. These cells were then incubated with 0.01, 0.1, 1, 5, 10 µg/mL BV for 24 and 

48 hours. After incubation these cells were switched to media with no FBS. 

Absorbance was then measured after 2 hours of incubation. The results found that a 
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concentration of 5 µg/mL BV was the minimum concentration that showed 

cytotoxicity. Using these cytotoxic results and the NMR LoD/LoQ results; gives a 

window of concentrations of BV which can be used in a formulation. A range of 

concentrations between 0.99 µg/mL and 5 µg/mL BV can therefore be measured by 

NMR. 

 

6.2 Enzyme Activity 
 

6.2.1 Enkephalin and Nociceptin Fragments 

 

The enkephalin peptide fragment, YGG, and the nociceptin fragment, FGG, were used 

as cheaper alternatives to the enkephalin peptides. Assigning the spectra for YGG and 

FGG provided an insight into the modification pathway for the enkephalin 

peptides/nociceptin.  

The results of the YGG/FGG reactions showed that similar modification pathways 

were occurring. This was due to the formation of a singlet at around δ 3.58 ppm after 

15 minutes of mixing with BV. This signal represents the two 1H of the alpha carbon 

in free G. This meant that both of these peptides were being hydrolysed at the GG 

peptide bond. This was an indication that the enzyme responsible for this activity was 

consistent with a dipeptidyl peptidase. There is a protein found in BV, from genome 

sequencing, that shows significant sequence homology to the human dipeptidyl 

peptidase IV enzyme and it is identified as Api m 5. It is therefore possible that this 

protein is the enzyme responsible for the hydrolysis of the GG bond of these model 

peptides. It was also observed that the YG dipeptide was hydrolysed by BV forming 

Y and G. This means that there is also a dipeptidase enzyme present. Thus the YGG 

tripeptide hydrolysis pathway by BV is YGG to YG and G followed by YG to Y and 

G.  

However, looking closely at the aromatic signals in the BV/YGG reaction, there were 

four different Y-derived signals present as the reaction takes place. Three of these can 

be attributable to YGG, YG and free Y. The appearance of the fourth Y-derived 

aromatic signal is unclear. It is possible there is another enzyme acting at the same 
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time which could be modifying the –OH on the side chain of the Y amino acid 

therefore resulting in the fourth Y-derived signal. The free G signal at δ 3.58 ppm is 

formed from the beginning of the reaction meaning the hydrolysis must firstly occur 

between the GG peptide bond. By comparison to the 1H spectrum for GG there was no 

evidence observed for the formation of the dipeptide GG during this reaction. 

This is an indication that the enkephalin peptides may be modified via a similar 

pathway to the peptide fragment, YGG. Therefore assigning the spectra in detail for 

both the YGGFM and YGGFL peptides to see if there is any evidence of these products 

being formed will be indicative of the enkephalin peptides being modified in a similar 

way as the peptide fragment. 
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6.2.2 The Enkephalin Peptides – YGGFM and YGGFL 

 

The results for both YGGFM and YGGFL also show four Y-derived signals, similar 

to those obtained from the YGG peptide fragment. This suggests that BV is modifying 

the enkephalin peptides in a similar way to the YGG peptide. Since the discovery of 

the enkephalin peptides they have been widely studied. Studies have found that the 

enkephalin peptides are inactivated via several enzymes depending on the location of 

the peptides; aminopeptidase N cleaves at the YG bond, a dipeptidyl peptidase III 

cleaves the GG bond and neutral endopeptidase cleaves the GF bond.116,215 

The 1H spectrum for the YGG peptide (Appendix 4, 4H) showed a singlet at δ 3.76 

ppm. This signal relates to the 1H attached to the alpha carbon in the second glycine in 

the YGG peptide before reaction. The YGGFM/YGGFL results do not show the 

appearance of this singlet at δ 3.76 ppm during the reaction. The appearance of this 

signal during the BV/enkephalin reaction would indicate that YGG is being released 

as hydrolysis takes place. This result therefore shows that the modification of these 

peptides is not occurring at the GF bond to release YGG. This means that there does 

not appear to be a neutral endopeptidase equivalent in BV, or if there is it does not 

compete with DPP IV. 

In the YGGFM and YGGFL reactions two doublets form at δ 7.186 and 6.906 ppm for 

YGGFM hydrolysis and δ 7.182 and 6.905 ppm for YGGFL hydrolysis. This can be 

compared to the YG spectrum which also shows two doublets at the same chemical 

shift region (δ 7.182 and 6.904 ppm). This result is a strong indication that the enzyme 

responsible is a dipeptidyl peptidase enzyme and is cleaving the enkephalin peptides 

at the GG peptide bond.  These results also indicated that the BV may be targeting the 

opioid peptides so it was decided to look further into other opioid substrates. 
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6.2.3 Human DPP IV Substrate – GP-7-amido-4-methylcoumarin hydrobromide 

 

GP-7-amido-4-methylcoumarin hydrobromide, referred to as GP-X is not a typical 

peptide like the other substrates tested as it is a peptide analogue. However it contains 

the dipeptide GP which, with Pro at the penultimate position, is a key characteristic 

for the human DPP IV enzyme. Results show that BV modified the human DPP IV 

substrate GP-X as the signals for the unmodified GP-X molecule disappear.  This also 

happened in buffer however in the presence of BV this occurs at a much faster rate. 

 

 

Figure 6.2.3.1: Cleavage pathway of GP-7-amido-4-methylcoumarin 

hydrobromide 

 

The cleavage pathway of the DPP IV substrate is shown in figure 6.2.3.1 showing the 

formation of the NH2 on the methylcoumarin degradation product. This result therefore 

provides more evidence for showing that the enzyme responsible for activity is 

consistent with the DPP IV-like enzyme.  

 

 

 

  

+ 
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6.3 Enzyme Inhibition 
 

Inhibition of the BV activity by IPI in this study agrees with the results of another 

study. Blank et al. showed that IPI inhibited the BV activity against a human DPP IV 

substrate homologue.57 In the Blank et al. study both the recombinant and native 

(whole BV) enzyme activity was tested for by using a different synthetic substrate (the 

DPP IV synthetic substrate GP-p-nitroanilide hydrochloride) compared to the 

substrates used in the current study. However the substrate homologue has the 

characteristic proline at the penultimate position. The inhibition of this activity was 

then tested in the presence of DPP IV inhibitor, diprotin A (IPI). Inhibition of activity 

in this study was then compared to the reported inhibition of human DPP IV enzyme. 

The results showed similarity to inhibition of human DPP IV. This indicated that the 

catalytic mechanism of human DPP IV is conserved in BV component Api m 5.  

Results show the hydrolysis of the IPI (diprotin A) tripeptide by BV shows similarity 

with the results of another study also showing IPI being hydrolysed by the human DPP 

IV enzyme.216 HPLC was used as the analytical tool in this study and showed that IPI 

is degraded by human DPP IV to Ile-Pro-OH and Ile (figure 6.3.1). A proline at the 

penultimate position is the rate limiting step for the human DPP IV enzyme. Therefore, 

this result is not surprising given that diprotin A has the amino acid sequence IPI. This 

study showed that IPI acts as a competitive inhibitor where it has a stronger specificity 

for the enzyme binding site over the substrates tested. To confirm if this is a 

competitive inhibitor for the current study further experiments would be needed. This 

would involve repeating the inhibitor experiments, however the concentration of IPI 

would be varied and the substrate concentration would be kept constant. This will have 

an effect on the Vmax and Km and will therefore give information on the type of 

inhibition. 
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Figure 6.3.1: Cleavage pathway of IPI 

 

Berger and Schechter devised a notation for simplifying the mapping of active sites of 

enzymes.217 They divided the catalytic sites into subsites which are areas of the 

catalytic site which bind to only one amino acid in a substrate. The subsites (S) of the 

catalytic site are numbered from the point of cleavage to the N terminal S1, S2 and so 

on and are numbered S1’, S2’ and so on towards the C terminal. The amino acid 

residues in the substrate which occupy these subsites are labelled P1, P2 and so on 

towards the N terminal and P1’, P2’ and so on towards the C terminal, this notation is 

shown in figure 6.3.2. This notation will be used here to discuss the results of this 

study. 

 

+ 
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Figure 6.3.2: Enzyme-substrate complex according Berger and Schechter. The 

red dashed line indicates the point of cleavage. 

 

A single amino acid substitution at the P1’ position of the IPI tripeptide from Ile to 

Gly was made. The resulting tripeptide (IPG) was rapidly hydrolysed by the BV with 

no more conversion occurring after 20 minutes. A study found that binding of the P1’ 

residue of substrates in the S1’ subsite of human DPP IV was via van der Waals 

interactions. This is due to the flat and indistinct nature of the S1’ subsite of human 

DPP IV.66 The nature of this subsite means that the majority of amino acids can fit into 

it. This result meant that the IPG tripeptide can be described as a very good substrate, 

rather than an inhibitor. The flexibility of the P1’ glycine residue may make this the 

reason that IPG is a poor inhibitor compared to the P1’ isoleucine residue in IPI. 

The result showing that inhibition of BV activity by FPI was not as pronounced when 

compared to IPI gave an insight into the catalytic subsites. A single amino acid 

substitution at the P2 position from Ile to Phe showed that the S2 subsite in the BV 

enzyme is important for inhibition. The S2 subsite of the human DPP IV is 

hydrophobic and composed of residues Arg125, Phe357, Tyr547, Pro550, Tyr631 and 

Tyr666.66 This subsite therefore binds to hydrophobic and aromatic residues more 

firmly66 making Ile and Phe both suitable residues for the P2 site in the peptide. 

However the result of the current study shows that Ile in the P2 position is preferred 

over Phe with regard to inhibition. S2 subsite residues Glu205 and Glu206, which form 

salt bridges with the N-terminus (NH3
+) of inhibitors of the human DPP IV enzyme, 

are important for the inhibition of activity by this enzyme.218  
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A crystal structure of the human DPP IV enzyme in a complex with diprotin A (IPI) 

(figure 6.3.3) revealed that the low turnover for this tripeptide is due to the salt bridge 

interactions with both the N- and C-termini of IPI along with H-bonding resulting in 

the IPI tetrahedral intermediate being confined.59 The crystal structure also revealed 

that the P2 and P1’ Ile residues of IPI were both facing the solvent, resulting in 

hydrophobic interactions, suggesting that these interactions result in an unsuitable 

conformation for the reaction to occur optimally. Therefore it is likely that this is the 

mode of inhibition for the BV component Api m 5 as there is sequence homology 

around the catalytic site (figure 6.3.4). 

 

 

Figure 6.3.3: Co-crystal structure of DPP IV with Diprotin A showing the active 

site. Diprotin A is shown in magenta and DPP IV is shown in orange. Reproduced 

with permission.218 

 

Subsites for the human DPP IV enzyme have not been defined beyond the S2 subsite. 

A comparison between the co-crystal structure of six different inhibitors (Sitagliptin, 

Vildagliptin, Saxagliptin, Alogliptin, Linagliptin and Teneligliptin) with the human 

DPP IV enzyme was carried out.218 This comparison has revealed that an increase in 

inhibition can be achieved by an interaction with a subsite beyond the S2 subsite which 

has been called the S2 extensive subsite. This S2 extensive subsite is beyond the S2 



184 
 

subsite and does not play a role in substrate binding. Val207, Ser209, Phe357 and 

Arg358 are the residues which make the S2 extensive subsite. Following the results of 

this study the authors have suggested a classification system for the inhibitors of the 

human DPP IV enzyme according to the subsites’ interaction with the inhibitor. 

Although none of these inhibitors were tested against BV it is possible that they are 

able to inhibit BV activity. Obtaining the crystal structure of BV Api m 5 with diprotin 

A is therefore an important experiment to carry out. The information gained from this 

experiment would give a deeper insight into the BV enzyme subsites and could help 

with the development of better inhibitors.  

The results in this current study are the first to show the inhibition of BV enzyme Api 

m 5 modification of opioid peptides. This could have potential therapeutic benefits. 

Inhibited BV may have pain relieving properties as it could be used to stimulate the 

release of opioid peptides such as endomorphin I and II along with met- and leu-

enkephalin. Overall the result showing that BV activity was inhibited by human DPP 

IV inhibitor is evidence that the enzyme responsible for activity in BV is DPP IV-like. 
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Figure 6.3.4: Sequence alignment of human DPP IV enzyme (P27487 

DPP4_HUMAN) and BV component Api m 5 (B2D0J4 VDPP4_APIME). The 

active site is highlighted in red. 
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6.4 Substrate Specificity 

 

Despite the difference in concentration ratios, the results show that YPWF is modified 

the quickest, with FGG being modified the slowest. As the YPWF peptide is modified 

quicker than the YPFF this suggests that the BV peptidase binds to the W residue with 

higher affinity compared to the F residue. 

Entry of substrates through the β-propeller tunnel and exit through the side opening 

(figure 1.0.2.6.3) in the human DPP IV enzyme explained the high specificity of this 

substrate. As BV component Api m 5 is only similar to human DPP IV around the 

catalytic site (figure 6.3.4) it is possible that the substrate access and product exit is 

different from the human DPP IV enzyme. However, given the high substrate 

selectivity it is also possible that Api m 5 has similar routes of entry and exit to the 

catalytic site. This also highlights the need to deduce the crystal structure of Api m 5. 
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6.5 Identification of Enzyme 
  

As the BV component Api m 5 shows sequence homology to the human DPP IV 

enzyme around the catalytic site57 it can assumed that the activity of the BV component 

Api m 5 will be similar to the human enzyme. These residues are also present in the 

Api m 5 sequence when compared with the sequence of the human DPP IV enzyme 

(figure 6.3.4). However further studies will be required to establish the specific activity 

of the BV enzyme. The 3D structure of the human DPP IV enzyme could be used to 

help model the crystal structure of BV component Api m 5. 

The results in this study have shown that BV is targeting the opioid peptides and is 

hydrolysing the substrates by cleaving dipeptides from the N-terminus. Cleavage of 

dipeptides from the N-terminus with Pro or Ala at the penultimate position is 

characteristic of the human DPP IV enzyme.  The human DPP IV enzyme is known to 

hydrolyse the substance P peptide (table 6.5.1).30,219  
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Table 6.5.1: Comparison of enzyme substrate specificity 

Substrate  Amino Acid 

Sequence 

Human DPP 

III 

Human DPP 

IV 

BV 

Endomorphin I YPWF    

Endomorphin II YPFF    

Substance P RPKPQQFFGLM    

Gly-Pro-7-amido-

4-methylcoumarin 

hydrobromide 

GP-X    

Leu-enkephalin YGGFL    

Casomorphin 1-7 YPFPGPI    

Met-enkephalin YGGFM    

Angiotensin II DRVYIHPF    

Bradykinin RPPGFSPFR    

Epinephrine N/A    

Cortisol N/A    

According to the BRENDA database cortisol and epinephrine are not substrates for 

DPP III/IV. 

     

 

Püschel et al. identified that substance P hydrolysis by human DPP IV produces the 

two dipeptides RP and KP.219 Given that the results from the enkephalin hydrolysis 

indicate that a DPP was involved, it is likely that the same enzyme is involved in the 

substance P hydrolysis. A full spectral assignment of substance P was not deduced. 

However, evidence from other results indicate an enzyme similar to human DPP IV in 

BV is responsible for hydrolysis. Therefore it is likely that hydrolysis of substance P 

by BV occurs by this BV component. It can therefore be inferred that substance P 

would firstly be hydrolysed at the Pro2-Lys3 bond followed by the Pro4-Gln5 bond to 

release the dipeptides RP and KP respectively. 
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Contradictory to the result of BV hydrolysing substance P is that BV hydrolysed both 

the enkephalin peptides, which the human DPP IV enzyme is not known to hydrolyse. 

Another dipeptidyl peptidase (DPP III) enzyme is responsible for the hydrolysis of 

these opioid peptides in humans (table 6.5.1).  

The human DPP III enzyme (sometimes referred to as Enkephalinase B)220 belongs to 

the M49 metalloproteinase family which relies on a zinc ion for activity.122 The human 

DPP III enzyme also hydrolyses dipeptides from the N termini of peptides.122,220 

Human DPP III also hydrolyses the endomorphin peptides.122  

Human DPP III (EC 3.4.14.4) enzyme is composed of 737 amino acids.220 The ribbon 

structure for this enzyme has been deduced and is shown in figure 6.5.1. There is a 

large cleft which separates two lobes, with the lower lobe being predominately 

composed of α-helices, which is also where the zinc binding site is found. The upper 

lobe has both α and β folds along with a core which is composed of a 5-stranded β-

barrel.122   
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Figure 6.5.1: Ribbon structure of human DPP III enzyme, this structure was 

obtained at a resolution of 1.9 Å. The structure was taken from the RCSB protein 

data bank.221 The different colours represent the different secondary folds within the 

protein. Zinc ion is shown as grey ball. 

 

Human DPP III contains a unique conserved zinc binding motif, 450-HELLGH-455, 

which follows the characteristic HEXXGH motif for the M49 metalloproteinase 

family.122,220 The His450 and His455 residues of this conserved motif are involved in 

the coordination of the zinc ion (figure 6.5.2). There is another conserved motif, 507-

EECRAE-512, where the Glu508 residue in this motif is also involved in coordination 

of the zinc ion.121,122 Along with residues His450, His455 and Glu508, there is a water 

molecule involved in forming the tetrahedral complex with the zinc ion for catalysis.121 
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Figure 6.5.2: DPP III active site. Water is shown in blue and substrate (CH3CO–

Gly–NHCH3) is shown in red. Black dashed lines represent electrostatic interactions. 

His568 is protonated. Reproduced with permission from RSC (Published by the PCCP 

Owner Societies).222 

 

Human DPP III has a different catalytic mechanism when compared to the human DPP 

IV enzyme as it relies on a metal ion for catalysis whereas the DPP IV enzyme has a 

catalytic triad for catalysis. The mechanism for the DPP III enzyme begins with 

deprotonation of the water molecule by Glu451. Following deprotonation of the water 

molecule the carbonyl carbon of the scissile bond is attacked forming an oxyanion 

which is stabilised by His568.122 This is known as the water mechanism and is how 

the human DPP III enzyme hydrolyses met- and leu-enkephalin. However, a second 

mechanism has been proposed for hydrolysis of endomorphin I and endomorphin II, 

which has been named the anhydride mechanism. This is due to the Pro2 residue in 

these peptides being closer in distance to coordinate with the zinc ion meaning the 

Glu451 residue can attack the scissile bond directly.122 
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Studies on the human DPP III enzyme revealed that there are large scale 

conformational changes which occur upon substrate binding which has been described 

as “protein closure”.220,223,224 Results also revealed that residue Asp372 plays an 

important role in this conformational change.223 The substrate binding to human DPP 

III is an entropy driven process resulting in bulk release of water molecules from the 

cleft.220 The “protein closure” of human DPP III is thought to contribute to the wide 

substrate specificity of this enzyme.220,223 Human DPP III subsites are fairly 

hydrophobic and deep which also contributes to the wide specificity of this enzyme.220 

This is in contrast to the human DPP IV enzyme where the small nature of the S1 

subsite along with its hydrophobicity (due to residues Val711, Val656, Tyr662, 

Tyr666, Trp659 and Tyr631) restricts the P1 position to either Pro, Gly or Ala 

residues.59,225 

A bee sting in mammals, in particular humans, penetrate the skin. It is therefore 

important to consider the presence of certain biomolecules which are present in the 

skin and would come into contact with the BV. A study carried out by Slominski et al. 

looked at the expression of the pro-enkephalin (PENK) gene in human skin.226 This 

gene is processed to produce both met- and leu-enkephalin. This study found that there 

was expression of the PENK gene/protein most significantly in fibroblasts and 

keratinocytes of skin and cultured cells. Results from mass spectrometry confirmed 

the presence of both YGGFM and YGGFL in the skin. This study also looked at the 

regulation of the PENK expression in the skin in the presence of a stressful stimulus 

(ultraviolet B (UVB)) and during a pathological condition (psoriasis). The observed 

results showed that PENK was upregulated during stress and changed during a 

pathological condition. This suggested a role for the enkephalin peptides in playing a 

part in the protective barrier of the skin and in helping to control homeostasis. A bee 

sting would be considered a stressful stimulus to humans and would therefore interrupt 

homeostasis. Slominski et al. showed that it is possible the expression of PENK and 

subsequent release of the enkephalin peptides might be increased during a bee sting. 

The results showing that BV hydrolyses both enkephalin peptides suggest that the BV 

has evolved to overcome these defence mechanisms in humans. 
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The results show that BV hydrolyses substrates which are hydrolysed in humans by 

two different enzymes with different catalytic mechanisms. This shows that although 

the BV enzyme (Api m 5) is structurally similar to the human DPP IV (32 % sequence 

homology) at the catalytic site, the enzyme has evolved to allow substrates, which are 

a target for human DPP III, to bind to the enzyme.  

The human DPP IV enzyme is unable to hydrolyse P-P bonds.60 Therefore the results 

showing that BV does not hydrolyse bradykinin (table 6.5.1) provides more evidence 

that the enzyme responsible for the activity found in BV is like DPP IV. This is because 

the first three amino acids in the bradykinin sequence are RPP which human DPP IV 

would not be able to cleave. Proline has two conformations (cis or trans) and therefore 

having two proline residues next to each other in a peptide could produce a 

conformation which may not be able to react with the enzyme. The S1’ subsite of the 

human DPP IV enzyme has also been described as flat and non-distinct which could 

also be why this enzyme cannot hydrolyse P-P bonds. 

Together these results show that BV component Api m 5 shows enzyme similarity to 

both the human DPP III and DPP IV enzymes. This conclusion was made due to the 

knowledge that the enkephalin peptides are hydrolysed by human DPP III, the 

endomorphin peptides are hydrolysed by human DPP III and DPP IV, and substance 

P is hydrolysed by human DPP IV. The BV component Api m 5 is more like human 

DPP IV due to the similarity around the catalytic site (figure 6.3.3). However, it is able 

to hydrolyse substrates which are a target for the human DPP III enzyme. This makes 

the BV enzyme different from the human DPP IV enzyme. These results also suggest 

that BV is specifically targeting the opioid peptides within a mammal.   
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General Conclusions 

 

The substrate screening study against BV showed that there was activity against only 

a few of the substrates tested. This indicated that the enzyme present was targeting 

peptides involved in pain perception and led to experiments using other substrates 

involved in pain perception. To summarise, the following are substrates that BV 

modified: 

 Endomorphin I (YPWF) 

 Endomorphin II (YPFF) 

 Substance P (RPKPQQFFGLM) 

 Casomorphin 1-7 (YPFPGPI) 

 Met-enkephalin (YGGFM) 

 Leu-enkephalin (YGGFL) 

 YGG 

 FGG  

BV also modified the human DPP IV specific substrate (GP-7-amido-4-

methylcoumarin hydrobromide). This modification gave further evidence that the DPP 

IV-like enzyme found in BV was responsible for the modification of the other 

substrates tested. 

The substrate which was hydrolysed most rapidly was endomorphin I, closely followed 

by endomorphin II. This showed that having a proline residue in the P1’ position 

resulted in the substrate being hydrolysed more rapidly when compared with glycine 

in this position (the enkephalin peptides). 

Diprotin A (a DPP IV specific inhibitor) also proved to be effective at slowing the 

degradation of substrates for BV. Results also showed that the inhibitor itself is slowly 

broken down by BV meaning it acts as a competitive inhibitor. This leads to the 

conclusion that the DPP IV-like enzyme in BV is responsible for the observed 

biological action of BV.  
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BV showed similar enzyme specificity to both human DPP III and DPP IV. However, 

structurally it is most similar to the human DPP IV catalytic site (due to sequence 

similarity). Therefore, the conclusion made is that BV component Api m 5 is a DPP 

IV-like enzyme responsible for the biological activity in humans. This is the first report 

of the action for this enzyme showing that it targets opioid peptides. 

In mammals bee stings cause pain227 as a distraction. Therefore, these results are 

logical. One of the ways in which BV can cause pain is that it contains the enzyme 

PLA2 which attacks cell membranes by cleaving the phospholipids and releasing 

arachidonic acid.44 Arachidonic acid, an eicosanoid, can then be metabolised by 

cyclooxygenase enzymes to form prostaglandin G2 (PGG2). This is converted to 

prostaglandin H2 (PGH2) by peroxidase where PGH2 can then be converted to either 

prostaglandin or thromboxane by prostaglandin synthase or thromboxane synthase 

respectively.228  Prostaglandins are involved in inflammation and also sensitising 

neurons to pain.229 The results of this current study showing that BV inactivates several 

of the opioid peptides which are released to dull pain is therefore to prolong the pain 

caused by other components of the venom.  
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Collaborative Work 

 

As previously mentioned this work is part of a larger project. There is a collaboration 

between Strathclyde University (both Pure and Applied Chemistry and Strathclyde 

Institute of Pharmacy and Biomedical Sciences departments) and London College of 

Fashion (LCF).  The aim was to develop a cosmetic formulation which incorporates 

BV for the European market. Therefore, an NMR method can be used for checking the 

quality of the formulations and the stability of the BV within a formulation. This would 

ensure that the quality of the cosmetic product produced is consistent and reliable. As 

the work discussed in this thesis has been used for a patent application there are no 

publications. However, attached to this thesis are three published papers from 

additional work carried out as part of the larger project.  

Purification of WBV was carried out by PhD student Jonans Tusiimire from the 

Strathclyde Institute of Pharmacy and Biomedical Sciences department. NMR was 

then used to establish the quality of a particular purified WBV fraction (discussed in 

paper 1). Experiments also carried out by Jonans Tusiimire indicated that a particular 

components of purified BV had activity. However, this component could not be 

identified by mass spectrometry. Therefore, the component was analysed using NMR 

to identify it (discussed in paper 2). The NMR method established for paper 1 was then 

used to test the purity of the melittin used in paper 3 and 4. For electronic copy of this 

thesis the reference links to these papers are shown below. 

1. An LCMS method for the assay of melittin in cosmetic formulations containing 

bee venom. J. Tusiimire, J. Wallace, M. Dufton, J. Parkinson, C.J. Clements, 

L. Young, J.K. Park, J.W. Jeon and D.G. Watson. Analytical and Bioanalytical 

Chemistry. Volume 407, 2015. 

2. Effect of Bee Venom and Its Fractions on the Release of Pro-Inflammatory 

Cytokines in PMA-Differentiated U937 Cells Co-Stimulated with LPS. J. 

Tusiimire, J. Wallace, N. Woods, M. Dufton, J. Parkinson, G. Abbott, C.J. 

Clements, L. Young, J.K. Park, J.W. Jeon, V.A. Ferro and D.G. Watson. 

Vaccines. Volume 4, 2016. 
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3. Metabolomic Profiling of the Effects of Melittin on Cisplatin Resistant and 

Cisplatin Sensitive Ovarian Cancer Cells Using Mass Spectrometry and Biolog 

Microarray Technology. S. Alonezi, J. Tusiimire, J. Wallace, M. Dufton, J. 

Parkinson, C.J. Clements, L. Young, J.K. Park, J.W. Jeon, V.A. Ferro and D.G. 

Watson. Metabolites, 2016. 

4. Metabolomic Profiling of the Synergistic Effects of Melittin in Combination 

with Cisplatin on Ovarian Cancer Cells. S. Alonezi, J. Tusiimire, J. Wallace, 

M. Dufton, J. Parkinson, C.J. Clements, L. Young, J.K. Park, J.W. Jeon, V.A. 

Ferro and D.G. Watson. Metabolites, 2017. 
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Future Work 

 

There is a delay associated with collecting the first spectrum after the point of mixing 

when carrying out these experiments. This is due to the time it takes to transfer the 

tube into the probe and lock and shim the sample. Therefore this results in the first 10 

to 15 minutes of the reaction unrecorded. As a result there is a need to develop new 

technology which can tackle this issue.  

To further investigate the characterisation of the enzyme in BV, other human DPP IV 

inhibitors such as P32/98 and diprotin B (VPL) could be used. The small model peptide 

used, YGG, may also act as an inhibitor so this would be another experiment to carry 

out. Modifications could be made to the diprotin A and B tripeptides in the hope of 

discovering a better inhibitor. These experiments were not carried out due to cost and 

time constraints. 

Obtaining the crystal structure of the BV Api m 5 component would be a very useful 

result. This could provide an insight into the catalytic site by providing detailed 

information about the catalytic subsites such as the residues which make these subsites. 

This information would therefore help with the development of better inhibitors.  

Inhibitor kinetic experiments could also be carried out for the IPI and FPI inhibitors to 

show the mode of inhibition along with how well the inhibitor binds to the enzyme. 

This can be done by varying the concentration of the inhibitor and keeping the 

substrate concentration constant. This will produce a Lineweaver-Burk plot similar to 

the substrate kinetic experiments. These experiments could not be carried out due to 

the cost associated with these peptides. 

There could also be more analysis on the other opioid peptides (endomorphin I & II 

and casomorphin 1-7) along with the DPP IV substrate to obtain the kinetic values, to 

look at the inhibition of these substrates (similarly to the substrates already studied) 

and work out the pathway by which BV is modifying these peptides. This would give 

more information about the BV enzyme characteristics. 

For more insight into which substrate is the main target of the enzyme, experiments 

could be carried out by using combinations of peptides. This could be done by 
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combining leu- and met- enkephalin to see which one is more competitive for the 

enzyme pocket, similar experiments can also be carried out for the endomorphin 

peptides. 

Additionally this NMR method could be used to look at the relative reactions going on 

at the same time as peptidase activity (such as hyaluronidase or phospholipase A2). 

This will give insight into the biochemical pathway of these enzymes along with the 

enzyme kinetics. Preliminary experiments have been carried out for the hyaluronidase 

enzyme and the results are shown in appendix 6. 
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Appendix 1 

 

;zgesgp_k 

;avance-version (02/05/31) 
;1D sequence 

;water suppression using excitation sculpting with gradients 

;T.-L. Hwang & A.J. Shaka, J. Magn. Reson., 
;   Series A 112 275-279 (1995) 

; 
;Used for delaying acquistion i.e. for kinetics  JAP 07-11-08 

; 

;$CLASS=HighRes 
;$DIM=1D 

;$TYPE= 
;$SUBTYPE= 

;$COMMENT= 
 

 

;$OWNER=Administrator 
prosol relations=<triple> 

 
 

#include <Avance.incl> 

#include <Grad.incl> 
 

"acqt0=-p1*2/3.1416"    /*Timing correction to prevent baseline smile/curvature*/ 
 

"p2=p1*2"                    /*p2 is the 1H 180 degree pulse at power level pl1*/ 
"d12=20u"                    /* d12 is a housekeeping delay to allow events to occur during it */ 

 

 
1 ze                              /* zero memory */ 

  d20                            /* pre-acquisition delay */ 
2 30m                          /* Start of internal loop with 30 ms housekeeping delay */ 

  d12 pl1:f1 BLKGRAD    /* d12 delay; pl1:f1 sets default high power on r.f. channel 1; BLKGRAD  

                                      blanks the gradient amplifier */ 
  d1                             /* d1 is a relaxation delay – should be 1-5 * T1 value */ 

  p1 ph1                       /* p1 – pulse length on channel 1 with phase value ph1 read from table 
*/ 

   
  50u UNBLKGRAD         /* 50 us housekeeping delay to allow gradient amp unblanking */ 

*******************************************************************************

*** 
FIRST PULSED FIELD GRADIENT SPIN-ECHO (PFGSE) 

*******************************************************************************
*** 

  p16:gp1                     /* p16 is a delay associated with gradient application; gp1 is strength of 

                                       gradient 1 as a percentage of the actual gradient strength in gauss/cm 
– 

                                       max = 54 G/cm; gradient is applied with a gradient shape gpnam */ 
  d16 pl0:f1                  /* d16 is a gradient recovery delay;  

                                      set default power level pl0 = 120 dB on f1 no power – for protection of 

                                      probe */  
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  (p12:sp1 ph2:r):f1      /* apply a lower power (sp1), long shaped pulse during period p12 – 
                                       narrow band excitation – i.e. selective for narrow frequency range; 

                                       pulse applied with phase value ph2 on channel f1; r makes it possible 
to 

                                       finely control the pulse phase */   

  4u                             /* housekeeping delay of 4 us */ 
  d12 pl1:f1                  /* housekeeping delay to allow power switching back to high power */ 

 
  p2 ph3                      /* 180 degree pulse with phase ph3 */ 

 

  4u                            /* housekeeping delay – 4 us */ 
  p16:gp1                    /* repeat same gradient pulse */ 

  d16                          /* gradient recovery delay */ 
*******************************************************************************

*** 
*******************************************************************************

***  

SECOND PFGSE (HENCE DPFGSE – Double PFGSE) 
*******************************************************************************

***  
  50u                      

  p16:gp2 

  d16 pl0:f1 
  (p12:sp1 ph4:r):f1 

  4u 
  d12 pl1:f1 

 
  p2 ph5 

 

  4u 
  p16:gp2 

  d16 
*******************************************************************************

*** 

*******************************************************************************
** 
ACQUISITION OF DATA 
*******************************************************************************

***   
go=2 ph31                    /*Open receiver, acquire FID and loop to line 2 in program for ns scans 

*/ 

  30m mc #0 to 2 F0(zd) /* Write data to disc */ 
  4u BLKGRAD                /* Blank Gradient Amp during 4 us delay */ 

Exit                               /* Stop */ 
 

***************************** 
PHASE TABLE 
***************************** 

ph1=0  
ph2=0 1 

ph3=2 3 
ph4=0 0 1 1 

ph5=2 2 3 3 

ph31=0 2 2 0  
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***************************** 
COMMENTS AND ADVICE 

***************************** 
;pl0 : 120dB 

;pl1 : f1 channel - power level for pulse (default) 

;sp1 : f1 channel - shaped pulse 180 degree 
;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 
;p12: f1 channel - 180 degree shaped pulse (Squa100.1000)   [2 msec] 

;p16: homospoil/gradient pulse 

;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                             [20 usec] 

;d16: delay for homospoil/gradient recovery 
;d20: Preacquisition delay 

;NS: 8 * n, total number of scans: NS * TD0 
;DS: 4 

 

 
;use gradient ratio:    gp 1 : gp 2 

;                         31 :   11 
 

;for z-only gradients: 

;gpz1: 31% 
;gpz2: 11% 

 
;use gradient files: 

;gpnam1: SINE.100 
;gpnam2: SINE.100 

 

 
 

;$Id: zgesgp,v 1.5 2005/11/10 12:17:01 ber Exp $ 
 

Pulse programme. Writing in red indicates annotation. 
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Appendix 2 
 

 

Diagram showing the pulse programme described in appendix 1. *Power switching 

event. 
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Appendix 3 
 

/*** ^^A -*-C++-*- **********************************************/ 

/* au_zg_ts 10.10.1990 */ 
/****************************************************************/ 

/* Short Description : */ 

/* General AU program for data acquisition. */ 
/****************************************************************/ 

/* Keywords : */ 
/* zg */ 

/****************************************************************/ 

/* Description/Usage : */ 
/* General AU program for data acquisition. */ 

/* First a new topshim is carried out           */  
/*  an rga is then done, then the acquisition is started. */ 

/****************************************************************/ 
/* Author(s) : */ 

/* Name : Peter Dvortsak */ 

/* Organisation : Bruker Analytik */ 
/* Email : peter.dvortsak@bruker.de */ 

/****************************************************************/ 
/* Name Date Modification: */ 

/* pdv 901010 created */ 

/****************************************************************/ 
/* 

$Id: au_zg,v 1.5 2000/07/12 11:39:39 gsc Exp $ 
*/ 

 
GETCURDATA       /* calls up parameters */ 

XAU("tbishim","")  /* shimming of sample */ 

ZG                       /* data is acquired */ 
QUIT                   /* stop */ 

Automation Programme. Writing in red indicates annotation. 
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Appendix 4 
 

 

4A: 1H Tyrosine control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

 

4B: 1H Bradykinin control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

 

4C: 1H Substance P control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours).  
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4D: 1H Leu-enkephalin control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

 

4E: 1H Epinephrine control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

 

4F: 1H Cortisol control high aliphatic (A) and low aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  
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4G: 1H Angiotensin II control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

4H: 1H YGG control aromatic (A) and aliphatic (B) region showing spectrum 1 

(0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 12.5 hours).  

 

 

4I: 1H YG control aromatic (A) and aliphatic (B) region showing spectrum 1 (0 

hours), 2 (after 1 hour), 3 (after 2.5 hours) and 4 (after 5 hours).  
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4J: 1H GG control showing spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 2.5 

hours) and 4 (after 5 hours). 

 

 

4K: 1H Endomorphin I control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours).  

 

 

4L: 1H Endomorphin II control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours).  
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4M: 1H Casomorphin control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours).  

 

 

4N: 1H FGG Control aromatic (A) and aliphatic (B) region showing spectrum 1 

(0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 18 hours). 
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Appendix 5 
 

 

5A: 1H IPI + FGG control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days). 

 

 

5B: 1H IPI + YGGFM control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days).  

 

 

5C: 1H IPI + YGGFL control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days). 
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5D: 1H FPI + YGG control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days).   

 

 

5E: 1H FPI + FGG control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days).  

 

 

5F: 1H FPI + YGGFM control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days).  
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5G: 1H FPI + YGGFL control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours), and 2 (after 7 days). 
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Appendix 6 

 

It is well known from the literature that hyaluronidase is an enzyme found in BV. This 

enzyme is known as the ‘spreading factor’ in BV. It acts by hydrolysing hyaluronic 

acid (HA) causing the collapse of the cell structure.52 It was therefore decided to look 

at the kinetics of this enzyme using the same method previously applied for another 

enzyme found in BV. 

 

Method 

For the enzyme kinetic experiments the concentration of BV was kept constant and the 

substrate concentration was varied. The details of the solutions used for the enzyme 

kinetic experiments are shown in table 1. The kinetic experiment reactions were only 

run for ca. 2 hours to obtain the initial reaction velocity. Substrate solutions were 

always sonicated at 37 °C for 15 minutes beforehand to ensure they were fully 

dissolved and degassed. The kinetic values to be obtained are the Vmax and Km. Km 

is the substrate concentration at which the reaction rate is half of Vmax and Vmax is 

the maximal rate of the reaction. From the point of mixing the substrate with the BV 

and transferring the mixture into the NMR probe there is a delay of approximately 10 

to 15 minutes. This means that capturing the very beginning of the reaction was lost 

due to this delay. The results shown here are therefore less accurate than if a stop flow 

method for the NMR was used. The results will, however, still give a good indication 

of the enzyme behaviour. 
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Table 1: Solution mixing details for HA kinetic experiments 

Stock Substrate 

Concentration 

(mg/mL) 

Final Substrate 

Concentration 

(mg/mL) 

Stock BV 

Concentration 

(mg/mL) 

Final BV 

Concentration 

(mg/mL) 

5 1.23 5.04 

5.04 

5.04 

5.04 

1.26 

1.26 

1.26 

1.26 

2.5 0.63 

1 0.25 

0.5 0.125 

 

 

   

 

Results 

The results of the HA control in phosphate buffer are shown in figure 1. The results 

showed that HA is stable over the 15 hour period. 

 

 

Figure 1: 1H HA control aromatic (A) and aliphatic (B) region showing 

spectrum 1 (0 hours) and 2 (after 15 hours). 

 

The results of the HA in the presence of BV are shown in figure 2. The results showed 

that HA is modified by BV over the 15 hour period. There are changes in the signals 

in both the aromatic and aliphatic regions of the NMR spectrum. 
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Figure 2: 1H BV + HA aromatic (A) and aliphatic (B) region showing spectrum 

1 (0 hours), 2 (after 1 hour), 3 (after 6 hours) and 4 (after 15 hours). 

 

The results of the kinetic experiment are shown in figure 3. The results show that the 

Vmax is 8.23 µg/mL/min-1 and the Km is 0.49 mg/mL. Some of the points sit off the 

line of best fit, this is possibility due to solubility of the HA. As this reaction is quick 

and it takes around 5 – 10 minutes to obtain the first NMR spectrum these results will 

be slightly inaccurate. This highlights the need to establish a method for obtaining an 

NMR mixture from the point of mixing. 

 

 

Figure 3: Lineweaver-Burk Plot for the BV + HA reaction 
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Appendix 7 

 

Table 7A: Amino acid coding 

Amino Acid Three letter code Single letter code 

Arginine Arg R 

Lysine Lys K 

Aspartic Acid Asp D 

Glutamic Acid Glu E 

Glutamine Gln Q 

Asparagine Asn N 

Histidine His H 

Serine Ser S 

Threonine Thr T 

Tyrosine Tyr Y 

Cysteine Cys C 

Methionine Met M 

Tryptophan Trp W 

Alanine Ala A 

Isoleucine Ile I 

Leucine Leu L 

Phenylalanine Phe F 

Valine Val V 

Proline Pro P 

Glycine Gly G 
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Abstract There is a growing interest in the potential of bee
venom in cosmetics as a rejuvenating agent. Products current-
ly on the market do not specify exactly their content of bee
venom (BV). Therefore, we developed a method for the de-
tection and quantification of melittin, as a marker of bee ven-
om content, in selected commercial creams which contained
BVaccording to their marketing claims, in order to gauge the
relative quality of such formulations. A quantitative method
was achieved following a rigorous extraction procedure in-
volving sonication, liquid-liquid extraction and solid phase
extraction since carryover of excipients was found to cause a
rapid deterioration in the chromatographic performance. The
method employed a standard additions approach using, as
spiking standard, purified melittin isolated from bee venom
and standardised by quantitative NMR. The aqueous extracts
of the spiked creams were analysed by reversed phase LCMS
on an LTQ Orbitrap mass spectrometer. The purity of the
melittin spiking standard was determined to be 96.0 %. The
lowest measured mean melittin content in the creams was
3.19 ppm (±1.58 ppm 95 % CI) while the highest was
37.21 ppm (±2.01 ppm 95 % CI). The method showed ade-
quate linearity (R2≥0.98) and a recovery of 87.7–102.2 %

from a spiked blank cream. An assay precision of <20 %
RSD was achieved for all but one sample where the RSD
value was 27.5 %. The method was sensitive enough for use
in routine assay of BV-containing cosmetic creams. Differ-
ences in the melittin content of the commercial products
assayed were nearly tenfold.

Keywords Melittin . Bee venom . Extraction . LCMS .

Creams . Cosmetics . Quantitative NMR

Introduction

The venom of Apis meliffera (honey bee) and its components
are increasingly being used as primary ingredients in various
cosmetic formulations including skin creams, balms, face
masks and serums. Cosmetics are some of the most widely
used consumer goods [1], with the market annually generating
billions of pounds worldwide [2], and so their testing must be
thorough in view of their widespread usage. Although the
separate testing of constituents may not necessarily indicate
properties of the final formulation, appropriate methods are
needed for the routine assay, stability monitoring and quality
control of primary ingredients in order to set a quality standard
for a particular product even though there is no prescribed
content for BV in such creams [3].

A. meliffera venom contains various ingredients ranging
from relatively low molecular weight (MW) amines, such as
histamine (MW ~111), to relatively large-sized proteins such
as phospholipase (MW ~16,000) and hyaluronidase (MW
~53,000) enzymes. Melittin (MW ~2,800) is the main constit-
uent of the venom, constituting approximately 45–60% of the
bulk venom material and is a 26-amino acid peptide [4]. The
other components are the peptides apamine, mast cell
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degranulating peptide (MCDP), secapin, adolapin and
apidaecin [3, 5, 6]. Both phospholipase (api m1) and hyal-
uronidase (api m3) are classified as major allergens according
to the International Union of Immunological Societies (IUIS)
[7]. The other bee venom allergens include dipeptidyl dipep-
tidase IV (api m5), serine carboxypeptidase (api m9), CUB
serine protease (api m7) and vitellogenin (api m12) among
others. A host of other ingredients including amino acids,
carbohydrates, amines and lipids have also been described
[6, 8, 9]. The presence of ionisable free primary amino and
the highly basic guanidino groups (on lysine and arginine,
respectively), in addition to polar amido (on N-terminal gly-
cine and both C-terminal glutamines) and hydroxyl (on thre-
onine and serine residues) groups in melittin reduces its reten-
tion on a hydrophobic C18-type column, particularly when
ionised in an acidic medium (0.1% v/v formic acid). However,
due to the presence of valine (2), leucine (4) and isoleucine (3)
residues (all with non-polar side chains) in its amino acid
sequence, the molecule is retained long enough for analysis
by a reversed phase method.

Recent advances in cosmetic analysis have focused on de-
veloping new methods for determining cosmetic preserva-
tives, fragrance allergens and plasticizers such as phthalates,
using chromatographic and mass spectrometry techniques
[10]. New methods become more necessary when new ingre-
dients are used in formulations for general use. Thus, although
bee venom-based products have been on the European mar-
kets for quite some time (such as Forapin in Germany, Virapin
in Slovakia, Apiven in France, Melivenon in Bulgaria and
Apifor in Russia) [11], these have been available more as
topical medications rather than as general use consumer prod-
ucts in the wider international market. Products designed to fit
the latter category (e.g. the Manuka cosmetics range) have
only recently appeared on the EU markets. These products
are being marketed as containing Bpurified bee venom^ or
Bbee venom extracts^ (e.g. 10 Natural Effects Bee Venom
Essence by Laboratorios DIET Esthetic S.A.) without further
specification. Despite this growing use of bee venom, the
current literature does not report a sufficient number of studies
showing how to assess the composition of cosmetics in gen-
eral [2], let alone the bee venom content in these products.

Analysis of cosmetic products may be considered as relat-
ing to that of non-oral semi-solid dosage forms (which include
ointments, gels, creams and pastes) in pharmaceutical formu-
lations and whose sample preparation methods for analysis
have been previously reviewed [12]. It would appear from
The Cosmetic, Toiletry and Perfumery Association (CTPA)
[13] that the main difference, at least in practical terms, be-
tween a cosmetic product and its corresponding pharmaceuti-
cal counterpart is the purpose of application and composition.
Both cosmetics and topical pharmaceutical products have
common sites of application although the former tend to be
more complex in composition.

Directive 93/35/EEC, the Sixth Amendment to the original
Cosmetic Directive of 1976, incorporates the following defi-
nition of a cosmetic product:

A Bcosmetic product^ shall mean any substance or mix-
ture intended to be placed in contact with the various
external parts of the human body (epidermis, hair sys-
tem, nails, lips and external genital organs) or with the
teeth and the mucous membranes of the oral cavity with
a view exclusively or mainly to cleaning them, perfum-
ing them, changing their appearance and/or correcting
body odours and/or protecting them or keeping them in
good condition.

Cosmetics are not expected to contain substances with ther-
apeutic action, but are instead only formulated for topical ap-
plications exerting local effects. Thus, the level of emphasis
placed on exact proportions of their chemical constituents (i.e.
content uniformity) is lower than for pharmaceutical products.
In addition, the control of howmany constituents there are in a
single formulation (complexity), component compatibility
and susceptibility to degradation, and the general requirement
for standardisation is also lower than for pharmaceuticals.
Even the labelling requirement does not expect the manufac-
turer to specify quantities of ingredients while Btop secret^
ones are not even included on the label [14]. A cosmetic prod-
uct tends to be considered acceptable as long as it does not
contain banned substances (or restricted substances beyond
allowed limits), is nontoxic, does not make unjustified mar-
keting claims and generally satisfies the customer’s needs.

Although current legislation does not require full profiling
of all constituents in a cosmetic product, but only focuses on
controlling restricted or banned ingredients [15], it is likely
that such requirements will be invoked in the future as tech-
nologies advance, and newmolecules or formulations, such as
nanoparticles, become more commonly available.

Thus in order to meet current and anticipated formulation
and regulatory requirements for bee venom formulated skin
products, it is important to be able to detect, quantify and
control the amount of active bee venom material. Since bee
venom is only present in small amounts in creams, the current
work focussed on developing a reliable sample preparation
and clean-up procedure in order to isolate melittin, the most
abundant marker compound for the presence of bee venom,
from the formulation excipients with subsequent analysis of
the extracts by LCMS using a standard additions technique.
For an analytical method based on an efficient separation
technique such as reversed phase HPLC and highly selective
and sensitive detection systems such as Orbitrap mass spec-
trometry [16], one would ideally not have to worry much
about coeluting compounds in the extract solution [17]. How-
ever, because cosmetic products are generally very complex in
composition [12], with most of the ingredient structures

J. Tusiimire et al.



unknown but likely to be comprised of varying proportions of
lipophilic and hydrophilic materials, the whole process of an-
alytical method development may become unpredictable even
when employing some of the latest highly selective analytical
devices. At the very least, in order to protect the analytical
column and detection system, there is a need to attempt to
selectively extract and concentrate the analyte of interest from
the matrix of the complex product. This paper reports a meth-
od based on liquid-liquid extraction in a ternary solvent sys-
tem followed by solid phase extraction (SPE) on a reversed
phase (C18) cartridges to obtain relatively clean samples for
analysis of melittin, which gives an indication of bee venom
content, in bee venom-containing cosmetics by LCMS.

Materials and methods

Study samples

Six commercial cosmetics which were stated to contain bee
venom were analysed. Throughout the experiments, the sam-
ples were stored in a cool, dry environment and away from
direct sunlight as recommended by the manufacturers. Pre-
pared solutions for analysis were run immediately to avoid
any sample degradation.

Solvents and chemicals

HPLC-grade acetonitrile and methanol were purchased from
Fisher Scientific, UK, while chloroform was from Sigma-
Aldrich Ltd, UK. Deionised purified water was produced in
the lab using a Direct-Q 3 Millipore Ultrapure water purifica-
tion system (Millipore, UK). AnalaR-grade formic acid
(BDH-Merck, UK) was used as a pH modifier. D2O was ob-
tained from Sigma-Aldrich, Dorset, UK. Crude bee venom
from which melittin was purified was supplied by Wissen
Co., Seoul, S. Korea.

Instrumentation and consumables

The syringes and filters were obtained from Fisher Scientific,
UK. The following equipment were also used: a micro-centri-
fuge, a vortexmixer, an ultrasonic bath (Fisher Scientific, UK)
and automatic pipettes (Gilson, Anachem, UK). The
Reveleris® Flash Chromatography was supplied by Alltech,
UK. The Reveleris system uses two variable wavelengths and
evaporative light scattering (ELSD) detectors to detect both
chromophoric and non-chromophoric compounds in a single
run. The LCMS system consisted of a Surveyor pump con-
nected to a LTQ Orbitrap (Thermo Fisher, Hemel Hempstead,
UK). The HPLC column used was a reversed phase ACE 3
C18 column; 150×3.0 mm, 3 μm, supplied from Hichrom,
Reading, UK. For sample purification of melittin, a reversed

phase semi-prep HPLC column (250mm length×10mm I.D.,
5 μm particle size), supplied by HiChrom Ltd, UK, was used.

LCMS

Final diluted and filtered sample solutions were run on the
LCMS under these conditions. Mobile phases consisted of
0.1 % w/v formic acid in water (A) and 0.1 % formic acid in
acetonitrile (B). The solvent gradient used was 20–70 % B
(from 0 to 10 min), 70 % (10–16 min), 70–20 % (16–
20 min) and finally 20 % (20–25 min) at a flow rate 0.3 mL/
min. Injection volume was 10 μL. The ESI interface was
employed in positive ionisation mode for detection of [M+
H]+ ions, with a spray voltage of capillary and cone at 4.5 and
35 kV, respectively. The sheath and auxiliary gas flow rates
were 50 and 15 arbitrary units, ion transfer capillary tempera-
ture was set at 275 °C and full scan data were collected be-
tween m/z 100–2,000. The data was collected and processed
using Xcalibur 2.1.0 software (Thermo Fisher Scientific, UK).

Melittin isolation from bee venom

The melittin used in the spiking standard solution was pre-
pared by medium pressure liquid chromatographic (MPLC)
fractionation of a bee venom sample on a Reveleris Flash
chromatography system. Approximately 800 mg of bee ven-
om sample was mixed with 3 g of purified silica (Celite) in a
dry-loading cartridge prior to the fractionation. The column
used was prepared by packing an empty 20 g Easyvarioflash
D24 cartridge (VWR International, UK) with ca 13 g of Poly-
meric Retain PEP for SPE (Thermo Scientific, UK). The mo-
bile phases used were water (solvent A) and acetonitrile (sol-
vent B) under the following gradient conditions: 0–10 min
(0 % B), 10–20 min (20 % B), 20–30 min (50 % B), 30–
60 min (60 % B) and 60–70 min (100 % B) at a flow rate of
12 mL/min. The melittin peak eluted between 22 and 28 min.
Following LCMS analysis on the Orbitrap, similar fractions
were pooled together and further purification of the melittin
fraction was achieved by semi-preparative HLPC using a
Thermo Separations P2000 pump and ACE C18 column
(250 mm length×10 mm I.D., 5 μm particle size; HiChrom
Ltd, UK). To this end, aliquots of the pooled melittin fractions
from MPLC (100 μL of a 0.1 g/mL aqueous solution) were
injected onto the HPLC column. The injected samples were
eluted with water/acetonitrile (60:40) at a flow rate of 5 mL/
min. The dual UV detector was set at wavelengths 220 and
295 nm, and data was collected using the ChromQuest soft-
ware. The melittin peak was collected and lyophilised.

Melittin purity measurement by NMR

A solution of the melittin spiking standard was made by dis-
solving 14.23 mg of the sample in 1 mL of D2O to give a final
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concentration of 5.0 mM. A portion of exactly 600 μL of this
solution was then taken for NMR analysis. After this, 30μL of
a 50 mM solution of MeOH in D2O was then spiked into the
melittin sample to give a final methanol concentration of ca
2.5 mM. The samples were each run in triplicate at 310 K for
16 scans with a pre-saturation pulse programme which had a
long recovery time (D1=58 s) and a short pre-saturation time
(D2=2 s). This long recovery time allowed for all the reso-
nances to be fully detected. One dimensional 1H NMR data
were acquired under Topspin (version 2.1, Bruker Biospin,
Karlsruhe) using a method analogous to that previously de-
scribed by Evstigneev et al. [18]. A Bruker AVANCE III 600
NMR spectrometer operated at a proton resonance frequency
of 600.13MHz was equipped with a TBI [1H, 13C, 31P–15N]-z
triple resonance probe head fitted with an actively shielded
gradient coil for delivery of pulsed-field gradients.

Assay method

A sample of cream (ca 1 g) was weighed into a 20-mL glass
vial and dispersed in 10 mL of methanol-chloroform (1:2)
mixture. The mixture was then sonicated, with intermittent
shaking, for 30 min in an ultrasonic bath until homogenous.
A portion (1 mL) of the extraction solvent was pipetted and
transferred into a 2-mL centrifuge tube and spiked with a
known quantity of melittin standard reconstituted in 0.1 %
v/v formic acid, and then made up to 2 mL with 0.1 % v/v
formic acid. The mixture was then shaken on a vortex mixer
for about 2–3min to allow complete mixing. Thereafter, it was
centrifuged at 6,000 rpm for 15 min upon which the superna-
tant was transferred into a separate vial for SPE. SPE was
performed on Strata C18, 100 mg/mL packed columns
(Phenomenex, UK). The sample was loaded onto the SPE
column and washed with 1 mL of 30/70 (acetonitrile/water)
and then eluted with 1 mL of 50/50 (acetonitrile/water). Final
eluted solutions were run on the LCMS according to the meth-
od described earlier. Peak area was obtained by integrating
extracted ion chromatograms of the abundant +4 (m/z
712.45±0.01) and +5 (570.16±0.01) melittin ions [17] using
the XCalibur software.

Calibration with standard additions

Sample extracts were spiked with aliquots of 0.1 mg/mL of a
freshly prepared standard spike solution of melittin. Spike
weights of 0.0, 2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 μg of melittin
corresponded to 0, 25, 50, 75, 100, 125 and 150 μL of the
spiking standard solution. Following the spiking, samples
were gently vortexed and mixed thoroughly before liquid-
liquid extraction by centrifugation and later solid phase extrac-
tion. A calibration curve of analyte response versus amount of
spiked standard melittin was then constructed using the un-
spiked sample as the lowest point on the curve. From this

curve, the content of melittin in each cream sample was then
determined by extrapolating the line to meet the concentration
(horizontal) axis.

Results

Melittin purity determination

The NMR spectra obtained showed clear distinction at
σ3.4ppm chemical shift between melittin spiking standard
and that of its solution after spiking with pure methanol inter-
nal standard (Fig. 1). The methyl protons in methanol over-
lapped with some unidentified protons in melittin and thus
they could not be integrated independently. However, the ar-
omatic region of melittin clearly showed the 5 protons corre-
sponding to the single tryptophan residue in melittin. Integrat-
ing this reference region to 5 protons, the rest of the standard
melittin spectrum integrated to 174 protons—representing the
other non-exchangeable protons in melittin. In addition, the
methanol-spiked standard solution integrated to 174 protons
plus the contribution from the extra 3 non-exchangeable pro-
tons from methanol.

The purity of the standard melittin was calculated by using
the formula proposed by Malz and Jancke [19] given as:

p
X
¼ IX

I std

N std

Nx

Mx

M std

mstd

mx
Pstd ð1Þ

Fig. 1 Proton NMR spectra of melittin (A) and melittin+methanol (B)
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where I,N,M,m and P represent magnitude of signal response
(area integral), number of resonant nuclei (protons), molar
mass, sample weight and purity of the unknown and standard
compounds, respectively.

For this experiment, the following values apply for the
unknown sample (melittin) and internal standard (methanol)
(Table 1). Although melittin has 229 protons in total, 50 of
them are exchangeable with deuterium atoms from the D2O
used as solvent so that the resonant ones are only 179.

Substituting the values in Table 1 into Eq. 1 above gives Px,
the purity of melittin, as 96.0 %. Since the mass spectrum of
the melittin spiking solution showed only a single peak
representing melittin, it is likely that any impurity present
might be due to water or counter anions associated with the
basic side chains in melittin. Figure 2 shows a chromatogram
obtained for 10 μg/mL of melittin standard.

Mean melittin content in creams

The Table 2 shows a summary of results obtained after assay
of six samples of each cream on three separate occasions.
Each analysis was conducted by running seven spiked 1 mL
aliquots of extract, each prepared from 1 g of cream, on the
LCMS and using the melittin peak areas obtained to plot a
straight line from which the content in the un-spiked extract
was estimated by extrapolation of the standard additions plot.

Assay precision

Analytical precision was determined both between and within
runs. Inter-assay precision was checked by testing, on three
separate occasions, each of the cream samples using the de-
veloped method and then calculating the relative standard de-
viation (Table 2). The calculated between-run precisions were
found to be less than 20 % except for product F where the
RSD was 27.5 % perhaps due to the melittin content being
close to the limit of quantification of the method. The between
sample variations could also be due to variation in the unifor-
mity of content within the creams rather than the analytical
precision of the method.

Intra-assay precision was calculated using Eq. 2 below, as
previously described by Bruce and Gill [20], to calculate the
standard error (sc) in the concentration (cx) of the assay mix-
ture obtained by extrapolation of the linear regression standard
additions plot.

s2c ¼
s2y
m2

1

N
þ y2

m2Sxx

� �
ð2Þ

where sy is the standard deviation around the regression line
(standard deviation of the residuals), m is the slope of the
regression line, N is the number of samples for each plot, y
is the response mean and Sxx is the corrected sum of squares of
the independent variable (spiked concentration).

Table 3 shows the margin of error (precision) estimates
calculated for each assay using the equation above and the
95 % confidence intervals for the determined melittin content
in the cosmetic products assayed.

From Table 3, it can be seen that the margin of error was,
unsurprisingly, high for products whose melittin content was
below 10 ppm (A, B and F). However, for the rest of the
products, the margin of error was well below the 10 % thresh-
old set for mass fraction of ≥1,000 μg kg−1 in accordance with
CD2002/657/EC [21], although the direct application of this
standard in a standard additions technique does not seem fea-
sible given the complexity of the sample, nor has it been
reported previously. The observed degradation of precision
is expected in standard additions procedures as described by
Ellison and Thompson [22], although such variations are also
expected to arise from the detailed extraction procedures re-
quired for this type of formulation [12, 23]. Table 4 summa-
rises the equations of the lines obtained for the standard addi-
tion curves prepared for each of the samples analysed.

Recovery, specificity and linearity

Since no appropriately matched matrix samples were avail-
able, extraction recovery of the method was determined using

Table 1 Values used in the calculation of melittin purity

Parameter Internal standard
(methanol)

Unknown
(melittin)

Signal response (I) 3 (177 less 174) 174

Number of resonant nuclei (N) 3 174
(179 less 5 of Trp)

Molecular weight (M) 32.04 2,846.46

Sample weight in mg (m) 0.09649 8.9649

Purity % (P) 99.9 Px

Fig. 2 The chromatogram of the melittin spiking standard
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a spiked base cream (Nivea) because it was expected to offer
comparable extraction challenges to those exhibited by the
samples assayed. The blank cream samples were fortified at
5.0, 10.0 and 15.0 μg per 100 mg with melittin and assayed in
triplicate. The peak areas obtained were compared to those of
external standards prepared in triplicate at the mid-point of the
expected concentration range (10.0 μg/mL). The mean recov-
ery obtained was 94.0 % (range, 87.7–102.2 %) with a coef-
ficient of variation (RSD) of 4.6 % (Tables 5 and 6).

Specificity of detection was accomplished by using extract-
ed ion chromatograms for the melittin molecule using two of
its abundant ions its mass spectrum (Fig. 3), filtering within a
tight range of m/z 712.445±0.005 and 570.165±0.005. This
was further confirmed by looking at the ion spectrum of the

peak within the retention time range of the melittin standard.
No other compounds from the samples appeared in the chro-
matogram at the retention time of melittin under these condi-
tions. This was further confirmed by running blank samples.

Linearity of the response was evaluated by using a spiked
blank matrix at six calibration points i.e. 2.5, 5.0, 7.5, 10.0,
12.5 and 15.0 μg/mL and then carrying out a linear regression
analysis of the analyte peak areas obtained versus concentra-
tion. Themethod showed good linearity in the analytical range
with correlation coefficient (R2)≥0.99. Standard melittin
peaks were stable with a retention time mean 6.26 min
(RSD≤1.0 %). The mean chromatographic efficiency for the
melittin was calculated at ~75,000 plates/m. The limits of
detection (LOD) and quantification (LOQ) of melittin in the
spiking solution, determined according to ICH guidelines
[24], were 50 and 150 ng/mL, respectively.

Table 2 Triplicate assays of
commercial facial creams claimed
to contain unstated amounts of
bee venom. The values represent
complete assays performed on
three separate occasions using a
seven-point standard additions
technique

Samples Assay of melittin content (in ppm) Retention time Linearity

I II III Mean (RSD, %) Mean (RSD, %) Mean R2 (RSD, %)

A 3.90 4.21 5.42 4.51 (17.8) 6.29 (0.56) 0.989 (0.35)

B 4.37 3.98 3.51 3.95 (10.8) 6.26 (0.88) 0.985 (0.60)

C 36.60 37.21 32.55 35.45 (7.1) 6.36 (0.55) 0.979 (0.18)

D 15.53 17.03 14.45 15.61 (8.9) 6.35 (0.24) 0.992 (0.35)

E 32.59 35.06 34.55 34.07 (3.8) 6.37 (0.24) 0.990 (0.54)

F 3.19 5.62 4.45 4.42 (27.5) 6.69 (0.09) 0.981 (0.82)

Table 3 Intra-assay precision estimates at 95 % confidence level (p=
0.05, df=5). The t value for a two-tailed t test is ±2.5706 from the Student
t table. The 95 % confidence interval was calculated as (95 % CI=tsc) as
described in [20]

Product Run Assay
(ppm)

Standard
error (sc)

Margin
of error
(%)

±95 % CI
(±tsc)
(ppm)

Lower
CI
(ppm)

Upper
CI
(ppm)

A 1 3.90 0.3952 26.05 1.0159 2.88 4.92

2 4.21 0.4173 25.48 1.0727 3.14 5.28

3 5.42 0.5270 25.00 1.3548 4.07 6.77

B 1 4.37 0.4683 27.54 1.2037 3.17 5.57

2 3.98 0.4447 28.72 1.1431 2.84 5.12

3 3.51 0.6230 45.63 1.6015 1.91 5.11

C 1 36.60 0.7662 5.38 1.9697 34.63 38.57

2 37.21 0.7817 5.40 2.0094 35.20 39.22

3 32.55 0.8060 6.37 2.0720 30.48 34.62

D 1 15.53 0.3310 5.48 0.8509 14.68 16.38

2 17.03 0.3656 5.52 0.9398 16.09 17.97

3 14.25 0.4927 8.89 1.2664 12.98 15.52

E 1 32.59 0.6143 4.85 1.5790 31.01 34.17

2 35.06 0.4388 3.22 1.1281 33.93 36.19

3 34.55 0.4624 3.44 1.1885 33.36 35.74

F 1 3.19 0.6138 49.46 1.5778 1.61 4.77

2 5.62 0.4211 19.26 1.0826 4.54 6.70

3 4.45 0.6801 39.28 1.7481 2.70 6.20

Table 4 Summary of the equations of calibration curves (in the form of
y=mx+c) obtained during the assay of the six creams (A–F)

Samples Slope, m
(μg−1)

y-intercept, c |x-intercept|
(μg)

Linearity,
R2

A 82,462.4629 32,135.2843 0.3897 0.9911

82,367.8220 34,708.6236 0.4214 0.9902

79,832.8949 43,257.5386 0.5419 0.9847

B 85,601.1771 37,387.7843 0.4368 0.9877

83,035.3569 33,012.0036 0.3976 0.9888

85,052.6091 29,889.6814 0.3514 0.9781

C 6,567.3226 24,035.9279 3.6599 0.9807

6,513.4514 24,235.4514 3.7208 0.9802

6,970.9136 22,688.1725 3.2547 0.9774

D 89,737.9669 139,404.2871 1.5535 0.9949

86,782.1707 147,767.1025 1.7027 0.9929

76,890.2507 109,605.3996 1.4255 0.9885

E 65,242.3570 212,602.9011 3.2587 0.9868

62,561.6680 219,322.2243 3.5057 0.9935

63,100.6986 218,032.7721 3.4553 0.9927

F 339,024.0249 108,079.3764 0.3188 0.9786

322,348.3874 181,137.1043 0.5619 0.9902

359,450.2041 159,968.0232 0.4450 0.9744
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Discussion

The standard additions method is used to eliminate matrix
effects in samples that would lead to biased results during
analysis [25]. This is particularly likely to occur with trace
amounts of a chemically complex moiety such as melittin in
the complex creammatrix. It has been proposed that the meth-
od of standard additions solves a particular type of matrix
effect (called the rotational effect), but not translational ef-
fects—which must be separately dealt with [22]. In the meth-
od of standard additions, known quantities of the analyte be-
ing assayed are spiked into a sample containing the analyte at
increasing concentrations, starting from zero, and then extract-
ed. Final solutions are subsequently analysed and the peak
areas obtained are plotted against the spiked volumes or con-
centration of spiked samples. Provided that the area response
is directly proportional to concentration, a straight line is ob-
tained. This straight line crosses the response (vertical) axis at
the response value of the un-spiked sample; extrapolating this
straight line to the concentration (horizontal) axis gives, nu-
merically, the weight of analyte in the un-spiked sample
(Fig. 4). The main advantage of using standard additions is
that there is no need for complete extraction of analyte from
matrix provided all the samples have been subjected to exactly
the same extraction process. It is important that the samples

are not spiked to levels exceeding linearity limits of the ana-
lyte response. The amount of standard added depends on the
approximate concentration of the un-spiked samples. Ideally,
samples should be spiked at any evenly spaced concentrations
of standard solutions within the linear range, although it has
been recommended that spiked concentrations should be at
least four times the concentration of analyte [22].

In this experiment, initial analyses had given us varying
composition of melittin in the creams ranging from approxi-
mately 5 to 100 ppm (μg/g). This translates to a melittin con-
tent of about 0.5–10 μg per 100 mg of the cream. Thus in this
work, the samples were spiked with the melittin standard at 0,
25, 50, 75, 100, 125 and 150 μg per 100 mg. These spiking
levels conform to the sequence x1≈x0, x2=2x1,.... xp=px1 (x
being analyte amount) which is generally acceptable [25]. The
levels are nevertheless slightly below those recommended by
Ellison and Thompson (2008) where at least five times the
expected concentration of analyte should be used with repet-
itive measurements, if necessary, to improve precision [22].
Clearly, the latter approach also reduces the total amount of
sample preparation time required. Based on results obtained
and observations made during this assay, it is quite clear that
the extraction and determination of melittin in the creams is a
complex and laborious process which might introduce some
errors depending on the degree of control of extraction condi-
tions. The liquid layers formed after solvent extraction

Table 5 Recovery data obtained using a blank cream fortified at three
different levels of 5, 10 and 15 μg per mL of extract containing 100 mg
cream

Replicates Fortification
level (μg per
100 mg)

Peak area RT
(min)

Recovery
(%)

Mean
area
(%)

RSD
(%)

1 5.0 425,882 6.22 87.7 95.1 7.7

2 5.0 463,353 6.24 95.4

3 5.0 496,710 6.25 102.2

1 10.0 918,056 6.24 94.5 92.4 2.2

2 10.0 896,992 6.25 92.3

3 10.0 877,902 6.24 90.3

1 15.0 1,413,491 6.24 97.0 94.5 3.7

2 15.0 1,398,745 6.26 96.0

3 15.0 1,318,737 6.27 90.5

Overall
mean

6.25 94.0 4.6

Table 6 Peak areas of standard melittin assayed at 10 μg/mL

Replicates Concentration
(μg/mL)

Peak
area

RT
(min)

Mean
area

Precision
(RSD, %)

1 10.0 978,938 6.24 971,682.3 0.79

2 10.0 963,628 6.24

3 10.0 972,481 6.25

Fig. 3 The mass spectrum of melittin. Melittin molecules can acquire up
to six positive charges during electrospray ionisation (ESI) in the mass
spectrometer. The most abundant ions in the spectrum are m/z: 712.45 (+
4) and 570.16 (+5) species

Fig. 4 Sample calibration plot representing cream sample E. The plot
represents data obtained with replicate 1. The values of m, c and R2 for
this assay are 65,242.4, 212,602.9 and 0.9868, respectively

An LCMS method for the assay of melittin in cosmetic formulations



centrifugation were quite distinctly separated, but with a white
precipitate forming at the liquid-liquid interface for three of
the samples analysed (C, E and F). This was thought to be
possibly due to lignin from the herbal components stated to be
present in these products. Our preliminary liquid-liquid ex-
traction (LLE) extracts without SPE had exhibited poor com-
patibility with the reversed phase analytical column leading to
significant peak distortions. This was understood to arise from
matrix interferents that probably suppressed melittin
ionisation or its ability to chromatograph properly leading to
poor chromatographic efficiency as peaks became broader and
noisier, especially at spiked analyte concentrations ≤2.5 μg/
mL. Extraction with either aqueous or organic solvent alone
proved inadequate as this led to incomplete dispersion of the
creams. Ideally, a good SPE method should achieve strong
enough retention of an analyte on the column during sample
loading and washing steps so that it can be concentrated and
eluted in a more controlled manner to obtain relatively clean
fractions [26]. The initial lack of adequate retention of melittin
on the SPE cartridge was found to be associated with fast
loading under vacuum. Allowing the sample to load slowly,
freely under gravity, overcame this problem. Attempts at
preventing early breakthroughs by using high pH (at which
the melittin was less ionised) during LLE proved fruitless due
to low extraction recovery. This observation concerning the
role of low pH (with formic acid) in the extraction of melittin
from the cream might have been expected since a basic am-
phiphilic peptide such as melittin needs to be ionised in order
to effectively partition into the aqueous layer that was
analysed in this assay. Complete elimination of formic acid
thus prevents such ionisation leading to insufficient
extraction.

Aqueous solutions of whole bee venom demonstrated
g r a d u a l d e g r a d a t i o n o f m e l i t t i n w i t h i n t h e
21Lysine-22Arginine-23Lysine-24Arginine region of the amino
acid sequence under sterile conditions at room temperature
(data not shown). Zhou et al. have previously reported a sim-
ilar behaviour in pure melittin and apamin aqueous samples as
well as in aqueous crude bee venom extracts [17]. We have
observed here that purified melittin degrades comparatively
much more slowly than when it is in the crude venom. The
observed activity appears to be enzyme catalysed and the en-
zyme involved seems to be trypsin-like. It is probable that the
observed activity is due to a serine carboxypeptidase already
identified in bee venom as an allergen through genome
analysis. That would mean that our method of purifica-
tion of melittin either removes or denatures this pepti-
dase activity. Currently, we cannot confirm if such deg-
radation does occur in the formulated products and, if it
does, the extent of such degradation. Thus, the results
of this assay can only confirm the melittin content of
the creams at the time of analysis which may differ
from the original amount incorporated.

Conclusion

A reversed phase LCMS method was developed for the assay
of melittin in six commercially available creams containing
unspecified amounts of purified bee venom. Given that the
proportions of bee venom in the products were not specified,
it is not possible to comment on how well the products con-
form to a label claim. Extraction recovery suggests the accu-
racy of our assay method to be acceptable, although the blank
matrix was an entirely different cream altogether, but with no
bee venom in it. This might have biased the results of extrac-
tion recovery since this can vary across different blank matri-
ces. Nevertheless there, certainly, is significant variation in the
amount of melittin measured in the creams which ranged be-
tween 3.2 and 37.2 ppm, which is more than tenfold but with
satisfactory intra and inter- assay precisions. Production of a
good quality product requires adequate quality control for the
finished product. The chemical and physical stability of bee
venom in cream matrices would require careful assessment
and this is something which we are now able to do.
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Abstract: The venom of Apis mellifera (honey bee) has been reported to play a role in immunotherapy,
but existing evidence to support its immuno-modulatory claims is insufficient. Four fractions from
whole bee venom (BV) were separated using medium pressure liquid chromatography. Their ability
to induce the production of cytokines TNFα, IL-1β and IL-6 in phorbol-12-myristate-13-acetate
(PMA)-treated U937 cells was assessed. The levels of the three cytokines produced by stimulation
with the four fractions and crude BV without LPS were not significantly different from negative
control values. However, co-stimulation of the cells with LPS and Fraction 4 (F-4) induced a 1.6-fold
increase in TNF-α level (p < 0.05) compared to LPS alone. Likewise, LPS-induced IL-1β production
was significantly synergised in the presence of F-1 (nine-fold), F-2 (six-fold), F-3 (four-fold) and
F-4 (two-fold) fractions, but was only slightly enhanced with crude BV (1.5-fold) relative to LPS.
Furthermore, the LPS-stimulated production of IL-6 was not significantly increased in cells co-treated
with F-2 and F-3, but the organic fraction (F-4) showed an inhibitory effect (p < 0.05) on IL-6 production.
The latter was elucidated by NMR spectroscopy and found to contain(Z)-9-eicosen-1-ol. The effects
observed with the purified BV fractions were more marked than those obtained with the crude sample.

Keywords: bee venom; pro-inflammatory cytokines; LPS stimulation; U937 cells; PMA differentiated;
ELISA; (Z)-9-eicosen-1-ol; Apis mellifera

1. Introduction

Bee venom (BV) is mainly used as a defence tool by the honey bee, and its primary function is
to inflict pain on any intruders into the hive [1]. Despite its pain-causing effects, the main reported
human administration uses relate to pain relief in conditions, such as arthritis and rheumatism [2,3],
tendonitis, multiple sclerosis, wounds and gout [4–6]. The chemical composition of BV is complex,
but the primary ingredients are bioactive peptides, proteins and several other biomolecules [6–10].
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The principal component is a 26-amino acid haemolytic peptide, melittin, which accounts for about
50%–60% of the venom by dry weight and is responsible for most of the observed effects [9,11,12].

BV components have been reported to possess various and, sometimes, conflicting
immune-related effects. Available evidence suggests that apamin [13], histamine [14], mast cell
degranulating (MCD) peptide [15,16] and phospholipase A2 (PLA2) [17] significantly increase the
inflammatory response. The small neurotoxic peptide apamin (MW 2.0 kDa) is a Ca2+-activated
K+-channel blocker, which has been reported to increase murine T-cell proliferation [13]. However, it
has also been reported to inhibit histamine release in lung tissues, suggesting that it could decrease
allergic airway inflammation through mast cell stabilisation [18]. Park et al. (2004) also demonstrated
that histamine increased the production of IL-6 in nasal fibroblasts and induced nuclear factor kappa B
(NF-κB) [14], a transcriptional factor for many pro-inflammatory genes [19]. On the other hand, MCD
peptide was reported to inhibit histamine release from mast cells [15] by binding, in a dose-related
manner, to mast cell receptors, thereby partially inhibiting IgE binding to these receptors [20].
Similarly, PLA2 was shown to activate T-cells via its action on phospho-diacylglycerides to form small
neoantigenic factors in vivo, in a process dependent on antigen presentation by CD1a proteins [17].

Conversely, some components of BV have been reported to possess anti-inflammatory actions. For
instance, the basic polypeptide adolapin (MW 11.5 kDa) was reported to possess anti-inflammatory and
analgesic activities in carrageenan-, prostaglandin- and adjuvant-induced rat oedema and adjuvant
polyarthritis [21]. These effects were attributed to the inhibition of prostaglandin synthesis, via
cyclooxygenase inhibition, as well as through central mechanisms [21]. Adolapin was also shown
to inhibit the activity of BV PLA2 and human lipoxygenase from platelets and possessed antipyretic
effects [22].

Past reports on immuno-modulating effects of the main bee venom peptide melittin are rather
contradictory. For instance, whereas Bramwell et al. (2003) reported dose-dependent mucosal adjuvant
action of intranasal melittin co-administered with tetanus and diphtheria toxoids in mice [23], a
number of other studies have reported its “neutralising” effects on LPS in murine macrophage cell
lines [24,25]. The adjuvant effects of melittin were linked to its enhancement of vaccine absorption
across the mucosal lining, which led to higher antibody (IgG) titres than those of either component
alone [23]. On the other hand, its antagonistic effects on LPS were linked to inhibition of NF-κB
binding to DNA [24] and phosphorylation of IκB kinase [25], respectively. In addition, treatment of
LPS-stimulated BV2 immortalized murine microglial cells with BV or melittin, decreased the expression
of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) and inhibited inducible nitric oxide synthase
(iNOS) production and nitric oxide (NO) expression, as was the expression of cyclooxygenase-2
(COX-2) and prostaglandin E2 (PGE2) production [26,27]. These anti-inflammatory effects were linked
mainly to the leucine zipper sequence in melittin, which contains two leucine residues, since Leu-Ala
substitution in this sequence progressively reduced this neutralising effect [27]. Jang et al. (2005)
also reported anti-inflammatory effects of BV in RAW 264.7 macrophages that were attributed to a
downregulation of iNOS, COX-2, NF-κB and mitogen-activated protein kinases (MAPKs) [28]. In
addition, Park et al. (2004) also reported that BV and melittin decreased carrageenan-induced oedema
and adjuvant-induced arthritis in rat models consistent with their inhibitory effects on LPS-induced
expression of COX-2, cytosolic PLA2 and iNOS and on the generation of PGE2 and NO [24]. BV and
melittin also prevented LPS-induced transcriptional and DNA binding activity of NF-κB via inhibition
of IκB release [2].

Since upregulation of most pro-inflammatory genes (e.g., cytokines and chemokines) relies on
activation of NF-κB [19], inactivation of the latter by BV or its components would be a key mechanism
for exerting anti-inflammatory effects [29]. However, in a previous study, no significant inactivation of
IL-1β-induced NF-κB was observed in fibroblast-like synoviocytes from rheumatoid arthritis patients,
as well as in dermal fibroblasts and red blood cells from healthy volunteers, after treatment with BV
and melittin [30]. In addition, there was no effect on the phosphorylation or degradation of IκB, and
even at high concentrations, BV and melittin had no effect on NF-κB-p50-DNA interactions. Instead,
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significant increases in mRNA levels of several pro-inflammatory genes (including COX-2, IL-1β,
TNF-α) and large quantities of oxygen radicals were observed following exposure to BV or melittin [30].
This suggested that melittin alone and BV as a whole are pro- rather than anti-inflammatory.

In the current study, the effects of BV and its fractions on the production of cytokines TNF-α, IL-1β
and IL-6 were investigated in PMA-treated U937 cells. The latter belong to a monocytic differentiation
lineage derived from malignant cells of a patient with generalised histiocytic lymphoma [31], and
their differentiation with PMA, a potent tumour promoting agent [32], is known to impart functional
properties typical of macrophages [32–34]. The presence of synergy between BV and LPS, a standard
antigen, in inducing the production of the pro-inflammatory mediators would suggest the potential
application of BV as a source of immuno-modulating agents for use as vaccine adjuvants.

2. Materials and Methods

2.1. Cell Culture

U937 cell cultures (obtained from ECACC, Porton Down, Salisbury, UK) were seeded at
3 ˆ 105 cells/mL in RPMI-1640 (Lonza, Verviers, Belgium) supplemented with 2 mM L-glutamine (Life
Tech, Paisley, UK), 100 IU/100 µg/mL penicillin/streptomycin (Life Tech, Paisley, UK) and 10% (v/v)
foetal bovine serum (FBS) (Sigma-Aldrich, Dorset, UK). Cells were subcultured every 2–4 days and
maintained at 37 ˝C in a humidified atmosphere of 5% CO2.

2.2. Test Sample Isolation, Preparation and Analysis

Crude BV (supplied lyophilized by Beesen Co. Ltd., Dae Jeon, Korea) was prepared for bioassay
by dissolving 10 mg in 1 mL of dimethyl sulphoxide (DMSO, Sigma-Aldrich) followed by filtration
through a 0.2-µm filter (Millex®, Sigma-Aldrich). The venom fractions F-1–F-4 were isolated from
800 mg of crude BV by reversed phase medium pressure liquid chromatography (MPLC) on a
Reveleris® iES flash chromatography system (Grace Davison Discovery Sciences, Carnforth, UK)
with dual UV (λ = 220/280 nm) and evaporative light scattering (ELSD) detection. The sample
was mixed with 3 g of Celite® before loading it into a dry-loading cartridge. The column used
was an Easyvarioflash D24 cartridge (VWR International, Lutterworth, UK) packed with ca. 13 g
of Polymeric Retain PEP for SPE (Thermo Scientific, Paisley, U.K.), as previously described [35].
Fraction F-1 was eluted with 100% water and F-4 with 100% acetonitrile (Sigma-Aldrich), both
solvents being of HPLC grade. Fractions F-2 and F-3 were eluted in water/acetonitrile mixtures
of 80/20% and 50/50%, respectively. The resulting purified fractions were freeze-dried and stored
at ´30 ˝C until required for the assay. Samples for bioassays were reconstituted at 10 mg/mL in
DMSO. Liquid chromatography-mass spectrometry (LC-MS) analysis of the freeze-dried fractions
was carried out. The samples were reconstituted in water (F-1, F-2 and F-3) or acetonitrile:water
(1:1) (F-4) to achieve concentrations of 0.1 mg/mL in each case, and 10-µL aliquots were injected into
a Finnigan Surveyor HPLC system interfaced to an Orbitrap Mass Spectrometer (Thermo Fisher
Scientific, Bremen, Germany). All of the samples were analysed using an ACE 3 C18 column
(150 ˆ 3.0 mm, 3 µm particle size) supplied by Hichrom Ltd. (Reading, UK). The mobile phase
consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of
0.3 mL/min. The gradient used for F-1 to F-3 was 20%–70% B from 0–10 min, 6 min hold at 70% B,
then return to 20% B over 4 min, followed by 5 min re-equilibration. In the case of F-4, an initial 5-min
isocratic profile at 50% B was followed by a 1-min ramp to 95% B, held there for 8 min, before a 1-min
return to 50% B and re-equilibration for 4 min. Full scan spectra were obtained within m/z 100–2000 in
the positive ESI mode for all samples, except F-4, which was detected in the m/z range 200–1200 in the
negative ESI mode. For MS/MS of F-4, collision-induced dissociation (CID) of the [M ´ H]´ parental
ion was carried out at a normalised collisional energy of 35.0 V, and the product ion scan was made in
the m/z rage of 200–700, also in the negative ESI mode. The spray needle voltages were set at 4.5 and
´3.5 kV in positive and negative ESI modes, respectively. The sheath and auxiliary gas flow rates were
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50 and 15 arbitrary units, respectively, while ion transfer capillary temperature was set at 275 ˝C. All
data were collected and processed using XCalibur software (version 2.1.0, Thermo Fisher Scientific,
Bremen, Germany).

2.3. Cytotoxicity Assay

U937 cells were seeded at 2.25 ˆ 104 cells/well in 96-well plates (Corning®, Sigma-Aldrich) and
incubated in the presence and absence of BV or its fractions at final concentrations ranging from
100 µg/mL–3 ng/mL (n = 3). Triton X at 1% (v/v) served as a positive control. The plate was then
incubated at 37 ˝C and 5% CO2 in a humidified atmosphere for 48 h. After incubation, Alamar® Blue
(AbD Serotec®, Kidlington, U.K.) was added at a final concentration of 10% in a total assay volume of
100 µL per well and the plate incubated for a further 6 h. Fluorescence readings of the plate were taken
using a Perkin Elmer Wallac Victor2 1420 Multilabel Counter (λEx/EM: 560/590 nm). All readings were
corrected for background by subtracting the mean fluorescence of the Triton X wells. Cell viability was
then calculated for each well as a percentage of fluorescence readings in the presence of test sample
relative to the mean value of the negative controls. The resulting data were analysed with GraphPad
Prism for Windows (version 4.03, GraphPad Software, San Diego, CA, USA, www.graphpad.com) to
obtain dose-response curves for each sample and their corresponding mean inhibitory concentration
(IC50) values.

2.4. Induction of Cell Differentiation

U937 cells were seeded at 4.5 ˆ 104 cells/well in a volume of 450 µL in 24-well tissue culture
plates (Corning®, Sigma-Aldrich) (n = 3) in media containing 60 ng/mL PMA (Sigma-Aldrich). A
control well containing cells in media without PMA was also included. The cells were then incubated
in a humidified atmosphere at 37 ˝C and 5% CO2 for 48 h. Micrographs of the cells were taken after
24 and 48 h for evidence of differentiation.

2.5. Stimulation of Cytokine Release

After 48 h of differentiation, the media were aspirated and replaced with fresh media, without
PMA, and the cells incubated for a further 24 h. At this point, samples of BV or fractions, with or
without Escherichia coli (E. coli) LPS (Sigma-Aldrich), were then added from a separate sample dilution
plate prepared using 10 mg/mL stock solutions (Table S1 in the Supplementary Materials). The final
concentrations of the samples on the cell culture plate were 100 µg/mL (F-1 and F-2), 12 µg/mL
(F-3 and BV) and 120 µg/mL (F-4), respectively. The final LPS concentration in the LPS-containing
samples was 1 µg/mL.

2.6. Assessment of Cytokine Release

Three ELISA kits from R&D Systems (Abingdon, U.K.) were used to assess the release of
interleukin (IL)-1β/IL-1F-2, IL-6 and tumour necrosis factor (TNF)-α from LPS-stimulated and
non-stimulated U937 cells. The ELISA assay was carried out according to the kit manufacturer’s
instructions, except that the colour substrate used (3,3’5,5’-tetramethylbenzidine, TMB) was from
Sigma-Aldrich (Dorset, U.K.) and came as ready for use. The reaction was stopped with 2 N sulphuric
acid (H2SO4) and the plate was read immediately at a 450-nm wavelength using a SpectraMax Pro 5
(Wokingham, U.K.) with wavelength correction by subtracting readings taken at 570 nm.

2.7. Data Analysis

Standard calibration curves were plotted by fitting the optical density data of TNF-α, IL-1β and
IL-6 to 4-parameter logistic (4-PL) regression curves (Table S2 and Figures S1–S9 in the Supplementary
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Materials). Each of these standards was prepared in duplicate at each of the concentrations in the
ranges recommended by the manufacturer. The 4-PL regression equation is given by:

y “ d `
a ´ d

1 `
` x

c
˘b (1)

where y is the response value (i.e., measured optical density), x is the concentration (in pg/mL) and a,
b, c and d are constants. The regression analysis also computes the R2 value, which gives an indication
of how best the fitted curve agrees with the data. From Equation (1), the unknown concentration, x, of
a sample of optical density, y, can be calculated according to:

x “ c
ˆ

a ´ d
y ´ d

´ 1
˙

1
b

(2)

Using Equation (2), the concentrations of TNF-α, IL-1β and IL-6 induced by each of the samples
assayed (with and without LPS) were calculated and expressed as ratios of the mean cytokine level
induced by LPS (positive control), assayed in triplicate (n = 3). The resulting data were then analysed
with GraphPad Prism to obtain bar graphs whose statistical significances were tested at the 95%
confidence level (CI) relative to the mean positive control ratio of 1.0.

2.8. NMR Spectroscopy

NMR spectroscopy was carried out on 7.4 mg of BV fraction F-4 dissolved in 600 µL DMSO-d6.
NMR data were acquired with a Bruker AVANCE II+ NMR spectrometer (Bruker Biospin GmbH,
Rheinstetten, Germany) equipped with a 14.1 T UltrashieldTM superconducting magnet operating
at a 1H resonance frequency of 600.13 MHz under TopSpin (version 2.1, Bruker Biospin GmbH,
Rheinstetten, Germany) running in a Microsoft Windows environment. All data were acquired using
a BBO-z-atm probe head operating at ambient temperature (298 K) regulated by means of a BCU-05
chiller unit.

1D 1H-NMR spectra were acquired with 16 transients over a frequency width of 7.2 kHz
(12.0 ppm) centred at a frequency offset of 5.0 ppm into 32 K data points for an acquisition time
of 2.27 s using a 30-degree radio frequency (r.f.) pulse and a recycle delay of 2.0 s.

1D 13C-{1H} NMR spectra were acquired with 1024 transients over a frequency width of
33.33 kHz (220.8 ppm) centred at a frequency offset of 100.0 ppm into 32 K data points for an acquisition
time of 491.5 ms using a 30-degree r.f. pulse with continuous composite pulse decoupling applied at
the 1H resonance frequency and using a recycle delay of 0.7 s.

Complete details for all NMR experimental conditions can be found in the Supporting Information.

3. Results

3.1. Composition of Fractions 1–4 from MPLC

From LC-MS analysis, the fractions were revealed to contain mixed components in F-1 and F-2,
while F-3 and F-4 both contained largely single components. The major constituents of F-1 were
putatively identified to be histamine, proline, noradrenaline, 5-aminovaleric acid, cellobiose and
arginine (Figure S10). Fraction F-2 contained mainly PLA2, as well as varying amounts of apamin,
secapin and MCD peptide (Figure S11). On the other hand, melittin was the principal component
of F-3 (96% purity) (Figure S12), while the organic fraction, F-4, mainly contained a new compound
identified through NMR analysis as (Z)-9-eicosen-1-ol and trace levels of an unidentified phospholipid.
The LC-MS did not detect (Z)-9-eicosen-1-ol due to its absolute lack of ionisation in both positive and
negative ESI modes, but instead detected the trace phospholipid impurity, undetected by NMR at its
concentration in the fraction (Figure S13).
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3.2. Cytotoxicity of BV Fractions against U937 Cells

Cytotoxicity studies were carried out (n = 3) to obtain IC50 values (Figure 1). Samples F-1 and
F-2 gave IC50 of greater than 100 µg/mL. In contrast, F-3 gave the lowest IC50 value at 5.4 µg/mL
(or 1.9 µM). The IC50 value of F-4 was 68.8 µg/mL. Micrographs of the cells taken after 24 and 48 h
confirmed the assay results obtained with the Alamar® Blue assay (Figure 2). These micrographs also
revealed significant microscopic differences in the appearance of cells treated with F-3 and F-4 even in
wells where Alamar® Blue readings were comparable. Unlike the necrosis caused by melittin, which
revealed the cells to have burst to release their protoplasm, non-viable F-4-treated cells appeared to
have an intact cell outline, implying that the mechanism by which the lipid exerts its cytotoxic effect
on U937 cells may be different from that of melittin, which acts through cell lysis [36].
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Figure 1. Cytotoxicity of the bee venom sample fractions F-1–F-4 against U937 cells. Fraction samples
F-1 (A) and F-2 (B) were non-cytotoxic, each with an IC50 value >100 µg/mL. Fraction sample F-3
(C, melittin) was the most cytotoxic with an IC50 of 5.43 (95% CI 4.43–6.66) µg/mL, while fraction
sample F-4 (D, lipid) had an IC50 value of 68.78 µg/mL.
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Figure 2. Cytotoxic effects of bee venom fractions on U937 cells. Fractions F-1 and F-2 were
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F-4 was cytotoxic above 30 µg/mL with an IC50 of 68.8 µg/mL (n = 3). (Magnification = ˆ100).
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3.3. Selection of BV and Fraction Concentrations for the Assay

ELISAs were carried out in order to determine the effect of the fractions on PMA-differentiated
cells with respect to the production of three inflammatory mediators TNF-α, IL-1β and IL-6. Since the
investigation of immuno-modulatory effects had to be conducted using concentrations of the fractions
where the cells remained viable, concentrations were selected for each fraction that were below their
respective IC50 values. Specifically, the highest final concentration of the fraction at which no toxicity
was observed on the cells was used. Thus, F-1 and F-2 were each assayed at 100 µg/mL, F-3 and BV at
3 µg/mL, while F-4 was assayed at 30 µg/mL (Table S3 in the Supplementary Materials). The mean
viability (n = 3) of the cells at the concentrations selected for each of the fractions used for the assay
were F-1 (93%), F-2 (94%) and F-3 and F-4 (90% each), respectively, relative to the media control.

3.4. Effect of PMA on the U937 Cells

After the cells had been incubated in the presence of PMA, they were observed microscopically
at 24 and 48 h for the presence of features that confirmed whether or not they had differentiated [37].
Micrographs were also taken of the treated cells and compared to those of U937 cells in control wells
(absence of PMA) on the same plate (Figure 3), which confirmed the morphological changes expected.
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Figure 4. Effect of bee venom and its fractions of TNF-α production in PMA-differentiated U937 cells. 

All five samples tested produced slightly more than background levels of TNF-α, but not significantly 
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fractions co-stimulated with F-4 and LPS compared to LPS, but the other fractions did not show any 

significant changes in the levels of the cytokine (n = 3). 

Figure 3. Effect of phorbol-12-myristate-13-acetate (PMA) on U937 cells. PMA was added to the cells
at 60 ng/mL (n = 3). (Magnification = ˆ400).

3.5. Effect on TNF-α Production

The BV fractions on their own did not induce significant TNF-α production in PMA-differentiated
U937 cells relative to the negative control (culture media). However, when used in combination with
LPS, there was a noticeable enhancement (ratio >1.0) in the amount of TNF-α produced compared to
LPS alone. This was statistically significant (p < 0.05) only with F-4, which produced a 1.6-fold increase
in TNF-α release from the cells (Figure 4).
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Figure 4. Effect of bee venom and its fractions of TNF-α production in PMA-differentiated U937 cells.
All five samples tested produced slightly more than background levels of TNF-α, but not significantly
different from those of the negative control (media). The level of TNF-α was significantly higher in
fractions co-stimulated with F-4 and LPS compared to LPS, but the other fractions did not show any
significant changes in the levels of the cytokine (n = 3).
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3.6. Effect on IL-1β Production

The enhancement of IL-1β/IL-1F2 by BV fractions in LPS co-stimulated U937 cells was much more
pronounced than that observed with TNF-α. Fractions F-2 and F-3 greatly enhanced IL-1β/IL-1F2
release in the cells by approximately nine- and six-fold, respectively. Additionally, F-1 (four-fold), F-4
(three-fold) and whole BV (two-fold) also enhanced the release of this cytokine with LPS co-stimulation,
although the increase obtained with BV was not statistically significant (Figure 5). As can be seen from
Figure 5, the fractions on their own did not induce any significant level of cytokine release.
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Figure 6. Effect of BV and its fractions with and without LPS on IL-6 production in PMA-differentiated 

U937 cells. The level of IL-6 produced by BV fractions alone was undetectable. However, in 

combination with LPS, Fractions F-1–F-3 and BV enhanced the level of cytokine produced by LPS 

though not significantly. Interestingly, F-4 significantly inhibited cytokine production by about 50% 

of the mean positive control (LPS) value (n = 3). 

Figure 5. Effect of bee venom and its fractions of IL-1β/IL-1F2 production in PMA-differentiated U937
cells. All five been venom (BV) fractions tested produced only background levels of IL-1β/IL-1F2 when
used alone. In the presence of LPS, there was significant synergy, especially with F-2 and F-3, which
resulted in a nine- and six-fold increase in the production of the cytokine, respectively. Significant
synergy was also observed with F-1 (four-fold) and F-4 (three-fold), but not with BV despite a two-fold
increase in the latter (n = 3).

3.7. Effect on IL-6 Production

As with TNF-α and IL-1β production, the amount of IL-6 produced by the cells in the presence
of BV fractions alone was undetectable (F-1–F-3) or not significantly different from levels observed
in negative controls (F-4 and BV). Yet, when the same fractions were incubated together with LPS,
the amount of IL-6 produced by the cells was raised, compared to that of stimulation with LPS
alone, by 20%, 40%, 30% and 30% with F-1, F-2, F-3 and BV, respectively; although these were not
significantly different from positive control values. Surprisingly, and contrary to observations with
TNF-α and IL-1β, F-4 significantly decreased the amount of IL-6 released with LPS co-stimulation in
the PMA-differentiated U937 cells by about 50% (Figure 6).
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Figure 6. Effect of BV and its fractions with and without LPS on IL-6 production in PMA-differentiated
U937 cells. The level of IL-6 produced by BV fractions alone was undetectable. However, in combination
with LPS, Fractions F-1–F-3 and BV enhanced the level of cytokine produced by LPS though not
significantly. Interestingly, F-4 significantly inhibited cytokine production by about 50% of the mean
positive control (LPS) value (n = 3).
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3.8. Identification of Active Compound in BV Fraction F-4

Given its unusual effect on TNF-α and IL-6 release in PMA-differentiated U937 cells, we sought
to identify the component present in F-4 by NMR spectroscopy. The one-dimensional (1D) 1H-NMR
spectrum of F-4 (acquired at 298 K in DMSO-d6; Figure S14) gave 10 distinguishable signals with
chemical shifts and integrals as detailed in Table 1. Signal A, which corresponded to a 1H chemical
shift associated with a proton attached to an sp2-hybridized carbon centre (alkene), integrated to two
proton equivalents. Multiplicity-edited 2D [1H, 13C] HSQC-NMR data revealed that the signal was
associated with a methine (CH) group, allowing the conclusion to be drawn that the molecule was
likely to be a structure with close to two-fold symmetry about a double bond. The signal envelope
designated H integrated to twenty two proton equivalents and suggested the presence of long chains
of methylene groups typical of a lipid.

Table 1. Data arising from the 1D 1H-NMR spectrum of the lipid component. Reference to the “link
to 13C” arises from analysis of the 2D [1H, 13C] HSQC-NMR spectrum that reveals 1JHC correlations
where labels a–q correspond to the 13C resonances shown in (Figure S12).

Label δ (ppm) Integral Type Multiplicity Link to 13C Proposal

A 5.32 2 Alkene CH Second order a Symmetric
Alkene

B 4.30 1 -OH t - -CH2-OH
C 3.36 2 -CH2- dt b

D 3.32 1.7 H2O s - Water in
DMSO

E 1.98 4 -CH2- q m
F 1.39 2 -CH2- pentet c
G 1.29 4 -CH2- q f
H 1.24 22 -CH2- - d,e,g,h,i,j,k,l,n,o
I 0.85 3 -CH3 t p -CH2-CH3

To establish how many types of carbon centres existed within the molecule, 13C-{1H} NMR data
(Figure S15) were examined. The data gave rise to 16 NMR signals corresponding to sixteen different
types of 13C environments. Many of these showed similar chemical shifts (signals e–l). Additionally
the intensities revealed that a number of carbon centres (a, f, l, m) were twice as abundant, resulting
from symmetry within the structure. It was clear in particular from these data that the carbon signal
(a) was due to two alkene carbons with identical chemical shifts, confirming the expectation that the
structure would be roughly symmetrical about a central double bond, the symmetry of which would
remain largely unaffected by remote tail groups.

2D [1H, 13C] HSQC-NMR data (Figure S16) at both low and high resolution allowed the types of
carbon to be distinguished for every centre, as well as editing the data to reveal protons that were not
attached to carbon. As well as enabling the identification of H/C correlations within each magnetic
environment, these data also made it possible to confirm the number of protons associated with the
lipid chain. These data also revealed that protons giving rise to Resonances B and D were not attached
to carbon. By analogy with literature examples, it was clear that Resonance D was associated with
water in DMSO and could therefore be discounted from the analysis. A summary of the 13C-NMR
data are shown in Table 2. These data are summarized to provide a molecular formula of C20H40O,
yielding a molecular weight (MW) = 296. Integration of the 1H-NMR spectrum is consistent with this
formula and the number of protons “counted” using the 2D [1H, 13C] HSQC-NMR data.
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Table 2. Summary of 13C-NMR data for the lipid molecule as revealed by 1D 13C-{1H} and 2D [1H, 13C]
HSQC-NMR data.

Label δ (ppm) No. of Carbons Type Link to 1H

a 130.09 2 CH A
b 61.18 1 CH2 C
c 33.03 1 CH2 F
d 31.76 1 CH2 H
e 29.58 1 CH2 H
f 29.56 2 CH2 G
g 29.50 1 CH2 H
h 29.45 1 CH2 H
i 29.35 1 CH2 H
j 29.31 1 CH2 H
k 29.17 1 CH2 H
l 29.06 2 CH2 H

m 27.03 2 CH2 E
n 25.99 1 CH2 H
o 22.57 1 CH2 H
p 14.40 1 CH3 I

Analysis of the remaining 2D [1H, 1H] COSY and TOCSY and 2D [1H, 13C] HSQC and
HMBC-NMR data (Figures S17–S19) is summarized in Table S7 and Table S8, respectively, in the
Supplementary Materials. The triplet character of 1H Resonance B and its correlation with Resonance
C by COSY and TOCSY indicated that the hydroxyl group was a terminal –OH attached to a methylene,
whose protons gave rise to Resonance C. The triplet character of proton Signal I similarly enabled the
identity of this resonance to be associated with a terminal methyl group. Correlations were traced
as far as possible from both the terminal positions and the alkene proton resonances (A) until these
assignment pathways merged at Resonance H. 2D [1H, 13C] HMBC-NMR data were used to establish
longer range H/C correlations to reinforce the assignments, which remaining incomplete owing to the
degeneracy at Signal H.

Following identification of coupling partners and piecing the structural evidence together, the
proton and carbon assignments were allocated to a basic structure, as shown (Figure S20). It was not
clear from the NMR data whether the double bond would be at the 9- or 10-position (shown in the
10-position in Figure S20). Neither was it clear from the data whether the double bond was of E or Z
configuration. For this reason, simulations of the data were carried out based on both E and Z isomers
of 9- and 10-eicosen-1-ol in order to throw some light on the conformation. Particular attention was
paid to the appearance of proton Resonances A and E in these simulations, which would reflect directly
on the conformation about the centralised double bond. The results of these simulations with their
equivalent experimental counterparts are shown in Figure S21.

On balance, these data suggest a greater likelihood of the lipid existing in the (Z)-configuration,
as shown in Figure S22. The position of the double bond is not revealed through these simulations or
by experiment. Comparison with information provided directly through Beesen Co. Ltd., suppliers of
the venom, suggests that the material and data are consistent with (Z)-eicos-9-en-1-ol.

3.9. Identification of Minor Component in F-4

Fraction F-4 was found to contain trace levels of an unidentified minor component with the
[M ´ H]´ elemental composition of C43H70O11P (0.0783 ppm mass tolerance) and MW 794.47.
Collisional induced dissociation (CID) of the parental ion (m/z 793.46) at a normalised collisional
energy (NCE) of 35.0 produced two daughter ions, one with m/z 493.2574 (C23H42O9P, 2.685 ppm
mass tolerance, 40%), possibly suggesting a loss of eicosapentenoic acid (MW 302), and the other with
m/z 643.3608 (C33H56O10P, 0.341 ppm mass tolerance, 60%) (Figure S13). This elemental composition,
though inconclusive, suggested the likelihood that the unknown impurity might be a phospholipid.
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4. Discussion

4.1. Cytotoxicity

The two fractions that were cytotoxic to U937 cells with IC50 values below 100 µg/mL contained
melittin (F-3, IC50 5.4 µg/mL) and (Z)-9-eicosen-1-ol (F-4, IC50 68.8 µg/mL). The latter also contained
trace levels of an unidentified phospholipid. F-1 and F-2 were relatively non-toxic to U937 cells at the
concentrations tested. The former contained mainly low MW amines, such as histamine, dopamine
and noradrenaline, while the latter contained mainly PLA2, a major BV allergen [38,39]. Although
one would have expected fraction F-2 to be cytotoxic due to its PLA2 content, it may be that the
enzymatic activity reduced because of its separation from melittin (i.e., the venom PLA2 and melittin
act synergistically [40]) or as a result of loss of its 3D configuration during the fractionation. Fraction
F-2 also contained variable amounts of the peptides apamin, MCD peptide and secapin, which were
also detected in trace amounts in F-1.

Whereas the cytotoxicity of melittin is generally known in normal human and cancer cells [36,41],
the biological activities of the organic fraction of BV are less well known. Melittin’s cytotoxicity is
thought to be due to membrane-disruption [42] and apoptotic actions mediated via mitochondrial and
caspase activities [43]. During our experiments, the toxicity of F-4 (at 100 µg/mL) was also observed in
adherent normal human fibroblast (HS27) cells in which growth inhibition appeared to be associated
with loss of cell attachment to the cell culture well plate (data not shown). Because of this, it had
been anticipated that with suspended U937 cells, the F-4 fraction would have no such cytotoxic effect
below 100 µg/mL, since adherence was not a prerequisite for cell division and growth. Thus, the
observed toxicity in U937 cells might suggest that F-4 acts within the cell, at least partially, rather than
exclusively externally to it. Its amphiphilic structure would be consistent with an ability to penetrate
and pass through cell membranes.

4.2. Effect on Cytokine Release

The enhancement of LPS-stimulated release of IL-1β in U937 cells was by far the most pronounced
effect induced by all four BV fractions and crude BV, while the effects on TNF-α and IL-6 release
were less marked, with variability between the fractions. The only significant effect on TNF-α release
was due to F-4, while F-2 and F-3, which contained PLA2 and melittin, respectively, were the most
potent enhancers of IL-1β release by the cells following co-stimulation with LPS. Interestingly, F-4
showed anti-IL-6 effects. The IL-1 family of cytokines is closely linked to innate inflammatory and
immune responses more than any other cytokine family, and IL-1β mediates auto-inflammatory
diseases [44]. In the context of bees, the observed several-fold enhancement of IL-1β release by BV
and all of its fractions is thus logical given the defensive function of the venom. Stimulation of IL-6
production is a key target for adjuvants due to its role in promoting B-lymphocyte differentiation
into antibody-producing cells [45–47], T-cell proliferation [48] and development of cell-mediated
cytotoxicity by CD8+ cells [49–51]. Thus, inhibition of IL-6 production by F-4 would suggest
an immuno-suppressive action, but its concomitant stimulatory effect on TNF-α, an important
cytokine involved in the development of resistance to infection and cancer with roles in necrosis
and apoptosis [52], suggests a more subtle mechanism.

Among the major components of F-1, histamine was reported to increase production of IL-6,
expression of histamine receptors, expression of the kinases pp38, pERK and pJNK and induction of
NF-κB in nasal fibroblasts when assayed at 200 µM (~22.2 µg/mL) [14]. This concentration level was
significantly higher than that present in the assay solutions of both the F-1 fraction and BV, which might
explain their non-significant effects on IL-6. Bee venom PLA2, a major allergen and main component
of F-2, and apamin have been shown to possess immune-inducing effects by activating T-cells [17] and
promoting T-cell proliferation [13], respectively. Thus, the effects observed with F-2 on IL-1β and IL-6
production might be related to the effects of both PLA2 and apamin on the cells.

https://www.researchgate.net/publication/20705628_Processing_by_accessory_cells_for_presentation_to_murine_T_cells_of_apamin_a_disulfide-bonded_18_amino_acid_peptide?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/271722285_Bee_venom_processes_human_skin_lipids_for_presentation_by_CD1a?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/253334746_Melittin_A_lytic_peptide_with_anticancer_properties?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/21776172_Mapping_human_T_cell_epitopes_on_phospholipase_A2_The_major_bee-venom_allergen?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/15632262_A_high_efficiency_method_for_purification_and_assay_of_bee_venom_phospholipase_A2?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/6280722_Therapeutic_application_of_anti-arthritis_pain_releasing_and_anti-cancer_effects_of_bee_venom_and_its_constituent_compounds_Pharmacol_Ther?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/255790972_Process_of_Inducing_Pores_in_Membranes_by_Melittin?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/261924938_Melittin_triggers_apoptosis_in_Candida_albicans_through_the_reactive_oxygen_species_ROS-mediated_mitochondriacaspase-dependent_pathway?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/259141559_Overview_of_the_interleukin-1_family_of_ligands_and_receptors?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/21050608_The_role_of_interteukin_6_in_B_cell_isotype_regulation_and_differentiation?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/20368793_Interleukins_and_IgA_synthesis_Human_and_murine_interleukin_6_induce_high_rate_IgA_secretion_in_IgA-committed_B_cells?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/20676522_T_cell_derived_IL-6_is_differentially_required_for_antigen-specific_antibody_secretion_by_primary_and_secondary_B_cells?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/19894063_BSF-2IL-6_functions_as_a_killer_helper_factor_in_the_induction_of_cytotoxic_T_cells?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==
https://www.researchgate.net/publication/21716865_IL6_and_the_T-cell_response?el=1_x_8&enrichId=rgreq-2fb85e54d5509deadfb542e2fb270eba-XXX&enrichSource=Y292ZXJQYWdlOzMwMTUzNjY1ODtBUzozNTQwNjU1ODMyMzA5NzZAMTQ2MTQyNzIyMTE1MA==


Vaccines 2016, 4, 11 12 of 15

Additionally, melittin, the sole component of F-3, has been reported to possess adjuvant properties
by enhancing the absorption of intranasal tetanus and diphtheria toxoids [23]. This would support
its effect on IL-1β observed in this study. However, these findings do not suggest that melittin could
reduce the effect of LPS on cells, contrary to some previous studies [26,27]. The concentration used
in the current study (3 µg/mL) was sub-lethal to the U937 cells, but at 10 µg/mL, the concentration
used in a previous study [27], melittin was found in the current study to be 100% cytotoxic. This was
observed previously in dermal fibroblasts, mononuclear cells and fibroblast-like synoviocytes [30]. On
the other hand, the study by Moon et al. [26] assayed both BV and melittin at 0.5–2.0 µg/mL, levels that
are all markedly lower than those employed in the current study. In the same study, LPS was assayed
at 0.5 µg/mL compared to 1.0 µg/mL used in this study, and the cells were initially treated with BV or
melittin for 1 h before treatment with LPS, rather than being simultaneously exposed [26]. Thus, the
differences observed in these in vitro studies in relation to melittin’s role in immuno-modulation might
be related to the different experimental designs and/or concentrations of melittin and LPS used. In
a previous study by Stuhlmeier (2007), neither BV nor melittin was found to inhibit IL-1β-induced
activation of NF-κB. Instead, there were significant increases in the levels of the mRNA of several
pro-inflammatory genes and COX-2 in synoviocytes, dermal fibroblasts and mononuclear cells [30].
The results obtained in our study corroborate these findings.

The main component of F-4, identified in this study as (Z)-9-eicosen-1-ol, resembled the
lipid-soluble compound reported by Pickett et al. (1982) in A. mellifera venom and structurally
elucidated as (Z)-11-eicosen-1-ol [53]. The latter was described as a natural pheromone, which acted
synergistically with amyl acetate, another pheromone produced by the bees [53]. Schmidt et al. (1997)
also reported the same long chain monounsaturated alcohol to be the main component of the oily
fraction of Apis cerana venom [54], a species related to A. mellifera. The compound isolated in F-4 differs
from that previously described with respect to the double bond position, which might be a means of
conveying subtle differences in message recognition among the bees [55].

5. Conclusions

Inflammatory responses mediated by pro-inflammatory cytokines are a key component of
protective immunity against many infections. This study shows that treatment of PMA-differentiated
U937 cells with BV fractions significantly enhances the IL-1β cytokine release effect of LPS in these cells.
However, neither BV nor its fractions could induce any significant cytokine release on their own. The
largest synergistic effect was observed for IL-1β release, which was promoted by all fractions, while
only the lipid fraction, F-4, enhanced TNF-α production in the cells co-stimulated with LPS. Although
fraction F-4, identified to contain (Z)-9-eicosen-1-ol, was stimulatory for IL-1β and TNF-α release, it
produced an inhibitory effect on IL-6 production. The commercial availability of this compound in
larger amounts than can be isolated from the venom will allow us in future work to explore potential
synergies between it and fractions F-1–F-3. In addition, it provides a lead compound for exploring the
effects of other long chain alcohols, since they are accessible via reduction of the wide range of long
chain fatty acids, that is commercially available. Taken together, these results do not support some
studies in the literature that suggest that BV and melittin possess potential anti-inflammatory activity
by antagonising LPS-stimulation of cytokine production. Instead, BV fractions synergise with LPS
in the induction of the IL-1β cytokine release in U937 cells, and the lipophilic fraction has additional
orthogonal effects on TNF-α and IL-6, whereby it induces the former and inhibits the latter. Overall,
these effects provide valuable preliminary information to support further evaluation of purified BV as
a potential source of natural adjuvants for some vaccines.

Supplementary Materials: The following are available online at www.mdpi.com/2076-393X/4/2/11/s1.
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Supplementary Experimental Details: NMR Spectroscopy 

NMR spectroscopy studies were carried out on 7.4 mg of a sample of fraction F4 from BV. This 

was dissolved in 600 L DMSO-d6 contained in a 5 mm Ø standard NMR tube. 

NMR data were acquired on a Bruker AVANCE II+ NMR spectrometer equipped with a 14.1 T 

Ultrashield superconducting magnet operating at a 1H resonance frequency of 600.13 MHz. All data 

were acquired using a BBO-z-atm probehead operating at ambient temperature (298 K) regulated by 

means of a BCU-05 chiller unit. 

1D 1H-NMR spectra were acquired with 16 transients over a frequency width of 7.2 kHz  

(12.0 ppm) centred at a frequency offset of 5.0 ppm into 32 K data points for an acquisition time of 

2.27 s using a 30 degree radio frequency (r.f.) pulse and a recycle delay of 2.0 s. 

1D 13C-{1H} NMR spectra were acquired with 1024 transients over a frequency width of  

33.33 kHz (220.8 ppm) centred at a frequency offset of 100.0 ppm into 32 K data points for an 

acquisition time of 491.5 ms using a 30 degree r.f. pulse with continuous composite pulse decoupling 

applied at the 1H resonance frequency and using a recycle delay of 0.7 s. 

2D [1H, 1H] phase-sensitive double quantum filtered COSY and TOCSY NMR data were 

acquired with 8 and 4 transients respectively for each of 360 TPPI t1 increments into 2 K complex data 

2 1 frequency widths of 3.6 kHz (6 ppm, ω2 acquisition time = 284.7 ms) centred at 

a frequency offset of 3.0 ppm and using zero-quantum suppression to reduce interference from zero-

quantum effects.  

2D [1H, 13C] HSQC-NMR spectra were acquired in both traditional mode and over a reduced  

1 frequency width using non-uniform sampling (NUS) to increase F1 resolution. Traditional low 

resolution NMR data were acquired using a multiplicity edited, echo-antiecho gradient selected 

approach with sensitivity improvement (Bruker pulse program hsqcedetgpsisp2.3). Data were 

acquired into 2 K complex data points over an ω2 frequency width of 3.6 kHz (6.0 ppm) centred at a 

1 frequency width of 24.9 kHz (165.0 ppm) centred at a frequency 

offset of 70.0 ppm with 8 transients for each of 256 t1 increments. High resolution data were acquired 

with the 1 frequency width set to 4.5 kHz (30.0 ppm) centred at a frequency offset of 30.0 ppm 

nominally using 2048 t1 increments sampled at 25% NUS (equivalent to 256 NUS t1 increments) using 

a random generator seed of 54321 for NUS purposes. 

2D [1H, 13C] HMBC-NMR spectra were also acquired in both traditional and NUS modes into  

2 K complex data points over an ω2 frequency width of 3.6 kHz (6.0 ppm) centred at a frequency offset 

of 3.0 ppm and an ω1 frequency width of 33.55 kHz (222.4 ppm) centred at a frequency offset of  

100.0 ppm with 8 transients for each of 256 traditional and NUS (25% sampled) t1 increments 

respectively. Data were acquired with gradient coherence selection and used a low-pass filter to 

reduce the appearance of artefacts from 1JHC coupling. 

NUS data were processed using the MDD (multidimensional decomposition) algorithm 

developed by Orekhov et al. followed by Hilbert transformation to allow traditional phase correction 

and processing of the data. 
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Figure S1. A representative 4-parameter logistic plot of TNF-α standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. 

Error bars represent standard deviation of absorbance values for duplicate standard concentrations 

(n = 2). 

 

Figure S2. A representative 4-parameter logistic plot of TNF-α standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. 

Error bars represent standard deviation of absorbance values for duplicate standard concentrations 

(n = 2). 
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Figure S3. A representative 4-parameter logistic plot of TNF-α standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit with R2 values of 

1.000. Error bars represent standard deviation of absorbance values of 1.000. Error bars represent 

standard deviation of absorbance values triplicate standard concentrations (n = 3). 

 

Figure S4. A sample 4-parameter logistic plot of the IL-1β/IL-1F2 standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. 

Error bars represent standard deviation of absorbance values for duplicate standard concentrations 

(n = 2). 
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Figure S5. A sample 4-parameter logistic plot of the IL-1β/IL-1F2 standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. 

Error bars represent standard deviation of absorbance values for duplicate standard concentrations 

(n = 2). 

 

Figure S6. A sample 4-parameter logistic plot of the IL-1β/IL-1F2 standard samples showing the 

calibration equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. 

Error bars represent standard deviation of absorbance values for triplicate standard concentrations  

(n = 3).  
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Figure S7. A sample 4-parameter logistic plot of the IL-6 standard samples showing the calibration 

equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. Error bars 

represent standard deviation of absorbance values for duplicate standard concentrations (n = 2). 

 

Figure S8. A sample 4-parameter logistic plot of the IL-6 standard samples showing the calibration 

equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. Error bars 

represent standard deviation of absorbance values for duplicate standard concentrations (n = 2). 
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Figure S9. A sample 4-parameter logistic plot of the IL-6 standard samples showing the calibration 

equation and the values of the constants a, b, c, and d with a perfect fit R2 values of 1.000. Error bars 

represent standard deviation of absorbance values for duplicate standard concentrations (n = 2). 

Table S1. Volumes of LPS, fractions and media used to stimulate cytokine production in  

PMA-differentiated U937 cells. 

Sample 
Volume Added (µL) Concentration (μg/mL) 

Stock Solution (10 mg/mL) LPS (1 mg/mL) Media Fraction LPS 

F1 80.0 8.0 1912.0 400.0 4.0 

F2 80.0 8.0 1912.0 400.0 4.0 

F3 2.4 8.0 1989.6 12.0 4.0 

F4 24.0 8.0 1968.0 120.0 4.0 

BV 2.4 8.0 1989.6 12.0 4.0 

LPS - 8.0 1992.0 - 4.0 

Table S2. The constant values of the 4-PL regression curve fitted to the data of TNF-α, IL-1β and  

IL-6 standards respectively (n = 3). 

Constants TNF-α IL-1β IL-6 

Assay n = 1 n = 2 n = 3 n = 1 n = 2 n = 3 n = 1 n = 2 n = 3 

a 0.265 0.194 0.114 0.132 0.184 0.103 0.104 0.0708 0.0377 

b 1.11 1.07 1.2 1.02 1.14 1.25 1.33 1.08 1.16 

c 711 1180 541 191 222 136 165 444 364 

d 5.15 6.03 4.6 5.72 5.24 4.35 3.95 5.21 4.82 

R2 1.000 1.000 1.000 1.00 1.000 1.000 0.999 1.000 1.000 
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Table S3. Concentrations of the fractions used in the assay of immuno-modulatory effects on  

PMA-differentiated U937 cells. For each fraction, the concentration selected was the highest  

non-toxic one. 

SN Fraction IC50 (μg/mL) Selected Concentration (μg/mL) 

1 F-1 >100 100 

2 F-2 >100 100 

4 F-3 5.4 3.0 

3 F-4 68.8 30.0 

Table S4. Effect of bee venom and its fractions on TNF-α production in differentiated U937 cells in 

the presence or absence of LPS co-stimulation (n = 3). 

Samples TNF-α Concentration (pg/mL) 

Samples 
Sample−LPS Sample+LPS 

n = 1 n = 2 n = 3 Mean SD n = 1 n = 2 n = 3 Mean SD 

F-1 6.1 6.8 3.8 5.6 1.6 68.2 126.8 70.9 88.6 33.1 

F-2 5.7 7.2 4.4 5.8 1.4 74.1 162.0 90.8 109.0 46.7 

F-3 7.6 8.9 5.2 7.2 1.9 69.5 161.5 84.2 105.1 49.4 

F-4 8.0 9.7 8.0 8.6 1.0 88.1 160.1 143.1 130.4 37.6 

BV 8.2 7.8 5.0 7.0 1.7 56.0 79.0 81.0 72.0 13.9 

TNF-α Controls 

Control TNF-α Concentration (pg/mL) 

Replicate No. n = 1 n = 2 n = 3 Mean SD 

Media 7.3 7.1 4.4 6.2 1.6 

LPS 66.2 114.9 73.0 84.7 26.4 

Table S5. Effect of bee venom and its fractions on IL-1β/IL-1F2 production in differentiated U937 cells 

in the presence or absence of LPS co-stimulation (n = 3). 

Samples IL-1β (pg/mL) 

 Sample−LPS Sample+LPS 

n = 1 n = 2 n = 3 Mean SD n = 1 n = 2 n = 3 Mean SD 

F-1 1.2 1.7 0.5 1.1 0.6 34.4 293.1 86.9 138.1 136.7 

F-2 1.2 2.2 0.8 1.4 0.7 53.4 703.1 174.3 310.2 345.6 

F-3 1.1 1.8 1.3 1.4 0.4 78.3 279.8 108.3 155.5 108.7 

F-4 0.8 3.6 3.4 2.6 1.5 27.1 137.7 71.7 78.8 55.6 

BV <2.0 2.8 2.4 2.6 0.3 24.7 83.3 45.9 51.3 29.7 

IL-1β Controls  

Control IL-1β Concentration (pg/mL) 

Replicate No. n = 1 n = 2 n = 3 Mean SD 

Media <2.0 1.2 2.5 1.8 0.9 

LPS 9.1 49.1 22.0 26.8 20.4 

Table S6. Effect of bee venom and its fractions on IL-6 production in differentiated U937 cells in the 

presence and absence of LPS co-stimulation (n = 3). 

Samples IL-6 Concentration (pg/mL) 

 Sample−LPS Sample+LPS 

n = 1 n = 2 n = 3 Mean SD n = 1 n = 2 n = 3 Mean SD 

F-1 <4.7 <4.7 <4.7 <4.7 n/a 93.8 199.1 126.6 139.8 53.9 

F-2 <4.7 <4.7 <4.7 <4.7 n/a 113.1 235.6 160.6 169.8 61.8 

F-3 <4.7 <4.7 <4.7 <4.7 n/a 112.1 159.0 152.1 141.1 25.3 

F-4 <4.7 <4.7 <4.7 <4.7 n/a 32.3 63.7 71.4 55.8 20.7 

BV <4.7 <4.7 <4.7 <4.7 n/a 98.5 198.6 183.9 160.3 54.0 
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IL-6 Controls 

Control IL-6 Concentration (pg/mL) 

Replicate No. n = 1 n = 2 n = 3 Mean SD 

Media <4.7 <4.7 <4.7 <4.7 n/a 

LPS 58.5 185.5 145.8 129.9 65.0 

Additional LC-MS Data 

 

Figure S10. Extracted ion chromatograms (EICs) of the main components of F-1. The fraction was 

analysed by positive ion LC-ESI-MS on the Orbitrap mass spectrometer with an ACE 3 C18 column 

using mobile phases 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a gradient 

of 20%–70% (0–10 min), 70% (10–16 min), 70%–20% (16–20 min) and 20% (20–25 min) relative to 

solvent B, and at a flow rate of 0.3 mL/min. The EICs were obtained within ±0.01 accuracy relative to 

the m/z of each ion. 
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Figure S11. Full scan (a) and extracted ion chromatograms (b–e) of the components of F-2. The fraction 

was analysed by positive ion LC-ESI-MS on the Orbitrap mass spectrometer with an ACE 3 C18 

column using mobile phases 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at 

a gradient of 20%–70% (0–10 min), 70% (10–16 min), 70%–20% (16–20 min) and 20% (20–25 min) 

relative to solvent B, and at a flow rate of 0.3 mL/min. 

 

Figure S12. Chromatogram of sample from F-3 showing the melittin peak in a relatively pure form 

(A). The typical mass spectrum of melittin (B) shows a quintuply-charged base ion with m/z 570.1585. 

The fraction was analysed by positive ion LC-ESI-MS on the Orbitrap mass spectrometer with an ACE 

3 C18 column using mobile phases 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile 

(B) at a gradient of 20%–70% (0–10 min), 70% (10–16 min), 70%–20% (16–20 min) and 20% (20–25 min) 

relative to solvent B, and at a flow rate of 0.3 mL/min. 
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Figure S13. Chromatogram of the impurity in F-4 with [M − H] of 793.4651 and elemental composition 

C43H70O11P. Collisional-induced dissociation (CID) of m/z 793.46 parental ion at a NCE of 35.0 gave 

two fragment ions of m/z 493.2574 and 643.3608 respectively. Sample analysed by LCMS using mobile 

phase A (0.1% formic acid in water), B (0.1% formic acid in acetonitrile), gradient [50%–95% B  

(0–5 min), 95% B (5–12 min), 50% B (13–16 min)], flow rate 0.4 mL/min, column ACE 3 C18 (150  3.0 mm), 

3 µm i.d. The ions were detected on the LTQ-Orbitrap (m/z scan range 200–1200 for parental ion and 

200–700 for fragment ions) in negative mode. 

 

Figure S14. 600 MHz 1D 1H-NMR spectrum of the lipid component from faction F-4 showing signal 

integrals. The signal indicated by * arises from the solvent and signal D is ascribed to water in DMSO-d6.  
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Figure S15. 13C-{1H} NMR spectrum of the lipid component from fraction F-4 with expansions shown 

to reveal details of crowded region. The expansion immediately above the full NMR spectrum shows 

expansion of the signal region c–p. Further expansion of the region e–l within this is shown inset as 

the topmost expansion. 

 

Figure S16. 600 MHz 2D [1H, 13C] HSQC-NMR data for the lipid component of fraction F-4. (a) Low 

resolution spectrum showing the complete data set; (b) Expansion of the boxed region shown in (a) 

from data acquired at high F1 resolution using non-uniform sampling; (c) Further expansion of the 

boxed region shown in (b) to reveal high resolution data in F1 allowing individual correlations 

between protons and carbons of each methylene group to be distinguished for unique carbon 

resonance assignment and proton counting. Black cross-peaks (positive) correspond to methine (CH) 

and methyl (CH3) groups; red cross-peaks correspond to methylene (CH2) groups. 
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Figure S17. 600 MHz 2D [1H, 1H] DQFCOSY NMR spectrum of the BV F4 component molecule with 

1D 1H-NMR spectra shown representing horizontal and vertical projections with signal designations 

shown as A–I. Selected cross-peaks are highlighted. Full cross-peak assignments are summarized in 

Table S7. 
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Figure S18. 600 MHz 2D [1H, 1H] TOCSY NMR spectrum of the BV F4 component molecule with 1D 
1H-NMR  spectra shown representing horizontal and vertical projections with signal designations 

shown as A–I. Full cross-peak assignments are summarized in Table S7. 
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Figure S19. 600 MHz 2D [1H, 13C] HMBC-NMR spectrum of the BV F4 component molecule with 1D 
1H-NMR spectrum shown representing the horizontal projection and 1D 13C-{1H} NMR spectrum 

shown representing the vertical projection with signal designations shown as A–I and a–p 

respectively. Full cross-peak assignments are summarized in Table S8. 

 

Figure S20. Basic lipid structure from an analysis of the NMR data showing the signal assignments 

associated with protons (upper case labels) and carbons (lower case labels) at each position. The  

E-layout about the double bond is purely for convenience and has no bearing on the final structure. 
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Figure S21. Simulations and experimental data for two possible configurations of the lipid molecule 

for 1H resonances A (left) and E (right). (a) Simulated signals for the E-configuration; (b) simulated 

signals for the Z-configuration; (c) experimental data. 

Table S7. Coupling partners revealed through 2D [1H, 1H] COSY (C) and TOCSY (T) NMR data 

Label A B C D E F G H I 

A     C, T     

B   C, T       

C  C, T    C, T    

D          

E C, T      C, T C, T  

F   C, T     C, T  

G     C, T   C, T  

H     C, T C, T C, T  C, T 

I        C, T  

Table S8. Coupling partners revealed by analysis of 2D [1H, 13C] HSQC (HS) and HMBC (HM) NMR 

data for the lipid component. 

Labels A B C D E F G H I 

a HS    HM  HM   

b  HM HS   HM  HM  

c  HM HM   HS  HM  

d        HSHM HM 

e        HS  

f HM    HM  HS   

g        HS  

h      HM  HS  

i        HS  

j        HS  

k        HS  

l     HM  HM HS  

m HM    HS  HM HM  

n   HM   HM  HS  

o        HS HM 

p        HM HS 
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Figure S22. (Z)-eicos-9-en-1-ol. 
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Abstract: In the present study, liquid chromatography-mass spectrometry (LC-MS) was employed to
characterise the metabolic profiles of two human ovarian cancer cell lines A2780 (cisplatin-sensitive)
and A2780CR (cisplatin-resistant) in response to their exposure to melittin, a cytotoxic peptide from
bee venom. In addition, the metabolomics data were supported by application of Biolog microarray
technology to examine the utilisation of carbon sources by the two cell lines. Data extraction with
MZmine 2.14 and database searching were applied to provide metabolite lists. Principal component
analysis (PCA) gave clear separation between the cisplatin-sensitive and resistant strains and their
respective controls. The cisplatin-resistant cells were slightly more sensitive to melittin than the
sensitive cells with IC50 values of 4.5 and 6.8 µg/mL respectively, although the latter cell line
exhibited the greatest metabolic perturbation upon treatment. The changes induced by melittin in the
cisplatin-sensitive cells led mostly to reduced levels of amino acids in the proline/glutamine/arginine
pathway, as well as to decreased levels of carnitines, polyamines, adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide (NAD+). The effects on energy metabolism were supported by
the data from the Biolog assays. The lipid compositions of the two cell lines were quite different with
the A2780 cells having higher levels of several ether lipids than the A2780CR cells. Melittin also had
some effect on the lipid composition of the cells. Overall, this study suggests that melittin might have
some potential as an adjuvant therapy in cancer treatment.

Keywords: metabolomics; Melittin; LC-MS; ovarian cancer; A2780 cells; cisplatin resistance

1. Introduction

Growth of cancers is associated with various metabolic changes at the cellular level, which can be
used as biomarkers for diagnosis, prognosis and evaluation of anticancer therapies [1]. For instance,
unlike normal cells, cancer cells are more dependent on aerobic glycolysis, fatty acid synthesis,
and glutaminolysis for proliferation [2]. Thus, evaluation of the concentrations of specific metabolites
in a cell can provide insights into its metabolic state relative to the physiological norm. The metabolic
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profile of cancer cells can also provide an understanding of the process of carcinogenesis and the
mechanism of chemoresistance leading to development of better diagnostic and therapeutic tools [3].

Worldwide, more than 230,000 women are diagnosed with ovarian cancer each year, and this
disease is responsible for an estimated 140,000 deaths per year [4]. Platinum (e.g., cisplatin) and
taxane (e.g., paclitaxel)-based chemotherapies are currently the first line treatments for ovarian
cancer, but relapse occurs in 70% of patients [3]. Although most ovarian cancers remain sensitive
to these therapies, there is growing resistance against them which reduces the time to disease
progression following the initial treatment, and minimises their efficacy upon further treatment
during relapse [5]. The anticancer activity of platinum arises from its ability to form irreparable
intra-strand DNA crosslinks/adducts, which leads to cell apoptosis [6], as well as induction of
oxidative and endoplasmic reticulum stress [7–9]. On the other hand, platinum resistance in cancer
results from various adaptive mechanisms including reduced cellular uptake, increased DNA repair
and tolerance [10], and inactivation by glutathione [10,11]. It has been previously reported that
platinum-sensitive (A2780) and resistant (C200) ovarian cancer cell lines have distinct metabolic
profiles in various interdependent pathways [3].

Melittin, is the main component of honey bee venom and has demonstrated a variety of biological
and pharmacological applications [12,13]. It has natural anti-bacterial, anti-viral, and anti-inflammatory
properties [12,13]. It has also been shown to have diverse anticancer effects in several different cancer
cell lines including those of gastric [14,15], breast [12,16], ovarian [16,17], liver [18,19], prostate [16],
cervical [16], and lung [20] origins. The mechanisms by which melittin, an amphipathic haemolytic
peptide, exerts its potential anticancer effects include inhibition of cell proliferation [12,17], induction of
apoptosis [12,14,15,21], and direct necrosis [14,15]. The mechanism of apoptosis appears to be related
to the activation of the caspase-dependent pathway [15,16,21]. On the other hand, necrosis arises
from damage to the cell membranes through necrotic cytotoxicity, as has been observed in rat
thymocytes, murine skeletal muscle cells, gastrointestinal (GI) tumour cells, erythrocytes, lymphocytes,
lymphoblastoid cells, rat primary alveolar cells, and intestinal Caco-2 cells [15,21]. Melittin can also
cause cell cycle arrest leading to inhibition of cell proliferation and growth. It can contribute to
inhibition of angiogenesis through its ability to suppress epidermal growth factor (EGF)-induced
vascular endothelial growth factor (VEGF) secretion and inhibit the creation of new blood vessels
by influencing hypoxia-inducible factor (HIF)-1a [22]. Previous studies on ovarian cancer cells have
shown that melittin inhibits their growth through induction of apoptosis mediated via inhibition of
signal transducer and activator of transcription 3 (STAT3) and activation of Janus kinase 2 (JAK2),
both of which are critical during angiogenesis [16]. Melittin can also prevent EGF-induced cell invasion
through its inhibition of the PI3K/Akt/mTOR signaling pathway, but this is primarily related to breast
cancer cells [12]. In hepatocellular carcinoma, melittin appears to inhibit cell proliferation through its
influence on methyl-CpG binding protein 2 (MeCP2), which is a critical element in tumour growth and
development [19]. As a consequence, melittin induces a delay in G0/G1 cell cycle progression, which it
is able to accomplish without causing apoptosis [19]. Based on these observations, it is apparent that
melittin affects cancer cells in a variety of ways that are different from those induced by platinum-based
agents. This difference in molecular action could be reflected at cellular level in terms of differences in
the metabolite profiles, and would suggest an opportunity for synergy between the two agents and a
possible lack of cross-resistance. By determining the metabolite differences between platinum-sensitive
and resistant cancer cells after treatment with melittin, it could be possible to understand the latter’s
metabolic effects on these cells in relation to their platinum chemosensitivity.

Metabolomics is a growing and powerful technology capable of detecting hundreds to thousands
of metabolites in tissues and biofluids [23–26]. With recent advances in both instrumental and
computational metabolomics technologies, it is now possible to gain deeper understanding of
the metabolic processes occurring within cancer cells, including how they exploit the process of
glycolysis. Cancer cells are known to rely on higher rates of glycolysis, an observation that is known
as the “Warburg effect”. With metabolomic profiling, it is possible to relate the “Warburg effect”
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to the production of amino acids, nucleotides, and lipids necessary for tumour proliferation and
vascularisation [27]. Some researchers have suggested that metabolic profiling can be an invaluable
tool in the evaluation of drug targets and analysis of malignant phenotypes, including the diagnosis
of cancer [28]. For instance, by comparing the metabolite profile of cancer cell lines such as ovarian
cancer cells pre- and post-treatment, it is possible to identify relevant metabolic changes that relate
to specific treatments, which not only helps in determining the efficacy of the treatment, but is also
essential in elucidating its pharmacodynamics and identifying the essential biomarkers involved. Thus,
metabolomic analysis of lysates from cell cultures has many potential applications and advantages
over conventional methods of analytical biochemistry and cell line testing. It is anticipated that as
more robust platforms for metabolomics of cell cultures become available, this will facilitate greater
understanding of drug actions both in vitro and in vivo, as well as aiding the rapid incorporation of
drug leads into novel therapeutic agents [29].

Phenotype Microarrays (PMs) use a patented redox chemistry, employing cell respiration as
a universal reporter. These assays potentially provide a natural fit to support data obtained from
metabolomics screens. The redox assay provides for both amplification and precise quantitation
of phenotypes. Redox dye mixes contain a water-soluble nontoxic tetrazolium reagent that can
be used with virtually any type of animal cell line or primary cell [30]. The dyes used in Biolog
(Hayward, CA, USA) assays measure output of nicotinamide adenine dinucleotide reduced form
(NADH) production from various catabolic pathways present in the cells being tested. If cell growth
is supported by the medium in an assay well, the actively metabolizing cells reduce the tetrazolium
dye. Reduction of the dye results in colour formation in the well, and the phenotype is considered
“positive.” If metabolism is hampered or growth is poor, then the phenotype is “weakly positive”
or “negative,” and little or no colour is formed in the well. This colorimetric redox assay allows
examination of the effect of treatment on the metabolic rate produced by different substrates and thus
is an excellent technique to combine with examination of metabolic output via metabolomics screens.

The current study sought to examine the metabolic effects of melittin on cisplatin-resistant
(A2780CR) and cisplatin-sensitive (A2780) human ovarian cancer cell lines via mass spectrometry-based
metabolic profiling in combination with Biolog microarray assays. Each of the cell lines was separately
treated with sub-lethal doses of melittin for 24 h before extraction and global metabolite analysis of
cell lysates by LC-MS using a high performance liquid chromatography (HPLC) system coupled to an
Orbitrap Exactive mass spectrometer using a ZIC-pHILIC column. The resulting data were extracted
by MZMine and subsequently analysed by univariate and multivariate approaches with SIMCA-P.

2. Results

2.1. Melittin Sensitivity of the Ovarian Cancer Cells

Figure S1 shows the cell viability plots for A2780 and A2780CR cells treated with cisplatin. Melittin
exhibited toxicity against both A2780CR and A2780 cells, with IC50 values of 4.5 and 6.8 µg/mL,
respectively (Figure 1). Thus, the cisplatin-resistant A2780CR cells were more sensitive to
melittin than the cisplatin-sensitive A2780 cells and exhibited a response curve suggestive of a
dose-response relationship.
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Figure 1. Effect of melittin on the viability of the ovarian cancer cells A2780 and A2780CR. Cell viability 
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Figure 1. Effect of melittin on the viability of the ovarian cancer cells A2780 and A2780CR. Cell viability
was determined following treatment with varying doses of melittin for 24 h (IC50 = 6.8 µg/mL A2780;
IC50 = 4.5 µg/mL A2780CR).

2.2. Phenotypic MicroArray (PM) Assay of Untreated and Melittin Treated A2780 and A2780CR Cells

The cells were tested by using standard protocols for metabolic phenotype microarray-mammalian
(PM-M) cell assays (Biolog, Hayward, CA, USA). In order to select the proper dye mix, an optimisation
experiment was performed in order to determine which of the two Biolog redox dyes (MA or MB) was
most appropriate for phenotypic microarray (PM) assay of both A2780 and A2780CR cells. Figure S2
shows the layout of the carbon sources in the PM-M1 microplate. Figure S3 shows the colours which
developed in the plates after inoculation with A2780 and A2780CR cells in the presence and absence
of melittin. Figure 2 indicates the extent of utilisation of the different carbon sources by the resistant
and sensitive cells. A number of the carbon sources were used by both cell lines. However, many of
the substrates in the microarray plate do not appear to be useful as carbon sources. There were clear
phenotypic differences and the A2780CR cells would appear to have a slightly more active glycolytic
pathway as judged by the rate of utilization of glucose and fructose phosphates, although the rates of
glucose and pyruvate utilisation were higher in the A2780 cell line. Inosine also appears to be a very
favourable carbon source and is used by the A2780CR cells to a greater extent than by the A2780 cells.
Neither Krebs cycle intermediates nor short chain fatty acids appear to be useful as carbon sources
underlining the dependence of both cell lines on glycolysis, which is generally the case in cancer cell
lines [2].
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Figure 2. Comparison of substrate metabolism in A2780 and A2780CR. Dye reduction rates calculated
following 24 h incubation of cells.
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Treatment of the cells with melittin produced a very different effect on the sensitive cells in
comparison with the resistant cells. In the resistant cells carbon metabolism was not that strongly
affected and the cells continued to produce NADH, but in the sensitive cells there was a huge reduction
in carbon metabolism (Figures 3 and 4). This suggests that there may be differences in the mechanisms
by which the two cell lines respond to melittin, which could lead to different mechanisms of cell death
induced by the treatment.
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Figure 3. Comparison of substrate metabolism in A2780 cells following melittin exposure.
Dye reduction rates calculated following 24 h incubation of cells with melittin at IC50 (6.8 µg/mL)
concentration. C = untreated controls; T = melittin treated.
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Figure 4. Comparison of substrate metabolism in A2780CR cells following melittin exposure.
Dye reduction rates calculated following 24 h incubation of cells with melittin at IC50 (4.5 µg/mL)
concentration. C = untreated controls; T = melittin treated.

2.3. Effect of Melittin on the Metabolomes of Both Cell Lines

In order to gain a better understanding of the mechanism of melittin toxicity in the two cell
lines, differences in the levels of metabolites induced by treatment with melittin at concentrations
corresponding to IC50 with respect to each cell line were assessed. PCA and HCA analyses were used
to classify the metabolic phenotypes and identify the differentiating metabolites. A clear separation
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of melittin-treated A2780 and A2780CR cells, and their respective untreated controls, was achieved
indicating unique metabolite profiles for the treated and control cells on a PCA scores plot (Figure 5).
The model parameters and validation of the plot suggested a good model (2 components, R2X = 0.814;
Q2 = 0.526). The HCA groupings of the metabolomics data showed distinct separation between the cell
lines themselves as well as between the control and treated samples of each cell line.
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melittin. PCA scores plot generated from PCA using LC-MS normalised data of treated cells and
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cells; CR circles: untreated A2780CR.

Table 1 shows the metabolic differences between the sensitive and resistant cell lines. The low
levels of ATP in the A2780 cells reflected the Biolog data suggesting that these cells have reduced
rates of glycolysis in comparison with the resistant cells. Several metabolites in the TCA cycle differed
between the sensitive and resistant cells including citrate, 2-oxoglutarate, and malate. None of the TCA
intermediates supplied in the Biolog array were utilised by the cell lines as carbon sources. However,
pyruvate was used as a carbon source and presumably enters the Krebs cycle. Treatment with melittin
further reduced the levels of ATP in the A2780 cells whereas melittin had little effect on the ATP levels
in the A2780CR cells. There were marked differences in levels of some carnitines between the sensitive
and resistant cells with the sensitive cells having much higher levels of butyryl carnitine. However,
there was no evidence from the Biolog data that short chain fatty acids were utilised as carbon sources.

The most marked differences between the sensitive and resistant cells were in the polyamine
pathway where 14 metabolites in the pathway were altered in the sensitive cells in comparison with
the resistant cells. The polyamines spermidine, putrescine and N-acetylputrescine were markedly
higher in the sensitive cells and, correspondingly, many of their precursors, especially arginine, were
down regulated. Melittin treatment decreased the levels of polyamines in the sensitive cells and the
levels of arginine present in the cells were reduced almost to zero.

There were important differences in lipid composition between the two cell lines before and
after treatment with melittin. Figure 6 shows a heat map of the top 50 lipids by intensity extracted
from the A2780 cells in comparison with A2780CR cells. The top 10 most abundant lipids are similar
between the two cell lines and make up a large proportion of the lipids extracted. However, it is clear
that the A2780 cell line generally contains more lipids than the A2780CR cell line. The really marked
differences between the two cell lines are in several sphingolipids such as dehydrosphinganine and
lactosylceramide, and in some ether lipids such as PC38:4 and PC38:6, all of which are lower in the
resistant cells. The differences in lipid composition of the two cell lines suggest that either remodelling
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of the cell membrane might have occurred in order for the A2780CR cells to become resistant, or there
is decreased biosynthesis and/or increased utilisation of lipids in cisplatin resistant cells as has been
suggested by others [3]. Melittin appears to have some effect on lipid composition in the A2780 cells
with the levels of the abundant lipid PC34:1 decreasing, but the effect on this lipid in the A2780CR
cells is less marked. Overall there are many changes in lipid abundance in response to melittin but
they are generally quite small and restricted to the less abundant lipids (Table S1). The decrease in
the lipids induced by treatment with melittin is less in the case of the A2780CR cells suggesting less
membrane damage in the case of these cells.
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Table 1. Statistically differentiating metabolites in melittin treated and untreated A2780 and A2780CR cells.

m/z RT Metabolite Name
S/R MS/MR MR/R MS/S

p-Value Ratio p-Value Ratio p-Value Ratio p-Value Ratio

Proline/glutamate/arginine/polyamine metabolism

116.071 12.8 * Proline <0.01 0.837 <0.001 0.409 ns 1.056 <0.001 0.516
128.035 10.3 1-Pyrroline-3-hydroxy-5-carboxylate <0.05 0.839 <0.001 0.364 ns 1.114 <0.001 0.453
130.051 14.4 Glutamate-5-semialdehyde ns 0.944 <0.001 0.607 ns 1.065 <0.001 0.658
131.083 11.4 * Ornithine <0.001 4.774 <0.001 3.573 ns 1.001 <0.001 0.749
132.030 15.2 * Aspartate ns 1.091 <0.001 1.229 ns 1.055 <0.01 1.159
146.046 10.8 Glutamate <0.001 0.608 <0.001 0.113 ns 0.999 <0.001 0.187
147.076 14.9 * Glutamine <0.001 0.299 <0.001 0.503 <0.001 1.204 <0.001 1.906
173.104 24.6 * Arginine <0.001 0.155 <0.001 0.004 ns 1.023 <0.05 0.026
188.057 14.4 * N-Acetyl-L-glutamate <0.001 0.637 <0.001 0.146 <0.001 1.348 <0.001 0.313
89.107 15.4 ** Putrescine <0.001 2.339 <0.001 1.490 ns 1.051 <0.001 0.670
131.118 8.24 N-Acetylputrescine <0.001 5.175 <0.001 1.603 ns 1.021 <0.001 0.316
146.165 26.2 ** Spermidine <0.001 2.354 ns 1.150 ns 1.127 <0.001 0.550
150.058 11.4 * Methionine <0.001 0.422 <0.001 0.669 <0.01 1.127 <0.001 1.594
298.096 6.42 * 5′-Methylthioadenosine 0.003 1.92 ns 0.830 ns 0.839 <0.001 0.361

TCA cycle/glycolysis

133.014 16.4 * Malate <0.001 0.647 <0.001 0.238 <0.001 1.129 <0.001 0.418
145.014 15.9 * 2-Oxoglutarate ns 0.972 <0.001 0.173 <0.001 1.217 <0.001 0.221
191.020 18.4 * Citrate <0.001 2.207 <0.001 0.534 ns 1.098 <0.001 0.265
508.003 16.6 * ATP <0.001 0.267 <0.001 0.118 ns 0.963 <0.001 0.415

Carnitine metabolism/fatty acid metabolism

162.112 13.3 * Carnitine <0.001 0.253 <0.001 0.164 ns 1.065 <0.001 0.676
204.123 11.0 * Acetylcarnitine <0.001 0.273 <0.001 0.050 ns 1.016 <0.001 0.190
232.154 8.7 Butanoylcarnitine <0.001 14.083 ns 1.992 ns 0.903 <0.001 0.131
664.117 14.3 * NAD+ <0.001 0.487 <0.001 0.135 <0.001 1.228 <0.001 0.336

Miscellaneous

104.106 19.6 * Choline <0.001 0.019 <0.001 0.231 <0.001 1.423 <0.001 7.270
166.086 10.0 * Phenylalanine <0.001 0.381 <0.05 0.873 <0.01 1.157 <0.001 2.358
118.086 12.4 * Valine <0.001 1.148 <0.01 2.257 <0.01 1.148 <0.001 2.257
120.065 14.3 * Threonine <0.001 0.610 ns 0.948 <0.05 1.140 <0.001 1.704
88.040 14.7 * Alanine ns 0.965 <0.001 0.385 ns 1.098 <0.001 0.442
179.056 17.1 * Hexose <0.001 0.564 <0.001 0.364 <0.01 0.931 <0.001 0.605
195.051 13.7 * Gluconic acid <0.001 0.559 <0.001 0.103 <0.001 0.837 <0.001 0.154
258.110 14.4 * Glycerophosphocholine <0.001 0.020 <0.001 0.031 <0.001 1.529 <0.001 2.342

RT: retention time (in min); MR: melittin treated A2780CR cells; R: untreated A2780CR cells; MS: melittin treated A2780 cells; S: untreated A2780 cells; ns: non-significant.
* Retention time matches standard on ZIC-pHILIC column; ** Retention time matches standard on ZIC-HILIC column.
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2.4. Assessment of Necrotic and Apoptotic Cell Death in A2780 and A2780CR Cells

LDH (lactate dehydrogenase) release in the medium is an enzymatic indicator that illustrates the
breakdown of membrane integrity, apoptosis, or necrosis of a cell. A2780 and A2780CR cancer
cells were incubated with increasing concentrations of melittin for 24 h and intracellular LDH
release increased as a result of the breakdown of the cell or plasma membrane. The results suggest
that compared to control cells (untreated cells), melittin produced an increase in LDH leakage
when incubated with ovarian cancer cells at levels ≥6 µg/mL (Figure S4); the amount of LDH
released appeared to be concentration-dependent in A2780, but not in A2780CR, cells. However,
in comparison to staurosoporine, melittin did not induce high levels of caspase activity particularly at
6 h (Figure S5). This suggests that the mechanism of cell death promoted by melittin was via necrosis
rather than apoptosis.

3. Discussion

In this study, untargeted metabolomics was performed in order to determine the effects of
melittin on the metabolic output of A2780 and A2780CR ovarian cancer cell lines. The altered
metabolites in both cells encompassed several pathways including those of lipid, amino acid, energy,
and carbohydrate metabolism. In a previous study it was found that docetaxel, the chemotherapeutic
agent used for treatment of ovarian cancer, caused significant metabolic changes in amino acid and
carbohydrate metabolism in ovarian cancer cells (OVCAR-3) [31]. In addition, recent metabolomics
based studies in ovarian cancer cells have demonstrated that gossypol decreases cellular levels of
glutathione (GSH), aspartic acid, and flavin adenine dinucleotide (FAD) [32]. Thus, the results
obtained with melittin in this study add to the growing body of evidence regarding the utility of
metabolomics as a tool for evaluating metabolic alterations in cancer cells induced by various agents.
However, while there have been some previous metabolomics studies on the comparison between
platinum-sensitive and resistant ovarian cancer cell lines [3], and between effects of nicotinamide
phosphoribosyltransferase on ovarian and colorectal cancers [33], this is the first metabolomics-based
study to evaluate the effects of melittin on human ovarian cancer cell lines as a potential anticancer
therapeutic agent.

The overall impression is that the cisplatin-sensitive cells exhibit a much stronger metabolic
response to melittin treatment than the resistant cells, possibly indicating a greater capacity of the
former cell line to neutralise the effects of melittin given its higher IC50 value against this cell line.
In particular, the levels of several amino acids including proline, pyrroline-3-hydroxy-5-carboxylate,
glutamate, glutamate-5-semialdehyde, N-acetyl-L-glutamate, and arginine were all markedly
decreased in A2780 cells following melittin exposure. In a previous study by Poisson et al. (2015) to
compare the metabolic profiles of untreated cisplatin-resistant and sensitive cell lines [3], arginine was
found to be significantly higher in the latter. In contrast, our study shows that arginine was higher
in the resistant compared to sensitive cell lines both pre- and post-treatment with melittin. However,
it should be noted that the Poisson et al. study [3] compared the sensitive A2780 cells with C200,
a different cisplatin resistant cell line from the one used in the current study. Thus, our findings
suggest that the A2780CR cell line contains more arginine than both the cisplatin sensitive A2780 and
cisplatin-resistant C200 cell lines and, unlike in A2780 cells where it is lowered, the arginine level
in A2780CR cells is unperturbed by treatment with melittin. In correspondence to lower levels of
intermediates in the arginine pathway, ornithine, putrescine, N-acetylputrescine and spermidine were
all upregulated suggesting that the levels of arginine and its precursors are lower in the A2780 cells
since they are being directed towards polyamine biosynthesis. The lower level of methionine in these
cells correlates with an increased requirement for it in the biosynthesis of spermidine. High levels
of polyamines have been linked to high rates of cell proliferation. Treatment of the sensitive cells
with melittin results in an almost complete depletion of arginine within the cells and further lowering
of arginine precursors. The lack of arginine as a precursor appears to result in a fall in the level
of ornithine and polyamines within the cells although the levels still remain higher than those in
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the resistant cells and methionine is higher after treatment suggesting that the requirement for it in
spermidine biosynthesis is reduced because of the depletion of spermidine. Polyamine metabolism in
the resistant cells remains unaffected by melittin. Polyamines are known to act to stabilise membranes
through interaction with phospholipid head groups [34]. It has been speculated that polyamines
stabilise membrane flow, which involves fusion between the plasma membrane and Golgi derived
vesicles [35,36]. The resistant cells contain higher levels of arginine and lower levels of polyamines
suggesting a slower rate of biosynthesis of polyamines from arginine in these cells. Treatment of the
resistant cells with melittin does not affect the levels of either the polyamines or arginine to any great
extent. If the hypothesis regarding the role of polyamines in stabilising membrane flow is true, then it
is possible that the lower levels of polyamines might result in reduced capability in these cells to repair
membrane damage caused by melittin. In addition there is a link between polyamine depletion and the
inhibition of apoptotic cell death [37]. This further underlines possible differences in the mechanism of
cell death between these two cell lines.

The A2780 cells have lower levels of ATP both before and after melittin treatment in comparison
with the A2780CR cells. The Biolog data also indicates lower levels of glycolysis in the A2780 cells in
comparison with the A2780CR cells. Since ATP generation in cancer cells is primarily from glycolysis
as opposed to oxidative phosphorylation, even under normoxic conditions [38], the observed effect
implies that glycolysis may be a potential target for melittin as an anticancer agent. The strong
dependence of cancer cells on glycolysis could be the basis for melittin’s selective toxicity against
them [13–19]. On the other hand, levels of ATP in A2780CR cells were higher than in A2780 at the
outset and were not greatly affected by melittin treatment. The Biolog data also suggested a smaller
effect of melittin on ATP production in A2780CR cells since the production of NADH by the cells was
much less affected by melittin treatment than in the case of the A2780 cells. ATP levels have been
linked to the capability of cells to undergo apoptotic as opposed to necrotic cell death and this suggests
that the A2780CR cells may be undergoing apoptotic cell death in response to melittin whereas the
A2780 cells may be undergoing necrotic cell death. However, the effect of melittin on caspase levels
does not support this. In our study, we found that melittin inhibited glycolysis in A2780 cells by
reducing the level of NAD+, but this biomarker was increased in A2780CR cells. Cancer cells require
increased NAD+ biosynthesis to support anabolic metabolism, to sustain signalling processes including
sirtuin activity and ADP-ribosylation, and to maintain a redox balance. Accordingly, inhibitors of
nicotinamide phosphoribosyltransferase (NamPT), the enzyme that catalyses the rate-limiting step in
NAD+ biosynthesis, have been shown to possess moderate anti-tumour activity in monotherapy both
in vitro and in vivo [39]. The peptide toxin ricin was found to promote apoptosis by decreasing both
ATP and NAD levels in U937 cells [40] although it was proposed that necrotic mechanisms might also
be operating.

Levels of choline, methionine, phenylalanine, valine and threonine observed were raised in both
cell lines when treated with melittin and they were significantly higher in A2780 cells. These findings
resemble those from a previous study in which the levels of phenylalanine and methionine were
elevated in A2780 and HCT-116 (colorectal cancer) cell lines following treatment with FK866, a small
molecule inhibitor of NamPT [41]. However, the levels of metabolic intermediates of the TCA cycle,
such as citrate, 2-oxoglutarate, and malate were decreased in A2780 cells by melittin, but they were
increased in A2780CR. Some recent studies have demonstrated higher levels of TCA cycle intermediates
(including succinate, fumarate, and malate) observed in tissue samples from ovarian carcinoma without
treatment [42–44] and our study shows as well that there are significant differences in citrate and
malate levels in the untreated cells (negative controls) in which malate is decreased and citrate is
increased in A2780 relative to A2780CR cells respectively. However, the previously mentioned study
by Poisson et al. did not find significant differences in TCA cycle metabolites between untreated
platinum-sensitive (A2780) and resistant (C200) cells [3], suggesting that the A2780CR cell line has
relatively specific distinctions in its metabolome. Some acyl carnitines were also found to respond to
melittin treatment in A2780, but not in A2780CR cells. The dose-dependent decreases in L-carnitine,
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acetylcarnitine and butanoylcarnitine levels in A2780 cells after melittin exposure might be explained
based on cell-specific alteration of metabolic pathways. Carnitine serves an important role in the
regulation of energy production from fatty acids and glucose at the cellular level. It is involved in the
transport of long-chain fatty acids across the inner mitochondrial membrane, as well as facilitating
chain-shorted acyl group transportation from the peroxisomes, where they are produced, to the
mitochondria for further energy metabolism [45].

There are some significant differences in the lipid composition between A2780 cells and A2780CR
cells. Several sphingomyelin (SM) lipids are higher in the A2780 cells in comparison to the A2780CR
cells. This differs from previous reports of increased ceramide lipids, particularly glucosylceramides
and galactosylceramides, in multidrug resistant ovarian cancer cells [46] and breast cancer cells [47].
However, in these previous studies ceramides or glycosylceramides were measured rather than
sphingomyelin lipids. In common with Veldman et al. [46], we have observed lower levels of
lactosylceramide in the resistant cells. It has also been previously reported that ether lipids are
elevated in vinblastine-resistant human leukaemic lymphoblasts compared with sensitive cells [48],
although in the current case many ether lipids are elevated in the cisplatin-sensitive cells and lowered
in the resistant ones. Ether lipids increase membrane impermeability due to their ability to form
hydrogen bonds with cholesterol and their resistance to hydrolysis by phospholipases [48].

The presence of lower levels of many lipids in the resistant cells, particularly those lipids whose
function involves promoting membrane stability, suggests that cisplatin resistance in this cell line is
unconventional. Cisplatin, a polar drug, does not cross cell membranes by passive diffusion but via
action of organic cation transporters of which several have been identified [49]. Thus, it is possible that
cisplatin resistance could be mediated through mechanisms other than augmentation of membrane
lipids. This possibility is supported by two of our findings which suggest that melittin, an agent known
to destabilise cell membranes, was more active on the cisplatin resistant compared to cisplatin sensitive
cells, and that polyamines were higher in the sensitive cells. Both observations further illustrate the
fact that the A2780 cell line had a more stable cell membrane. Why membrane stability of the A2780
cells would make them more vulnerable to cisplatin still remains unclear.

Following treatment with melittin, lipids were significantly altered in both A2780 and A2780CR
cells although the fold changes are quite small. The observed effect was much more marked in the
cisplatin-sensitive cells, where there was a larger number of lipids significantly decreased, suggesting
that the latter undergo much more extensive membrane re-modelling in response to melittin in
comparison with the resistant cells.

4. Materials and Methods

4.1. Cell Lines and Cultures

The cisplatin-sensitive (A2780) and resistant (A2780CR) human ovarian carcinoma cells were
obtained from ECACC (Porton Down, Salisbury, UK) and maintained at 75 × 104 cells/mL in RPMI
1640 medium (Lonza, Verviers, Belgium) supplemented with 1% (v/v) L-glutamine (Invitrogen,
Paisley, UK), 100 IU/mL/100 µg/mL penicillin/streptomycin (Invitrogen, Paisley, UK), and 10% (v/v)
foetal bovine serum (FBS) (Life Technologies, Carlsbad, CA, USA). In addition, the cultures for the
A2780CR cells contained 1 µM cisplatinum (Tocris Bioscience, Bristol, UK) in the first three passages.
Sub-confluent cultures were split by trypsinisation every 4–5 days and maintained at 37 ◦C in a
humidified atmosphere saturated with 5% CO2.

4.2. Cell Viability Assay against Melittin

Melittin was purified from bee venom (supplied by Beesen Co. Ltd., Dae Jeon, Korea) by reversed
phase liquid chromatography [50] and reconstituted in sterile water to form a stock solution of
1 mg/mL before storage at −20 ◦C until required for analysis. Cell viability was assessed by an
Alamar® Blue (AB) cell viability reagent (Thermo Fisher Scientific, Loughborough, UK). Both A2780
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and A2780CR cells were seeded at 1 × 104 cells/well in 96-well plates (Corning®, Sigma-Aldrich,
Dorset, UK) and incubated at 37 ◦C and 5% CO2 in a humidified atmosphere for 24 h. After this
incubation period, the cells were treated with various concentrations of melittin ranging from 0.5 to
14 µg/mL in 100 µL of medium, and re-incubated at 37 ◦C and 5% CO2 for a further 24 h. Triton X at
1% (v/v) and cell culture media were used as positive and negative controls, respectively. After this,
AB was added at a final concentration of 10% (v/v) and the resultant mixture was incubated for a
further 4 h at 37 ◦C and 5% CO2. Then, the plates were read at an excitation wavelength of 560 nm
and the emission at 590 nm was recorded on a SpectraMax M3 microplate reader (Molecular Devices,
Sunnyvale, CA, USA). Background-corrected fluorescence readings were converted to cell viability
data for each test well by expressing them as percentages relative to the mean negative control value.

4.3. Determination of IC50

GraphPad Prism for Windows (version 5.00, GraphPad Software, San Diego, CA, USA) was
employed to produce dose-response curves by performing nonlinear regression analysis of the cell
viability data. The mean inhibitory concentration (IC50) values were calculated from at least three
measurements of independent experiments (n = 3).

4.4. Determination of Effect of Melittin on Cell Metabolomes

The A2780 and A2780CR cell lines were separately treated with melittin at concentrations of
6.8 and 4.5 µg/mL respectively for 24 h (n = 5). The cells were seeded at 75 × 104 cells/mL in T-25
cell culture flasks and incubated for 1 doubling time (48 h) before treatment with the melittin and
incubation for an additional 24 h. After the treatment, the medium was removed and the cells were
washed twice with 3 mL of phosphate-buffered saline (PBS) at 37 ◦C before lysis. Cell lysates were
prepared by extraction with ice cold methanol:acetonitrile:water (50:30:20) (1 mL per 2 × 106 cells).
Lipids were extracted with isopropanol (4 ◦C) (Sigma-Aldrich, Dorset, UK). The cells were scraped and
cell lysates mixed on a Thermo mixer at 1440 rotations per minute (r.p.m.) for 12 min at 4 ◦C, before
being centrifuged at 13,500 r.p.m. for 15 min at 0 ◦C. The supernatants were collected and transferred
into HPLC vials for LC-MS analysis. During the analysis, the temperature of the autosampler was
maintained at 4 ◦C. Mixtures of authentic standard metabolites (Sigma-Aldrich, Dorset, UK), prepared
as previously described [51], and the pooled quality control (QC) sample, were injected in each analysis
run in order to facilitate identification and to evaluate the stability and reproducibility of the analytical
method, respectively. The pooled QC sample was obtained by taking equal aliquots from all the
samples and placing them into the same HPLC vial.

4.5. Optimisation of Phenotype Microarray Experiment Parameters

(1) A2780 and A2780CR cells were cultured in a 75 cm2 culture flask containing 10 ml RPMI-1640
medium lacking phenol red but containing 5% (v/v) FBS, L-glutamine and Pen/Strep (Gibco™
by Life Technologies, Paisley, UK).

(2) The medium was removed from the culture flask and saved in a 15 mL sterile conical tube.
The remaining medium was aspirated and discarded from the culture flask. The adherent cells
were washed twice with 10 mL of Dulbecco’s Phosphate-Buffered Saline (D-PBS) (Gibco, Paisley,
UK) and any remaining D-PBS was aspirated and discarded.

(3) The cells were then detached by adding 2 mL of 0.25 % (v/v) Trypsin-EDTA (Gibco, Paisley, UK)
and incubated at 37 ◦C for 3 min.

(4) Then, 3 mL of culture medium was taken from the 15 mL conical tube was added to quench the
detachment reaction and the cell suspension mixed by gently pipetting up and down several
times to disperse the cells.

(5) The cells were harvested by transferring the cell suspension to the 15 mL conical tube containing
the culture medium and centrifuged at 350× g for 5 min. After centrifugation, the medium was
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aspirated and 10 mL of D-PBS was added. After that, the cell pellet was suspended in the D-PBS
by pipetting up and down several times, then centrifuged again at 350× g for 5 min.

(6) After the second centrifugation, the medium was aspirated and 10 mL of pre-warmed MC-0 was
added. The cell pellet in the MC-0 Assay Medium was suspended by pipetting up and down
several times. The MC-0 medium was composed of IF-M1 (Technopath Distribution, Tipperary,
Ireland) medium supplemented with 5.3% (v/v) dialysed foetal bovine serum (dFBS) (Gibco™ by
Life Technologies, Paisley, UK), 1.1% of 100× Pen/Strep solution (Gibco™ by Life Technologies,
Paisley, UK), and 0.16% (v/v) of 200 mM glutamine (final concentration 0.3 mM).

(7) The cell number was determined and cell viability was assessed by trypan blue dye exclusion
(Sigma-Aldrich, Dorset, UK).

(8) The cells were suspended in enough MC-0 Assay Medium to fill the selected number of PM
panels and to achieve a density of 4 × 105 cells/mL.

(9) After that, 50 µL/well of the cell suspension was added on two sets of PM-M1 plates (Technopath
Distribution, Tipperary, Ireland) so that each well had 20,000 cells. The first one was used as the
control set, where untreated A2780 and A2780CR were cultured. A2780 and A2780CR seeded
in the second set of plates were exposed to melittin. Both sets of PMs containing A2780 and
A2780CR were first incubated for 24 h to allow cells to catabolise all nutrients in medium MC-0.
The treated cells set was subsequently inoculated with 25 µL of Melittin/well of three PM-M1
plates at IC50 concentration, while 25 µL of MC-0 medium was added to each well in the control
set of three PM-M1 plates.

(10) Then, the PM plates were incubated at 37 ◦C in a humidified atmosphere with 95% Air-5% CO2

for 18 h, after which the Biolog Redox Dye Mix MA was added to all wells (15 µL/well to the
plate). The plate was sealed with tape to prevent off-gassing of CO2.

(11) The plates were incubated for an additional 6 h with Biolog Redox Dye Mix MA
(Technopath Distribution, Tipperary, Ireland).

(12) Tetrazolium reduction was determined with a microplate reader (SpectraMax M3, Molecular
Devices, Sunnyvale, CA, USA). The endpoint read was performed at 590 nm with subtraction of
a 750 nm reference reading (A590-750) which corrects for any background light scattering.

4.6. LC-MS Conditions

Liquid chromatographic separation was carried out on an Accela HPLC system interfaced to an
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) using a hydrophilic
interaction liquid chromatography (HILIC) column (ZICp-HILIC, 150 × 4.6 mm, 5 µm particle size)
supplied by Hichrom Ltd. (Reading, UK). Since chromatographic separation of polyamines is poor
on a ZIC-pHILIC column [51], a ZIC-HILIC column (150 × 4.6 mm, 5 µm particle size), supplied by
Hichrom Ltd. (Reading, UK) was employed for the determination of putrescine and spermidine in the
samples. The mobile phase for ZIC-pHILIC consisted of 20 mM ammonium carbonate (Sigma-Aldrich,
Dorset, UK) in water purified by Direct-Q 3 Ultrapure water purification system (Millipore, Watford,
UK) at pH 9.2 (solvent A) and acetonitrile (Sigma-Aldrich, Dorset, UK) (solvent B) at a flow rate of
0.3 mL/min. The elution gradient was an A:B ratio of 20:80 at 0 min, 80:20 at 30 min, 92:8 at 35 min and
finally 20:80 at 45 min as described previously [52]. In the case of the ZIC-HILIC column, the mobile
phase was 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B) with a
gradient of A:B 50:50 at 0 min, 95:5 from 20–30 min, and 50:50 from 31–36 min. The nitrogen sheath
and auxiliary gas flow rates were maintained at 50 and 17 mL/min. The electrospray ionisation (ESI)
interface was operated in a positive/negative dual polarity mode. The spray voltage was 4.5 kV for
positive mode and 4.0 kV for negative mode, while the ion transfer capillary temperature was 275 ◦C.
Full scan data were obtained in the mass-to-charge ratio (m/z) range of 75 to 1200 for both ionisation
modes with settings of AGC target and resolution as Balanced (1E6) and High (50,000) respectively.
Mass calibration was performed for both positive and negative ESI polarities before the analysis using
the standard Thermo Calmix solution (Thermo Fisher Scientific, Bremen, Germany) with additional
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coverage of the lower mass range with signals at m/z 83.0604 (2 × ACN + H) for the positive and m/z
91.0037 (2 × HCOO−) for the negative modes respectively. The resulting data were recorded using the
XCalibur 2.1.0 software package (Thermo Fisher Scientific, Bremen, Germany). Analysis of lipids was
carried out on an ACE silica gel column (150 × 4.6 mm, 3 µm, Hichrom, Reading, UK) as described
previously [52].

4.7. Data Extraction and Analysis

Data extraction for each of the samples was carried out by MZmine-2.10 software [53,54].
The extracted ions, with their corresponding m/z values and retention times, were pasted into an Excel
macro of the most common metabolites prepared in–house to facilitate identification, and a library
search was also carried out against accurate mass data of the metabolites in the Human Metabolome,
KEGG, and Metlin databases. The lists of the metabolites obtained from these searches were then
carefully evaluated manually by considering the quality of their peaks and their retention time match
with the standard metabolite mixtures run in the same sequence. All metabolites were within 3 ppm
of their exact masses. Statistical analyses were performed using both univariate and multivariate
approaches. The p-values from univariate analyses were adjusted using the Bonferroni correction
and differences in the levels (or peak areas) of the metabolites between treated and control cells were
considered significant at p < 0.05. SIMCA-P software version 14.0 (Umetrics, Crewe, UK) was used
for unsupervised multivariate analysis of the metabolite data with Pareto scaling prior to principal
component (PCA) and hierarchical clustering (HCA) analyses.

4.8. LDH Assay

The cytotoxicity of the melittin was determined by the lactate dehydrogenase (LDH) release assay
on A2780 and A2780CR cells. LDH release into the medium is due to the loss of membrane integrity
either due to apoptosis or necrosis. Briefly, A2780 and A2780CR cells were seeded at 1 × 104 cells/well
in 96-well plates and incubated at 37 ◦C and 5% CO2 in a humidified atmosphere for 24 h. The cells
were treated with different concentrations of the melittin for 24 h. Then, the supernatant (50 µL) of
the treated cells was transferred into 96-well flat-bottomed plates, and 50 µL of the LDH reaction
mix (Lactate Dehydrogenase Activity Assay Kit, MAK066, Sigma-Aldrich, Dorset, UK) was added
for 30 min. Finally, the intensity of orange colour in the samples indicating the LDH activity was
measured at 490 nm. LDH release increased in a dose-dependent manner in melittin treated A2780
and A2780CR cells compared with untreated cells. The values are represented as the means ± SD of
three separated experiments.

4.9. Caspase Activity Assay

Fluorometric assays of caspase activity were carried out by using the substrate Ac-DEVD-AMC
(BD Pharmingen, San Diego, CA, USA) for caspase-3. Both A2780 and A2780CR cells were seeded at
1 × 104 cells/well in costar 96-well black plates and incubated at 37 ◦C and 5% CO2 in a humidified
atmosphere for 24 h. Then, the cells were treated for 6 and 24 h with different concentrations of melittin
to measure caspase-3 activity. Staurosporine (Sigma-Aldrich, Dorset, UK) was used to induce apoptosis
at a concentration of 10 µM. The control cells were treated with media alone. The caspase-3 assay
buffer was prepared as described previously [55]. The caspase-3 assay buffer (3×) was added to each
well and incubated at 37 ◦C in 5% CO2 for 1 h. Fluorescence was measured at 360 nm (excitation) and
460 nm (emission) using a Spectramax M3 microplate reader. The average fluorescence values of the
background were subtracted from the fluorescence values of experimental wells. Statistical analysis
was done using one-way ANOVA followed by Bonferroni’s Multiple Comparison test.

5. Conclusions

In conclusion, this study shows that the cisplatin sensitive A2780 cells contain relatively higher
levels of ether lipids and polyamines, which might result in increased membrane stability and
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repair and thus resistance to the lytic action of melittin in comparison with the cisplatin resistant
A2780CR cells. After exposure to melittin, the levels of most of the significantly altered metabolites,
particularly amino acids and TCA cycle intermediates, were lower in A2780 compared to A2780CR
cells, suggesting different metabolic responses in the two cell lines. The large increases in choline
and glycerophosphocholine in A2780 cells may be related to increased de novo lipid synthesis and
re-direction of cellular metabolism. Thus, analysis of the full lipidome could offer a more valuable
insight. Given that melittin interacts with cell membranes, the observed effects might suggest that the
membranes are less adaptable in the cisplatin resistant cells compared to the sensitive ones. Over all,
this study shows that a LC-MS based metabolomics approach for the assessment of drug effects in vitro
provides a powerful tool for obtaining insights into the mechanism of action of potential therapeutic
agents, while offering the possibility to identify key metabolite markers for in vivo monitoring of
tumour responsiveness to standard chemotherapy. Melittin might serve as a valuable adjuvant in
cancer chemotherapy for overcoming chemoresistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/6/4/35/s1,
Table S1: Differences in the top 50 lipids between A2780 cells and A2780CR cells before and after melittin treatment,
Figure S1: Cell viability determined following treatment with cisplatin for 24 h (A) IC50 = 10.8 µg/mL A2780CR;
(B) IC50 = 4.9 µg/mL A2780. Figure S2: Layout of carbon sources in the wells on the PM-M1 microplate, Figure S3:
Changes in the metabolism of ovarian cancer A2780 and A2780CR cells, Figure S4: Lactate dehydrogenase (LDH)
assay, Figure S5: Effect of Melittin on caspase-3 activity in A2780 and A2780CR cells.
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Figure S1. Cell viability was determined following treatment with cisplatin for 24 h (A) IC50 = 10.8 
µg/mL A2780CR; (B) IC50 = 4.9 µg/mL A2780. 

 
Figure S2. Layout of carbon sources in the wells on the PM-M1 microplate. 
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Figure S3. Changes in the metabolism of ovarian cancer A2780 and A2780CR cells. Top left was A2780 
without treated. Top right was A2780 after exposure to melittin. Bottom left was A2780CR without 
treated. Bottom right was A2780 after exposure to melittin. 
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Figure S4. Lactate dehydrogenase (LDH) assay. Effect of melittin on leakage of lactate dehydrogenase 
(LDH) from A2780 and A2780CR cell lines. The cells were incubated with melittin at different 
concentrations for 24 h. LDH activity was measured at 490 nm using an LDH cytotoxicity kit. Data 
were expressed as the mean ± SD of three independent experiments. Significant difference in LDH 
activity of melittin compared to untreated cells was tested by one-way ANOVA followed by 
Bonferroni’s Multiple Comparison test to determine the differences between the experimental groups. 
Differences were considered significant at p < 0.001 (∗∗∗) and ns: no significance. 

% Cytotoxicity = Experimental − Culture Medium Background × 100  

Maximum LDH Release − Culture Medium Background  
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Effect of Melittin on Caspase-3 Activity 
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Figure S5. Effect of Melittin on caspase-3 activity in A2780 and A2780CR cells. Both cell lines were 
incubated with different concentrations of melittin to measure caspase-3 activity. Staurosporine (10 
µM) was used as a positive control. Following 6 and 24 h, cell were incubated with the caspase 
detection buffer and the fluorescence signal was measured following 1 h at 360 nm (excitation) and at 
460 nm (emission). Data are presented as the fold change compare to untreated cells (negative 
control). Data were expressed as the mean ± SD of three independent experiments. Significant 
difference in caspase-3 activity of melittin compared to untreated cells was tested by one-way 
ANOVA followed by Bonferroni’s Multiple Comparison test to determine the differences between 
the experimental groups. Differences were considered significant at the level of p < 0.05 and ns: no 
significance. 
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Table S1. Differences in the top 50 lipids between A2780 cells and A2780CR cells before and after melittin treatment. 

m/z Rt(min) Met Name p Value S/R Ratio S/R MS/S p Value Ratio MS/S MR/R p Value MR/R Ratio MS/MR p Value Ratio MS/MR 
760.5846 13.9 PC34:1 0.03 1.36 0.01 0.64 0.09 0.82 0.58 1.05 

786.6 13.9 PC36:2 0.29 1.10 0.03 0.75 0.12 0.85 0.77 0.97 
732.5539 14.0 PC32:1 0.01 1.87 0.01 0.56 0.00 0.59 < 0.001 1.76 
746.6055 14.1 PC34:0 < 0.001 3.28 0.03 0.74 0.07 0.82 < 0.001 2.95 
788.6156 13.9 PC36:1 0.94 0.99 0.02 0.65 0.33 1.11 0.02 0.58 
734.5691 14.0 PC32:0 0.01 1.44 0.01 0.61 0.04 0.79 0.31 1.10 
758.5694 13.9 PC34:2 0.01 1.58 0.02 0.73 0.01 0.69 < 0.001 1.68 
703.5745 14.5 SM14:1 < 0.001 1.87 0.63 0.96 0.69 1.05 < 0.001 1.72 
720.5899 14.2 PC32:2 ether lipid < 0.001 4.62 0.12 0.82 0.01 0.69 < 0.001 5.50 
718.5746 14.1 PC32:0 ether lipid 0.00 3.31 0.11 0.83 0.17 1.17 < 0.001 2.35 
706.5382 14.1 PC30:0 0.03 1.31 0.00 0.49 0.00 0.61 0.47 1.06 
784.5847 13.8 PC36:3 0.02 1.58 0.05 0.76 0.45 0.93 0.03 1.30 
782.5672 13.7 PC36:4 0.01 1.76 0.57 0.95 0.18 1.20 0.03 1.39 
768.5529 9.7 PC38:4 0.01 1.87 0.23 1.12 0.00 1.41 < 0.001 1.48 
808.5836 13.7 PC38:5 0.03 1.64 0.32 1.12 0.11 1.30 0.03 1.41 
810.5995 13.7 PC38:4 0.02 1.88 0.44 0.90 0.02 1.84 0.54 0.93 
768.5885 13.8 PC36:3 ether lipid < 0.001 4.56 0.78 0.98 0.01 1.62 0.00 2.75 
744.5905 13.9 PC34:1 ether lipid < 0.001 1.88 0.45 0.94 0.17 1.19 0.01 1.49 
794.6051 13.8 PC38:5 ether lipid < 0.001 3.58 0.11 1.19 0.01 2.11 < 0.001 2.01 
796.6206 13.8 PC38:4 ether lipid < 0.001 5.72 0.39 0.92 0.01 1.73 < 0.001 3.03 
752.5584 9.6 PE38:5 < 0.001 3.20 0.51 0.94 0.01 1.31 < 0.001 2.29 
813.6838 14.4 SM42:2 < 0.001 1.84 0.88 0.99 0.62 1.07 < 0.001 1.71 
804.5759 14.0 PS37:0 0.69 0.96 < 0.001 1.32 0.13 1.14 0.05 1.11 
812.6155 13.8 PC38:3 0.01 1.84 0.01 0.60 0.30 1.14 0.80 0.97 
814.6312 13.9 PC38:2 0.01 0.67 0.02 0.60 0.08 0.81 0.01 0.49 
744.5534 10.1 PE36:2 ether lipid 0.26 0.89 0.02 0.69 0.01 0.75 0.06 0.82 
772.621 14.0 PC 36:1 ether lipid 0.00 2.08 0.06 0.80 0.81 0.97 0.00 1.70 

300.2893 10.4 Dehydrosphinganine 0.00 6.21 0.00 0.66 0.00 0.62 0.00 6.63 
774.6007 13.9 PC35:1 0.08 1.24 0.13 0.84 0.13 1.21 0.21 0.87 
752.5583 9.6 PE38:5 ether lipid 0.01 3.33 0.21 0.80 0.03 1.27 0.00 2.12 
766.5367 9.6 PE38:5 0.03 1.99 0.35 0.85 0.44 0.95 0.00 1.80 
750.5427 9.6 PE38:4 ether lipid 0.01 1.78 0.39 0.92 0.50 1.04 0.00 1.57 
724.5273 9.7 PE36:5 ether lipid 0.02 1.51 0.74 1.03 0.01 1.41 0.14 1.11 
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772.5851 13.9 PC35:2 0.03 1.41 0.42 0.93 0.33 0.90 0.01 1.45 
774.6365 14.1 PC36:0 ether lipid 0.00 3.40 0.02 0.69 0.03 0.76 0.00 3.11 
770.6052 13.9 PC36:2 ether lipid 0.00 2.70 0.01 0.63 0.55 1.07 0.01 1.58 
731.6057 14.5 SM36:2 0.00 2.97 0.24 1.10 0.63 1.07 0.00 3.07 
718.538 10.3 PE34:1 0.16 1.14 0.00 0.58 0.00 0.61 0.42 1.08 

692.5589 14.2 PC30:2 ether lipid 0.00 3.45 0.02 0.62 0.02 0.77 0.00 2.80 
730.5382 13.9 PC32:2  0.00 3.79 0.01 0.70 0.00 0.58 0.00 4.61 
862.6244 3.1 C18:0 Lactosylceramide < 0.001 5.11 0.20 0.86 0.03 1.16 0.00 3.79 
746.569 10.2 PE34:1 ether lipid 0.01 0.69 0.01 0.66 0.03 0.78 0.01 0.59 

792.5897 13.7 PC38:6 ether lipid 0.01 2.36 0.81 1.03 0.02 1.91 0.08 1.27 
282.2788 10.4 Octadecenamide 0.00 5.26 0.00 0.67 0.00 0.62 0.00 5.68 
834.5994 13.7 PC40:6 0.68 1.05 0.08 0.74 0.07 1.42 0.02 0.55 
836.6151 13.7 PC40:5 0.33 1.16 0.17 0.79 0.10 1.34 0.06 0.68 
863.5661 3.7 PI36:1 0.07 0.87 0.09 1.15 0.08 1.22 0.07 0.82 
790.5586 11.4 PS 36:1 0.28 1.10 0.03 0.74 0.12 0.87 0.37 0.93 
756.5523 13.9 PC34:3 0.00 2.16 0.04 0.81 0.02 0.76 0.00 2.33 
887.5643 3.6 PI38:3 0.00 2.32 0.00 1.52 0.58 0.96 0.00 3.66 
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Abstract: Melittin, the main peptide present in bee venom, has been proposed as having potential 
for anticancer therapy; the addition of melittin to cisplatin, a first line treatment for ovarian cancer, 
may increase the therapeutic response in cancer treatment via synergy, resulting in improved 
tolerability, reduced relapse, and decreased drug resistance. Thus, this study was designed to 
compare the metabolomic effects of melittin in combination with cisplatin in cisplatin-sensitive 
(A2780) and resistant (A2780CR) ovarian cancer cells. Liquid chromatography (LC) coupled with 
mass spectrometry (MS) was applied to identify metabolic changes in A2780 (combination treatment 
5 μg/mL melittin + 2 μg/mL cisplatin) and A2780CR (combination treatment 2 μg/mL melittin + 10 
μg/mL cisplatin) cells. Principal components analysis (PCA) and orthogonal partial least squares 
discriminant analysis (OPLS-DA) multivariate data analysis models were produced using SIMCA-
P software. All models displayed good separation between experimental groups and high-quality 
goodness of fit (R2) and goodness of prediction (Q2), respectively. The combination treatment 
induced significant changes in both cell lines involving reduction in the levels of metabolites in the 
tricarboxylic acid (TCA) cycle, oxidative phosphorylation, purine and pyrimidine metabolism, and 
the arginine/proline pathway. The combination of melittin with cisplatin that targets these 
pathways had a synergistic effect. The melittin-cisplatin combination had a stronger effect on the 
A2780 cell line in comparison with the A2780CR cell line. The metabolic effects of melittin and 
cisplatin in combination were very different from those of each agent alone. 

Keywords: melittin; cisplatin; synergy; sensitive and resistant ovarian cancer cells; metabolomics 
 

1. Introduction 

Combination therapy has long been studied in the treatment of cancer, including ovarian  
cancer [1]. It is a logical approach, focusing on increasing the response and tolerability to treatment, 
while also decreasing resistance [2]. Unfortunately, it can be difficult to assess whether a particular 
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combination will behave in a synergistic, additive, or antagonist fashion when used on a particular 
cancer patient. The only known way of determining their effectiveness is to identify specific 
measures, such as response rate, survival, or time to progression, and assess if or whether the new 
combination is able to achieve a significant improvement [2]. Combination therapy is essentially 
cooperative: each agent involved should have non-overlapping toxicities, different mechanisms of 
action with minimal cross-resistance, and individually proven in treatment by itself [2].  

Several cancers, including ovarian cancer, have demonstrated resistance or reduced sensitivity to 
cisplatin treatment, leading to decreased time to disease progression, increased likelihood of relapse, 
and reduced efficacy upon re-treatment during relapse [3,4]; cisplatin itself causes significant health 
problems, such as nephrotoxicity [5]. Ideally, cisplatin in combination with a drug that diminishes its 
negative effects while enhancing the therapeutic effects would decrease resistance or relapse while 
mitigating its negative effects. For example, cisplatin (or another platinum agent) in combination with 
taxanes (e.g., paclitaxel) is now regarded as standard chemotherapy in ovarian cancer, where the taxane 
enhances the tumour’s radiosensitivity. Cisplatin and the adenovirus OBP-301 have also been shown 
to work synergistically [1]. 

Cisplatin shares cytotoxic synergy with bee venom [1]. Bee venom makes sense as a complement 
to cisplatin: it has protective effects in many areas of the body such as the blood and nerves [6]; it is able 
to inhibit cell growth in tumours [7]; and has even been examined and used in complementary 
treatments that are necessitated by the effects of chemotherapy, such as allodynia [8] and  
neuropathy [9]. Cisplatin in combination with bee venom has been successfully used against human 
cervical and laryngeal carcinoma cells, including their drug-resistant sublines [10], and human 
glioblastoma [11]. Several studies have found that phospholipase A2, another component of bee 
venom, not only mitigates the negative impact of cisplatin on kidneys [12], but also boosts regulatory 
T cell (Treg) numbers in the spleen and enhances Treg traffic to the kidneys following cisplatin 
exposure. This is important, as Tregs play a significant role in many mechanisms, including 
inflammation and autoimmunity suppression [4,12,13]. A significant bonus in this dynamic is that 
bee venom has no negative impact on the anti-cancer properties of the cisplatin [4], meaning it in no 
way diminishes the effect of the cisplatin treatment. This is critical; a combinatory agent which 
diminishes any positive effects of the primary treatment undermines its effectiveness overall. The 
effects that cisplatin and bee venom have together on ovarian cancer cells emerge from the synergistic 
relationship between the two agents [14]. Alizadehnohi et al. report that separately and together, the 
two agents induce apoptosis in human ovarian cancer cells; bee venom appears to enhance the 
cytotoxic impact of cisplatin [14]. It also appears that melittin provokes responses in cisplatin-
sensitive cells which lead to decreasing levels of amino acids, which in turn affect the energy 
metabolism of the tumour [15]. 

In order to understand these effects and the metabolic changes that the cisplatin-melittin 
combination has on ovarian cancer cells, metabolomic investigations can be undertaken. 
Metabolomics in the context of oncology usefully focuses on diagnosis and prognosis, as well as on 
evaluating the effectiveness of therapy [16,17]. For instance, one study employed nuclear magnetic 
resonance (1H-NMR) spectroscopy and was able to accurately separate serum metabolite profiles of 
three groups of patients: namely women with ovarian cancer, normal premenopausal women, and 
women with a benign ovarian disease [18]. In addition, LC-MS in combination with Biolog 
Microarray assays revealed that treatment of cisplatin-resistant and sensitive ovarian cancer cells 
with melittin distinctively altered their lipid profiles and their ability to metabolise certain carbon 
energy sources, [15]. NMR spectroscopy has also been used to produce and examine metabolic 
profiles in other cancers such as hepatocellular carcinoma [19]. 

In essence, the effects of the cytotoxic mechanisms of both cisplatin and melittin, together and 
separately, cause changes in cells which can be identified and measured through metabolomic 
analysis. The current study aimed to examine the metabolic effects of melittin in combination with 
cisplatin on A2780 and A2780CR human ovarian cancer cell lines using a LC-MS based 
metabolomics approach employing a ZIC-pHILIC column. Multivariate data analysis was 
performed based on PCA and OPLS-DA models constructed using the SIMCA-P software. 
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2. Results 

2.1. The Cytotoxicity of Melittin in Combination with Cisplatin 

The viabilities of the cisplatin-sensitive and cisplatin-resistant ovarian cancer cells (OCCs) 
(A2780 and A2780CR, respectively) treated with melittin or cisplatin were compared. Both single 
treatments exerted a concentration-dependent cytotoxic effect on A2780 and A2780CR cells (Figure 1). 
The cisplatin mediated growth inhibition of the sensitive cell line (A2780) was significantly greater 
than that of the melittin over the concentration range of 1 to 8 μg/mL (Figure 1A; p < 0.05). However, 
the A2780CR cells, as expected, were more resistant to cisplatin than the A2780 cells (Figure 1B). The 
24 h half maximal inhibitory concentrations (IC50) of cisplatin in A2780CR and A2780 cells were 10.8 
and 4.9 μg/mL, respectively. Melittin exhibited toxicity against both A2780CR and A2780 cells, with 
IC50 values of 4.5 and 6.8 μg/mL, respectively [15] (Figures S1 and S2). The cytotoxicity of melittin in 
combination with cisplatin against A2780 and A2780CR cells was studied by using an Alamar® Blue 
assay [15]. The A2780 and A2780CR cells were treated for 24 h at various concentrations of melittin 
in combination with cisplatin. The percentage of surviving cells decreased in a dose-dependent 
manner in both cell lines. The cytotoxic effects of melittin in combination with cisplatin on A2780 and 
A2780CR cell lines are shown in Figures 2A and 3A, respectively.  

 
Figure 1. Examination of cell viability after treatment with either cisplatin or melittin alone with 
various concentrations on (A) A2780 and (B) A2780CR cell lines. * Significantly different from zero. 
concentration at <0.05; *** Significant at <0.001. 
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2.2. The Combination Index (CI) 

In order to qualitatively evaluate whether the combination of melittin with cisplatin might cause 
synergistic cytotoxic effects, the value of CI, a commonly used evaluation index, was calculated. It 
has been proposed that CI values be interpreted as follows: <0.1 very strong synergism, 0.1–0.3 strong 
synergism, 0.3–0.7 synergism, 0.7–0.9 moderate to slight synergism, 0.9–1.1 nearly additive, 1.1–1.45 
slight to moderate antagonism, 1.45–3.3 antagonism, and >3.3 strong to very strong antagonism [22].  

The CI analyses showed that synergistic cytotoxic activity on A2780 cells occurred with the 
melittin + cisplatin combinations at concentrations of 5 + 2 (CI = 0.647) and 6 + 2 (CI = 0.512) μg/mL, 
and with the cisplatin+melittin combinations at concentrations of 4 + 3 (CI = 0.789) and 5 + 3 (CI = 
0.711) μg/mL, respectively. However, the calculated CI was found to be >1 in A2780 cells treated with 
the melittin + cisplatin combinations at concentrations of 3 + 2 (CI = 2.812) and 4 + 2 (CI = 1.259) μg/mL, 
and thus could represent an antagonistic effect (Figure 2B). The melittin + cisplatin combinations had 
CI between 0.7–0.9, indicating a moderate to slight synergism relationship in A2780CR at 2 + 10 (CI = 
0.888) and 5 + 10 (CI = 0.741) μg/mL, as shown in Figure 3B. The CI value of melittin + cisplatin was 
0.985 at concentrations of 3 + 10 μg/mL and 0.921 at concentrations of 4 + 10 μg/mL used to treat 
A2780CR, indicating a nearly additive effect. However, the calculated CI was found >1 in A2780CR 
with the cisplatin+melittin combination at concentrations of 20 + 2 and 30 + 2 μg/mL and thus could 
represent an antagonism effect. The combination of melittin and cisplatin thus shows potential in the 
treatment of the resistant cells since there is no evidence of cross resistance against melittin which 
might be expected as a feature of multidrug resistance.  

  
Figure 2. Effects of melittin in combination with cisplatin on (A) cell viability of A2780 cell lines and 
(B) combination index. (A) The A2780 cells were treated with various concentrations of the melittin + 
cisplatin combination for 24 h. Bar graphs represent mean ± SD values. (B) Combination index (CI) 
analysis was generated using the method of Chou and Talalay [20,21] to determine the extent of 
synergy, if any, for the melittin + cisplatin combination on A2780 cell lines. 
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Figure 3. Effect of melittin in combination with cisplatin on (A) cell viability of A2780CR cell lines and 
(B) combination index. (A) The A2780CR cells were treated with various concentrations of the melittin 
+ cisplatin combination for 24 h. Bar graphs represent mean ± SD values. (B) Combination index (CI) 
analysis was generated using the method of Chou and Talalay [20,21] to determine the extent of 
synergy, if any, for the melittin + cisplatin combination on A2780CR cell lines. 

2.3. Metabolome Analysis 

The metabolic effects of melittin in combination with cisplatin on ovarian cancer cells were 
assessed using an LC-MS based metabolomic approach. Univariate and multivariate statistical analyses 
were used to examine the effect of combination 1 (5 μg/mL of melittin + 2 μg/mL cisplatin) and 
combination 2 (2 μg/mL of melittin + 10 μg/mL cisplatin) on A2780 and A2780CR cells, respectively.  

A clear separation of A2780 and A2780CR cells was achieved indicating unique metabolite 
profiles for the treated and control cells on the PCA and OPLS-DA scores plots at both treatment 
combinations (Figure 4A,B, respectively). The pooled quality control (QC) samples injected at 
intervals in the analysis run to assess the precision of the measurements and confirm stability of the 
analytical method produced a single tight cluster in the center of the dataset (Figure 4A), thus 
validating the analysis. The PCA model parameters and validation of the plot suggested a good 
model (four components, R2X (cum) = 0.918; Q2 (cum) = 0.856). There was also very clear separations 
between the treated and control A2780 and A2780CR cells in the OPLS-DA, a supervised model for 
classifying samples. The OPLS-DA model parameters and validation of the plot suggested a strong 
model (four components, R2X (cum) = 0.916, R2Y (cum) = 1, Q2 (cum) = 0.975), and the CV-ANOVA 
for this model was 1.28 × 10−24. Hierarchical clustering analysis (HCA) of the metabolomics data 
showed distinct separation between the control and treated samples (Figure S3).  
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Figure 4. (A) Principal components analysis (PCA) vs. (B) Orthogonal Partial Least Squares 
Discriminant Analysis (OPLS-DA). PCA and OPLS-DA scores plot generated from PCA and OPLS-
DA using LC-MS normalised data of cells after exposure to the combination (melittin + cisplatin) and 
controls of A2780 and A2780CR cell lines. A2780-treated cells at 5 μg/mL melittin + 2 μg/mL cisplatin 
(SOS); untreated A2780 cells (C) ; A2780CR-treated cells at 2 μg/mL melittin + 10 μg/mL cisplatin 
(SOR) ; untreated A2780CR  (CR) ; pooled quality control (QC) samples (P). 

There was a very clear separation of the treated versus untreated A2780 cells obtained by using 
the OPLS-DA model based on the significant metabolites (Figure 5A). The model parameters and 
validation of the plot suggested a strong model (two components, R2X (cum) = 0.965, R2Y (cum) = 1, 
Q2 (cum) = 0.996, CV-ANOVA= 2.62 × 10−6). To test the validity, a receiver operator characteristic 
(ROC) curve and permutation test were also applied (Figure S3). The area under the curve (AUC) for 
the ROC curve is regarded as excellent when AUC > 0.9. The OPLS-DA model classified the treated 
and untreated A2780 cells into two groups, and the AUC of the ROC for the groups were in the 
excellent to perfect classification. 

 
Figure 5. OPLS-DA score plot of (A) A2780 cells and (B) A2780CR before and after treatment with 
melittin + cisplatin respectively. Separation of the treated and untreated cells in both cell lines in the 
model suggests that there are significant metabolite differences induced by treatment in both cell 
lines. The metabolites responsible for the observed separation are shown in Table 1. 

In the case of the A2780CR cells, OPLS-DA models were also generated by comparing control 
and treated samples based on the significant metabolites (Figure 5B). As in A2780 cells, a clear 
separation was also found between the treated and untreated A2780CR samples and the CV-ANOVA 
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for this model was 8.42 × 10−6 (two components, R2X (cum) = 0.966, R2Y (cum) = 1, Q2 (cum) = 0.994). 
Furthermore, the validity of the ROC and permutation test showed that the constructed OPLS-DA 
model was valid (Figures S4 and S5). 

For univariate statistical analysis of candidate specific biomarkers in ovarian cancer cells after 
exposure to the treatment combinations, the false discovery rate statistical test (FDR) was used to 
reduce the probability of false positive results [23]. Significant changes in the levels of various classes 
of metabolites, especially those in the mitochondrial TCA cycle, energy metabolism, and nucleotide 
and amino acids metabolism were observed as summarised in Table 1. The major impression is that 
the combination of melittin and cisplatin produces distinct metabolic profiles in both cell lines that 
are unlike those produced when either of the agents are used alone as previously reported [15,24]. 

It can be observed that there is a strong reduction in the levels of metabolites involved in Krebs 
cycle and energy metabolism. Several metabolites in the TCA cycle, including citrate, 2-oxoglutarate, 
malate, and phosphoenolpyruvate were significantly decreased in both sensitive and resistant cells 
after treatment with the melittin + cisplatin combination. The treatment also reduced the levels of 
adenosine triphosphate (ATP) in both cell lines. It should be noted that the combination treatment 
had a stronger effect on ATP levels in the A2780 cells than in the A2780CR cells, although the 
treatments were not the same as they were based on cell sensitivities towards the two agents. There 
were also marked decreases in the levels of pentose phosphate pathway metabolites in both cell lines 
after the combination treatment. Moreover, there were important differences in the levels of purine 
and pyrimidine metabolites between the two cell lines after treatment with the combinations. With 
the exception of hypoxanthine and guanine (both purines) which were increased, the rest of these 
metabolites were significantly decreased by the combination treatment in both cell lines.  

The most affected metabolites due to the combination treatment in both cell lines compared to 
the other pathways were involved in amino acid metabolism. In A2780 cells, the valine metabolite, 3-
methyl-2-oxobutanoic acid, increased, while there were decreases in many amino acids related to 
arginine and proline metabolism. In A2780CR cells, significant increases were observed in the levels 
of S-adenosyl-L-methionine, 5′-methylthioadenosine, L-lysine, and L-serine. 

Table 1. Metabolites significantly altered by treatment with melittin in combination with cisplatin at 
5 μg/mL melittin + 2 μg/mL cisplatin on A2780 and at 2 μg/mL melittin + 10 μg/mL cisplatin on 
A2780CR. 

m/z RT (min) Metabolites 
SR/CR SS/C 

p-Value Ratio p-Value Ratio
Citrate cycle (TCA cycle)/glycolysis 
338.989 18.1 * D-Fructose 1,6-bisphosphate <0.001 0.278 <0.001 0.246 
115.004 16.0 * Fumarate <0.001  0.227 <0.01 0.402 
133.014 16.1 * (S)-Malate <0.001 0.218 <0.001 0.062 
145.014 15.7 * 2-Oxoglutarate <0.001 0.324 <0.001 0.048 
191.02 18.1 * Citrate <0.001 0.588 <0.001 0.172 
173.009 17.9 * cis-Aconitate <0.001 0.490 <0.001 0.072 
166.975 17.5 * Phosphoenolpyruvate <0.001 0.344 <0.05 0.082 
Oxidative phosphorylation 
664.116 14.2 * NAD+ <0.001 0.294 <0.001 0.067 
508.003 16.2 * ATP <0.001 0.362 <0.001 0.073 
Glycine/Serine/Cysteine and Glutathione  
241.031 16.3 * L-Cystine ns 1.739 ns 1.832 
427.095 17.1 S-Glutathionyl-L-cysteine ns 0.750 <0.001 0.218 
152.002 14.6 3-Sulfino-L-alanine ns 0.706 <0.001 0.139 
308.091 14.5 * Glutathione (GSH) <0.001 0.562 <0.001 0.092 
179.048 14.4 L- Cysteinylglycine (Cys-Gly) <0.001 0.521 <0.001 0.067 
223.074 17.1 * L-Cystathionine <0.001 0.438 <0.001 0.004 
76.0394 15.7 * Glycine ns 1.050 <0.001 0.142 
116.035 10.8 L-2-Amino-3-oxobutanoic acid <0.001 0.319 <0.001 0.317 
106.050 15.8 * L-Serine <0.001 7.112 <0.001 0.420 

RT: min; SR: combination 2 treated A2780CR; CR: control A2780CR; SS: combination 1 treated A2780; 
C: control A2780; ns: non-significant. * Retention time matches standard. 
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Table 1. Cont. 

m/z RT (min) Metabolites 
SR/CR SS/C 

p-Value Ratio p-Value Ratio
Pentose phosphate pathway 
195.051 13.7 * D-Gluconic acid <0.001 0.147 <0.001 0.093 
308.978 16.5 D-Ribose 1,5-bisphosphate <0.001 0.259 <0.001 0.124 
149.046 11.9 * D-Ribose <0.001 0.222 <0.001 0.285 
229.012 15.8 * D-Ribose 5-phosphate <0.001 0.545 <0.001 0.131 
Lysine biosynthesis 
170.046 14.3 2,3,4,5-Tetrahydrodipicolinate <0.001 0.245 <0.001 0.112 
147.113 24.3 * L-Lysine <0.001 1.966 ns 0.724 
162.112 13.3 * L-Carnitine <0.001 0.508 <0.001 0.135 
243.074 17.2 5-Phosphonooxy-L-lysine <0.001 0.303 <0.001 0.006 

128.071 15.5 
2,3,4,5-Tetrahydropyridine-2-
carboxylate 

<0.001 0.433 <0.001 0.271 

Purine metabolism 
137.046 10.2 * Hypoxanthine <0.001 16.99 <0.01 7.87 
152.056 12.4 * Guanine <0.001 13.19 <0.01 102.21 
348.07 13.8 * AMP <0.001 0.372 <0.001 0.190 
428.036 15.0 * ADP <0.001 0.376 <0.001 0.163 
442.018 17.8 GDP <0.001 0.509 ns 0.104 
521.984 18.9 * GTP <0.001 0.442 <0.001 0.079 
426.013 16.9 Adenylyl sulfate <0.001 0.271 <0.01 0.014 
Pyrimidine metabolism 
155.01 10.3 * Orotate <0.001 0.218 <0.001 0.050 
129.066 14.8 5,6-Dihydrothymine <0.001 0.326 <0.001 0.120 
480.982 15.8 dTTP <0.001 0.337 <0.001 0.347 
175.036 16.8 N-Carbamoyl-L-aspartate <0.001 0.036 <0.001 0.017 
115.05 14.7 5,6-Dihydrouracil <0.001 0.383 <0.001 0.079 
402.995 16.4 * UDP <0.001 0.485 <0.001 0.035 
484.975 17.6 * UTP <0.001 0.465 <0.001 0.059 
323.029 15.2 * UMP ns 1.195 <0.001 0.282 
Arginine/ Proline/ Glutamate/Methionine  
188.057 14.3 N-Acetyl-L-glutamate <0.001 0.241 <0.001 0.029 
176.103 15.8 * L-Citrulline <0.001 0.521 <0.001 0.189 
173.104 25.8 * L-Arginine ns 1.161 <0.001 0.379 
130.051 14.5 L-Glutamate-5-semialdehyde <0.001 0.538 <0.001 0.235 
116.071 12.8 * L-Proline <0.001 0.568 <0.001 0.228 
399.144 16.3 * S-Adenosyl-L-methionine <0.001 2.005 <0.001 0.115 
298.096 6.4 * 5′-Methylthioadenosine <0.05 2.016 <0.001 0.158 
146.093 15.1 * 4-Guanidinobutanoate <0.001 0.325 <0.001 0.055 
291.129 16.8 N-(L-Arginino) succinate <0.001 0.260 <0.001 0.010 
247.14 14.2 N2-(D-1-Carboxyethyl)-L-arginine <0.001 0.170 <0.001 0.010 
174.087 15.3 5-Guanidino-2 oxopentanoate <0.001 0.680 <0.001 0.058 
132.077 14.7 * Creatine <0.001 0.403 <0.001 0.075 
210.029 15.2 * Phosphocreatine <0.001 0.422 <0.001 0.051 
Miscellaneous 
110.027 14.9 Hypotaurine <0.001 0.139 <0.001 0.009 
115.04 8.2 3-Methyl-2-oxobutanoic acid <0.001 0.191 <0.05 5.604 
166.053 13.4 L-Methionine S-oxide <0.01 0.470 <0.001 0.250 
218.067 13.9 O-Succinyl-L-homoserine <0.001 0.082 <0.001 0.011 
181.051 9.0 3-(4-Hydroxyphenyl)lactate <0.001 0.656 <0.001 0.087 
204.123 11.1 * O-Acetylcarnitine <0.001 0.137 <0.001 0.021 
176.056 10.3 4-Hydroxy-4-methylglutamate ns 1.911 <0.001 0.022 
159.076 15.8 4-Methylene-L-glutamine <0.001 0.607 ns 0.258 
175.025 14.4 * Ascorbate <0.001 0.067 <0.001 0.024 
165.041 13.0 L-Arabinonate <0.001 0.372 <0.001 0.166 
179.056 17.1 Hexose <0.05 0.670 <0.05 0.334 

RT: min; SR: combination 2 treated A2780CR; CR: control A2780CR; SS: combination 1 treated A2780; 
C: control A2780; ns: non-significant. * Retention time matches standard. 
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3. Discussion 

Cisplatin is one of the most effective anticancer drugs currently used for treating many types of 
cancer, however, it comes with serious side effects. Combination therapy has been used in cancer 
treatment in order to increase therapeutic response and tolerability, and to decrease resistance [2].  

The present study aimed to determine whether or not melittin, a cytotoxic peptide from bee 
venom, possesses a synergistic inhibitory effect in combination with cisplatin on A2780 and A2780CR 
cells. In addition, the study was intended to determine the metabolomics effects of the melittin + 
cisplatin combination treatment on the two cell lines which would corroborate any observed 
synergistic cytotoxic effects. 

Cell viability assays using the Alamar® Blue method confirmed the synergistic cytotoxic effects 
of melittin in combination with cisplatin at certain concentrations, although at other concentrations, 
antagonistic effects were observed. CI analysis of the cytotoxicity data showed that, on A2780 cells, 
the combinations had synergistic effects at 2 μg/mL of melittin plus either 5 or 6 μg/mL of cisplatin, 
respectively. In contrast, at melittin + cisplatin concentrations of 3 + 2 and 4 + 2 μg/mL, respectively, 
antagonistic effects were observed. Synergistic effects were observed in A2780CR cells when the 
melittin was combined with cisplatin at 2 + 10 and 5 + 10 μg/mL, while with a fixed concentration of 
melittin (2 μg/mL) and variable concentrations of cisplatin (20 and 30 μg/mL) in the combination, 
antagonist effects were observed. The CI analysis used the median effect equation of Chou and the 
combination index equation of Chou and Talalay to quantify synergism or antagonism at different 
concentrations, and to select the best pair of drugs to combine for potentially maximal antitumor 
efficacy [21,25]. This method of analysis has been useful in identifying effective combinations of 
anticancer drugs [26,27]. 

Recent studies have reported that components of bee venom may exert an anti-tumour effect on 
human ovarian cancer and that the venom has the potential for enhancing the cytotoxic effect of the 
antitumor agent cisplatin [14]. Different melittin + cisplatin mechanisms could interact to either 
reduce or increase anticancer efficacy, thus producing three possible effects: (1) Additive, when the 
combined effect is equal to the sum of individual effects; (2) Antagonistic, when the effect of one or 
both compounds is less than when they are applied together than when individually applied; (3) 
synergism, when the effect of combined substances is greater than the sum of the individual effects 
[24]. Our findings show that these effects can occur depending on the concentrations of melittin and 
cisplatin in the combination. 

With respect to OCCs, several previous studies have analysed the metabolic responses of OCCs 
to various compounds [28–30]. Additionally, there have been some previous metabolomic studies on 
the comparison between the effects of cisplatin on squamous cancer cell lines sensitive and resistant 
to cisplatin [31], and the effects of docetaxel on ovarian cancer stem cells [30]. Our previous study 
employed a metabolomics approach to assess the effects of melittin monotherapy on OCCs that 
revealed significant changes in amino acid and carbohydrate metabolism [15]. In addition, clear 
differences were previously observed in the metabolomes of the untreated cells [15]. Although our 
study demonstrated profound metabolic changes in the cells after melittin monotherapy, there has 
been no metabolomics study to date that has comparatively profiled the metabolite composition of 
OCCs treated with a combination of melittin and cisplatin. A previous study suggested that 
combination therapy is more effective than monotherapy on cancer cells such as hepatocellular 
carcinoma [19]. In the current untargeted metabolomics study, metabolic profiles of A2780 and 
A2780CR cells treated with melittin + cisplatin combinations were assessed using a LC-MS based 
metabolomics approach, with OPLS-DA models displaying good separation between the 
experimental groups, high-quality goodness of fit (R2), and high-quality goodness of prediction (Q2). 

The metabolomics analysis demonstrated distinct metabolic profiles for the treated A2780 and 
A2780CR cells, although the treatments were adjusted in accordance with cell sensitivities. 
Specifically, the concentrations of melittin and cisplatin used were chosen based on cytotoxicity 
assays and CI values for synergy to allow detection of a combination effect rather than to achieve a 
maximal anticancer effect. The most altered metabolites in A2780 and A2780CR cells could be 
categorised under amino acid, energy, carbohydrate, and nucleotide metabolism. Most of the altered 
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metabolites participate in more than one pathway in significant ways, and the change in that one 
metabolite could have a resonating effect for other pathways.  

There was a very clear effect of the combination treatment on the purine and pyrimidine 
pathways. This was very different from the metabolic shifts observed for melittin and cisplatin alone 
[15,24], suggesting the combination has quite a different effect on cell metabolism. There was a very 
large increase in the levels of the adenine metabolite, hypoxanthine, and guanine in both cell lines. 
This possibly indicates that the combination of melittin with cisplatin is promoting greater adduct 
formation between cisplatin and DNA in comparison with the treatment with cisplatin alone, where 
there was no strong evidence for effects on the levels of DNA bases [24]. Adducts formed with 
cisplatin are mainly intra-strand crosslinks joining two guanine residues and to a lesser extent intra-
strand links between guanine and adenine [32]. DNA is repaired by excision of damaged bases and 
this would correlate with largely increased levels of guanine and hypoxanthine, although this 
presumes that the cisplatin adduct somehow breaks down during the excision. The levels of the 
purine metabolites adenosine monophosphate (AMP), adenosine diphosphate (ADP), and guanosine 
triphosphate (GTP) were decreased in both cell lines by the combination treatment. In a previous 
study, it was found that FK866, a small molecule inhibitor of nicotinamide phosphoribosyltransferase 
(NAMPT), caused significant metabolic changes in purine metabolism in ovarian cancer and 
colorectal cancer cells [30]. Moreover, Zhou et al. described a study in hepatocellular carcinoma 
(HepG2 cells) that showed that high-dose treatment with sorafenib, an oral multikinase inhibitor, 
affects purine metabolism with significant decreases in GTP levels [33]. Despite the profound dose-
dependent metabolic changes in HepG2 cells induced by sorafenib monotherapy, Zhou et al. showed 
that everolimus, another anticancer agent, in combination with first-line sorafenib therapy results in 
more pronounced metabolic changes to pyruvate, amino acid, methane, glyoxylate, and 
dicarboxylate, and glycolysis or gluconeogenesis in hepatocellular carcinoma cells [33]. Other than 
purine metabolite changes, consistent variations were observed for pyrimidine metabolism. The 
levels of pyrimidine metabolites such as orotate, dihydrothymine, dihydrouracil, and uridine 
triphosphate (UTP) were reduced in both cell lines after exposure to the melittin + cisplatin 
combinations. The reason for the decrease in pyrimidine metabolites is not clear. Normally DNA 
damage might be associated with increased levels of dihydrothymine which is produced by excision 
of damaged thymine residues from DNA.  

There were many altered metabolites belonging to several pathways for amino acid metabolism. 
Most of the metabolites grouped under the arginine and proline pathways were reduced in sensitive 
cells after the combination treatments; while the arginine metabolite was non-significantly altered in 
resistant cells. Similarly, our previous study examined the effect of melittin on A2780 and A2780CR 
cells which showed that the level of arginine was downregulated in cisplatin sensitive cells compared 
with resistant cells [15]. A number of studies have reported that arginine deficiency enhances 
apoptosis in different cell lines including human lymphoblastic cell lines [34], mesothelioma cells 
[35], and melanoma cell lines [36]. Some human cancers, such as melanoma and hepatocellular 
carcinoma [37], do not express arginosuccinase synthase and therefore are unable to synthesise 
arginine from citrulline [38]. A recent study observed that ovarian carcinoma SKOV3 cells under 
arginine deprivation showed increased sensitivity to treatment with paclitaxel, a chemotherapy drug 
used to treat cancers, at low doses. In this context, it is to be noted that paclitaxel is a disruptor of the 
cytoskeleton and negatively impacts on the autophagosome-lysosome fusion step [39]. A previous 
study suggested that combinational treatment based on arginine deprivation and an autophagy 
inhibitor (for example chloroquine, a known nontoxic antimalarial drug) can potentially be applied 
as a second line treatment for a subset of ovarian carcinomas deficient in argininosuccinate synthetase 
[39]. It was also observed that the development of chemoresistance to platinum compounds in 
ovarian carcinomas leads to collateral appearance of arginine auxotrophy due to the downregulation 
of argininosuccinate synthetase [40]. The exact mechanism whereby deficiency arginine biosynthesis 
confers resistance remains unclear. 

There was a strong effect of the combination treatment on cellular cysteine and glutathione 
metabolism; S-glutathionyl-L-cysteine, 3-sulfino-L-alanine, glutathione, L-cysteinylglycine, and L-
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cystathionine were all lower in cisplatin sensitive cells compared with resistant cells after being 
treated with the combinations. In a previous study, it was found that the level of glutathione was 
higher in resistant cells (A2780-CP20) than in sensitive cells (A2780) [41]. This finding resembles the 
current results in which the level of glutathione was higher in resistant cells than sensitive cells 
following combination treatment. Two of the main reasons for platinum resistance in OCCs are the 
p53 mutation and drug-induced increases in intracellular glutathione concentration. A study by 
Mohell et al. showed that methylene quinuclidinone (MQ), in addition to binding to cysteine residues 
in p53, also binds to glutathione, decreasing intracellular glutathione levels in OCCs [42]. Therefore, 
it is possible that the combination promotes greater binding of cisplatin to glutathione thus depleting 
its levels which occurs to a greater extent in the sensitive cells. Mohell et al. also observed that 
combination effects of APR-246 (which is a prodrug that is converted to the active compound MQ) 
with doxorubicin were the cause of a DNA damage response, including activation of the p53 pathway 
leading to apoptosis [42]. Moreover, recent metabolomics based studies in OCCs have demonstrated 
that gossypol decreases cellular levels of GSH and induces apoptosis through oxidative stress [30]. 
In our previous study it was observed that the levels of GSH were no different between resistant and 
sensitive cells. However, in the current study GSH is depleted by the combination treatment to a 
much greater extent in the sensitive cells. The depletion appears to be related to the ability of the cells 
to synthesise GSH. Although there is no difference between the cysteine levels in the two cell lines, 
there are marked differences in key intermediates which can be used to synthesise both cysteine and 
GSH including glycine, serine, cystathionine, and glutathione cysteine. There are also lower levels of 
S-adenosylmethionine in the treated sensitive cells which is a source of homocysteine which is also a 
precursor of cysteine. 

Increased serine biosynthesis is one of many metabolic changes that have been reported in 
cancer cells [43,44], and serine is a central node for the biosynthesis of many molecules such as glycine 
and cysteine [45]. High levels of serine in cancer cells have been linked to increased rates of cell 
proliferation [46]. The level of serine was increased in resistant cells following the combination 
treatment. In contrast, treatment of the sensitive cells with the combination resulted in a decrease of 
serine within the cells and a further lowering of the nonessential amino acid glycine. Glycine is 
incorporated directly into purine nucleotide bases and into GSH. The conversion of serine to glycine, 
catalysed by serine hydroxymethyltransferase (SHMT), donates a one-carbon unit to tetrahydrofolate 
to produce 5, 10-methylenetetrahydrofolate (CH2-THF). CH2-THF is used in thymidine synthesis and 
is a precursor of other folate species that contribute to purine synthesis [46]. The difference in OCCs 
could be reflected at the cellular level in terms of differences in the metabolite profiles. Serine is 
required for a number of biosynthetic and signalling pathways, including the production of 
phospholipids such as sphingolipids and phosphatidylserine [46]. Previous studies have shown that 
serine biosynthesis appears to be part of an adaptive response to oxidative stress [47]. The tumour 
suppressor p53 is emerging as an important regulator of cellular metabolism. P53 is a key player in 
the cellular response to stress in the form of numerous challenges, including DNA damage, hypoxia, 
and oncogene activation [48]. Cells lacking p53 fail to respond to serine starvation due to oxidative 
stress, which leads to reduced viability and severely impaired proliferation [49].  

The level of ATP was found to be reduced in both cell lines after the combination treatment. ATP 
was found to be more reduced in both cell lines when treated with the combinations compared with 
the results observed previously with melittin monotherapy [15]. It is known that glycolysis provides 
ATP and energy in most cell types, but cancer cells extensively use glycolysis to sustain anabolism, 
which is necessary for tumour growth [50]. We found that the combinations inhibited glycolysis in 
both cell lines as indicated by lower levels of fructose bisphosphate and phosphopyruvate. In 
addition, several TCA cycle intermediates were lowered. Cell death can be executed by different 
mechanisms, including apoptosis, autophagy, necrosis, or combinations of these processes. Although 
different cell death mechanisms are unique in their molecular signalling cascades, one molecule is 
involved in the processes that mediates all types of cell death; ATP. During late-stage apoptosis, ATP 
levels sharply drop, mostly because of the loss of mitochondrial function and consumption by ATP-
dependent proteases. In autophagy, a rescue process of self-degradation to compensate for energy 
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paucity occurs, that also features ATP insufficiency prior to cell death [50,51]. During necrosis, 
depletion of ATP precedes mitochondrial permeability changes [52]. The fact that ATP deprivation 
occurs in all types of cell death suggests that energy metabolism may play a critical role in the survival 
of cancer cells under stress. Thus, it could be possible that the A2780 cells may be undergoing late-
stage apoptosis cell death in response to the combination treatment whereas the A2780CR may be 
undergoing early-stage apoptosis cell death. In our study, we found that combination treatment 
probably inhibited glycolysis in A2780 cells by depletion of NAD+. Moreover, the level of NAD+ was 
found to be decreased in A2780CR cells after combination treatment. It appears that the combinations 
had more impact on the oxidative phosphorylation pathway in both cell lines in comparison with 
melittin as a single treatment [15]. The inhibition of NAMPT leads to suppression of tumour cell 
growth and induction of apoptosis due to NAD+ depletion [53]. NAMPT represents a promising 
therapeutic target for the development of potential novel cancer drugs [54,55]. In most cancer cells, 
poly (ADP-ribose) polymerase is activated due to DNA damage and cell death induced by oxidative 
stress [56,57]. Therefore, NAMPT inhibition leads to attenuation of glycolysis, resulting in further 
alteration of the carbohydrate metabolism in the cells [53].  

4. Materials and Methods  

4.1. Cell Lines and Cultures 

The cisplatin-sensitive (A2780) and resistant (A2780CR) human ovarian carcinoma cells were 
obtained from ECACC (Porton Down, Salisbury, UK) and maintained at 75 × 104 cells/mL in RPMI 
1640 medium (Lonza, Verviers, Belgium) supplemented with 1% (v/v) L-glutamine (Invitrogen, 
Paisley, UK), 100 IU/mL/100 μg/mL penicillin/streptomycin (Invitrogen, Paisley, UK), and 10% (v/v) 
foetal bovine serum (FBS) (Life Technologies, Carlsbad, CA, USA). In addition, the cultures for the 
A2780CR cells contained 3 μg/mL of cisplatinum (Tocris Bioscience, Bristol, UK) in the first three 
passages. Sub-confluent cultures were split by trypsinisation every 4–5 days and maintained at 37 °C 
in a humidified atmosphere saturated with 5% CO2.  

4.2. Cell Viability Assay 

Cisplatin was purchased from Tocris Bioscience (Bristol, UK) and was dissolved in sterile water 
with gentle warming according to the manufacturer’s instructions. Melittin was purified from bee 
venom (supplied by Beesen Co. Ltd, Dae Jeon, Korea) by reversed phase liquid chromatography [58] 
and reconstituted in sterile water to form a stock solution of 1 mg/mL before storage at −20 °C until 
required. Cell viability was assessed by an Alamar® Blue cell assay (Thermo Fisher Scientific, 
Loughborough, UK), as previously described [15].  

To test the synergistic cytotoxic effect, experiments were performed with A2780 and A2780CR 
cell lines using various combinations of melittin with cisplatin in medium, to assess possible 
synergistic/additive effects. Both A2780 and A2780CR cells were seeded at 1 × 104 cells/well in 96-well 
plates (Corning®, Sigma-Aldrich) and incubated at 37 °C and 5% CO2 in a humidified atmosphere for 
24 h. For the A2780 cell line, 3, 4, 5, and 6 μg/mL of melittin was combined with 2 μg/mL of cisplatin 
and 3, 4, and 5 μg/mL of cisplatin was combined with 3 μg/mL of melittin. For the A2780CR cell line, 
2, 3, 4 and 5 μg/mL of melittin was combined with 10 μg/mL of cisplatin and 20 and 30 μg/mL of 
cisplatin was combined with 2 μg/mL of melittin. Twenty hours after drug treatment, AB was added 
at a final concentration of 10% (v/v) and the resultant mixture was incubated for a further 4 h at 37 
°C and 5% CO2. Then, the plates were read at an excitation wavelength of 560 nm and the emission 
at 590 nm was recorded on a SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale, CA, 
USA). All experiments were performed in triplicate. 

4.3. Calculation of CI 

The specific interaction between melittin and cisplatin on A2780 and A2780CR cancer cell lines 
was evaluated by the CI analysis. Drug combination synergy was performed using CompuSyn 
software [59]. CI values and CI-Fa plot (plot representing CI versus Fa, the fraction affected by a 
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particular dose) were calculated by CompuSyn program (Compusyn Inc, Paramus, NJ, USA). All 
experiments were repeated at least three times.  

4.4. Statistical Analysis 

GraphPad Prism for Windows (version 5.00, GraphPad Software, San Diego, California, USA) 
was employed to produce dose-response curves by performing nonlinear regression analysis of the 
cell viability data. The mean IC50 values were calculated from at least three measurements of 
independent experiments (n = 3).  

4.5. Determination of the Effect of Melittin in Combination with Cisplatin on Cell Metabolomes 

The A2780 cell line was treated with the combination of melittin and cisplatin at concentrations 
of 5 and 2 μg/mL, respectively, for 24 h (n = 5). The A2780CR cells were treated with the combination 
of melittin and cisplatin at concentrations of 2 and 10 μg/mL, respectively, for 24 h (n = 5). The cells 
were seeded at 75 × 104 cells/mL in T-25 cell culture flasks and incubated for 1 doubling time (48 h) 
before treatment with the combinations and incubation for an additional 24 h. After the treatment, 
the medium was removed and the cells were washed twice with 3 mL of phosphate-buffered saline 
(PBS) at 37 °C before lysis. Cell lysates were prepared by extraction with ice cold 
methanol:acetonitrile:water (50:30:20) (1 mL per 2 × 106 cells). The cells were scraped and cell lysates 
mixed on a Thermo mixer at 1440 rotations per minute (r.p.m.) for 12 min at 4 °C, before being 
centrifuged at 13500 r.p.m. for 15 min at 0 °C. The supernatants were collected and transferred into 
HPLC vials for LC-MS analysis. During the analysis, the temperature of the autosampler was 
maintained at 4 °C. Mixtures of standard metabolites (Sigma-Aldrich, Poole, UK) and the pooled 
quality control (QC) sample were injected in each analysis run in order to facilitate identification and 
to evaluate the stability and reproducibility of the analytical method. The pooled QC sample was 
obtained by taking equal aliquots from all the samples and placing them into the same HPLC vial. 

4.6. LC-MS Conditions  

Liquid chromatographic separation was carried out on an Accela HPLC system interfaced to an 
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) using a 
hydrophilic interaction liquid chromatography (HILIC) column (ZIC-pHILIC, 150 × 4.6 mm, 5 μm 
particle size) supplied by Hichrom Ltd. (Reading, UK). The method was reported previously [60]. 
Briefly, the mobile phase for ZIC-pHILIC consisted of 20 mM ammonium carbonate (Sigma-Aldrich, 
Poole, UK) in water purified by Direct-Q3 Ultrapure water purification system (Millipore, UK) at pH 
9.2 (solvent A) and acetonitrile (Sigma-Aldrich, Poole, UK) (solvent B) at a flow rate of 0.3 mL/min. 
The elution gradient was an A:B ratio of 20:80 at 0 min, 80:20 at 30 min, 92:8 at 35 min, and finally 
20:80 at 45 min.  

4.7. Data Extraction and Analysis 

Data extraction for each of the samples was carried out by MZmine-2.10 software 
(mzmine.github.io/) using identical parameters for peak detection, deconvolution, deisotoping, 
alignment, filtering, and gap filling in order to make multiple data files comparable [23]. The extracted 
ions, with their corresponding m/z values and retention times, were pasted into an Excel macro of the 
most common metabolites prepared in–house to facilitate identification, and a library search was also 
carried out against accurate mass data of the metabolites in the Human Metabolome, Kyoto 
Encyclopedia of Genes and Genomes, and Metlin databases. The lists of the metabolites obtained from 
these searches were then carefully evaluated manually by considering the quality of their peaks and 
their retention time match to the standard metabolite mixtures run in the same sequence. The MS data 
were log2-transformed and mean-centred with unit variance scaling for statistical analysis. Statistical 
analyses were performed using both univariate and multivariate approaches. The p-values from 
univariate analysis were adjusted using the FDR control and differences in the levels (or peak areas) of 
the metabolites between treated and control cells were considered significant at p < 0.05. 
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MetaboAnalyst®, a web-based metabolomic data processing tool [60], was used for supporting fold-
change analysis, and t-tests. SIMCA-P software version 14.0 (Umetrics, Crewe, UK) was also used for 
multivariate analysis of the metabolite data with Pareto scaling prior to modelling with PCA and OPLS-
DA. OPLS-DA models were validated based on multiple correlation coefficient (R2) and cross-validated 
R2 (Q2) in cross-validation and permutation tests. 

5. Conclusions 

Based on the results presented, a metabolic signature for the cisplatin and melittin combination 
treatment for A2780 and A2780CR OCCs is proposed. Melittin and cisplatin together have different 
metabolic effects on these cells compared to melittin alone, which preferentially affects fatty acids, 
amino acids, and TCA cycle intermediates. The most significantly affected metabolites due to the 
melittin + cisplatin combination treatment in both cell lines were in the TCA cycle, oxidative 
phosphorylation, purine and pyrimidine metabolism, and arginine/proline pathways. This distinct 
mechanism of action of the melittin + cisplatin combination may provide a new paradigm for 
overcoming chemoresistance in ovarian cancer therapy. Our results provide rationale for the ongoing 
study of melittin in combination with cisplatin that could produce improved therapy for platinum 
resistance in ovarian cancer. 

Supplementary Materials: The following are available online at www.mdpi.com/2218-1989/7/2/14/s1, Figure S1: 
Cell viability was determined following treatment with cisplatin for 24 h (A) IC50= 10.8 μg/mL A2780CR; (B) 
IC50= 4.9 μg/mL A2780, Figure S2: Cell viability was determined following treatment with melittin for 24 h (IC50= 
6.8μg/mL A2780; IC50= 4.5μg/mL A2780CR), Figure S3: Hierarchical clustering analysis (HCA) of 20 ovarian 
cancer cell samples. It shows two main groups and four subgroups. The groups: CR, control of cisplatin 
resistance cell lines; SOR: A2780CR after treatment with melittin + cisplatin; C, control of cisplatin sensitive cell 
lines; SOS, A2780 after treatment with melittin + cisplatin, Figure S4: (A) Permutation analysis of OPLS-DA 
model derived from A2780 cells treated with melittin/cisplatin and controls cells. Statistical validation of the 
OPLS-DA model by permutation analysis using 100 different model permutations. The goodness of fit (R2) and 
predictive capability (Q2) of the original model are indicated on the far right and remain higher than those of 
the 100 permuted models to the left. OPLS-DA, orthogonal partial least squares discriminant analysis. (B) 
Receiver Operating Characteristics (ROC) curve shows sensitivity (true positive rate (TPR)) on the y-axis versus 
(false positive rate (FPR = 1 - Specificity)) on the x-axis. The area under ROC curve (AUROCC) =1 for SOS and C 
groups, Figure S5: (A) Permutation analysis of OPLS-DA model derived from A2780CR cells treated with 
melittin/cisplatin and controls cells. Statistical validation of the OPLS-DA model by permutation analysis using 
100 different model permutations. The goodness of fit (R2) and predictive capability (Q2) of the original model 
are indicated on the far right and remain higher than those of the 100 permuted models to the left. OPLS-DA, 
orthogonal partial least squares discriminant analysis. (B) Receiver Operating Characteristics (ROC) curve shows 
sensitivity (true positive rate (TPR)) on the y-axis versus (false positive rate (FPR = 1 - Specificity)) on the x-axis. 
The area under ROC curve (AUROCC) =1 for SOR and CR groups.  
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Figure S1. Cell viability was determined following treatment with cisplatin for 24 h (A) IC50 = 10.8 

µg/mL A2780CR; (B) IC50 = 4.9 µg/mL A2780. 
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Figure S2. Cell viability was determined following treatment with melittin for 24 h (IC50 = 6.8µg/mL 

A2780; IC50 = 4.5µg/mL A2780CR). 

 

 

 

 

 
Figure S3. Hierarchical clustering analysis (HCA) of 20 ovarian cancer cell samples. It shows two main 

groups and four subgroups. The groups: CR, control of cisplatin resistance cell lines; SOR: A2780CR 

after treatment with melittin + cisplatin; C, control of cisplatin sensitive cell lines; SOS, A2780 after 

treatment with melittin + cisplatin. 
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Figure S4 (A) Permutation analysis of OPLS-DA model derived from A2780 cells treated with 

melittin/cisplatin and controls cells. Statistical validation of the OPLS-DA model by permutation 

analysis using 100 different model permutations. The goodness of fit (R2) and predictive capability (Q2) 

of the original model are indicated on the far right and remain higher than those of the 100 permuted 

models to the left. OPLS-DA, orthogonal partial least squares discriminant analysis. (B) Receiver 

Operating Characteristics (ROC) curve shows sensitivity (true positive rate (TPR)) on the y-axis versus 

(false positive rate (FPR = 1 − Specificity)) on the x-axis. The area under ROC curve (AUROCC) = 1 for 

SOS and C groups.  
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Figure S5 (A) Permutation analysis of OPLS-DA model derived from A2780CR cells treated with 

melittin/cisplatin and controls cells. Statistical validation of the OPLS-DA model by permutation 

analysis using 100 different model permutations. The goodness of fit (R2) and predictive capability (Q2) 

of the original model are indicated on the far right and remain higher than those of the 100 permuted 

models to the left. OPLS-DA, orthogonal partial least squares discriminant analysis. (B) Receiver 

Operating Characteristics (ROC) curve shows sensitivity (true positive rate (TPR)) on the y-axis versus 

(false positive rate (FPR = 1 − Specificity)) on the x-axis. The area under ROC curve (AUROCC) = 1 for 

SOR and CR groups.  
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