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PREFACE 
The work embodied in the thesis entitled “Characterization of the intermediates 

of heme bound peptides and synthetic analogues associated with amyloidogenic 

diseases” focusses broadly in the four areas; (1) investigating the role of heme in 

amyloidogenic diseases like Alzheimer’s diseases, Diabetes mellitus (2) trapping 

and characterisation of the plausible heme based reactive intermediates which 

are toxic in nature as they can interfere with the essential biomolecules, proteins 

etc., hampering their normal biological functions (3) probing the role of second 

sphere in tuning the reaction pathway and the related intermediates which they 

generate in between and lastly (4) the probable in-vitro way of sequestering heme 

to get rid of heme-based cytotoxicity in physiological conditions. Various 

spectroscopic techniques including UV-Vis, Resonance Raman, EPR, Stopped 

flow, Rapid freeze quench, Fluorescence etc. and Gel electrophoresis have been 

used to understand the electronic active site environment of heme bound peptides 

and their reactivities in different experimental conditions. A few techniques and 

assays like centrifugation, apoglobin preparation by Teal’s method, Peroxidase 

assay, Xylenol orange assay etc. have been used throughout these works. All of 

these works have been performed at Indian Association for the Cultivation of 

Science, Kolkata.  

The dissertation begins with a brief general introduction, Chapter 1, which serves 

as a background for this thesis and as a basis for the works that are presented in 

the following chapters. 

 In Chapter 2, a summary of the experimental techniques and procedures used at 

multiple times have been discussed with a hope that it will help the readers to 

understand the works and experiment designs performed in this thesis.  



Chapter 3 deals with the characterisation of a high valent intermediate, 

Compound I, using spectroscopy, rapid kinetics and freeze quenching technique. 

This is a commonly formed intermediate, known in the peroxidase pathway of 

natural enzyme and by characterising this intermediate in heme-A complex, we

provide a basis for elucidating the oxidative degradation of neurotransmitters, 

resulting in abnormal neurotransmission, which is a key pathological feature of 

AD. 

Previous literature suggest the involvement of heme in the T2Dm etiology. In this 

context, the interaction between two vital components; heme and insulin has been 

studied spectroscopically in Chapter 4. Under different conditions like in 

presence of excess peptide as well as increasing pH of the medium, a shift of 

equilibrium between two components of heme-insulin complexes can be observed. 

One component is a mono histidine bind species which can serve as a peroxidase 

and another one is a bis-Histidine type active site similar to cytochrome b. 

After knowing the overall active site structure of heme-insulin complexes the 

research obviously was navigated to find their significant role in T2Dm. So, a 

detailed study of reactivity of heme bound insulin has been discussed in Chapter 

5. The quantification of PROS, peroxidase activity and the high valent oxidant 

species, the dityrosine formation in presence of heme-insulin and finally, the 

protective role of insulin in heme-amylin complexes have been dealt with in this 

chapter. 

The effect of second sphere on the reactivity of porphyrins with peracid, 

comprises the Chapter 6. Different synthetic heme porphyrins with attached 

pendant groups like quinol and phenol are synthesised and are reacted with 

peroxides where different final products are observed. Thus, modification of 

second sphere residues can tune the reaction pathways by going through different 

types of intermediates. 



In Chapter 7, the interaction of Heme bound amylin/hIAPP, with apomyoglobin 

(ApoMb) has been investigated using a combination of spectroscopic and 

electrophoresis techniques and the results confirm that ApoMb can uptake heme 

from Heme-hIAPP and constitute a six-coordinate high-spin ferric heme active 

site identical to that of myoglobin (Mb). The amount of PROS diminishes 

significantly after the sequestration. This not only potentially diminishes heme-

induced toxicity in the pancreatic β-cells but also produces Mb which has well-

documented functions throughout the respiratory system and can thereby likely 

reduce the risks associated with T2Dm. 
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General Introduction 
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1.1. Amyloidogenic diseases and protein aggregation 
 

Amyloids are protein aggregates bearing a highly ordered cross β structural motif, 

which are mostly pathogenic. Their formation, deposition in tissues and consequent organ 

dysfunction is the central event in many amyloidogenic diseases. Human disorders like 

Alzheimer’s disease (AD), type 2 diabetes mellitus (T2Dm), dialysis related amyloidosis 

(DRA), frontotemporal dementia (FTD), Huntington’s disease (HD), multiple system atrophy 

(MSA), familial amyloid polyneuropathy (FAP) etc., share this common histopathological 

feature of the formation and deposition of amyloids leading to organ dysfunction.1–4 Hence, 

these apparently dissimilar pathogenic conditions having a range of different clinical 

presentations, can be unified by one specific benchmark and are grouped under the category of 

amyloidogenic diseases or amyloidosis. Some of these diseases are entirely hereditary, while 

some are mostly sporadic, with a minor percentage of cases arising due to genetic factors and 

a few are transmissible (e.g., human prion diseases). Amyloid formation may also result from 

long term medical treatment, for example in DRA, linked to hemodialysis, injection-localized 

amyloidosis associated with treatment for type I diabetes and iatrogenic Creutzfeldt Jakob 

disease (iCJD).5 

 

 

 

Scheme 1. Proposed mechanism of amyloidosis. The monomeric peptide or natively folded 

protein slowly undergo oligomerization when native protein folding gets disturbed. The 

oligomeric nuclei promote protofibril formation and protofibrils eventually aggregate creating 

cross β-sheet fibrils and mature amyloid plaques.  

The amyloids are typically proteinase resistant, insoluble, unbranched protein fibrils of 

7-10 nm diameter and indefinite length.6,9 Although, protein is the major constituent of these 
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fibrils; sulphated glycosaminoglycans and the normal plasma glycoprotein serum amyloid P 

component (SAP) are invariably present in the amyloid deposits as well, possibly to promote 

their aggregation, stabilization and persistence.11 In case of all amyloidogenic diseases, the key 

event thought to be responsible for the pathological consequences is the misfolding and self-

assembly of native proteins or peptides (Scheme 1). Usually, the soluble monomeric 

precursors, which are either intrinsically unstructured or partially folded, aggregate into 

insoluble fibrils via a nucleated polymerization mechanism.17 When these amyloid aggregates 

cannot be eliminated effectively they can cause toxicity which lead to diseased conditions. 

It should be noted here that most amyloids are in fact pathogenic with approximately 

50 different proteins/peptides being known till date to form such aggregates under disease 

conditions.6 With greater understanding of its underlying structure and years of extensive 

investigations, the definition of the term amyloid has undergone much evolution. This leads us 

to the modern biophysical definition of amyloids which considers them to be non-branching 

long protein filaments wherein the repeating substructure consists of anti-parallel β-strands 

arranged orthogonally to the fibre long axis forming what is called cross β sheet.14 Irrespective 

of the diversity in structure and function of the numerous precursor proteins or peptides from 

which the amyloids are derived or whether they are functional or pathogenic, the cross-β 

structural motif is exclusive to the amyloid fold.16 Despite such uniformity in the core fibril 

structure, polymorphism can result in the formation of multiple structural states.5,15 Better 

understanding of the mechanisms which drive these protein downhill to the path of amyloidosis 

should unravel new drug targets and therapeutic. 

 

1.2. Amyloid  (A) in Alzheimer’s disease (AD) 

Alzheimer’s disease (AD), first described in 1906 by the German psychiatrist Alois 

Alzheimer,  is a terminal neurodegenerative disorder of cognitive abnormalities which is 

projected to affect around 115.4 million people worldwide by 2050.18 It manifests itself as 

advanced dementia, particularly in the elderly and since most of the symptoms, such as 

confusion, rapid mood swings, long term memory loss, disorientation, behavioral alterations 

etc. are age related, early diagnosis is quite difficult.19,20 Neuronal damage arises due to the 

presence of excess misfolded proteins, which in case of AD is the amyloid β (Aβ) peptide.5 In 

fact, the characteristic histopathological feature of AD is the presence of neuritic senile plaques 
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(SP, highly insoluble and proteolysis resistant fibrils), primarily in the frontal cortex and 

hippocampus region of the brain and intracellular tau-containing neurofibrillary tangles (NFT) 

with Aβ as the major constituent leading up to a high degree of synaptic breakdown, loss of 

neurons and decrease in neurotransmitter levels.6 Additionally, the level of Aβ in the AD brain 

is ~15 times greater (~31 µg/g) than that in the age-matched non-AD brain.10,11 This peptide is 

derived from the cleavage of trans-membrane amyloid precursor protein (APP) from the C-

terminal region (Scheme 2, 3).11 In amyloidogenic pathway three different proteolytic enzymes 

α-, β- and γ-secretases cleave APP at different sites to produce various Aβ chain lengths.20 The 

most abundant and widely investigated peptide variants are Aβ(1-40) and Aβ(1-42).14 A(1-

42) is the major Aβ variant in non-demented elderly controls while Aβ(1-40) is predominant 

in sporadic AD, forms fibril deposits which damage the cerebral vessel walls (Scheme 2,3).7, 

15, 16 It is relatively soluble in aqueous media, whereas the Aβ(1-42) rapidly forms fibril-like, 

insoluble structures. The first 16 amino acid residues from the N-terminus constitute the 

hydrophilic fragment of these peptides.17 The rest of the 17-40/42 amino acids form the 

hydrophobic part of Aβ which is responsible for aggregation and fibrillation (Scheme 3).18 The 

abnormal accumulation of Aβ peptide in the AD brain resulting in the formation of plaques and 

tangles led to the proposition of the amyloid cascade hypothesis in the early 90s which gets its 

major support from genetic studies (Scheme 2).19 Recent studies using cryo-electron 

microscopy show that the Aβ amyloid fibrils in the AD brain are polymorphic but consist of 

similarly structured protofilaments and also that they are right-hand twisted with peptide fold 

differing sharply from previously analysed Aβ fibrils that were formed in vitro.20 These results 

may help explain the structural basis of the disease.  

Unfortunately among the drugs purported to prevent or treat AD by inhibiting Aβ 

aggregation, such as synthetic glycosaminoglycan 3-amino-1-propaneosulfonic acid (3APS, 

tramiprosate), colostrinin, scyllo-inositol etc., have been discontinued at phase III of clinical 

trials while some were unable to sustain beneficial effects over prolonged period.21-24 Similarly, 

drugs targeting Aβ production have mostly yielded negative results with the exception of β-

secretase/BACE1 inhibitors which have shown promising results at phase I clinical trials.22, 23 
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Scheme 2. Schematic representation of the different hypothesis regarding the origin of 

Alzheimer’s disease. 

Apart from Aβ, several metal ions having a natural distribution in the brain have been 

implicated to have a possible role in AD and have evoked the ‘Metal ion’ hypothesis (Scheme 

2).25 Analysis of autopsy of AD brain has demonstrated the presence of abnormally high levels 

of some metal ions, mainly Zn (69 µg/g, ~1055 µM), Cu (25µg/g, ~393 µM) and Fe (52µg/g, 

~980 µM) in the senile plaques.26 Although there is no consensus regarding the fate of zinc 

concentration in the AD brain, it is well established that Zn binds Aβ promoting its aggregation 

to form neurotoxic species.27-30 However, it is still unclear if zinc binds to free Aβ peptides 

which then subsequently aggregate or whether zinc binds to Aβ in preformed plaques. Such a 

disruption in zinc homeostasis may result in synaptic and memory deficits which in turn may 

help in the progression of AD.31 On the other hand, the redox active metals Cu and Fe, which 

regulate various essential processes of the central nervous system (CNS), like neurotransmitter 

synthesis, oxygen transportation, myelin production and synaptic signalling, are a source of 

reactive oxygen species (ROS).32,33 ROS generation can lead to neurodegeneration via 

oxidation, misfolding and aggregation of essential proteins, lipid peroxidation etc. ultimately 

causing death of the neurons.34 In case of AD there is a pronounced imbalance in Cu and Fe 

levels in the brain with these metals being accumulated in the core and rims of the senile 

plaques where they co-localise with Aβ.35-37 Cu(II) ion binds Aβ with high affinity where the 

metal-peptide complex displays some peroxidase activity and in the reduced state generates 
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ROS by reacting with molecular oxygen.38-41 In fact, both Aβ and APP have Cu binding sites. 

Also, the interaction between Cu(II) and Aβ may favour the peptide’s aggregation by 

increasing the proportion of β-sheet and α-helix structures.42 A recent study shows the presence 

of two different forms of Cu(II)-Aβ, termed as component I and component II, depending on 

the pH of the solution having a pKa of 8.1.43  

Scheme 3. Schematic representation of non-amyloidogenic and amyloidogenic APP processing 

pathways by secretases leading to the formation of Aβ peptides of different chain lengths 

(above) and amyloid precursor protein intracellular domain (ACID). Amino acid sequence in 

blue represents the hydrophilic part (1-16) and black represents the hydrophobic part (17-40) 

of the Aβ peptide as processed from APP (below). 

On the other hand, histochemical studies suggest Fe can bind Aβ but its complex with 

Fe(III) is not very stable and quickly precipitates.43,44 The ability of Fe to generate ROS via 

Fenton chemistry may contribute towards the oxidative stress seen in AD (Scheme 2).43 Other 

than Zn, Cu and Fe, another metal that has been associated with AD is Al despite difference in 

opinion as to the exact role of this neurotoxin in the disease. Al was found to be co-localised 
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with amyloid in the senile plaques.44 In vitro studies show that Al(III) can bind Aβ which is 

said to inhibit fibril formation but the annular oligomers co-exist in the aggregation pathway.45 

It is interesting to note that for all the metal-Aβ complexes mentioned above, the proposed 

metal coordinating amino acid residues lie within the hydrophilic Aβ(1-16) segment of the 

peptide (Scheme 3).46-50 Several metal chelators or ionophores like clioquionol, a bioavailable 

anti-parasitic agent, PBT2, a second-generation 8-OH quinoline, etc. have been put forward as 

potential AD therapeutic because of their ability to restore metal homeostasis in the brain.51-55 

However, their limited success in improving cognition or motor dysfunction has necessitated 

further investigation as to the possible origin and mechanism of AD.30  

 

1.2. Amylin (hIAPP) and Insulin in type 2 diabetes mellitus (T2Dm)  

Type-2 diabetes mellitus (T2Dm) is the most common chronic metabolic disorder 

characterized by dysfunction in both insulin action and insulin secretion from the β-cells of 

pancreatic islets of Langerhans, resulting in hyperglycemia.51 According to the International 

Diabetes Federation more than 368 million people worldwide have T2Dm, with 80 % of 

diabetes occurring in developing countries like India. The invariant histopathological feature 

of 90% of the patients suffering from T2Dm is the presence of extracellular amyloid deposits 

around the -cells of pancreas.52,53  

The principal constituent of these amyloid deposits is a polypeptide hormone called 

amylin or Islet Amyloid Polypeptide Protein (IAPP) comprising of 37 amino-acid residues.54,55 

IAPP is co-produced and co-secreted with insulin by the pancreatic -cells and have 

complementary hormonal activities.56,57 IAPP controls metabolic functions in concert with 

insulin by controlling glucose levels and gastric emptying and inhibits glucagon secretion. 

After being expressed as pro-amylin in response to increased glucose concentrations, amylin 

undergoes post-translational modification inducing removal of 13 residues from the N-

terminus and 19 residues from the C-terminus (Scheme 4).58 Subsequently the C-terminus is 

enzymatically amidated and a disulfide bond between Cys2 and Cys7 is formed. These post-

translational modifications are necessary for the physiological activity of amylin. The 

amyloidogenic propensity of amylin also increases as it undergoes post-translational 

modifications. Human IAPP (hIAPP) is a highly amyloidogenic peptide, with residues 20-29 

forming the part of its amyloidogenic core (Scheme 5).59 Several reports indicate that 
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aggregation of hIAPP(1-37) is responsible for the death of the pancreatic β-cells.22 However it 

is increasingly becoming apparent that it is the smaller oligomers that have the ability to induce 

membrane instability and β-cell apoptosis.32  

 

 

 

 

Scheme 4. Schematic representation of the processing of pro-hIAPP by endroproteases to yield 

the final (1-37) residue, amidated peptide hIAPP with a disulfide bond between Cys2 and Cys7. 

The proteases involved are prohormone convertase (PC2 and PC1/3), carboxypeptidase (CPE) 

and peptidyl amidating monooxygenase (PAM) complexes.  

 

The mechanism by which hIAPP contributes to the amyloid deposition in and around 

the -cells remains still unclear. HIAPP contains an abnormally larger number of Asn (6) and 

Ser/Thr (10) residues compared to its specific length (Scheme 5). Asn, being both an H-bond 

donor and acceptor residue, is capable of forming ladder-like networks of inter-polypeptide 

hydrogen bonds, which are envisaged to play an important role in amyloid fibril stabilization. 

Similarly, Ser can form extended H-bonding network within peptide chains, contributing in 

fibrils formation.60 Another profoundly significant residue that has been found to change the 

course of amyloid formation in rats is Pro (at 25, 28 and 29th position). Pro being energetically 

unfavourable in the β-sheet form, is considered as a familiar disrupter of the secondary structure 

of amyloids. Lack of this residue in hIAPP makes a huge difference in the disease onset and 

progression compared to murine (Scheme 5).25 
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Scheme 5. Schematic representation of the arrangement of IAPP amino acid sequences in 

different species having slight differences between human, rat, mouse, and cat sequences. Red 

letters denote the amyloidogenic regions. 

 

The another diabetes related peptide is insulin because an impaired glucose metabolism 

can arise from acquired and/or genetic defects in both insulin activity of the peripheral insulin 

sensitive tissues and insulin secretion from islet -cells.12 It is a small peptide hormone secreted 

in pulses by the β cells of the pancreatic islets of Langerhans and is synthesized in the β-cells 

in the form of proinsulin which then undergoes PTMs to form the mature insulin. Structurally, 

insulin is a dipeptide, comprising of 51 amino acids distributed in two chains (A and B chain), 

with a molecular weight of 5.8 kDa. The B chain has a central helical section while the A chain 

has an N-terminal helix connected to an anti-parallel C-terminal helix. The two chains are 

joined by two disulfide bridges between cysteine residues, which join the N- and C-terminal 

helices of the A chain to the central helix of the B chain. An additional disulfide bridge exists 

in the A-chain itself (Scheme 6).  
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Scheme 6. The amino acid sequence of human insulin, a dipeptide linked via disulphide bridges 

between chain A and chain B. 

As the vital regulator of glucose homeostasis, insulin has to be secreted in an adequate 

quantity in our body. Thus, insulin resistance, abnormal/reduced insulin secretion, declined 

glucose utilization, and simultaneous increase in glucose production lead to one of the defining 

characteristics of T2Dm, i.e. hyperglycemia.28 Insulin resistance/insulin deficiency can be 

broadly originated due to 1) reduced insulin secretion by β-cells i.e., β-cells dysfunction; 2) 

counter-regulatory hormones of insulin or non-hormonal bodies that compete and supress the 

function of insulin receptors; 3) malfunctioned insulin response in target tissues in pancreas; 4) 

faulty action of insulin in the extra-pancreatic insulin-sensitive organs; skeletal muscle, adipose 

tissue and liver that play major roles in regulatory processes.62  

Apart from amylin (hIAPP) and insulin, various metals like Cu, Zn, Fe etc. are said to 

be involved in T2Dm. In relation with T2Dm, Fe overload, elevated serum ferritin level (the 

index of body iron stores), lower ratio of transferrin and Fe deposition in tissues are significant 

etiology found from recent studies.50 In fact, Fe accumulation in body increases linearly with 

the duration of the disease. Such elevated level of iron in the  cells leads to reactive oxygen 

species (ROS) like H2O2, HO2
·−, ·OH via Fenton’s mechanism, causing  cell death and in turn 

insulin deficiency.25 Insulin resistance can also be induced by excess Fe storage, as it inhibits 

the glucose uptake by skeletal muscles and adipose tissues along with reduction in insulin 

extraction capacity of liver. Disturbances in copper levels in various bio-fluids and cell tissues 
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are found to be associated with the irregularities in metabolic pathways of diabetic 

complications. High levels of Cu have been found in the blood serum of diabetic patients which 

in excess can generate oxidative stress.55 Cu can increase IAPP-induced cell apoptosis from 

45% to 70% in the cultured β cells. Lately, it has been shown that Cu ions also bind monomeric 

insulin with a higher affinity. Some recent studies show Cu binding to monomeric amylin 

hinders β sheet fibril formation while favouring the generation of oligomers, which are known 

for their potentially more toxic nature towards the β cells of the pancreas than the corresponding 

fibrillar form.39 Zn plays a key role in the storage and secretion of insulin, which subsequently 

increases the glucose uptake. As a result of the increased urinary depletion, a less than optimal 

Zn level in blood is found in T2Dm patients. Consequently, hypozincemia and hyperzincuria 

are common to them and this decreased plasma level of Zn adversely affects the ability of islet 

cells to make and secrete insulin. Also, mutation of Zn transporter, ZnT8 that is a key protein 

for the regulation of insulin secretion from the pancreatic β-cells has been associated with 

T2Dm.51-53,66  

 

1.3. Role of heme in amyloidogenic diseases 

Pathological link like increased oxidative stress, compromised mitochondrial activity 

etc. between AD and T2Dm has been long established now in such an extent that AD is 

sometimes called as Type 3 diabetes or inversely, T2Dm as the Alzheimer’s of the pancreas. 

47,48,64 Consistent with this, the epidemiological researches have shown that the incidence of 

AD is almost 2-5 times higher in T2Dm affected individuals.49 In AD, an excessive Fe 

accumulation, especially in the form of heme b is found in the Aβ deposited region of the brain. 

Such anomalous increase of heme concentration in AD brain has been associated with the 

complexation of heme with Aβ monomers which consecutively leads to heme depletion and 

results in elevated Fe intake, amplified stress-related enzymes or proteins like heme oxygenase-

1 and transferrin, increased bilirubin concentration, abnormal Fe homeostasis, degradation of 

Fe regulatory proteins, dysfunction of mitochondrial complex IV, enhancement of oxidative 

stress, and so forth.50–52 Incidentally many of these symptoms of AD are also common 

pathological features of T2Dm.53 Contemporary prospective studies and systematic meta-

analysis have positively associated high heme Fe ingestion, the major dietetic resource of body 

Fe stores, with high threat of developing T2Dm in future.53 All these lead to the proposition of 
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fairly recent ‘Heme hypothesis’ to investigate the role of heme in amyloidosis (Scheme 2). A 

decade of experiments have accumulated evidences in support of the heme coordination to A 

and hIAPP monomers (Scheme 7).61,62  

 

 

 

 

 

 

 

Scheme 7. Schematic representation of the active site environment of (A) heme-A(B) heme-

hIAPP and the PROS formation pathway (middle). Path-I for PROS from heme-A (100%) 

and Path-II for heme-hIAPP (50%). 

The active site environment of these heme bound peptides have been electronically 

characterised by far and the ligating amino acid residues have been identified using different 

site directed mutants. Apart from the primary coordination sphere, the environment of second 

sphere and their role in maintaining the active site structure as well as their reactivities have 

also been observed in details.63 It has been found that these peptides share many similar 

reactivities in presence of heme. They can produce ROS like H2O2 and toxic hydroxyl radicals 

(OH.), they can enhance the oxidative stress, can stimulate the peroxidase activity which 

eventually generate higher population of reactive intermediates and altered chemical reaction 

with other small molecules which supress the native functionalities of these biomolecules. 

These are all more or less common features for both the diseases.52,54 The similar etiology and 

pathogenic features in both AD and T2Dm indicate a common underlying mechanism, with 

heme playing as a protagonist.  

Thus, understanding the role of the heme in binding the amyloid peptides and severe 

detrimental effects imposed by these heme-peptide complexes that sabotage the normal 

biological functions can elucidate the cause and effect of these fatal diseases. On this note, this 

B A 
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thesis discusses the spectroscopic characterization of the active site environment of heme 

bound to insulin and its reactivity generating highly oxidising ferryl oxo type intermediates 

which is found to generate dityrosine linkages in insulin, hampering its normal function in 

relevance to T2Dm. The enhanced peroxidase activity and the high valent Fe-oxo intermediates 

in this pathway of previously known heme-Aβ complexes has been studied using spectroscopy 

and the interaction of this intermediates with different biomolecules and neurotransmitter that 

plays vital role in signalling, has been discussed simultaneously. The role of second sphere has 

been investigated using synthetic porphyrins which have different pendant groups attached to 

them, tuning the reaction pathways. Finally, an in-vitro approach has been deliberated to 

eliminate the cytotoxicity of heme from heme bound peptide complexes relevant in 

amyloidosis paradigm.  
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2.1 Instrumentation 

An UV-Vis diode array spectrophotometer (Agilent 8453) were used for collecting the 

absorption spectra. For measuring the slower kinetics the same instrument was used while to 

follow the rapid kinetics and to characterize the short-lived intermediate species the stopped 

flow kinetics instrument (Biologic SFM 4000) was used. Along with this the intermediates 

were trapped in rapid freeze quenching (RFQ) technique at low temperature. Electron 

paramagnetic resonance (EPR) data were collected at 77 K in a liquid nitrogen finger dewar 

and obtained by a X-band Jeol (JES FA200) spectrophotometer. Some of the EPR solution 

samples were frozen in a low temperature bath and were run at 11K and 13K in liquid Helium 

setup (JANIS cryostat). EPR settings were as follows: Freq. ≈ 9.13GHz, Power ≈ 1mW, Mod. 

Width = 16 gauss, Amplitude = 50.00, Time Constant = 0.03 sec, Sweep time = 30 sec. 

Resonance Raman (rR) spectroscopy data were obtained using a Trivista 555 spectrograph 

(Princeton Instruments) and 413.1 nm excitation from a Kr+ laser (Coherent, Sabre Innova 

SBRC-DBW-K). The optics (plano-convex lens, mirror etc.), used for the collection of rR data 

were purchased from Sigma-Koki Japan. The Raman shifts were calibrated against naphthalene 

frequencies. The wavenumber accuracy was ±1 cm−1 for well defined peaks. The laser power 

was varied between 10 and 15 mW on the samples. All reagents used in experiments were of 

the highest grade commercially available and were used without further purification. Native 

peptides and their site directed mutants were purchased from Ontores, China with >95% purity. 

Hemin, the buffers, Serotonin and m-CPBA were purchased from Sigma. The synthetic iron 

porphyrin complexes were prepared as per the early reports and are also mentioned in relevant 

chapter. 

 

2.2. PROS quantitation 

For PROS calculation, the following xylenol orange assay was applied. A total of 4.9 

mg of Mohr’s salt and 3.9 mg of xylenol orange were dissolved in 5 mL, 250 mM H2SO4 and 

stirred for 10 min. 200 μL of this solution was taken in 1.8 mL of nanopure water and a 

calibration curve for the quantitative estimation of H2O2 was obtained for 0.05, 0.1, 0.5, 1, 2.5, 

5, and 10 μM concentrations of H2O2 by recording their absorbance at 560 nm. The calibration 

curve was expressed as absorbance at a fixed wavelength of 560 nm versus concentration of 

H2O2 in micromolar units for a 2 mL volume. For the detection of PROS of the heme-peptide 
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complexes, a blank was obtained in the UV-visible spectrophotometer with 1.8 mL nanopure 

water in a cuvette. A total of 50 L 0.5 mM heme-hIAPP complex and 200 L xylenol orange 

solution was added to the above cuvette and absorbance was measured. This served as the 

control. The complexes and all the buffer and reagent solutions were degassed first and then 

were purged with argon in anaerobic vials for ̴ 30 min. Then they were reduced using minimal 

amount of dithionite under anaerobic condition, followed by their reoxidation by O2 (monitored 

by absorption). A total of 200 L of 0.025 mM reoxidized solution was added to the cuvette 

containing the control and absorbance of this solution was recorded. The value of absorbance 

of the above solution (after deducting the control) at 560 nm when plotted on the calibration 

curve yielded the corresponding H2O2 concentration. 

 

2.3. SDS-PAGE Gel electrophoresis 

In the SDS-PAGE, 10 % - 15 % gradient polyacrylamide gel was used as the resolving 

gel. The samples were prepared by mixing 20 μL of each sample (containing 20 μg samples) 

with equal volume of Laemmli buffer. Laemmli buffer was prepared following the standard 

protocol.(ref: Laemmli, U. K. Cleavage of Structural Proteins during the Assembly of the Head 

of Bacteriophage T4. Nature 1970, 227, 680-685.) 4% stacking gel was prepared on top of the 

resolving gel, and the comb was inserted carefully. After formation of the defined wells the gel 

was loaded in the electrophoresis setup. It was then filled with 1x tank buffer (conc. SDS etc), 

and the samples were loaded into the wells. It was then allowed to run for 1 h at 150 V. After 

the run time was over, the gel was removed carefully from the setup. Finally it was stained 

overnight with Coomassie blue (G-250) dye to obtain the protein bands, and after complete 

staining, it was de-stained several times with a solution of 25% methanol, 7% acetic acid, and 

water. 

 

2.4. Preparation of Apoglobins 

 ApoMyoglobin (ApoMb) was prepared from Myoglobin (Mb) using Teale’s 

method.(ref: Teale, F. W. J. Cleavage of the haem-protein link by acid methylethylketone. 

Biochimica et Biophysica Acta 1959, 35, 543.) In brief, pH of the sample protein was lowered 

to 2.0 using ice-chilled 0.1 M HCl followed by mixing with equal volume of cold butanone to 

separate the phases. The colourless aqueous layer containing ApoMb was separated carefully 
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from the heme containing red organic layer and dialyzed against 20 mM phosphate buffer, pH 

7.0. The apoprotein was then centrifuged at 40C to a concentrated solution. The concentration 

of the Mb and ApoMb solutions were determined using the molar extinction coefficients (ϵ 

=179 mM-1 cm-1 at 408 nm for Mb and ϵ =13.5 mM-1 cm-1 at 280 nm for ApoMb). 

 

2.5. High-performance liquid chromatography (HPLC) 

 Oxidation products of serotonin by heme–peptide complexes were separated by 

reversed-phase HPLC (RP-HPLC) using a Waters 1525 Separation Module coupled to a diode-

array detector (Waters 2487). A SymmetryR C18 reversed-phase column (250 mm 9 4.6 mm, 

5 lm particle size) (Phenomenex) was used to separate unreacted species from its oxidation 

products using the linear gradient method. The mobile phase consisted of eluant A (1 % acetic 

acid and 1 mM ammonium acetate in water) and eluant B (100 % acetonitrile). The gradients 

applied were 0–10 min, 98–85 % eluant A; 10–12 min, 85–50 % eluant A; 12–14 min, 50 % 

eluant A. The flow rate was 0.8 mL/min. At specific time intervals, the oxidation products were 

analyzed by injecting 25 µL of the reaction mixture into the column. Serotonin and its oxidation 

products were analyzed with a UV-online detector set at 260 nm. 

 

2.6. Peroxidase activity 

3,3′,5,5′-Tetramethylbenzidine (TMB) was used as the substrate for peroxidase activity 

measurement. A 0.5 mg portion of TMB was dissolved in 50uL of glacial AcOH. Kinetics 

experiment was performed by adding 25 µl heme-peptide solutions (0.1 mM) and 15 µl 

peroxide/peracid (1 M) to 15 µL TMB (83 mM), taken in 1.2 ml 50 mM pH 8 phosphate buffer. 

The concentration ratio of catalyst, oxidant and substrate was varied accordingly. Kinetic traces 

were obtained by monitoring the increase of the 652 nm absorption band with time and then 

compared with respect to the peroxidase activity of free hemin. 

 

2.7. Fluorescence measurement 

0.5 mmol peptide were dissolved in 200 ml 0.1 M sodium phosphate buffer, pH 8, 0.3 mmol 

of peroxidase solution and 10 eqv of hydrogen peroxide in 1 ml of the above buffer were added 
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and the solution was oxidised at a constant temperature of 37 °C for 1 h in aerobic condition. 

Excess hydrogen peroxide was destroyed by the addition of sodium metabisulfite and the 

solution neutralised with concentrated hydrochloric acid. Fluorescence experiments were 

carried out in 0.1 M sodium phosphate buffer solutions at pH 8 with a Fluoromax-3 instrument 

(Horiva JovinYvon). Samples were continuously excited at 280 and 325 nm during 1 h, 1.5 h 

of incubation. Emission spectra were acquired with 310 nm and 400 nm, 440nm excitation to 

monitor the di and tri-tyrosine formation. The quartz cell of 1 cm path length has been used for 

this experiment and the samples were excited at 265 and 325 nm. Emission scans were 

documented by using a slit width of 2 nm. 
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3.1. Introduction 

Alzheimer’s disease (AD) is a terminal neurodegenerative disease that is likely to affect 

around 115.4 million people by 2050.1  Generally, amyloidogenic plaques formed by the 

aggregation of small amyloid  (A) peptides resulting from the hydrolysis of amyloid 

precursor protein (APP) by the action of secretases, are observed in the hippocampus cortex of 

the brain of an AD affected patient.2–4 Co-localization of Zn and Cu metals in these A plaques 

have led the community to invoke a potential role of these metals in aggregation.5 Specifically 

for Cu, neurotoxicity can be derived from oxidative stress owing to the generation of reactive 

oxygen species by the reaction of A peptide/aggregate bound cuprous ion with oxygen.6 Over 

the last few decades several small molecule inhibitors of aggregation and Cu/Zn chelators have 

been tested as potential drug candidates.7 Unfortunately, till date, molecules that show 

dissolution of such aggregates and/or chelation of Cu/Zn have failed to provide credible 

symptomatic relief during clinical trials.7–9 This has prompted investigation of other likely 

origins of the disease. Heme, the chromophore present in proteins like haemoglobin and 

myoglobin, is ubiquitous in mammalian body (~ 60 g of heme in a grown adult) and has been 

detected in the Aβ plaques.10,11 While the takers of the heme hypothesis are few, the role of 

heme in the important cytopathologies of AD is difficult to ignore.12,13 AD pathology includes 

disruption in heme homeostasis, enhanced heme oxygenase activity, reduced levels of heme 

proteins like NO synthase, increase in iron uptake, dysfunction in mitochondrial complex IV, 

etc., all indicating a potential association of heme with AD.14,15 Heme has been established to 

bind Aβ peptide via a histidine residue in the hydrophilic segment (1-16) of A peptide.15–18 

The three residues deemed relevant to the reactivity of heme-A complexes, namely the His13, 

Arg5 and Tyr10, are unique to human A peptides and are absent in rodents who do not show 

AD.19 The heme-A complexes show peroxidase activity  owing to the presence of a distal 

Arg5 residue and can catalyze the oxidation of the neurotransmitter, serotonin (5-HT).19,20 

Serotonin, an essential neurotransmitter, for cognitive functions and formation of new 

memories, is catalytically oxidized by heme-Aβ and H2O2 primarily to its dimer 

dihydroxybitryptamine.21,22 Significant reduction of serotonin level and their oxidation leading 

to neurotoxicity are common phenomena in the pathology of AD.23,24 Since the peroxidase 

activity of heme-A is unregulated, such reactivity of heme-Aβ can account for the abnormal 

neurotransmission observed in AD (Scheme 1).20,25 In the absence of substrate heme-A can 

oxidize the Tyr10 residue to cause dityrosine linkage between A peptides leading to their 
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aggregation.12,26 Apart from its peroxidase activity with H2O2, reduced heme-Aβ is known to 

generate H2O2 following a 2-electron reduction of molecular O2, in which one of the electron 

is donated by the Tyr residue at the 10th position in the peptide which acts as a redox non-

innocent residue similar to the redox active Tyr residues in other heme and non-heme enzymes 

in nature.27  

Scheme 1. Schematic representation of oxidation of neurotransmitters catalyzed by   

heme-A complex in presence of H2O2. 

                                                                                                                                                

 

 

 

 

 

 

 

 

 

 

 

Although the peroxidase activity of heme-A complexes are known, till date there is 

no report on the reactive intermediates involved in the reaction. Peroxidases are known to 

contain a highly conserved Arg residue in the distal pocket which assists in the O-O bond 

heterolysis by protonation of the distal oxygen atom of a Fe(III)-OOH intermediate species 

(also known as Compound 0).28 This role of the Arg residue is also described as the “pull 

effect”.29 The protonation assisted O-O bond cleavage of Compound 0 results in the formation 

of the reactive oxidant Compound I, formally described as a Fe(IV)=O porphyrin π cation 

radical species, which is the active oxidant in peroxidases.30,31 However, the intermediate 

involved in the peroxidase activity of heme-A has not been trapped and characterized and 

remains to be established. 

This chapter demonstrates that heme-Aβ complexes rapidly react with m-CPBA (meta-

chloro perbenzoic acid), a surrogate for H2O2, to generate Compound I by the heterolytic 

cleavage of O-O bond.20 The Compound I species, having half-life of 0.6 s, can oxidize 
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neurotransmitters like serotonin. The distal Arg5 and Tyr10 residues control the rate of 

formation and decay of Compound I.  

 

3.2. Methods and Materials 

3.2.1. General Methods 

All reagents were of the highest grade commercially available and were used without further 

purification. Aβ peptides of chain lengths 1-40 and 1-16 have been used for this study. The site 

directed mutants of Aβ(1-16) used were Arg5Asn and Tyr10Phe. All peptides were purchased 

from Ontores, China with >95% purity. Hemin, the buffers, Serotonin and m-CPBA were 

purchased from Sigma. All the experiments were done at pH 8 and Aβ(1-40), Aβ(1-16) and all 

the mutants were made in 50 mM phosphate buffer, while hemin solution was made in 1 M 

NaOH solution. 
Peptide stock solutions were 0.5 mM for absorption, EPR and resonance Raman studies. Heme-

Aβ complexes were prepared by incubating 1 equivalent of Aβ solution with 0.8 equivalent of 

heme solutions for ∼1 h. Serotonin (5-HT) was prepared in Millipore water and was of 5 mM 

strength. Meta-chloro perbenzoic acid (m-CPBA) was prepared by dissolving it in 20% (v/v) 

Acetonitrile-water mixture. 

 

3.2.2. Physical Methods 

Absorption  

Absorption spectra were recorded by adding ∼100 μL of the heme-Aβ complex solution in a 

cuvette of 1 mm path length. Absorption spectra were obtained by a UV-Vis diode array 

spectrophotometer (Agilent 8453). 

 

Stopped Flow 

Stopped-flow analysis of the reaction of heme-Aβ complexes and it’s mutants with m-CPBA 

were performed on SFM 4000 stopped-flow absorption spectrophotometer (light source Xe 

lamp). The reactions were performed by mixing 0.3 mM of heme-Aβ complexes (wild type 

and mutants) with 2 mM m-CPBA in 1:10 concentration ratio. 

The formation and decay time of Compound I was calculated from the kinetic trace followed 

at 675 nm. The time where kinetic trace at 675 nm shows maximum was considered to be the 
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absorption spectrum of Compound I (e.g. 27 msec for heme-Aβ(1-16)). In order to observe the 

absorption bands of Compound I clearly, the initial spectrum of heme-Aβ (* a factor) was 

subtracted from that spectra to remove contribution of some unreacted heme-Aβ. The 

difference spectrum is commonly used to clearly observe the formation of new bands of low 

intensities. 

 

Fitting of Kinetics Data 

y = y0 + A0 exp(−kt) 

The above monophasic equation was used to fit the kinetics data and thus obtain the formation 

and decay rate constants. A positive pre-exponential factor ‘A0’ was used to fit the decay 

kinetics while a negative value of the same was used to fit the formation kinetics. Here ‘k’ is 

the rate constant and ‘y0’ is a constant. 

 

Serotonin Oxidation 

Absorption spectra and kinetics of serotonin oxidation was monitored in a UV-vis diode array 

spectrophotometer (Agilent 8453). The concentration of serotonin solution was 5 mM. Strength 

of heme- Aβ solution and m-CPBA were 0.3 mM and 500 mM respectively. Kinetics 

experiment was performed by adding 5 μl heme- Aβ solution and 8.5 μl m-CPBA to 70 μl 

serotonin taken in 1.2 ml 50 mM pH 8 phosphate buffer. The concentration ratio of Heme-Aβ, 

m-CPBA and serotonin was 1: 2360:176. 

 

Peroxidase Activity 

3,3′,5,5′-Tetramethylbenzidine (TMB) was used as the substrate for peroxidase activity 

measurement. A 0.5 mg portion of TMB was dissolved in 50uL of glacial AcOH. Kinetics 

experiment was performed by adding 25 μl heme- Aβ solution (0.1 mM) and 15 μl m-CPBA 

(1 M) to 15 μL TMB (83 mM), taken in 1.2 ml 50 mM pH 8 phosphate buffer. The 

concentration ratio of Heme-Aβ, m-CPBA and TMB was 1: 6000: 498. Kinetic traces were 

obtained by monitoring the increase of the 652 nm absorption band with time. 

 

EPR  

EPR spectra were obtained with a JEOL FA200 spectrometer. The EPR samples were 0.35 mM 

in concentration and were prepared by adding 5 equivalents of m-CPBA to heme-Aβ (Tyr 

mutant) solution frozen in a low temperature n-Pentane bath (kept at – 20⁰C) and were run at 
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11K and 13K in liquid He setup(JANIS cryostat). The 77 K data of these samples were acquired 

in a liquid nitrogen finger dewar. EPR settings were as follows: Freq. ≈ 9.13GHz, Power ≈ 

1mW, Mod. Width = 16 gauss, Amplitude = 50.00, Time Constant = 0.03 sec, Sweep time = 

30 sec. 

 

Resonance Raman 

RR data were obtained using a Trivista 555 spectrograph (Princeton Instruments) using 415 

nm excitation from a diode laser (MDL-E-415-50mW). The optics (plano-convex lens, mirror 

etc.), used for the collection of rR data were purchased from Sigma-Koki Japan. The power on 

the samples was ~5 mW. The rR samples were 0.35 mM in concentration and were prepared 

by adding 5 equivalents of m-CPBA to Tyr10Phe mutant, frozen in a low temperature n-

Pentane bath (kept at – 20⁰C). For the preparation of compound I of the native peptide with m- 

CPBA , SFM-400 Rapid Freeze Quench (RFQ) technique was used and samples were frozen 

in a low temperature n-Pentane bath (kept at – 60⁰C). 

 

HPLC 

Oxidation products of 5-HT by heme–Ab complexes were separated by reversed-phase HPLC 

(RP-HPLC) using a Waters 1525 Separation Module coupled to a diode-array detector (Waters 

2487). A SymmetryR C18 reversed-phase column (250 mm 9 4.6 mm, 5 lm particle size) 

(Phenomenex) was used to separate 5-HT from its oxidation products using the linear gradient 

method. The mobile phase consisted of eluant A (1 % acetic acid and 1 mM ammonium acetate 

in water) and eluant B (100% acetonitrile). The gradients applied were 0–10 min, 98–85 % 

eluant A; 10–12 min, 85–50 % eluant A; 12–14 min, 50 % eluant A. The flow rate was 0.8 

mL/min. For the HPLC assay, 5 mM 5-HT was incubated with 335 mM H2O2/ m-CPBA and 

0.3 mM heme–Ab in 100 mM Hepes, pH 8 with a conc. ratio of Heme-Aβ, m-CPBA and 

serotonin to be 1: 2360: 176. At specific time intervals, the oxidation products were analyzed 

by injecting 25 μL of the reaction mixture into the column. Serotonin and its oxidation products 

were analyzed with a UV-online detector set at 260 nm. 
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3.3. Results and Analysis 

3.3.1. Formation of reactive intermediates in the reaction of heme-Aβ with m-CPBA 

Heme-Aβ complex reacts with m-CPBA with an observed rapid decrease in the 

absorbance of the Soret band and a concomitant blue shift of the Soret band from 392 nm to 

365 nm (Figure 1A). The Q-band at 606 nm corresponding to heme bound Aβ red shifts to  ̴ 

675 nm, in ~ 27 ms (Figure 1B and S1A). Reaction of heme with peroxide/peracid can lead to 

a ferric peroxide which can either cleave the O-O bond homolytically to form compound II or 

heterolytically to form compound I. Heme peroxides are characterized by absorption at 526-

540 nm and 556-575 nm while compound II is characterized by absorption at 525-551 and 556-

586 nm.32–37 Alternatively, compound I is characterized by an absorption at 645-690 nm.36–45 

An absorbance in this region results in a green colour and is characteristic of a ferryl porphyrin 

cation radical (FeIV=O Por .+) or Compound I (Table S1).39,40,46 The absorbance at ~ 675 nm 

is found to diminish within 4 sec indicating the decay of Compound I (Figure 2A). As the 

reaction progresses, a new species is formed which is characterized by a red shift of the Soret 

band to 403 nm and new bands at  ̴ 565 nm and 595 nm indicating the decay of Compound I to 

another intermediate species, likely, ferryl heme (FeIV=O porphyrin) or Compound II (Figure 

1 and S1A).34,35,38 Note that we have not been able to accumulate high enough population of 

Compound I with H2O2 because the rate of formation of Compound I in H2O2 is slower than in 

m-CPBA as is well documented in peroxidases.39 On the contrary, the decay of Compound I to 

Compound II is independent of the source of peroxide. This is why Compound I is barely 

observed in the reaction of heme-Aβ with H2O2; rather Compound II is observed (Figure S1B).  

 

 

 

Figure 1. (A) Absorption spectrum of heme-Aβ(1-16), red ; for the reaction of heme-Aβ(1-16) 

with m-CPBA, in 50 mM PO43- buffer at pH 8 in the soret region (B) the same spectra along 
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with the difference spectrum at 0.027 sec (Compound I), blue ; and difference spectrum at 130 

sec (Compound II), green in the Q-band region. The difference spectrum is the difference 

between the spectrum at a given time and the spectrum of initial heme-Aβ complex. The arrows 

indicate the direction of the spectral change.  

 

3.3.2. Kinetic assays  

The kinetic trace of the reaction between heme-Aβ and m-CPBA at 675 nm shows an 

exponential increase followed by a decay indicating the formation and decay of Compound I, 

respectively (Figure 2A). The rate constants for the formation and decay have been estimated 

to be 115 s-1 and 1.2 s-1 for heme-Aβ(1-16). In the presence of serotonin, the decay of 

Compound I is accelerated as the Compound I formed oxidizes it to its dimer 

dihydroxybitryptamine (Figure 2B, and S2), at a rate which is faster than its auto decay in the 

absence of substrate (Table 1 and Scheme 2). Note that heme-A can oxidize serotonin to its 

dimer dihydroxybitryptamine (peak 1) in the presence of both m-CPBA as well as H2O2, 

confirmed by HPLC experiment (Figure 3).  

Heme-Aβ(1-40) also shows formation of both Compound I and Compound II (Figure S3). It 

has a slower rate of formation and a faster rate of decay of Compound I relative to heme-Aβ(1-

16) (Figure 2A and Table 1), suggesting that the presence of the hydrophobic region retards 

the formation of Compound I and marginally accelerates its decay. The decay of Compound I 

is faster, in the presence of serotonin, (Figure 2B and S4), similar to heme-Aβ(1-16). 

The reactions of heme-Aβ(1-40) and heme-Aβ(1-16) with m-CPBA have been monitored at 

675 nm in D2O (Figure 4, Table 2). Both complexes exhibit a slower rate of formation of 

Compound I in D2O relative to H2O suggesting protonation is involved in the rate determining 

step (r.d.s). The KH/KD was found to be ~ 2 (Table 1) which compares very well with the KH/KD 

reported for the O-O bond heterolysis in peroxidases.47 However, no isotope effect was 

observed in case of decay of Compound I (Figure S5) consistent with reports on peroxidases 

as Compound I decays by outer sphere electron transfer. These data are consistent with a 

protonation assisted O-O bond heterolysis as the rate determining step in the formation of 

Compound I.48,49 

 

 



Chapter 3 

 

34 
 

Table 1. The rate constants of formation and decay of Compound I on reaction of heme-Aβ(1-

16), and heme-Aβ(1-40) with m-CPBA in H2O and in D2O, in presence and in absence of 

substrate (serotonin) as well as for the reaction of the heme-Aβ complexes of the site directed 

mutants with m-CPBA. 
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Figure 2 (A) Comparison of formation and decay of Compound I during reaction of heme-

Aβ(1-16) with m-CPBA, red and heme-Aβ(1-40) with m-CPBA, blue. (B) Comparison of 

decay of Compound I during reaction of heme-Aβ(1-16) with m-CPBA, in absence of substrate, 

red; and in presence of substrate, green and heme-Aβ(1-40) with m-CPBA, in absence of 

substrate, red; and in presence of substrate, green; in 50 mM PO4
3- buffer at pH 8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Separation of the 5-HT and its products by RP-HPLC after its incubation with heme–

A(1–16) + H2O2 and .heme–A(1–16) + m-CPBA; 5-HT without reaction mixture (peak 2), 

green, separated reaction mixture injected 3.25 min after incubation resulting in major product 

(peak 1) for heme–A(1–16) + H2O2, red and heme–A(1–16) + m-CPBA, blue in 50 mM 

PO4
3- buffer at pH 8. These peaks (*) are minor products which are likely the oxidized products 

of serotonin, 3,5-dihydroxy-3-ethyl amino-2-oxindole (3,5-DHEO) and 5,6-

dihydroxytryptamine (5,6-DHT).50 

B 
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Figure 4. Formation of Compound I for heme-A in H2O, red and in D2O, purple in 50 mM 

PO4
3- buffer at pH/D 8. All kinetics were followed at 675 nm. (A) for A(1-16) (B) for A(1-

40). 

 

Table 2. Rate constants of formation and decay of Compound I in D2O, in 50 mM PO4
3- buffer 

at pD 8 and in H2O, in 50 mM PO4
3- buffer at pH 8. 

 

 

 

 
 

 
3.3.3. Role of second sphere residues in controlling the rate of formation  
          and decay of Compound I 
   

The Arg5 and Tyr10 residues are involved in peroxidase activity and reactive oxygen 

species generation, respectively by heme-Aβ complexes.18 In naturally occurring heme 

peroxidases a distal Arg residue plays a key role in the heterolytic cleavage of the O-O bond 

as well as stabilizing the FeIV=O intermediate.30 The Arg5Asn mutant of heme-Aβ(1-16), i.e.  

heme-Aβ(1-16, Arg5Asn) reacts with m-CPBA and shows a slower rate of formation and a 

comparable rate of decay of the band at 675 nm suggesting the Arg5 residue assists the 

formation of Compound I (Table 1, Figure 5A) akin to natural peroxidases. Thus, the role of 

the Arg5 residue, which was proposed to induce a pull effect assisting in O-O bond heterolysis, 

B A 
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and helping heme-Aβ complex function as peroxidase, stands vindicated. Similar results are 

obtained with the Arg5Asn mutant of heme-Aβ(1-40) (Figure S6A). The Tyr10Phe mutant of 

heme-Aβ(1-16), i.e.  heme-Aβ(1-16, Tyr10Phe) complex shows a slower rate of formation of 

Compound I followed by a slower rate of decay relative to the native heme-Aβ(1-16) complex 

(Scheme 2, Figure 5B). In fact the decay of the Compound I for heme-Aβ(1-16, Tyr10Phe) is 

almost three times slower compared to native Aβ(1-16) suggesting that, Tyr10 is likely 

associated with the decay of Compound I. Similar results are obtained with the Tyr10Phe  

mutant of heme-Aβ(1-40) (Figure S6B). It can thereby possibly exhibit a protective role by 

mitigating the highly reactive oxidant, Compound I.51 Attempts to trap a tyrosine radical that 

would be produced upon its oxidation were not successful implying that the lifetime of such a 

radical is short. Note that the slower rate of decay of Compound I in the Tyr10 mutant is 

consistent with faster peroxidase activity exhibited by this mutant (Figure S7), since a slower 

self-decay rate allows the Compound I to oxidise more of the substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 (A) Formation and decay of Compound I during reaction between heme-Aβ(1-16) 

and m-CPBA, red; and between heme-Aβ(1-16, Arg5Asn) and m-CPBA, cyan. (B) Formation 

A 

B 
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and decay of Compound I during reaction between heme-Aβ(1-16) and m-CPBA, red; and 

between heme-Aβ(1-16, Tyr10Phe) and m-CPBA, black followed at 675 nm, in 50 mM PO4
3-

buffer at pH 8.  

 

Scheme 2. Schematic representation of the fate of Compound I. 

 

 

 

 

 

 

 

 

 

 
 
3.3.4. Characterization of Compound I by temperature dependent EPR   

 

Compound I [Fe(IV)=O Por.+] in heme proteins are characterized by an asymmetric 

signal ~ 15 Gauss wide with g ~1.995, which results from the weak coupling between the S = 

1 ferryl centre and S = ½ porphyrin radical.29,42,52 The broad EPR signal is temperature sensitive 

and almost disappears at temperature ≥ 30 K, due to the spin relaxation, inflicted by the 

interaction between porphyrin radical and heme centre.53 Since the Tyr10Phe and Arg5Asn 

mutants of Aβ exhibit slower kinetics relative to native heme-Aβ (Table 1), these mutants are 

used for the spectroscopic characterisation of Compound I. EPR data of the green species 

formed by the reaction of heme-Aβ(1-16, Tyr10Phe) and heme-Aβ(1-16, Arg5Asn) with m-

CPBA frozen within their decay times, show an axial signal with a broad estimated g⊥ = 2.05 

and g ∥ = 1.97 at 11 K and 5 K respectively. The data are similar to that reported for Compound 

I of turnip peroxidase by Ivancich et al. and thereby consistent with the formation of Compound 

I.54 The intensity of the broad signal was found to diminish with increasing temperature and at 

77 K there was hardly any signal, attributing the spin relaxation phenomena (Figure 6, Figure 

S8).54,55 
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Figure 6. (a) EPR spectrum of heme-Aβ(1-16, Arg5Asn) complex on reaction with m-CPBA 

(mixing time 5 sec), at 5 K, green (b) heme-Aβ(1-16, Tyr10Phe) complex on reaction with m-

CPBA (mixing time 10 sec), at 11 K, red (c)Temperature dependent EPR spectra of heme-

Aβ(1-16, Tyr10Phe) complex on reaction with m-CPBA (mixing time 10 sec), at 11 K, red; at 

13 K, purple and at 77 K, blue; in 50 mM PO4
3- buffer at pH 8. 

 

3.3.5. Characterization of Compound I by resonance Raman Spectroscopy  

Resonance Raman (rR) spectroscopy provides a unique technique for the 

characterization of structures of heme proteins.56,57 The rR spectra obtained from heme-A 

complexes reacted with 5 times excess of m-CPBA clearly indicate a broadening of the 

oxidation state marker 4 band region due to the presence of Compound I at 1368 cm-1 (Figure 

7B, blue) along with compound II at 1382 cm-1(Figure. 7B, orange) in addition to the 4 band 

of resting ferric species at 1375 cm-1 (Figure 7A, B, green).58,59 All these signals could be 

deconvoluted by fitting the 4 region of the spectrum. More importantly, in the low frequency 

region (600-900cm-1) of rR spectra, we observe a weak feature at 843 cm-1 which shifted to 

803 cm-1 when isotope labelled solvent (H2O
18) was employed. This corresponds to the (Fe-

0) of the oxyferryl fragment of Compound I.60,61 Another less intense band at 817 cm-1 was 

observed corresponding to (Fe-0) of Compound II (Figure 7C). We were unable to see 

convincing isotopic shifts of this band likely because of its weak intensity relative to the strong 
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heme vibrations and due to low yields of these high valent intermediates, as expected due to 

the high reactivities of these species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (A) High frequency region of resonance Raman- experimental spectrum of 

heme−Aβ(1-16,Tyr16Phe), purple; simulation spectrum, green (B) experimental spectrum of 

heme−Aβ(1-16,Tyr16Phe) + m-CPBA, red; simulation spectrum, black; .Components of the 

rR spectrum were determined by simulating the spectra at 4 region. Data were obtained with 

an excitation wavelength of 413.1 nm (5 mW) at 77 K. (C) low frequency region of resonance 

Raman spectra of heme−Aβ(1-40, Tyr10Phe) + m-CPBA in H2O
16,green; H2O

18 

 

3.4. Discussion  

Heme-Aβ complexes show a peroxidase type active site. It reacts with m-CPBA to form 

a high valent iron-oxo species, which shows a characteristic absorption band at 675 nm and a 

broad axial EPR signal with effective g⊥ = 2.05 and g ∥ = 1.97 at liquid helium temperatures, 
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which disappeared almost completely at 77 K. In the rR spectra, the mixture of heme-Aβ and 

m-CPBA also shows appearance of new oxidation state marker (4) bands at 1368 cm-1 in the 

high frequency region and 843 cm-1 in the low frequency region respectively. The low 

frequency band at 843 cm-1 shifts to about 803 cm-1 on isotope incorporation (40 cm-1 shift). 

These features are characteristic of a reactive Compound I type intermediate which can oxidize 

neurotransmitters like serotonin. This can potentially lead to abnormal neurotransmission, 

which is a key pathological feature of AD (Scheme 3). A slower rate of formation of Compound 

I in D2O than in H2O, but a comparable decay is consistent with a protonation assisted O-O 

bond heterolysis as the rate determining step for Compound I formation. The effect of the 

second sphere residues Arg5 and Tyr10 on the formation and decay of this intermediate were 

probed using mutated Aβ peptides. In the absence of Arg5 residue, the rate of formation of the 

675 nm band was found to be slower while the decay was comparable to native heme-Aβ, 

indicating the role of Arg5 in assisting the Compound I formation by inducing a pull effect 

helping in the O-O bond heterolysis and consequently in the peroxidase activity of heme-Aβ 

complex. The Tyr10 mutant of the heme-Aβ complex shows a slower rate of formation of 

Compound I and a slower decay of the same, relative to native heme-Aβ complex suggesting 

a likely association of Tyr10 in the decay of Compound I. Thus Tyr10 residue might act as a 

natural defence against oxidation by Compound I. Isolation and characterization of Compound 

I in the oxidative degradation of neurotransmitters like serotonin provides a possible 

explanation and mechanism for the abnormal neurotransmission that is observed in AD. It must 

be noted that AD is a very slow progressing disease. The catalytic oxidation of 

neurotransmitters like serotonin by heme-Aβ is expected to be slow, so that the deleterious 

effects of it would occur over a prolong period of time, which also correlated with the relatively 

late onset of this disease. The relatively slow rate of serotonin oxidation is thus well in 

accordance with the established facts of AD.10,18,20,62 
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Scheme 3. Schematic representation of the possible mechanism of peroxidase activity of 

heme-A in its reaction with m-CPBA. 

 

 

 

 

 

 

 

 

 

 

 

3.5. Conclusions 

Heme binds Aβ via a histidine residue (His13/14) within the hydrophilic (1-16) segment 

and functions as a peroxidase. This heme bound peptide is known to oxidize the 

neurotransmitter serotonin (5-HT) to its dimer dihydroxybitryptamine (DHT) in presence of 

H2O2/m-CPBA which somewhat explains the decrease in serotonin levels and the abnormal 

neurotransmission seen in AD patients. The active oxidant in this case is the highly reactive 

intermediate compound I i.e., FeIV=O porphyrin π cation radical. Using m-CPBA instead of 

H2O2, this intermediate could be detected using absorption (stopped-flow), EPR (liquid helium 

temperatures) and resonance Raman spectroscopy. The proton assisted O-O bond cleavage is 

the rate determining step for compound I formation as is evident from a slower rate of formation 

in D2O than in H2O with the decay being comparable in the two media. The distal Arg5 residue 

is responsible for the peroxidase behaviour of heme-Aβ and also controls the stability of 

compound I as it helps in the the O-O bond heterolysis by inducing pull effect. This explains 



Chapter 3 

 

43 
 

the slower formation but comparable decay of compound I in absence if Arg5. Tyr10 is found 

to have a possible association with the decay of compound I for in its absence, the decay of the 

intermediate is around three times slower than when the native peptide is used. Thus Tyr10 

may play a protective role against oxidation by compound I. It should be noted here that the 

observed catalytic oxidation of the neurotransmitter serotonin by heme-Aβ complexes is 

relatively slow which tallies well with the slow progressing nature of AD and may also be 

correlated with the late onset of the disease. Another point of interest here is that there are three 

amino acid residues which are important with regards to the formation and reactivity of heme-

Aβ complexes, namely His13, Arg5 and Tyr10, which are present in human Aβ but absent in 

rodents who do not suffer from AD. Thus all three amino acids may play a more significant 

role in the AD pathology than previously thought of. However, all these studies have been done 

in vitro and as such they need to be substantiated by doing more conclusive studies in vivo. 

Overall, the trapping and characterization of compound I derived from heme-Aβ, and its ability 

to oxidatively degrade neurotransmitters like serotonin may provide some insights into a 

possible mechanism for the abnormal neurotransmission typical to AD.  
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3.7. Supporting information 

 

 

 

 

 

 

Figure S1. Absorption spectrum of heme-Aβ(1-16), red ; A) for the reaction of heme-Aβ(1-

16) with m-CPBA, in 50 mM PO4
3- buffer at pH 8 at 0.027 sec, purple ; and at 130 sec, green 

in the Q-band region B) for the reaction of heme-Aβ(1-16) with H2O2,  the difference spectrum 

at 0.003 sec, purple ; at 0.06 sec, blue; at 1 sec, orange; at 45 sec, green; at 120 sec, cyan and 

at 130 sec, black; in 50 mM PO4
3- buffer at pH 8. The arrows indicate the direction of the 

spectral changes for compound I and compound II. 
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Figure S2. A) Absorption spectrum of serotonin (5-HT), red ; reaction of serotonin with heme-

Aβ(1-16), grey ; serotonin with m-CPBA, cyan ; serotonin with heme-Aβ(1-16) and m-CPBA, 

violet ; B) Difference Spectra of oxidized compared with unoxidized serotonin (5-HT) at 13.5 

sec, green and 65 sec, blue respectively. C) Kinetic trace for the reaction of serotonin with 

heme-Aβ(1-16) and m-CPBA, purple ; serotonin with m-CPBA, cyan ; serotonin with heme-

Aβ(1-16), grey D) Comparison of formation of compound I during reaction of heme-Aβ(1-16) 

with m-CPBA, in absence of substrate, red; and in presence of substrate, green. E) Comparison 

of formation of compound I during reaction of heme-Aβ(1-40) with m-CPBA, in absence of 

substrate, red; and in presence of substrate, green.  

 

Figure S3. A) Absorption spectra of heme-Aβ(1-40), orange ; heme-Aβ(1-40) with m-CPBA, 

at 0.1 sec, blue ; and at 180 sec, black. B) Absorption spectra of heme-Aβ(1-40), orange ; 

difference spectrum of heme-Aβ(1-40) with m-CPBA, at 0.1 sec (Compound I), green and at 

A B 

D E 
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180 sec (Compound II), cyan. The arrows indicate the direction of the spectral changes. Data 

acquired in 50 mM PO4
3- buffer at pH 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. A) Absorption spectrum of serotonin (5-HT), black ; reaction of serotonin with 

heme-Aβ(1-40), greeen ; serotonin with m-CPBA, blue ; serotonin with heme-Aβ(1-16) and 

m-CPBA, red ; B) Difference Spectra of oxidized compared with unoxidized serotonin (5-HT) 

at 13.5 sec, black  and 65 sec, red respectively. C) Kinetic trace for the reaction of serotonin 

with heme-Aβ(1-40) and m-CPBA, blue ; serotonin with m-CPBA, red ; serotonin with heme-

Aβ(1-16), green. 
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Figure S5. Kinetic trace for A) decay of Compound I of heme-Aβ(1-16) in H2O (pH 8), red; 

and in D2O (pD 8), blue ;.B) decay of Compound I of heme-Aβ(1-40) in H2O (pH 8), red; and 

in D2O (pD 8), blue ; followed at 675 nm.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. A) Formation and decay of Compound I during reaction between heme-Aβ(1-40) 

and m-CPBA, blue; and between heme-Aβ(1-40, Arg5Asn) and m-CPBA, orange. B) 

A 

B 
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Formation and decay of Compound I during reaction between heme-Aβ(1-40) and m-CPBA, 

blue; and between heme-Aβ(1-40, Tyr10Phe) and m-CPBA, green followed at 675 nm, in 50 

mM PO4
3-buffer at pH 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Kinetic trace of peroxidase activity of Heme-Aβ(1-16), blue and Heme-Aβ(1-

16,Tyr10Phe), red; followed at 652 nm for the oxidation of TMB at pH 8 in 50 mM PO4
3- 

buffer. 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Temperature dependent EPR spectra of heme-Aβ(1-16, Arg5Asn) complex on 

reaction with m-CPBA (mixing time 5 sec), at 5 K, green; at 13 K, black and at 77 K, pink; in 

50 mM PO4
3- buffer at pH 8. 
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Table S1. Absorption bands of Compound I above 600 nm  
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Electronic Structure of the Active  

Site of Heme Bound Insulin 
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4.1. Introduction 

Diabetes mellitus is a chronic and widespread public health problem throughout the 

world and unfortunately, the total number of people affected with diabetes is projected to rise 

alarmingly from 171 million in 2000 to 366 million in 2030 by WHO.1,2 Of the diagnosed cases 

of diabetes, ~90–95% are those of type 2 diabetes mellitus (T2Dm).3 This particular pathogenic 

state is triggered by the defects in insulin secretion (impaired β-cell function) as well as in 

insulin action (insulin inhibition by the liver and muscle tissues).4 T2Dm ultimately makes a 

significant contribution towards substantial morbidity in the form of metabolic complications, 

neuropathy, vision disorders, kidney disease, ulcers and amputations, cardiac diseases, 

infection etc.5,6 Indeed, the associated mortality rate has been estimated to be ~18.9% annually, 

with a reduction in life expectancy by almost 5–10 years.7 

As mentioned above, insulin plays an important part in T2Dm etiology.8 It is a small 

peptide hormone secreted in pulses by the β cells of the pancreatic islets of Langerhans. It is 

synthesized in the β-cells in the form of its precursor, proinsulin which undergoes post 

translational modification to form the mature insulin. Structurally, insulin is a dipeptide, 

comprising of 51 amino acids distributed in two chains (A and B chain), with a molecular 

weight of 5.8 kDa. The B chain has a central helical section while the A chain has an N-terminal 

helix connected to an anti-parallel C-terminal helix. The two chains are joined by two disulfide 

bridges between cysteine residues, which join the N- and C-terminal helices of the A chain to 

the central helix of the B chain. An additional disulfide bridge exists in the A-chain itself 

(Scheme 1).9,10 Insulin helps in maintaining the normal blood glucose level by enabling the 

cellular glucose uptake. It also regulates the metabolism of carbohydrate, lipid and protein. All 

these actions are mediated through the binding of insulin to the insulin receptors which are 

members of the class II (cysteine) family of tyrosine kinase receptors.11,12 

Scheme 1. The amino acid sequence of human insulin. 
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Being the most important regulator of glucose homeostasis, insulin must be secreted in 

an adequate quantity in the human body. Thus, insulin resistance, abnormal/reduced insulin 

secretion, declined glucose utilization, and simultaneous increase in glucose production lead to 

one of the defining characteristics of T2Dm, i.e. hyperglycemia.13–15 In fact, prospective studies 

show that patients with T2Dm secrete ~70% less insulin than control subjects during the 

hyperglycemic clamp.13,16 However, T2Dm has traditionally been associated with insulin 

resistance while type 1 diabetes mellitus (T1Dm) has been linked to deficiency in insulin 

production. In recent times though, evidences are emerging in support of loss of β-cell mass in 

the early stages of T2Dm which declines further with the progression of the disease and 

eventually leads to impaired insulin secretion.17,18 Thus not only insulin resistance, but also 

inability of the β-cells to produce enough insulin is an underlying cause of T2Dm. The resultant 

cascade of events include higher glucose levels, further β-cell deterioration, diminished glucose 

sensitivity and elevated hypergycaemia.19  

Apart from insulin, various metals are said to be involved in T2Dm.20,21 Being one of 

the most essential transition metals, Fe plays an important role in heme synthesis and thus 

maintaining the basic life functions. In relation with T2Dm, Fe overload, elevated serum 

ferritin level which is the index of body iron stores, lower ratio of transferrin to ferritin and Fe 

deposition in tissues are significant etiology found from recent studies.22–24 In fact, Fe 

accumulation in body increases linearly with the duration of the disease. Such elevated level 

of iron in the β cells leads to reactive oxygen species (ROS) like H2O2, HO2・-, OH via 

Fenton’s mechanism, causing β cell death and in turn insulin deficiency.25 Insulin resistance 

can also be induced by excess Fe storage, as it inhibits the glucose uptake by skeletal muscles 

and adipose tissues along with reduction in insulin extraction capacity of liver.26 

Disturbances in copper levels in various bio-fluids and cell tissues are found to be 

associated with the irregularities in metabolic pathways of diabetic complications.27–29 Cu can 

act as a protector of body tissues from oxidative damage.30 Albeit, high levels of Cu have been 

found in the blood serum of diabetic patients, probably indicating a natural preventive pathway, 

but in the long run, Cu in excess can generate oxidative stress, which is a factor in the onset 

and the advancement of T2Dm.31,32 Lately it has been shown that Cu ions also bind monomeric 

insulin with a higher affinity.33 
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Probably, the most important trace element related to T2Dm is Zn as it plays a key role 

in the storage and secretion of insulin, which subsequently increases the glucose uptake.34–36 

As a result of the increased urinary depletion, a less than optimal Zn level in blood is found in 

T2Dm patients.20 Consequently, hypozincemia and hyperzincuria are common to them and this 

decreased plasma level of Zn adversely affects the ability of islet cells to make and secrete 

insulin.37 Also, mutation of Zn transporter, ZnT8 that is a key protein for the regulation of 

insulin secretion from the pancreatic β-cells has been associated with T2Dm.38 

Overall, normal levels of essential metals like Ni, Mg, Cr, Mn are disbalanced in T2D 

patients.39 It is also suggested that toxic metals like Pb, Ni and Cd may have a role in causing 

renal tubular dysfunction in diabetes.40 

The heme moiety is found abundantly in nature as the cofactor of various enzymes 

having diverse functions.41 Apart from that, it has also been implicated in diseases such as 

Alzheimer’s disease (AD) and T2Dm which are said to have a similar underlying 

mechanism.42–45 The fact that a number of pathological features common to these two diseases 

such as mitochondrial complex IV dysfunction, altered heme homeostasis, high iron intake, 

increased levels of heme oxygenase I and transferrin, elevated bilirubin concentration, 

oxidative stress etc. are also the consequences of heme deficiency, help to establish a 

correlation between heme and the said diseases.46–48 Specifically for T2Dm, many studies have 

linked increased heme iron intake to an elevated risk of developing this disease.24,49,50 Besides, 

higher incidence of diabetes have been seen in patients undergoing blood transfusions such as 

those with thalassemia and bone-marrow transplant or patients with hereditary 

hemochromatosis where iron overload takes place.51–53 Also, in some of these pathological 

conditions lysis of erythrocytes occur releasing heme into the plasma whose concentration can 

become as high as 20–50 uM under severe conditions.54–56 Such extracellular heme can act as 

pro-oxidant and thus can give rise to anti-inflammatory response which includes higher 

expression of heme oxygenase I as seen in T2Dm.57,58 This enzyme is also involved in insulin 

signalling as well as in countering the oxidative stress induced insulin resistance which is 

typical to T2Dm.59,60 Hence, considering all these factors, a connection between heme and 

insulin relevant to the disease pathology may exist and as such the interaction between the two 

has been studied here using absorption and resonance Raman (rR) spectroscopy. Additionally 

the effect of insulin on heme-amylin complex has also been reported here. This is significant 

since amylin, a small peptide hormone secreted along with insulin from the pancreatic β-cells, 
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is also a part of the T2Dm paradigm.61 Its aggregation and deposition in the β-cells is 

considered a central event in the development of the disease.62 More importantly, the heme-

amylin complex, whose active site environment has been spectroscopically determined to 

consist of heme coordinated by a His residue at the 18th position in the peptide and a loosely 

bound water molecule trans axial to the His, is known to generate a considerable amount of 

partially reduced oxygen species (PROS) on reaction with oxygen. This may be responsible in 

part for the oxidative stress observed in T2Dm patients.63 The present study shows that insulin 

can take up heme from heme-amylin forming heme-insulin which is experimentally found to 

generate a negligible amount of PROS. 

 

4.2. Materials and methods 

4.2.1. Materials 

All reagents were of the highest grade commercially available and were used without further 

purification. Hemin, human recombinant insulin and buffer were purchased from Sigma.  

4.2.2. Sample preparation 

Insulin peptide stock solutions was prepared in 100 mM phosphate buffer at pH 8. Hemin 

solution was prepared by dissolving hemin chloride in 1 M NaOH and the concentration of the 

heme solution was determined spectrophotometrically (385 = 58.44 mM-1 cm-1). Peptide stock 

solutions were 0.5 mM, and heme stock solution was 5 mM. Heme-insulin complexes were 
prepared by incubating 1 equivalent of peptide with 0.8 equivalent of heme solution for ~1 h. 

The pH of the heme-peptide complexes were calibrated accordingly using 1 M H3PO4 and 1M 

NaOH. 

4.2.3. Absorption spectroscopy 

All the spectral data were obtained by an UV-vis diode array spectrophotometer (Agilent 

8453). For all absorption spectroscopy experiments, final concentration of 1:1 heme-insulin 

complexes were 0.5 mM while that of 1:5 heme-insulin was 0.1 mM with respect to heme.  
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4.2.4. Resonance Raman spectroscopy 

Resonance Raman data were obtained at room temperature using a Trivista 555 spectrograph 

(Princeton Instruments) using 413.1 nm excitation from a Kr+ laser (Coherent, Sabre Innova 

SBRC-DBW-K). The optics (plano-convex lens, mirror etc.), used for the collection of rR data 

were purchased from Sigma-Koki Japan. The power on the samples was ~5 mW. rR samples 

were 0.2 mM in concentration. 

4.2.5. PROS calculation 

Xylenol orange assay was applied for PROS calculation. A total of 4.9 mg of Mohr’s salt and 

3.9 mg of xylenol orange were dissolved in 5 mL of 250 mM H2SO4 and stirred for 10 min. A 

200 μL portion of this solution was taken in 1.8 mL of nanopure water, and a calibration curve 

for the quantitative estimation of H2O2 was obtained for 0.05, 0.1, 0.5, 1, 2.5, 5, and 10 μM 

concentrations of H2O2 by recording their absorbance at 560 nm as a function of H2O2 

concentrations in micromolar units for a 2 mL volume. A blank was obtained in the UVvis 

spectrophotometer with 1.8 mL nanopure water in a cuvette. A total of 200 μL xylenol orange 

solution was added to the above cuvette and absorbance was measured. This served as the 

control. The heme-insulin complexes and all the buffer and reagent solutions were degassed 

first and then were purged with argon in anaerobic vials for ~30 min. Thereafter, the samples 

were reduced using a minimal amount of dithionite under anaerobic conditions, followed by 

their reoxidation by O2 (monitored by absorption). A total of 200 μL of 0.025 mM of reoxidized 

solutions were separately added to the cuvette containing the control, and their absorbance were 

recorded. The value of absorbance of the above solutions (after deducting the control) at 560 

nm when plotted on the calibration curve yielded the corresponding H2O2 concentration. 
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4.3. Results and Analysis 

4.3.1. Heme binding to insulin 

Absorption spectroscopy 

When one equivalent heme is incubated with one equivalent insulin for ~1 h at pH 7.4, 

a decrease in intensity of the 365 nm band with a simultaneous formation of the 399 nm band 

in the Soret band region is observed in the absorption spectrum (Figure 1A). Additionally, the 

characteristic charge transfer band of heme at ~618 nm is shifted to 630 nm, and new bands 

appear at 535 nm and 565 nm in the Q-band region (Figure 1B). This suggests the formation 

of a 1:1 heme-insulin complex. 

 

Figure 1. (A) Absorption spectra of free heme and 1:1 heme-insulin complex at pH 7.4 in 100 

mM phosphate buffer (B) enlarged Q-band region showing changes as indicated by arrows 

relative to heme. 

On increasing the concentration of insulin with respect to heme, distinct changes in the 

absorption spectrum of the heme-insulin complex can be observed. The Soret band of the 1:1 

complex at 399 nm shows a red shift to 410 nm concomitant with a gradual increase in its 

intensity when the heme:insulin ratio is increased from 1:1 to 1:5 (Figure 2A). Excess insulin 

addition results in an increase in the intensities of the Q bands at 565 and 535 nm (Figure 2B). 

This spectral feature matches well with the characteristic absorption features of bis-Histidine 
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type coordination observed in proteins like Cytochrome b.64 Such changes implicates the 

predominance of a low-spin species at higher equivalents of insulin relative to heme. 

 

 

Figure 2. (A) Absorption spectra of heme-insulin complexes with different heme:insulin ratios 

where insulin equivalence is increased at pH 7.4 in 100 mM phosphate buffer. (B) enlarged Q-

band region showing changes as indicated by arrows relative to 1:1 heme-insulin complex. 

Resonance Raman spectroscopy 

The resonance Raman (rR) spectrum of the 1:1 heme-insulin species shows an 

oxidation state marker band (ν4) at 1374 cm−1, indicating the presence of a ferric heme 

centre.65 The ν2, ν3, and ν10 vibrational frequencies are sensitive to the core size of the 

porphyrin ring and denote the coordination and spin-state marker bands.66 Experimentally, it 

has been found that the 1:1 complex at pH 7.4 shows mixed features in the ν3, ν2 and ν10 

region. The bands at 1492 cm-1 (ν3) 1572 cm-1 (ν2) and 1630 cm-1 (ν10) indicate the presence 

of a six-coordinate high spin species with a weakly bound exchangeable sixth ligand while the 

slightly less intense bands at 1505 cm-1 (ν3), 1580 cm-1 (ν2) and 1641 cm-1 (ν10) point towards 

the occurrence of a six coordinate low spin component. The 1580 cm-1 band denotes the ν37 

of six-coordinate high spin heme.67 These features are quite different compared to those of free 

heme which has its ν4 at 1373 cm-1, ν2 at 1490 cm-1, ν3 at 1570 cm-1 and ν10 at 1627 cm-1, 

further confirming the heme-insulin complex formation (Figure 3). Thus when heme and 

insulin are present in equimolar ratio, it is a mixture of a six-coordinate high spin (with a poorly 

bound distal ligand) and a six coordinate low spin species. 
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Figure 3. High-frequency rR spectra (excitation 413.1 nm) of free heme and 1:1 heme-insulin 

complex at pH 7.4 in 100 mM phosphate buffer. 

On gradual increment of insulin equivalence relative to heme, an enhancement in the ν2, ν3, 

and ν10 bands at 1505 cm-1, 1580 cm-1 and 1641 cm-1 respectively are observed. These changes 

along with the growth of the ν38 band at 1546 cm-1 suggest that a six-coordinate low-spin 

species is the major component at higher peptide concentration. There is presence of a six-

coordinate high spin species as the minor component (Figure 4). 

 

 

 

 

 

 

 

Figure 4. High-frequency rR spectra (excitation 413.1 nm) of heme-insulin complexes with 

different heme-to-insulin ratios at pH 7.4 in 100 mM phosphate buffer. 
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4.3.2. Effect of pH on heme-insulin complexes 

A pH perturbation study can help probe the nature of the exchangeable ligand in the 

six-coordinate high spin component present in the heme-insulin complexes. Additionally, 

changing the pH of the medium can alter the protonation state of charged amino acid residues 

which in turn can affect the coordination environment. Hence, the effect of pH variation on the 

heme-insulin complexes were monitored using absorption and resonance Raman spectroscopy. 

On increasing the pH of the 1:1 heme-insulin complex, the Soret band at 399 nm at pH 7.4 

blue shifts and decreases in intensity (Figure 5A). This is accompanied by a simultaneous 

decrease in intensities of the Q bands at 535 nm and 565 nm and a blue shift of the charge-

transfer band at 630 nm (Figure 5B). 

  

Figure 5. (A) Absorption spectra of 1:1 heme-insulin complexes at different pH (B) enlarged 

Q-band region showing changes as indicated by arrows relative to 1:1 heme-insulin complex 

at pH 7.4 in 100 mM phosphate buffer. 

The associated pKa is found to be 8.5  0.2 (Figure 6) which corresponds well to the H2O ↔ 

OH- equilibrium similar to heme proteins like myoglobin having a water derived ligand distal 

to the heme centre.68
  

With increase in pH, the rR spectra also exhibit a sharp increase of the ν2, ν3 and ν10 bands at 

1492 cm-1, 1572 cm-1 and 1630 cm-1 respectively, while the bands at 1505 cm-1, 1580 cm-1 and 

1641 cm-1 respectively, do not completely disappear (Figure 7). This implies a gradual increase 

in the population of a hexa-coordinate high spin species with increase in pH. 

A B 
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Figure 6. pKa plot of 1:1 heme-insulin complex. 

 

 

 

 

 

Figure 7. High-frequency rR spectra (excitation 413.1 nm) of 1:1 heme-insulin complexes at 

different pH in 100 mM phosphate buffer. 

On increasing the pH of the 1:3 heme-insulin complex, the blue shift of the Soret band at 410 

nm at pH 7.4 along with a decrease in intensities of the Q-bands at 535 nm and 565 nm and 

blue shift of the charge transfer band from 630 nm are observed (Figure 8). The pKa is found 

to be ~ 8.5  0.2 (Figure 9). 
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Figure 8. (A) Absorption spectra of 1:3 heme-insulin complexes at different pH (B) Enlarged 

Q-band region showing changes as indicated by arrows relative to 1:3 heme-insulin complex 

at pH 7.4 in 100 mM phosphate buffer. 

 

 

 

 

 

 

 

Figure 9. pKa plot of 1:3 heme-insulin complex.  

In the high frequency rR spectra, a sharp increase in intensities of bands at 1492 cm-1 (ν3), 

1572 cm-1 (ν2) and 1630 cm-1 (ν10) are observed along with residual bands at 1505 cm-1 (ν3), 

1580 cm-1 (ν2) and 1641 cm-1
 (ν10) (Figure 10). These changes likely indicate the 

predominance of a high spin component at higher pH with a weakly bound hydroxide ligand. 

 

A B 
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Figure 10. High-frequency rR spectra (excitation 413.1 nm) of 1:3 heme-insulin complexes at 

different pH in 100 mM phosphate buffer. 

 

4.4. Discussion 

When heme binds insulin in equimolar ratio, the absorption spectrum displays a Soret 

band at 399 nm and a charge transfer band at 630 nm akin to class III plant peroxidases (Figure 

1).70 This is reminiscent of 1:1 heme-amyloid β (Aβ) and heme-amylin complexes associated 

with AD and T2Dm respectively where the active site consists of a mono-histidine bound high 

spin heme along with a trans axial weakly bound water derived ligand.71 On the other hand, the 

absorption spectrum of 1:1 heme-insulin complex also shows Q bands at 565 nm and 535 nm, 

which are characteristic of low spin ferric heme species with bis-His type coordination as seen 

in case of cytochrome b and low spin heme-Aβ complex (Figure 1B).72,73 Thus, the 1:1 heme-

insulin complex consists of a mixture of a high spin mono-His and a low spin bis-His species. 

Considering the amino acid sequence of insulin (Scheme 1), the possible heme coordinating 

residues are the two His at the 5th and the 10th position in the insulin B chain with the low spin 

species likely being formed in an intermolecular fashion. The conclusion from the absorption 

data is corroborated by the rR spectrum of the said heme-insulin complex as it shows a mixture 

of bands in the ν3, ν2 and ν10 region (Figure 3). The bands at 1492 cm-1 (ν3), 1572 cm-1 (ν2) 

and 1630 cm-1 (ν10) resemble those observed for the afore mentioned AD and T2Dm relevant 
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heme-peptide complexes and thus signify the presence of a hexa-coordinate high spin species 

with a loosely bound sixth ligand while the bands at 1505 cm-1 (ν3), 1580 cm-1 (ν2) and 1641 

cm-1 (ν10) point towards the presence of a hexa-coordinate low spin species (comparable to 

those observed for 1:5 heme-Aβ complex). In addition to that, 1580 cm-1 is the ν37 of the six-

coordinate high spin species.67 The relative intensities of these marker bands imply a slightly 

greater proportion of the high spin component relative to the low spin one.  

Excess insulin with respect to heme is found to shift the equilibrium more towards the 

bis-His low spin complex compared to the mono-His high spin one (Scheme 2). The sharpening 

and red shift of the Soret to 410 nm and the intensification of the 535 nm and 565 nm Q-bands 

in the absorption spectra (Figure 2) as well as growth of the hexa-coordinate low spin marker 

bands (ν3 at 1505 cm-1,ν2 at 1580 cm-1 and ν10 at 1641 cm-1) in the rR spectra (Figure 4) on 

increasing the ratio of insulin to heme from 1:1 to 5:1 provide the supporting evidence. 

Scheme 2. Mixture of high spin and low spin species in heme-insulin complexes. At 1:1 

heme : insulin ratio high Spin component is major, and at 1:5 heme : insulin ratio low 

spin species is major. 

 

The 1:1 heme-insulin complex shows pH dependence. As pH is increased, notable 

changes are observed in the Soret and Q-band regions of the absorption spectra (Figure 5) 

which lead to a pKa of ~ 8.5, similar to that of myoglobin, a heme bound protein with water as 

the sixth ligand and devoid of any strongly basic hydrogen bonding residue in the distal pocket 

(Figure 6). Resonance Raman spectroscopy further indicates an increase in the population of a 

high spin species while some of the low spin component of the 1:1 heme-insulin complex 

remains intact (Figure 7). These features thus together suggests that at high pH a weakly bound 

water molecule is likely converted to hydroxide in the mono-His species. In case of the 1:3 
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heme-insulin complex, changes in the absorption and high frequency rR spectra with gradually 

increasing alkalinity resemble those observed for the 1:1 heme-insulin complex with a similar 

pKa (Figures 8–10). These results thus imply that at high pH the axial ligand in the sixth 

coordination site is essentially a hydroxide in all 1:1 to 1:5 heme-insulin complexes (Scheme 

3). However, a small fraction of the bis-His component remains unchanged even at high pH. It 

is hence important to note here that the relative population of these species is governed by the 

heme to insulin stoichiometry as well as by the pH of the medium. 

Scheme 3. High spin and low spin heme-insulin generate a hydroxide bound high spin 

complex at alkaline pH. 

 

 

 

 

 

 

 

 

Thus, spectroscopic techniques indicates that heme can bindi to insulin in 

equimolecular ratio in in vitro physiological conditions. This binding is offered via the His 

residue (either 5th or 10th position in the B chain) of insulin peptide.62,63 A molecular docking 

experiment provided evidence that His5 of insulin is the axial binding ligand to heme-Fe(III). 

They have also suggested that there are contributions from second sphere amino acid residues 

like Phe1 and Tyr26 which can promote hydrophobic/electrostatic interaction and Val2 which 

forms H-bond to the heme centre, thus assist in heme-insulin active site formation.64 

 

 



Chapter 4 

 

72 
 

4.5. Conclusion 

Type 2 diabetes mellitus, the prolonged metabolic disease, which is characterized by 

hyperglycemia and is instigated via hampered insulin secretion, making it unable to maintain 

glucose homeostasis over the progression of the disease. We have found a vital role of heme in 

the pathogenesis of this disease as heme can form peptide bound complexes and simultaneously 

alter the reactivities. Along with the interaction of heme with amylin peptide, which is involved 

in the amyloid deposits around the -cells, heme is also found to bind another diabetes related 

peptide, insulin. Spectroscopy demonstrate that when heme is incubated with insulin in 1:1 

stoichiometric ratio, heme binds insulin to form a mixture of six-coordinate high spin species 

as the major component with a possible mono-His coordination and a weakly bound water 

derived ligand in the distal site similar to a peroxidase type active site. In presence of excess 

insulin, the six-coordinate low spin species, with a probable bis-His coordination, as seen in 

case of cytochrome b and low spin heme-Aβ complex, predominates. The low spin species is 

likely formed in an intermolecular fashion, connecting two His residues from two nearby 

insulin peptides to the heme centre. At higher pH, both high spin and low spin complexes show 

that the weakly bound water molecule, present at the axial 6th position of active site, is 

converted to a hydroxide bound high spin species. Overall, here we get a probable electronic 

structure of the active site of heme bound insulin peptide which is a mixture of both mono-His 

and bis-His bound components. This will further help in investigating the physiological 

functions and role of these complexes in T2Dm pathology. 

 

 

 

 

 

 



Chapter 4 

 

73 
 

4.6. References 

(1)  Kaveeshwar, S. A.; Cornwall, J. The Current State of Diabetes Mellitus in India. 

Australas. Med. J. 2014, 7 (1), 45–48. https://doi.org/10.4066/AMJ.2014.1979. 

(2)  Risk, N. C. D.; Collaboration, F. Worldwide Trends in Diabetes since 1980: A Pooled 

Analysis of 751 Population-Based Studies with 4.4 Million Participants. Lancet 

(London, England) 2016, 387 (10027), 1513–1530. https://doi.org/10.1016/S0140-

6736(16)00618-8. 

(3)  Deshpande, A. D.; Harris-Hayes, M.; Schootman, M. Epidemiology of Diabetes and 

Diabetes-Related Complications. Phys. Ther. 2008, 88 (11), 1254–1264. 

https://doi.org/10.2522/ptj.20080020. 

(4)  Cerf, M. E. Beta Cell Dysfunction and Insulin Resistance. Front. Endocrinol. 

(Lausanne). 2013, 4, 37. https://doi.org/10.3389/fendo.2013.00037. 

(5)  Papatheodorou, K.; Banach, M.; Bekiari, E.; Rizzo, M.; Edmonds, M. Complications 

of Diabetes 2017. J. Diabetes Res. 2018, 2018, 10–13. 

https://doi.org/10.1155/2018/3086167. 

(6)  Jame Caro, J.; Alexandra, J.; O’Brien, J. A. Lifetime Costs of Complications Resulting. 

Diabetes Care 2002, 25 (3), 476–481. 

(7)  Cusick, M.; Meleth, A. D.; Agrón, E.; Fisher, M. R.; Reed, G. F.; Knatterud, G. L.; 

Barton, F. B.; Davis, M. D.; Ferris, F. L.; Chew, E. Y. Associations of Mortality and 

Diabetes Complications in Patients With Type 1 and Type 2 Diabetes. Diabetes Care 

2005, 28 (3), 617 LP – 625. https://doi.org/10.2337/diacare.28.3.617. 

(8)  Martin, B. C.; Warram, J. H.; Krolewski, A. S.; Soeldner, J. S.; Kahn, C. R.; Martin, B. 

C.; Bergman, R. N. Role of Glucose and Insulin Resistance in Development of Type 2 

Diabetes Mellitus: Results of a 25-Year Follow-up Study. Lancet 1992, 340 (8825), 

925–929. https://doi.org/https://doi.org/10.1016/0140-6736(92)92814-V. 

(9)  Brange, J.; Langkjœr, L. Insulin Structure and Stability BT  - Stability and 

Characterization of Protein and Peptide Drugs: Case Histories; Wang, Y. J., Pearlman, 

R., Eds.; Springer US: Boston, MA, 1993; pp 315–350. https://doi.org/10.1007/978-1-



Chapter 4 

 

74 
 

4899-1236-7_11. 

(10)  Blundell, T.; Dodson, G.; Hodgkin, D.; Mercola, D. Insulin: The Structure in the 

Crystal and Its Reflection in Chemistry and Biology By; Anfinsen, C. B., Edsall, J. T., 

Richards, in P. C., Eds.; Academic Press, 1972; Vol. 26, pp 279–402. 

https://doi.org/https://doi.org/10.1016/S0065-3233(08)60143-6. 

(11)  De Meyts, P. Insulin and Its Receptor: Structure, Function and Evolution. BioEssays 

2004, 26 (12), 1351–1362. https://doi.org/https://doi.org/10.1002/bies.20151. 

(12)  Tokarz, V. L.; MacDonald, P. E.; Klip, A. The Cell Biology of Systemic Insulin 

Function. J. Cell Biol. 2018, 217 (7), 2273–2289. 

https://doi.org/10.1083/jcb.201802095. 

(13)  Reaven, G. M.; Hollenbeck, C. B.; Chen, Y. D. I. Relationship between Glucose 

Tolerance, Insulin Secretion, and Insulin Action in Non-Obese Individuals with Varying 

Degrees of Glucose Tolerance. Diabetologia 1989, 32 (1), 52–55. 

https://doi.org/10.1007/BF00265404. 

(14)  Guillausseau, P.-J.; Meas, T.; Virally, M.; Laloi-Michelin, M.; Médeau, V.; Kevorkian, 

J.-P. Abnormalities in Insulin Secretion in Type 2 Diabetes Mellitus. Diabetes Metab. 

2008, 34, S43–S48. https://doi.org/https://doi.org/10.1016/S1262-3636(08)73394-9. 

(15)  Weyer, C.; Bogardus, C.; Mott, D. M.; Pratley, R. E. The Natural History of Insulin 

Secretory Dysfunction and Insulin Resistance in the Pathogenesis of Type 2 Diabetes 

Mellitus. J. Clin. Invest. 1999, 104 (6), 787–794. https://doi.org/10.1172/JCI7231. 

(16)  Mitrakou, A.; Kelley, D.; Mokan, M.; Veneman, T.; Pangburn, T.; Reilly, J.; Gerich, J. 

Role of Reduced Suppression of Glucose Production and Diminished Early Insulin 

Release in Impaired Glucose Tolerance. N. Engl. J. Med. 1992, 326 (1), 22–29. 

https://doi.org/10.1056/NEJM199201023260104. 

(17)  Fukushima, M.; Suzuki, H.; Seino, Y. Insulin Secretion Capacity in the Development 

from Normal Glucose Tolerance to Type 2 Diabetes. Diabetes Res. Clin. Pract. 2004, 

66, S37–S43. https://doi.org/https://doi.org/10.1016/j.diabres.2003.11.024. 

(18)  Yabe, D.; Seino, Y.; Fukushima, M.; Seino, S. β Cell Dysfunction Versus Insulin 

Resistance in the Pathogenesis of Type 2 Diabetes in East Asians. Curr. Diab. Rep. 



Chapter 4 

 

75 
 

2015, 15 (6). https://doi.org/10.1007/s11892-015-0602-9. 

(19)  Mitrakou, A.; Vuorinen-Markkola, H.; Raptis, G.; Toft, I.; Mokan, M.; Strumph, P.; 

Pimenta, W.; Veneman, T.; Jenssen, T.; Bolli, G. Simultaneous Assessment of Insulin 

Secretion and Insulin Sensitivity Using a Hyperglycemia Clamp. J. Clin. Endocrinol. 

Metab. 1992, 75 (2), 379–382. https://doi.org/10.1210/jcem.75.2.1639939. 

(20)  Khan, A. R.; Awan, F. R. Metals in the Pathogenesis of Type 2 Diabetes. J. Diabetes 

Metab. Disord. 2014, 13 (1), 16. https://doi.org/10.1186/2251-6581-13-16. 

(21)  Zheng, Y.; Li, X.-K.; Wang, Y.; Cai, L. The Role of Zinc, Copper and Iron in the 

Pathogenesis of Diabetes and Diabetic Complications: Therapeutic Effects by Chelators. 

Hemoglobin 2008, 32 (1–2), 135–145. https://doi.org/10.1080/03630260701727077. 

(22)  Rajpathak, S. N.; Crandall, J. P.; Wylie-Rosett, J.; Kabat, G. C.; Rohan, T. E.; Hu, F. B. 

The Role of Iron in Type 2 Diabetes in Humans. Biochim. Biophys. Acta - Gen. Subj. 

2009, 1790 (7), 671–681. https://doi.org/https://doi.org/10.1016/j.bbagen.2008.04.005. 

(23)  Swaminathan, S.; Fonseca, V. A.; Alam, M. G.; Shah, S. V. The Role of Iron in Diabetes 

and Its Complications. Diabetes Care 2007, 30 (7), 1926 LP – 1933. 

https://doi.org/10.2337/dc06-2625. 

(24)  Bao, W.; Rong, Y.; Rong, S.; Liu, L. Dietary Iron Intake, Body Iron Stores, and the Risk 

of Type 2 Diabetes: A Systematic Review and Meta-Analysis. BMC Med. 2012, 10 (1), 

119. https://doi.org/10.1186/1741-7015-10-119. 

(25)  Rehman, K.; Akash, M. S. H. Mechanism of Generation of Oxidative Stress and 

Pathophysiology of Type 2 Diabetes Mellitus: How Are They Interlinked? J. Cell. 

Biochem. 2017, 118 (11), 3577–3585. https://doi.org/https://doi.org/10.1002/jcb.26097. 

(26)  Arija, V.; Fernández-Cao, J. C.; Basora, J.; Bulló, M.; Aranda, N.; Estruch, R.; Martínez-

González, M. A.; Salas-Salvadó, J. Excess Body Iron and the Risk of Type 2 Diabetes 

Mellitus: A Nested Case–Control in the PREDIMED (PREvention with MEDiterranean 

Diet) Study. Br. J. Nutr. 2014, 112 (11), 1896–1904. https://doi.org/DOI: 

10.1017/S0007114514002852. 

(27)  Naka, T.; Kaneto, H.; Katakami, N.; Matsuoka, T. A.; Harada, A.; Yamasaki, Y.; 

Matsuhisa, M.; Shimomura, I. Association of Serum Copper Levels and Glycemic 



Chapter 4 

 

76 
 

Control in Patients with Type 2 Diabetes. Endocr. J. 2013, 60 (3), 393–396. 

https://doi.org/10.1507/endocrj.EJ12-0342. 

(28)  Bjørklund, G.; Dadar, M.; Pivina, L.; Doşa, M. D.; Semenova, Y.; Aaseth, J. The Role 

of Zinc and Copper in Insulin Resistance and Diabetes Mellitus. Current Medicinal 

Chemistry. pp 6643–6657. 

(29)  Eshak, E. S.; Iso, H.; Maruyama, K.; Muraki, I.; Tamakoshi, A. Associations between 

Dietary Intakes of Iron, Copper and Zinc with Risk of Type 2 Diabetes Mellitus: A Large 

Population-Based Prospective Cohort Study. Clin. Nutr. 2018, 37 (2), 667–674. 

https://doi.org/https://doi.org/10.1016/j.clnu.2017.02.010. 

(30)  Zheng, H.; Blat, D.; Youdim, M. B. H.; Weiner, L. M.; Dangoor, D.; Gozes, I.; Fridkin, 

M. Novel Neuroprotective Neurotrophic NAP Analogs Targeting Iron Toxicity and 

Oxidative Stress in Neurodegenerative Diseases BT  - Understanding Biology Using 

Peptides; Blondelle, S. E., Ed.; Springer New York: New York, NY, 2006; pp 443–444. 

(31)  TANAKA, A.; KANETO, H.; MIYATSUKA, T.; YAMAMOTO, K.; YOSHIUCHI, K.; 

YAMASAKI, Y.; SHIMOMURA, I.; MATSUOKA, T.; MATSUHISA, M. Role of 

Copper Ion in the Pathogenesis of Type 2 Diabetes. Endocr. J. 2009, 56 (5), 699–706. 

https://doi.org/10.1507/endocrj.K09E-051. 

(32)  Masad, A.; Hayes, L.; Tabner, B. J.; Turnbull, S.; Cooper, L. J.; Fullwood, N. J.; 

German, M. J.; Kametani, F.; El-Agnaf, O. M. A.; Allsop, D. Copper-Mediated 

Formation of Hydrogen Peroxide from the Amylin Peptide: A Novel Mechanism for 

Degeneration of Islet Cells in Type-2 Diabetes Mellitus? FEBS Lett. 2007, 581 (18), 

3489–3493. https://doi.org/https://doi.org/10.1016/j.febslet.2007.06.061. 

(33)  Gavrilova, J.; Tõugu, V.; Palumaa, P. Affinity of Zinc and Copper Ions for Insulin 

Monomers. Metallomics 2014, 6 (7), 1296–1300. https://doi.org/10.1039/c4mt00059e. 

(34)  Xu, Y.; Yan, Y.; Seeman, D.; Sun, L.; Dubin, P. L. Multimerization and Aggregation of 

Native-State Insulin: Effect of Zinc. Langmuir 2012, 28 (1), 579–586. 

https://doi.org/10.1021/la202902a. 

(35)  Chausmer, A. B. Zinc, Insulin and Diabetes. J. Am. Coll. Nutr. 1998, 17 (2), 109–115. 

https://doi.org/10.1080/07315724.1998.10718735. 



Chapter 4 

 

77 
 

(36)  Dunn, M. F. Zinc–Ligand Interactions Modulate Assembly and Stability of the Insulin 

Hexamer – A Review. Biometals 2005, 18 (4), 295–303. 

https://doi.org/10.1007/s10534-005-3685-y. 

(37)  Poudel, R.; Bhusal, Y.; Tharu, B.; Kafle, N. Role of Zinc in Insulin Regulation and 

Diabetes. J. Soc. Heal. Diabetes 2017, 5, 83. 

(38)  Huang, Q.; Du, J.; Merriman, C.; Gong, Z. Genetic, Functional, and Immunological 

Study of ZnT8 in Diabetes. Int. J. Endocrinol. 2019, 2019, 1524905. 

https://doi.org/10.1155/2019/1524905. 

(39)  Badran, M.; Morsy, R.; Soliman, H.; Elnimr, T. Assessment of Trace Elements Levels 

in Patients with Type 2 Diabetes Using Multivariate Statistical Analysis. J. Trace Elem. 

Med. Biol. 2016, 33, 114–119. 

https://doi.org/https://doi.org/10.1016/j.jtemb.2015.10.006. 

(40)  Wang, Y.; Zhang, P.; Chen, X.; Wu, W.; Feng, Y.; Yang, H.; Li, M.; Xie, B.; Guo, P.; 

Warren, J. L.; Shi, X.; Wang, S.; Zhang, Y. Multiple Metal Concentrations and 

Gestational Diabetes Mellitus in Taiyuan, China. Chemosphere 2019, 237, 124412. 

https://doi.org/https://doi.org/10.1016/j.chemosphere.2019.124412. 

(41)  Dawson, J. H. Probing Structure-Function Relations in Heme-Containing Oxygenases 

and Peroxidases. Science 1988, 240 (4851), 433–439. 

https://doi.org/10.1126/science.3358128. 

(42)  Atamna, H.; Frey, W. H. 2nd. A Role for Heme in Alzheimer’s Disease: Heme Binds 

Amyloid Beta and Has Altered Metabolism. Proc. Natl. Acad. Sci. U. S. A. 2004, 101 

(30), 11153–11158. https://doi.org/10.1073/pnas.0404349101. 

(43)  Atamna, H.; Boyle, K. Amyloid-Beta Peptide Binds with Heme to Form a Peroxidase: 

Relationship to the Cytopathologies of Alzheimer’s Disease. Proc. Natl. Acad. Sci. U. 

S. A. 2006, 103 (9), 3381–3386. https://doi.org/10.1073/pnas.0600134103. 

(44)  Pramanik, D.; Ghosh, C.; Mukherjee, S.; Ghosh, S. Interaction of Amyloid β Peptides 

with Redox Active Heme Cofactor: Relevance to Alzheimer’s Disease; 2013; Vol. 257. 

https://doi.org/10.1016/j.ccr.2012.02.025. 

(45)  Mukherjee, S.; Dey, S. G. Heme Bound Amylin : Spectroscopic Characterization , 



Chapter 4 

 

78 
 

Reactivity , and Relevance to Type 2 Diabetes. Inorg. Chem. 2013, 52, 5226−5235. 

(46)  Grünblatt, E.; Bartl, J.; Riederer, P. The Link between Iron, Metabolic Syndrome, and 

Alzheimer’s Disease. J. Neural Transm. 2011, 118 (3), 371–379. 

https://doi.org/10.1007/s00702-010-0426-3. 

(47)  Lim, Y.-A.; Rhein, V.; Baysang, G.; Meier, F.; Poljak, A.; Raftery, M. J.; Guilhaus, M.; 

Ittner, L. M.; Eckert, A.; Götz, J. Abeta and Human Amylin Share a Common Toxicity 

Pathway via Mitochondrial  Dysfunction. Proteomics 2010, 10 (8), 1621–1633. 

https://doi.org/10.1002/pmic.200900651. 

(48)  de la Monte, S. M.; Wands, J. R. Alzheimer’s Disease Is Type 3 Diabetes—Evidence 

Reviewed. J. Diabetes Sci. Technol. 2008, 2 (6), 1101–1113. 

https://doi.org/10.1177/193229680800200619. 

(49)  Rajpathak, S.; Ma, J.; Manson, J.; Willett, W. C.; Hu, F. B. Iron Intake and the Risk of 

Type 2 Diabetes in Women: A Prospective Cohort Study. Diabetes Care 2006, 29 (6), 

1370–1376. https://doi.org/10.2337/dc06-0119. 

(50)  Zhao, Z.; Li, S.; Liu, G.; Yan, F.; Ma, X.; Huang, Z.; Tian, H. Body Iron Stores and 

Heme-Iron Intake in Relation to Risk of Type 2 Diabetes: A  Systematic Review and 

Meta-Analysis. PLoS One 2012, 7 (7), e41641. 

https://doi.org/10.1371/journal.pone.0041641. 

(51)  Simcox, J. A.; McClain, D. A. Iron and Diabetes Risk. Cell Metab. 2013, 17 (3), 329–

341. https://doi.org/10.1016/j.cmet.2013.02.007. 

(52)  De Sanctis, V.; Soliman, A.; Yassin, M. Iron Overload and Glucose Metabolism in 

Subjects with β-Thalassaemia Major: An  Overview. Curr. Diabetes Rev. 2013, 9 (4), 

332–341. https://doi.org/10.2174/1573399811309040005. 

(53)  Borgna-Pignatti, C.; Gamberini, M. R. Complications of Thalassemia Major and Their 

Treatment. Expert Rev. Hematol. 2011, 4 (3), 353–366. 

https://doi.org/10.1586/ehm.11.29. 

(54)  Belcher, J. D.; Beckman, J. D.; Balla, G.; Balla, J.; Vercellotti, G. Heme Degradation 

and Vascular Injury. Antioxid. Redox Signal. 2010, 12 (2), 233–248. 

https://doi.org/10.1089/ars.2009.2822. 



Chapter 4 

 

79 
 

(55)  Kato, G. J.; Taylor  6th, J. G. Pleiotropic Effects of Intravascular Haemolysis on 

Vascular Homeostasis. Br. J. Haematol. 2010, 148 (5), 690–701. 

https://doi.org/10.1111/j.1365-2141.2009.08004.x. 

(56)  Roumenina, L. T.; Rayes, J.; Lacroix-Desmazes, S.; Dimitrov, J. D. Heme: Modulator 

of Plasma Systems in Hemolytic Diseases. Trends Mol. Med. 2016, 22 (3), 200–213. 

https://doi.org/10.1016/j.molmed.2016.01.004. 

(57)  Kumar, S.; Bandyopadhyay, U. Free Heme Toxicity and Its Detoxification Systems in 

Human. Toxicol. Lett. 2005, 157 (3), 175–188. 

https://doi.org/10.1016/j.toxlet.2005.03.004. 

(58)  Karran, E.; Mercken, M.; De Strooper, B. The Amyloid Cascade Hypothesis for 

Alzheimer’s Disease: An Appraisal for the  Development of Therapeutics. Nat. Rev. 

Drug Discov. 2011, 10 (9), 698–712. https://doi.org/10.1038/nrd3505. 

(59)  Ndisang, J. F.; Jadhav, A. Heme Oxygenase System Enhances Insulin Sensitivity and 

Glucose Metabolism in  Streptozotocin-Induced Diabetes. Am. J. Physiol. Endocrinol. 

Metab. 2009, 296 (4), E829-41. https://doi.org/10.1152/ajpendo.90783.2008. 

(60)  Ndisang, J. F.; Jadhav, A. Up-Regulating the Hemeoxygenase System Enhances 

Insulin Sensitivity and Improves Glucose Metabolism in Insulin-Resistant Diabetes in 

Goto-Kakizaki Rats. Endocrinology 2009, 150 (6), 2627–2636. 

https://doi.org/10.1210/en.2008-1370. 

(61)  Kahn, S. E.; D’Alessio, D. A.; Schwartz, M. W.; Fujimoto, W. Y.; Ensinck, J. W.; 

Taborsky, G. J. J.; Porte, D. J. Evidence of Cosecretion of Islet Amyloid Polypeptide 

and Insulin by Beta-Cells. Diabetes 1990, 39 (5), 634–638. 

https://doi.org/10.2337/diab.39.5.634. 

(62)  Lorenzo, A.; Razzaboni, B.; Weir, G. C.; Yankner, B. A. Pancreatic Islet Cell Toxicity 

of Amylin Associated with Type-2 Diabetes Mellitus. Nature 1994, 368 (6473), 756–

760. https://doi.org/10.1038/368756a0. 

(63)  Rittle, J.; Green, M. T. Cytochrome P450 Compound I: Capture, Characterization, and 

C-H Bond Activation Kinetics. Science (80-. ). 2010, 330 (6006), 933 LP – 937. 

https://doi.org/10.1126/science.1193478. 



Chapter 4 

 

80 
 

(64)  Kitagawa, T.; Sugiyama, T.; Yamano, T. Differences in Stability against Thermal 

Unfolding between Trypsin- and Detergent-Solubilized Cytochromes B5 and Structural 

Changes in the Heme Vicinity upon the Transition: Resonance Raman and Absorption 

Study. Biochemistry 1982, 21 (7), 1680–1686. https://doi.org/10.1021/bi00536a032. 

(65)  Spiro, T. G.; Burke, J. M. Protein Control of Porphyrin Conformation. Comparison of 

Resonance Raman Spectra of Heme Proteins with Mesoporphyrin IX Analogs. J. Am. 

Chem. Soc. 1976, 98 (18), 5482–5489. https://doi.org/10.1021/ja00434a013. 

(66)  Callahan, P. M.; Babcock, G. T. Insights into Heme Structure from Soret Excitation 

Raman Spectroscopy. Biochemistry 1981, 20 (4), 952–958. 

https://doi.org/10.1021/bi00507a048. 

(67)  Dasgupta, S.; Rousseau, D.; Anni, H.; Yonetani, T. Structural Characterization of 

Cytochrome c Peroxidase by Resonance Raman Scattering. J. Biol. Chem. 1989, 264, 

654–662. https://doi.org/10.1016/S0021-9258(17)31311-X. 

(68)  Redaelli, C.; Monzani, E.; Santagostini, L.; Casella, L.; Sanangelantoni, A. M.; 

Pierattelli, R.; Banci, L. Characterization and Peroxidase Activity of a Myoglobin 

Mutant Containing a Distal Arginine. ChemBioChem 2002, 3 (2–3), 226–233. 

https://doi.org/https://doi.org/10.1002/1439-7633(20020301)3:2/3<226::AID-

CBIC226>3.0.CO;2-7. 

(69)  Pal, I.; Roy, M.; Dey, S. G. Interaction of ApoMyoglobin with Heme-HIAPP 

Complex. J. Inorg. Biochem. 2021, 216 (December 2020), 111348. 

https://doi.org/10.1016/j.jinorgbio.2020.111348. 

(70)  Huang, Q.; Szigeti, K.; Fidy, J.; Schweitzer-Stenner, R. Structural Disorder of Native 

Horseradish Peroxidase C Probed by Resonance Raman and Low-Temperature Optical 

Absorption Spectroscopy. J. Phys. Chem. B 2003, 107 (12), 2822–2830. 

https://doi.org/10.1021/jp026935e. 

(71)  Pramanik, D.; Ghosh, C.; Dey, S. G. Heme–Cu Bound Aβ Peptides: Spectroscopic 

Characterization, Reactivity, and Relevance to Alzheimer’s Disease. J. Am. Chem. Soc. 

2011, 133 (39), 15545–15552. https://doi.org/10.1021/ja204628b. 

(72)  Ghosh, C.; Mukherjee, S.; Seal, M.; Ghosh, S. Peroxidase to Cytochrome b Type 



Chapter 4 

 

81 
 

Transition in the Active Site of Heme-Bound Amyloid β Peptides Relevant to 

Alzheimer’s Disease. Inorg. Chem. 2016, 55. 

https://doi.org/10.1021/acs.inorgchem.5b02683. 

(73)  Huang, Y.; Yang, Z.; Xu, H.; Zhang, P.; Gao, Z.; Li, H. Insulin Enhances the Peroxidase 

Activity of Heme by Forming Heme-Insulin Complex : Relevance to Type 2 Diabetes 

Mellitus. Int. J. Biol. Macromol. 2017, 102, 1009–1015. 

(74)  Leighton, B.; Cooper, G. J. S. Pancreatic Amylin and Calcitonin Gene-Related Peptide 

Cause Resistance to Insulin in Skeletal Muscle in Vitro. Nature 1988, 335 (6191), 632–

635. https://doi.org/10.1038/335632a0. 

 

 

 



 

82 
 

 

Reactivity of Heme Bound Insulin complexes 

 
 

 
 
 

 
 
 

 
 

 
 
 



Chapter 5 

 

83 
 

5.1. Introduction 
 

Being an amyloidogenic disease, type 2 diabetes mellitus (T2Dm) too follows a 

common pathological mechanism of protein aggregation.1–3 The key driving factors endorsing 

this epidemic are the sedentary lifestyles, genetic history, alarming upsurge in obesity, lack of 

physical activity, high caloric fast food-based diets and an increasing aged population, which 

have magnified the onset and prevalence of T2Dm worldwide.4,5 According to the International 

Diabetes Federation (IDF), in 2019, ~ 463 million adults of 20 - 80 years old had been detected 

with diabetes while 1 in 3 people remain underdiagnosed and 2019 itself had seen the death of 

~ 4.2 million individuals caused by T2dm only, which is likely to escalate up to 700 million by 

2045.4 India, the second largest country for diabetic patients expects an alarming growth up to 

109.0 million by 2035.6 The Type 2 diabetes mellitus is a prolonged metabolic disease, which 

is characterized by hyperglycemia and is instigated via hampered insulin secretion, making it 

unable to maintain glucose homeostasis over the progression of the disease, even unfortunately 

under fasting conditions.7 It is frequently found to occur in aged beings and over the time can 

lead to damage heart, vascularity, eyes, kidneys and nerves etc.8–11 An impaired glucose 

metabolism arising from acquired and/or genetic defects in both insulin activity of the 

peripheral insulin sensitive tissues and insulin secretion from islet -cells contributes 

inextricably to this disease.12 Insulin resistance/insulin deficiency can be broadly originated 

due to 1) reduced insulin secretion by β-cells i.e., β-cells dysfunction;13 2) counter-regulatory 

hormones of insulin or non-hormonal bodies in plasma that compete and hamper the function 

of insulin receptors and eventually the signaling pathway;14 3) malfunctioned insulin response 

in target tissues in pancreas;15 4) faulty action of insulin in the extra-pancreatic insulin-sensitive 

organs; skeletal muscle, adipose tissue and liver that play major roles in the glucose regulatory 

processes and regularly precedes the onset of systemic insulin resistance.4,16 Although β-cell 

dysfunction is traditionally linked to -cell death, recent research indicates a more complex 

network of interactions between molecular pathways of cell biology and the environmental 

effects on such cell apoptosis.17–19 The hyper-nutritional conditions like obesity, 

hyperlipidemia, hyperglycemia emphatically favor insulin resistance and related inflammation 

in diabetic patients and under these circumstances, β-cells, having alterations in their genetic 

susceptibility, are subjected to multidirectional toxicity including inflammatory stress, 

endoplasmic reticulum (ER) stress, metabolic, amyloid and oxidative stress that ultimately lead 

to a loss of islet integrity.18–20 Meanwhile, there is also an increasing indication that associates 



Chapter 5 

 

84 
 

mitochondrial dysfunction with the advance of T2Dm.21 Under normal condition, mitochondria 

plays an important role in ROS clearance but the hyperglycaemic condition like T2Dm induces 

the generation of excess amount of ROS by mitochondria, which gives rise to insulin resistance, 

damage DNA and membrane lipids and intensifies other diabetes associated complication.22 

The ROS generated by mitochondria can oxidize the Cys and Met residues in proteins, thus 

blighting the protein structure and function which eventually leads to cell apoptosis.4 

As discussed above, insulin shows an important role in T2Dm etiology.23 It is a small 

peptide hormone secreted in pulses by the β cells of the pancreatic islets of Langerhans and is 

synthesized in the β-cells in the form of proinsulin which then undergoes post translational 

modifications to form the mature insulin. Structurally, insulin is a dipeptide, comprising of 51 

amino acids distributed in two chains (A and B chain), with a molecular weight of 5.8 kDa. 

The B chain has a central helical section while the A chain has an N-terminal helix connected 

to an anti-parallel C-terminal helix. The two chains are joined by two disulfide bridges between 

cysteine residues, which join the N- and C-terminal helices of the A chain to the central helix 

of the B chain. An additional disulfide bridge exists in the A-chain itself (Scheme 1A).24,25 

Insulin helps in maintaining the normal blood glucose level by enabling the cellular glucose 

uptake and regulates the metabolism of carbohydrate, lipid and protein. As the vital regulator 

of glucose homeostasis, insulin has to be secreted in an adequate quantity in our body. Thus, 

insulin resistance, abnormal/reduced insulin secretion, declined glucose utilization, and 

simultaneous increase in glucose production lead to one of the defining characteristics of 

T2Dm, i.e. hyperglycemia.26–28 In fact, prospective studies show that patients with T2Dm 

secrete ~70% less insulin than control subjects during the hyperglycemic clamp.26,29 In recent 

times, evidences are emerging in support of the fact that not only insulin resistance, but also 

inability of the β-cells to produce enough insulin is an underlying cause of T2Dm. The resultant 

cascade of events include higher glucose levels, further β-cell deterioration, diminished glucose 

sensitivity and elevated hypergycaemia.30  
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Scheme 1. The amino acid sequence of A) human insulin B) human hIAPP/amylin. 

Metals are known to play vital roles in other amyloidogenic diseases including 

Alzheimer’s, Parkinson’s, Wilson, Prion, and Huntington.31,32 similar metal interference is 

observed in the disease pathology of T2Dm as well.33 Metals like Zn, Fe, and Cu have been 

found to be associated with T2Dm.34 Zn concentration in pancreatic β cells increases and 

consequently Zn deficiency is observed in T2Dm.35 An increased dietetic intake of Fe, 

particularly in the form of heme can enhance the risk of T2Dm.36 A considerably higher level 

of Cu is found in the serum of diabetic patients, and Cu can increase IAPP-induced cell 

apoptosis from 45% to 70% in the cultured β cells.37 Studies indicate that the interaction of Cu 

with hIAPP delays the peptide aggregation process, reducing the cellular toxicity of hIAPP.38 

Conversely, recent studies show Cu binding to monomeric amylin hinders β sheet fibril 

formation while favouring the generation of oligomers, which are known for their potentially 

more toxic nature towards the β cells of the pancreas than the corresponding fibrillar form.39 

Lately it has been shown that Cu ions also bind monomeric insulin with a higher affinity.40 One 

of the important trace elements related to T2Dm, Zn plays a key role in the storage and secretion 

of insulin, which subsequently increases the glucose uptake.41–43 As a result of the increased 

urinary depletion, a less than optimal Zn level in blood is found in T2Dm patients.44 

Consequently, hypozincemia and hyperzincuria are common to them and this decreased plasma 

level of Zn adversely affects the ability of islet cells to make and secrete insulin.45 Also, 
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mutation of Zn transporter, ZnT8 that is a key protein for the regulation of insulin secretion 

from the pancreatic β-cells has been associated with T2Dm.46 

Pathological link between AD and T2Dm has been long established now.47,48 Consistent 

with this, the epidemiological researches have shown that the incidence of AD is almost 2-5 

times higher in T2Dm affected individuals.49 In AD, an excessive iron (Fe) accumulation, 

especially in the form of heme b is found in the Aβ deposited region of the brain. Such 

anomalous increase of heme concentration in AD brain has been associated with the 

complexation of heme with Aβ monomers which consecutively leads to heme depletion and 

results in elevated Fe intake, amplified stress-related enzymes or proteins like heme oxygenase-

1 and transferrin, increased bilirubin concentration, abnormal Fe homeostasis, degradation of 

Fe regulatory proteins, dysfunction of mitochondrial complex IV, enhancement of oxidative 

stress, and so forth.50–52 Incidentally many of these symptoms of AD are also common 

pathological features of T2Dm.53 The serum concentration of Fe is also observed to be 

significantly higher (118.33±27.3 µg/dL), also in T2Dm compared to the control subjects.34 

Contemporary prospective studies and systematic meta-analysis have positively associated 

high heme Fe ingestion, the major dietetic resource of body Fe stores, with high threat of 

developing T2Dm in future.53 Moreover, recent experiments have proved that heme can bind 

both A and amylin and can produce ROS and related oxidative stress which is a common 

feature for both the diseases.52,54 This is why AD is often called Type 3 diabetes or T2Dm as 

the Alzheimer’s of the pancreas.55  

Studies have suggested that heme can parallelly bind to insulin as well, which is the 

complementary peptide of hIAPP and plays essential role in T2Dm etiology. These heme-

insulin complexes also contribute to the oxidative and nitrative stress related complications in 

disease pathogenesis. Spectroscopic techniques indicated that heme binding to insulin in 

equimolar ratio in in vitro physiological conditions. This binding is offered via the His residue 

(either 5th or 10th position in the B chain) of insulin peptide.56,57 A molecular docking 

experiment support that His5 of insulin is the binding ligand with heme-Fe. In addition to that 

it has been also suggested that there are contributions of second sphere amino acids like Tyr26 

and Phe1 residues which can promote hydrophobic/electrostatic interaction and Val2 which 

forms H-bond to the heme centre, thus assist in heme-insulin active site formation.58 The 1:1 

heme-insulin complex is found to consist of a mixture of species, a high spin mono-His bound 

compound as dominant species and a low spin hexa coordinated bis-His bound compound in a 
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minor amount. The low spin species is likely formed in an intermolecular fashion, connecting 

two His residues from two nearby peptides to the heme centre. In presence of excess insulin 

with respect to heme, the equilibrium is found to shift more towards the bis-His low spin 

complex compared to the mono-His high spin one. Moreover, at higher pH, both high spin and 

low spin complexes show that the weakly bound water molecule, present at the axial 6th 

position of active site, is converted to a hydroxide bound high spin species. Significantly, 

insulin can amplify the peroxidase activity of free heme which under oxidative and nitrative 

stressed conditions, is known to affect the disease pathogenesis via promoting Tyr radical and 

associated insulin cross-linking, leading to permanent loss of natural insulin functionality, and 

by enhancing the tyrosine nitration of insulin in the -cells that may result in inactivation of 

proteins related to diabetes as well.58,59 Till now, there is no experimental evidence of the 

mechanism and associated intermediates of the peroxidase activity of heme-insulin complexes 

and subsequent production of tyrosine cross-linking in presence of those high-valent 

intermediates. 

The interaction between heme and insulin peptide results into the formation of heme-

peptide complexes which has been studied here using absorption and resonance Raman (rR) 

spectroscopy earlier. In this chapter, the functions and reactivities of the resultant heme bound 

peptide complexes have been dealt with. We have measured the % of PROS that have been 

produced by the reduced heme(Fe) centre and the peroxidase activity which can go through a 

number of high valent Fe-oxo intermediates and the subsequent dityrosine formation. We have 

tried to trap and characterise those intermediates and investigated its further toxicity. Theses 

intermediates being highly reactive oxidant can oxidise proteins itself, hampering the 

biological functions which might be one of the reasons for insulin deficiency in T2Dm 

pathology. Additionally the effect of insulin on heme-amylin complex has also been examined 

here. This is significant since amylin, a small peptide hormone secreted along with insulin from 

the pancreatic β-cells, is also a part of the T2Dm paradigm (Scheme 1B).60 Its aggregation and 

deposition in the β-cells is considered a central event in the development of the disease.61 More 

importantly, the heme-amylin complex, whose active site environment has been 

spectroscopically determined to consist of heme coordinated by a His18 and a loosely bound 

water molecule trans axial to the His, is known to generate a considerable amount of partially 

reduced oxygen species (PROS) on reaction with oxygen. This may be responsible in part for 

the oxidative stress observed in T2Dm patients.62 The present study shows that insulin can take 
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up heme from heme-amylin forming heme-insulin which is experimentally found to generate 

a negligible amount of PROS. 

 

5.2. Materials and methods 

5.2.1. Materials 

All reagents were of the highest grade commercially available and were used without further 

purification. Hemin, TMB, human recombinant insulin and buffer were purchased from Sigma. 

Truncated amylin peptide containing the heme binding domain (sequence: Lys1-Cys2-Asn-

Thr- Ala- Thr- Cys7- Ala- Thr- Gln- Arg11- Leu- Ala- Asn- Phe- Leu- Val- His18- Ser19) was 

purchased from Ontores (China) Ltd. with >95% purity. 

5.2.2. Sample preparation 

Insulin and amylin peptide stock solutions were prepared in 100 mM phosphate buffer at pH 

8. Hemin solution was prepared by dissolving hemin chloride in 1 M NaOH and the 

concentration of the heme solution was determined spectrophotometrically (e385 = 58.44 mM-

1 cm-1). Peptide stock solutions were 0.5 mM, and heme stock solution was 5 mM. Heme-

insulin and heme–amylin complexes were prepared by incubating 1 equivalent of peptide with 

0.8 equivalent of heme solution for ~1 h. The pH of the heme-peptide complexes were 

calibrated accordingly using 1 M H3PO4 and 1M NaOH. 

5.2.3. Absorption spectroscopy 

All the spectral data were obtained by an UV-vis diode array spectrophotometer (Agilent 

8453). For all absorption spectroscopy experiments, final concentration of 1:1 heme-insulin 

and heme-amylin complexes were 0.5 mM while that of 1:5 heme-insulin was 0.1 mM with 

respect to heme. The heme-amylin sample was incubated with 2 equivalent of insulin for ~2 h. 
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5.2.4. Resonance Raman spectroscopy 

Resonance Raman data were obtained at room temperature using a Trivista 555 spectrograph 

(Princeton Instruments) using 413.1 nm excitation from a Kr+ laser (Coherent, Sabre Innova 

SBRC-DBW-K). The optics (plano-convex lens, mirror etc.), used for the collection of rR data 

were purchased from Sigma-Koki Japan. The power on the samples was ~5 mW. rR samples 

were 0.2 mM in concentration. 

5.2.5. PROS calculation 

Xylenol orange assay was applied for PROS calculation. A total of 4.9 mg of Mohr’s salt and 

3.9 mg of xylenol orange were dissolved in 5 mL of 250 mM H2SO4 and stirred for 10 min. A 

200 μL portion of this solution was taken in 1.8 mL of nanopure water, and a calibration curve 

for the quantitative estimation of H2O2 was obtained for 0.05, 0.1, 0.5, 1, 2.5, 5, and 10 μM 

concentrations of H2O2 by recording their absorbance at 560 nm as a function of H2O2 

concentrations in micromolar units for a 2 mL volume. A blank was obtained in the UVvis 

spectrophotometer with 1.8 mL nanopure water in a cuvette. A total of 200 μL xylenol orange 

solution was added to the above cuvette and absorbance was measured. This served as the 

control. The heme-insulin complexes and all the buffer and reagent solutions were degassed 

first and then were purged with argon in anaerobic vials for ~30 min. Thereafter, the samples 

were reduced using a minimal amount of dithionite under anaerobic conditions, followed by 

their reoxidation by O2 (monitored by absorption). A total of 200 μL of 0.025 mM of reoxidized 

solutions were separately added to the cuvette containing the control, and their absorbance were 

recorded. The value of absorbance of the above solutions (after deducting the control) at 560 

nm when plotted on the calibration curve yielded the corresponding H2O2 concentration. 

5.2.6. Peroxidase activity measurement 

3,3′,5,5′-Tetramethylbenzidine (TMB) was used as the substrate for peroxidase activity 

measurement. A 10 mg portion of TMB was dissolved in 0.5 mL of glacial AcOH and 10 mL 

of AcOH/NaOAc buffer (1 M, pH 4.5). The solution was diluted to 25 mL with water. This 

was followed by addition of 100 μL of 30 volume H2O2. A 10 μL volume of 0.05 mM protein 

sample was added to the above solution. Kinetic traces were obtained by monitoring the 

increase of the 652 nm absorption band with time.63 
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5.2.7. Preparation of dityrosine  

0.5 mmol insulin peptide were dissolved in 200 ml 0.1 M sodium phosphate buffer, pH 8, 0.3 

mmol of heme-insulin solution and 10 eqv of hydrogen peroxide in 1 ml of the above buffer 

were added and the solution was oxidised at a constant temperature of 37 °C for 1 h in aerobic 

condition. Excess hydrogenperoxide was destroyed by the addition of sodiummetabisulfite and 

the solution neutralised with concentrated hydrochloric acid. Finally the resultant dityrosine 

and trityrosine were observed under fluorescence spectroscopy which exhibited the typical 

ultraviolet and fluorescence spectrum of cross-linked tyrosine. 

5.2.8. Fluorescence measurement 

Fluorescence experiments were carried out in 0.1 M sodium phosphate buffer solutions at pH 

8 with a Fluoromax-3 instrument (Horiva JovinYvon). Insulin incubated with peroxidase 

(heme-insulin) and H2O2 and control samples which contains insulin and H2O2 were 

continuously excited at 280 nm during 1 h, 1.5 h. Emission spectra were acquired with 310 nm 

and 400 nm, 440nm excitation to monitor the di and tri-tyrosine formation. The quartz cell of 

1 cm path length has been used for this experiment and the samples were excited at 265 and 

325 nm. Emission scans were documented by using a slit width of 2 nm. 

 

5.3. Results and Analysis 

5.3.1. PROS generation 

Heme bound amylin reduces O2 by one electron, derived from the reduced heme centre, 

producing 40  2% H2O2.
64 The ferrous 1:1 heme-insulin complex on the other hand generates 

only 12  2% H2O2 (Figure 1). With increase in insulin concentration, H2O2 generation further 

decreases to 8  2% (Figure 1A). In general, all these heme-insulin complexes generate lesser 

amount of PROS compared to both heme-amylin and free heme (24  2%). This indicates that 

the heme-insulin complexes are not involved in generating a significant amount of PROS or 

oxidative stress. 
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Figure 1. Percentage of PROS detected using xylenol orange assay for (A) free heme, 1:1 

heme-insulin complex and 1:5 heme-insulin complex and (B) heme-amylin and heme-insulin 

complexes during heme transfer. 

 

5.3.2. Effect of insulin on heme-amylin 

Absorption spectroscopy 

Amylin is known to bind heme in a 1:1 concentration ratio. The absorption spectrum of 

heme bound amylin is characterized by a split Soret band at 365 and 392 nm along with a Q-

band at 605 nm. When 1:1 heme-amylin complex is incubated with 2 equivalents of insulin for 

~1 h at pH 7.4, the final species shows a red shift in the Soret band region to 410 nm and Q-

bands appear at 535 nm, 565 nm along with the charge transfer band at 630 nm, indicating the 

formation of heme-insulin (Figure 2). Thus, insulin can sequester heme from heme-amylin 

complex, which is clearly implicated by absorption spectroscopy. 
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Figure 2. (A) Absorption spectra of heme-amylin, heme-amylin incubated with 2 equivalents 

of insulin and 1:2 heme-insulin complexes (B) Enlarged Q-band region showing changes as 

indicated by arrows relative to heme-amylin complex at pH 7.4 in 100 mM phosphate buffer. 

 

Resonance Raman spectroscopy 

The ν4, ν3, and ν2 marker bands of heme-amylin are observed at 1374, 1492, and 1572 

(broad) cm-1 respectively, while, ν10, the depolarized spin state marker band arises at 1628 cm-

1 indicating the presence of a six-coordinate high-spin Fe3+ centre. These marker bands 

distinctly differ for 1:2 heme-insulin complex which exhibits ν3 at 1492 cm-1 (weak) and 1505 

cm-1, ν2 at 1580 cm-1 and ν10 at 1630 cm-1 (weak) and 1641 cm−1 respectively. Figure 3 shows 

that when heme-amylin and insulin are incubated in 1:2 stoichiometric ratio, the resultant rR 

spectrum resembles that of the 1:2 heme-insulin, validating the heme transfer to insulin. 
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Figure 3. High frequency rR spectra of heme-amylin, heme-amylin incubated with insulin and 

1:2 heme-insulin in 100 mM phosphate buffer at pH 7. Data were obtained with an excitation 

wavelength of 413.1 nm (~5 mW) at room temperature. 

5.3.3. Peroxidase activity 

The peroxidase activity of both mono and bis-histidine-coordinated heme insulin 

complexes and free heme are tested by following the catalytic oxidation of the substrate TMB 

by H2O2. At any particular pH, the 1:1 heme insulin complxes show ~ 2 times higher peroxidase 

activity than that of free heme, indicating that interaction of insulin can enhance the peroxidase 

activity of free heme in physiological condition (Figure 4.) 

 

 

 

 

 

 

Figure 4. Kinetic traces for peroxidase activity, monitoring the increase of the 652 nm 

absorbance intensity, for 1:1 heme-insulin complex, blue; free heme, black in 100 mM 

phosphate buffer at pH 7. 
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Interestingly, when the concentration of insulin is increased, the peroxidase activity of 

heme bound insulin complexes remain almost same, implicating that the population of the 

oxidant, responsible for showing the peroxidase activity is similar in spite of increased insulin 

concentration, i.e., increased abundance of low spin bis-His component of heme bund insulin 

(Figure 5).   

 

 

 

 

 

 

 

 

Figure 5. Kinetic traces for peroxidase activity, monitoring the increase of the 652 nm 

absorbance intensity, for different heme-insulin complexes, 1:1, blue; 1:2, green; 1:4, red; free 

heme, black in 100 mM phosphate buffer at pH 7.  

 

With increase in the pH of buffer medium, the peroxidase activity of 1:1 heme-insulin 

complexes get increased (Figure 6). The probable reason might be either the ease of formation 

or the greater stability of the active oxidant at basic pH which in turn makes the oxidation of 

TMB greater at higher pH.   
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Figure 6. Kinetic traces for peroxidase activity, monitoring the increase of the 652 nm 

absorbance intensity, for different heme-insulin complexes, 1:1, blue; 1:2, green; 1:4, red; free 

heme, black in 100 mM phosphate buffer at pH 7.  

 

5.3.4. Intermediate in the peroxidase pathway 

The heme-insulin complexes show peroxidase activity greater than free heme. 

Peroxidases form two high valent oxoferryl intermediates, ferryl porphyrin -cation radical 

(FeIV=OPor.+) or compound I and ferryl heme (FeIV=O porphyrin) or compound II (Scheme 

2). For example, H2O2 addition to Fe(III) horseradish peroxidase (HRP) generates compound 

I (HRP-I). Reduction back to the ferric state with concomitant substrate oxidation occurs in 

two one electron steps via compound II (HRP-II) while, myoglobin (Mb) reacts with peroxides 

to form an oxoferryl compound II-like species (Mb-II), along with a transient tyrosine 

radical.17-19 Due to the higher oxidation states, these intermediates are highly reactive and 

transient in nature.  
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Scheme 2. The conventional peroxidase pathway for heme-based proteins/peptides. 

 

 

 

 

 

 

 

 

 

5.3.4.1. Formation of reactive intermediates in the reaction of heme-insulin with H2O2 

The heme-insulin complexes (both 1:1 and 1:3) reacts with 10 equivalent of H2O2 with 

an observed rapid decrease in the absorbance of the Soret band of 410 nm (Figure 7A). The Q-

band at 530 nm, 567 nm, 627 nm corresponding to heme bound insulin red shifs to ~600 nm in 

40 sec (Figure 7B). At ~50 sec there is another broad band ~680 nm rising which maximises 

till ~15 min (Figure 7C) as the reaction progresses. previous literatures suggest that the reaction 

of heme based proteins with peroxide/peracid can lead to a ferric hydroperoxide (FeIII-OOH) 

species; known as Compound 0 which can either cleave the O–O bond homolytically to form 

compound II or heterolytically to form compound I. Heme hydroperoxides are characterized 

by absorption at 556–575 nm and 600 nm while compound II is characterized by absorption at 

525–551 and 556–586 nm.65–67 Alternatively, compound I is characterized by absorption in the 

range of 645–690 nm.68,69 Absorption in this region results in green colour and is characteristic 

of a ferryl porphyrin cation radical (FeIV=O Por .+) or compound I.70,71 The absorbance at ~680 

nm is therefore characteristic for compound I formation here.  
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Figure 7. (A) Absorption spectra of 1:3 heme-insulin, blue ; heme-insulin incubated with 10 

equivalent of H2O2 at different time interval (B) Enlarged Q-band region showing changes 

characteristic for Compound 0 at 40sec, red, as indicated by arrows relative to heme-insulin 
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complex (C) rise of 680nm band with time as indicated by arrow relative to heme-insulin at 

pH 8 in 100 mM phosphate buffer. 

Note, we have not been able to detect the formation of other intermediate species, ferryl 

heme (FeIV=O porphyrin) or compound II by absorption spectroscopy, probably due to the 

masking of its characteristic bands by the broad region of 650-700nm.  

5.3.4.2. Kinetic assays  

The kinetic trace of the reaction between heme-insulin and H2O2 is followed by 

absoption with increasing time. The formation of Compound 0 is monitored by the rise of 600 

nm band with time (Figure 8A). Additionally, the 680 nm shows an exponential increase 

indicating the formation of compound I (Figure 8B). The rate constants for the formation of 

Compound 0 and Compound I have been estimated to be and 6.5*10-3 s-1 and 6.0*10-3 s-1 

respectively. 
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Figure 8. (A) Formation kinetics of Compound 0 during reaction of heme-insulin with H2O2, 

orange. (B) Formation kinetics of Compound I during reaction of heme-insulin with H2O2, red 

in 100 mM PO4
3- buffer at pH 8. 

5.3.4.3. Characterization of compound I by resonance Raman spectroscopy 

Resonance Raman (rR) spectroscopy is a unique technique for the characterization of 

structures of heme proteins.72,73 The rR spectra obtained from heme-insulin complexes reacted 

with 10 times excess of H2O2 clearly indicate a broadening of the oxidation state marker 4 

band region due to the presence of compound I at 1372 cm-1 (Figure 9). This increase can be 

seen from 5 sec spectrum (orange) and along with this another shoulder band for compound II 

at 1384 cm-1 (Figure 9) is observed at 15 sec. In addition to these bands, the 4 band of resting 

ferric species at 1378 cm-1 is also present.74 Note, there is no shift in 4 for compound 0.75 The 

ν2, ν3, and ν10 vibrational frequencies are sensitive to the core size of the porphyrin ring and 

denote the coordination and spin-state marker bands. The 3 band at 1510 cm-1 gradually 

increases with time, indicating a six-coordinated species formation, mostly the intermediate 

species. These characteristic bands of compound I and II gradually get diminished with time 

and at ~ 1mint, the pure resting state of FeIII species can be seen only. The low frequency 

region (600–900 cm-1) of rR spectra is the most important region for identifying the Fe-O and 

O-O stretching frequencies, which is yet to be observed along with their isotopic shifts. 
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Figure 9. High frequency region of resonance Raman experimental spectrum of heme-insulin, 

black; with H2O2, at different time interval showing the changes of 4 and 3 marker bands, 

indicated by arrows. 

5.3.5. Dityrosine cross-linking of insulin in presence of heme 

It is now well-known that protein exposure to oxidative environments, both biologically 

and in dietary systems can harvest additional di-Tyr crosslinks that are not critical for native 

functions.76,77 These linkages can be formed either inter- or intra-molecularly between two 

proteins, from two free Tyr, or between free Tyr and proteins, by radical–radical reactions 

involving two Tyr ..78,79 Electron delocalization over the benzene ring and the phenolic oxygen 

results in the formation of two regio-isomers, one involving a C–O bond (C3–O, iso-dityrosine) 

and another with a C–C (C3–C3, o,o’) bond, of which The latter is majorly preferred in 

thermodynamics.80 The members of the peroxidase super-families like horseradish peroxidase, 

myeloperoxidase, laccase are known to generate crosslinks via enzyme-mediated oxidation of 

substrates to radicals which then undergo radical–radical coupling. One of the classic examples 

is oxidative coupling of Tyr and a range of other phenols via the phenoxyl generation of radical. 

Experimentally, when heme-insulin complex is incubated with 10 eq of H2O2 and the 

resultant high valent species including compound I and compound II are subjected to mature 
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with free insulin, the result we get is quite interesting. The mixture of oxidant (ferryl oxo 

intermediates) and insulin sample are monitored using florescence spectroscopy where there is 

clear evidence of typical dityrosine formation and in longer times even tri-tyrosine is generated. 

A characteristic fluorescence spectrum (Iex =365, Iem= 400 nm) marking the presence of di-

Tyr bond (Figure 10A) while the fluorescence ca. 310nm, seen in free insulin, is for mono 

tyrosine unit. Time-dependent changes in the fluorescence are observed where the 310 nm band 

gradually decreases and simultaneously the oligomeric bands rise. At 1 hour 30 min of the 

reaction, the amplitude of the fluorescence ca. 400 nm reached its maximum value and after 

that it decreased. A shoulder with emission maximum ca. 425 nm also rises in the spectrum 

which is expected for tri-Tyr and/or tetra-Tyr crosslinks (Figure 10B), so presumably at later 

times of the reaction, di-Tyr cross-links were converted to tri- or even tetra-Tyr. 81 
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Figure 10. (A) Di-tyrosine fluorescence spectra; Fluorescence spectra collected at different 

times of incubation of insulin with H2O2 and heme-insulin (peroxidase), upon excitation at 265 

nm. (B) The two bands at 400 nm and 425 nm correspond to di-Tyr and tri/tetra-Tyr, 

respectively, enhanced by exciting at 325nm.Arrows indicate the changes. 

 

5.4. Discussion 

When heme binds insulin, the absorption and resonance raman spectrum show that the 

active site consists of a mono-histidine bound high spin heme along with a trans axial weakly 

bound water derived ligand. On the other hand, another low spin ferric heme species with bis-

His type coordination is also present as seen in case of cytochrome b and low spin heme-Aβ 

complex.82,73 Thus, the heme-insulin complex consists of a mixture of a high spin mono-His 

and a low spin bis-His species. Till now, the reactivities associated with this complex and 

interaction with its counter-protein amylin have not been excavated in details. We have found 

that in terms of reactivity towards molecular oxygen, the reduced high spin 1:1 heme-insulin 

complex as well as the bis-His coordinated low spin 1:3 heme-insulin complex produce 8–12% 

partially reduced oxygen species (PROS) i.e. <50%, implying a one e- reduction of O2 to O2 
•- 

which then disproportionate to form the H2O2. Thus, heme-insulin complexes in their reduced 

form generate PROS to a significantly lesser extent than heme-amylin (40  2%, Figure 1).45 

 The co secreted amylin bound to heme to form the heme-amylin complex and when 

this is incubated with two equivalents of insulin, the absorption and rR features of the resultant 
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mixture is found to closely resemble those of the 1:2 heme-insulin complex (Figures 2, 3). Thus 

insulin can sequester heme from heme bound amylin complex. This is indeed obvious as insulin 

has a higher affinity (~106 M-1) for heme compared to amylin (~103 M-1).58 The β cells in the 

pancreas secretes insulin along with the peptide hormone amylin, whose function is 

complementary to that of insulin.45,83 The fact that heme can bind amylin and the resultant 

complex can generate significant oxidative stress in the pancreas can possibly account for the 

oxidative damage and dysfunction of the pancreatic β cells leading to Type 2 diabetes. Insulin, 

known to regulate the blood sugar level, can additionally implement its protective role by 

sequestering heme bound to amylin. The resultant heme-insulin complex produces much less 

oxidative damage (Scheme 3). 

Scheme 3. Insulin sequesters heme from heme-amylin complex to produce species 

identical to the heme-insulin complex having a low spin (major) component. 

 

 

 

 

 

 

 

The peroxidase activity of heme-insulin complexes either in 1:1 complex or 1:3 

complex is same but higher compared to that of free heme. Like other heme based 

protein/peptide complexes, it can similarly go through several high valent intermediates 

(Scheme 2). In fact, the absorption at 572 nm, 600 nm show the presence of a Fe(III)-OOH 

species at 40 sec. with time another broad band at 680 nm rises which is characteristic for 

compound I like species in the buffer medium (Figure 7). Although in absorption spectra, 

compound II could not be detected but the resonance Raman spectroscopy gives a probable 

proof for this. In rR spectrum n4 marker bands at 1372 cm-1 and 1384 cm-1 are characteristics 

for compound I and II (Figure 9).  Literature survey suggest that partial homolysis of the 

peroxide bond of compound 0 can form compound II, but heterolysis has been suggested to be 
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the major process. The Arg at 22nd in the B-chain of insulin can probably exert the ‘pull-effect’ 

to ensure the heterolytic cleavage of O-O bond. In this peroxidase pathway tyrosine residue 

can act as a substrate and can get oxidised to form tyrosil radical which then undergo radical 

coupling to form oligomers (Scheme 4). Fluorescence spectroscopy supports the formation of 

di-tyrosine and tri-/tetra-tyrosine species in presence of peroxidase and H2O2 (Figure 10). 

Scheme 4. The schematic diagram of peroxides pathway of heme-insulin and oxidation of 

tyrosine residues by high-valent intermediates. 

 

 

 

 

 

 

 

 

 

 

Biologically, several proteins are known to have dityrosine crosslinks as a post 

translational modification (PTM). Such covalent crosslinks within or in-between proteins are 

known to play a vital role in determining the structure and function of proteins. While some of 

them are formed intentionally by either natural enzymatic or molecular reactions and are 

essential for normal physiological function, others can be generated as a result of exposure to 

oxidants like toxic radicals, excited states or two-electron species which is formed in 

peroxidase pathway and other endogenous or external stimuli, or as a result of the actions of a 

number of enzymes including oxidases and peroxidases. Previous evidences indicate that the 

accumulation of unwanted crosslinks can be seen in ageing and multiple pathologies including 

amyloidogenic ones. These have either positive or negative effects on biological function as 
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well. In pathophysiological conditions, di-Tyr crosslinking have been reported in several 

diseases including in the tissues from a number of neurodegenerative situations e.g., amyloid-

beta dimers in Alzheimer’s disease and in -synuclein, which contribute to Parkinson’s 

disease; in lipofuscin pigments in the aged human brain; in plasma of patients with chronic 

renal failure; and higher levels of free dityrosine in urine of T2Dm patients, which can be 

associated with metabolic alterations including disrupted glucose metabolism.84–88 Dityrosine 

has been identified as a biomarker of oxidative stress, aging, and different pathological 

conditions as well. The intermolecular cross-linking may result in protein aggregation. 

Aggregation of insulin leads to loss of activity and can trigger an unwanted immune response.89 
The formation of dityrosine cross-linked dimers may play an important role in oligomer 

toxicity.  A role for metal catalyzed oxidation (MCO) in initiating the α-syn amyloid formation 

process in vitro has been observed which may implicate a metal catalyzed mechanism in vivo 

in PD. Such dityrosine cross-links may also stabilize the amyloid core resulting in accelerated 

assembly and thereby fibrils of longer contour length. It has been found that seeding α-syn with 

dityrosine cross-linked dimers accelerates α-syn fibril growth, suggesting that the essential 

rate-limiting step in the nucleation of α-syn fibrils is the formation of dityrosine cross-linked 

dimeric species. Similarly, insulin can also form aggregates via tyrosine cross-linking which 

would eventually hinder its monomeric form which is the functional and physiologically active 

unit of the peptide. The Insulin Receptor (IR) which belongs to tyrosine kinase receptor type, 

binds insulin and the binding site of insulin comprises of the tyrosine residues in its both A- 

and B- chains. Formation of Tyr covalent linkages indeed hamper the receptor’s function, 

leading to the observed decline of insulin action in diabetic patient. 

 

5.5. Conclusion 

Type 2 diabetes mellitus, the prolonged metabolic disease, which is characterized by 

hyperglycemia and is instigated via hampered insulin secretion, making it unable to maintain 

glucose homeostasis over the progression of the disease. We have found a vital role of heme in 

the pathogenesis of this disease as heme can form peptide bound complexes and simultaneously 

alter the reactivities. Along with the interaction of heme with amylin peptide, which is involved 

in the amyloid deposits around the -cells, heme is also found to bind another diabetes related 

peptide, insulin. Spectroscopy demonstrate that when heme is incubated with insulin in 1:1 
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stoichiometric ratio, heme binds insulin to form a mixture of six-coordinate high spin species 

as the major component with a possible mono-His coordination and a weakly bound water 

derived ligand in the distal site. All the heme(II)-insulin complexes produce only 8–12% 

PROS. Moreover, when the heme-amylin complex is treated with two equivalents of insulin, 

the latter sequesters heme from the former, forming heme-insulin (with the six-coordinate low 

spin species as major component) thereby bringing down the PROS from ~ 40% to ~ 10%. The 

peroxidase activity of heme-insulin is a little known property and as this is unregulated, such 

reactivity of heme-insulin can account for the abnormal glucose spike observed in T2Dm. 

Notably, the significant reduction of the insulin function and action leading to hyperglycemia 

is common phenomena in the pathology of T2Dm. In the absence of substrate, heme-insulin 

can oxidize the tyrosine residue to form dityrosine linkages between insulin peptides leading 

to their aggregation. Thus, the role of heme has been investigated in details here which suggest 

the oligomeric form of insulin due to its peroxidase activity can actually hamper the desired 

insulin action and the function of insulin receptor. 
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6.1. Introduction 

The dioxygen activation mechanism by cytochrome P450 and related high valent metal 

oxo species have drawn a large attention of the bioinorganic community as most of the oxygen 

activating heme and non heme enzymes employ high valent metal oxo intermediates to perform 

C-H bond activation, mono-oxygenase activity, halogenation, desaturations, epoxidation, 

hydroxylation etc.1-6 In the catalytic cycle of cytochrome P450 O-O bond heterolysis results in 

formation of FeIV-oxo porphyrin cation radical (compound I) which performs C-H bond 

activation, halogenation, desaturation etc.2,3 In the catalytic cycle of heme dioxyginases 

compound I is formed which performs H atom transfer reaction. Similarly in the catalytic cycle 

of non heme enzymes like Escherichis coli taurine: α ketogluarate dioxygenases (TauD), 

prolyl-4-hydroxylase, haloginase Cyt C3 etc. high valent FeIV-oxo intermediate is formed 

which are well known to perform substrate oxidation.4,6-11 

A number of synthetic Fe porphyrins have been reported, which form high valent metal 

oxo species including FeIV-oxo π cation radical (compound I) or FeIV-oxo (compound II) upon 

reaction with H2O2 or mCPBA.12 The heterolytic cleavage of O-O bond of ferric peroxo 

intermediate leads to formation of compound I as observed in cytochrome P450 and other heme 

based peroxidases while homolytic cleavage results in formation of compound II as observed 

in cytochrome C oxidase or myoglobin like proteins.2,3 An alternative bridged intermediate, N-

bridged iron porphyrin (Fe-P) N-oxide has been suggested back in time.13 This suggestion was 

on the basis of the crystal structures of N-bridged Fe porphyrin carbenes and the existence of 

some metalloporphyrin N-oxides along with an N-bridged nitrene.13,14 Such species are shown 

to be chemically distinct from the formally isomeric oxoiron (IV) porphyrin cation radical 

(compound I) complexes, reported for many well-known heme proteins and synthetic 

porphyrins. Literature suggests that mainly in nonpolar solvents and in the absence of acids, O

−O bond homolysis occurs to afford this relatively unusual Fe (III) porphyrin N-oxide species, 

and a diacylperoxide as products, whereas a ferryl species, is formed for alkyl acylperoxy-Fe 

(III) complexes due to more rapid decarboxylation of the alkyl acyl radicals.13
 The biological 

significance of N-oxide compounds is derived from the presumed involvement of these Fe (III) 

complexes as intermediated in heme degradation pathway and during the P-450 suicide 

reaction, while Groves and Watanabe first pointed out that this complex has no monooxygenase 

activity.15
 MO calculations also have predicted that Fe-Porphyrin N-oxide is more stable than 
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the isomeric Fe (IV)=0 porphyrin cation radical. Tsurumaki et al. has demonstrated that the N-

oxide has a high-spin ferric-iron centre with a large rhombicity, shown in EPR.16 

Another intermediate which is found during the heme degradation by heme oxygenase 

enzyme, is, Isoporphyrin, a unique tautomer of porphyrin. It is formed due to one proton 

migration from pyrrole nitrogen atoms of the ring to its meso position, converting that meso-C 

to a sp3 C atom and thus disrupting the ring current flow. Isoporphyrins are characteristic due 

to their strong absorption at the near-IR region and have incredible redox behaviour.17 The 

enzyme heme oxygenase catalyzes the degradation of heme to biliverdin, the ring opening 

product with the release of CO and free Fe in the presence of O2, reducing agent NADPH, and 

cytochrome P450 reductase. Heme oxygenase can regiospecifically catalyse the oxidation of 

heme at the α-meso position of the porphyrin ring. Such heme degradation leading to final 

product, verdoheme via an isoporphyrin intermediate can form from an Fe (IV) oxo porphyrin 

π-cation radical i.e. compound I.18 Through the heterolytic cleavage of an Fe (III)-hydroperoxo 

intermediate (compound 0) known to form a transient compound-I type species, is followed by 

the H2O/OH attack at the meso position of ring to yield an isoporphyrin intermediate. Fuji and 

co-workers reported the conversion of a Fe (IV)-oxo porphyrin radical to Fe (III) mesochloro-

isoporphyrin in the presence of trifluoroacetic acid and chloride ion.19 

In model system the nature of O-O bond scission of alkyl or acyl peroxo intermediate 

depends on several factors.13 In dichloromethane-methanol solvent heterolytic cleavsge of O-

O bond of tBu-O-O-H or H2O2 adduct of Fe porphyrins have been reported by Traylor and 

coworkers, while in aqueous and nonpolar medium the O-O bond is cleaved homolytically.20-

22 The nature of O-O bond scission is also depend on nature of axial ligand.23 With stronger 

electron donating ligand like hydroxide, chloride, fluoride, acetate O-O bond cleaves 

homolytically while heterolytic cleavage is observed with weaker electron donating ligands 

such as triflate, nitrate, perchlorate etc.along with the nature of axial ligands, solvents, pH etc., 

the nature of attached group to the phenyl substituent at meso position of porphyrin can also 

control the O-O bond cleavage. Various Fe (III) porphyrin complexes containing electron 

withdrawing and -donating substituents on phenyl groups at the meso position of the porphyrin 

ring were employed to study the electronic effect of porphyrin ligands on the heterolytic versus 

homolytic O-O bond cleavage of the hydroperoxides.24  
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In this manuscript a Fe(III) porphyrin with hydroquinone ring (FeQH2) and another 

with a phenol group (FePh), attached covalently with poprhyrin macrocycle (Figure 1) along 

with the standard Fe(III)Tetra Phenyl Porphyrin (FeTPP) are used to investigate the reaction 

mechanism of this reaction with mCPBA at room temperature. In a recent report hydroquinone 

ring has been observed to transfer H atom to metal bound superoxide complex of FeQH2 

intramolecularly.25 Absorption experiments were performed for the reaction of resting FeIII 

porphyrin with mCPBA, which show strikingly different results for the above mention 

porphyrins.  

 

6.2. Materials and methods 

6.2.1. Materials 

All reagents and solvents were purchased from commercial sources. m-chloro perbenzoic acid 

(m-CPBA), CD3OD, Na2S, 2,5-Dimethoxy benzoic acid, 2-hydroxy benzoic acid, FeBr2, 

2,4,6-collidine, KPF6 were purchased from Sigma Aldrich. Electron Paramagnetic Resonance 

(EPR) spectra were recorded on a JEOL instrument. Resonance Raman data were collected 

using 413.1 nm excitation from a Kr+ ion source (Sabre Coherent Inc) and a Trivista 555 triple 

spectrophotometer (gratings used in the three stages were 900, 900 and 1800/2400 

grooves/mm) fitted with an electronically cooled Pixis CCD camera (Princeton Instruments). 

UV absorption data and kinetic data were collected using stopped flow instrument.  

6.2.2. Synthesis of Fe porphyrin complexes  

All the Fe(III)-porphyrins were synthesized starting from o-aminophenyltris(phenyl)-

porphyrin (monoamine, 1a in Scheme S1A), which, successively, was prepared by the 

condensation of 1 equivalent of o-nitrobenzaldehyde, 3 equivalent of benzaldehyde, and 4 

equivalent of pyrrole, followed by a reduction of the nitro group by adding SnCl2 in dilute HCl 

followed by purification via a silica gel column. 
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6.2.2.1. FePh  

One equivalent of 2-methoxy benzoic acid is dissolved in dry tetrahydrofuran (THF) 

solvent. It is then reacted with 4 equivalent of oxalyl chloride added drop-wise under refluxing 

condition and kept under argon atmosphere overnight. Excess oxalyl chloride is evaporated to 

get the acid chloride (quantitative yield) as a yellowish oil. It is then treated with o-

aminophenyl-tris(phenyl)-porphyrin dissolved in dry THF in the presence of 4 equiv of dry 

triethylamine and kept overnight at RT. The reaction mixture is then evaporated, dissolved in 

dichloromethane (DCM) solvent, and washed with water in a separatory funnel. The organic 

part is extracted, dried over anhydrous Na2SO4, and evaporated via a rotary evaporator. The 

solid crude product is then purified with column chromatography with silica gel (60−120 mesh) 

and an 80% DCM-hexane solvent mixture as the eluent. The final product is a violet powder. 

Yield: (>90%). The resulting porphyrin is dissolved in dry DCM and allowed to react with 50 

equiv of BBr3 for 20 h at 0 °C. It is then neutralized with a saturated aqueous solution of sodium 

bicarbonate. The reaction mixture is then evaporated, dissolved in DCM, and washed with 

waterin a separatory funnel. The organic part is extracted and then dried over anhydrous 

Na2SO4 and evaporated via a rotary evaporator. The crude reaction mixture is then purified 

using column chromatography with silica gel (60−120 mesh) and a 60% DCM-hexane mixture. 

The final product is a reddish-brown powder. Yield: (80%). 1H NMR (400mHz, CDCl3) δ 

ppm = 11.51 (s, 1H), 8.90 (m, 8H), 8.27 (m, 7H), 8.15 (m, 8H), 7.82 (m, 4H), 7.81(m,1H), 7.78 

(m,1H), 7.61 (d, 1H), 7.26 (s,1H), 6.5 (d, 1H), −2.61 (s, 2H) (Figure S1). Electrospray 

ionization mass spectrometry (ESI-MS) (positive ion mode in acetonitrile (ACN)): m/z (%) = 

749 (100) (Figure S2). 

The porphyrin ligand is then metalated using FeBr2 in dry THF in the presence of 2 

equiv of 2,4,6-collidine under Ar atmosphere. The excess FeBr2 is removed by working up the 

reaction mixture with dilute HCl, and the complex is extracted using DCM. The organic part 

is then dried over anhydrous Na2SO4 and evaporated using a rotary evaporator. The crude 

product is then purified using column chromatography with silica gel (60−120 mesh) and a 1% 

methanol-DCM solvent mixture as the eluent. The final product FePh is a deep purple powder 

(Scheme 1B). Yield: (70−75%) ESI-MS (positive ion mode in ACN): m/z (%) = 804 (100) 

(Figure S3). It exhibits paramagnetic shifts of the meso-phenyl protons in its 1H NMR 

consistent with a high-spin (HS) ferric porphyrin (Figure S4).26 
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Scheme 1. Molecular structures of iron–porphyrin complexes used in this study:  

                  (A) FeIIIQH2 (B) FeIIIPh (C) FeIIITPP. 

 

 

 

 

 

6.2.2.2. FeQH2  

The iron porphyrin complex (FeQH2 in Scheme 1A) is synthesized as reported 

previously.27,32 First o-amino tetraphenyl porphyrin was synthesized following reported 

procedure. The hydroxyl groups of 2,5-dihydroxy benzoic acid were blocked by performing 

acetylation of hydroxyl groups using acetic anhydride and pyridine. It is now reacted with 

thionyl chloride under argon atmosphere in THF followed by addition of o-amino tetraphenyl 

porphyrin, which leads to formation of porphyrin macrocycle with a tethered acetylated 

hydroquinone ring through an amide linkage. Hydrolysis of acetyl group by stirring the 

porphyrin with 4% HCl-MeOH mixture for 3-4 hours generates porphyrin ring with a 

hydroquinone moiety attached to it. It was characterised by recording mass spectra (Figure S5). 

It was then metalated with FeBr2 in dry degassed THF under argon atmosphere. An acidic 

work-up with HCl-H2O followed by column chromatography in 60-120 silica gel were 

performed to obtain pure FeIIIQH2 (Scheme S1B). The final product was then characterised 

using mass spectroscopy (Figure S6). Anal Calcd for C63H61ClFeN5O3: C, 73.64; H, 6.98; 

N, 6.82. Found C, 74.34; H, 5.54; N, 6.47.  

 

 

A B C 
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6.2.3. Experimental procedure  

UV-Vis sample preparation 

Fe(III)-porphyrin is dissolved in DCM to make a solution having strength of 1mM. It is then 

diluted with to get a final solution having strength of 30µM. A 20mM solution of m-chloro 

perbenzoic acid (m-CPBA) in acetonitrile was prepared separately. It is then diluted to get a 

solution of mCPBA having strength of 300µM and mixed with porphyrin solution at room 

temperature under stirring condition. The change of the absorption feature is recorded after 

every 0.5 Sec for a definite period of time. To get the kinetic isotope effect 3% by volume 

MeOH was added to the solution of 1mM FeQH2 and kept overnight. Similarly FeQD2 was 

generated using CH3OD instead of CH3OH and stirred for overnight. 

Resonance Raman sample preparation 

Fe (III) porphyrin is dissolved in DCM to make a solution having strength of 1mM. The sample 

tubes are then prepared by transferring 200 µl solution from the aliquote in each NMR tube. A 

20mM solution of m-chloro perbenzoic (m-CPBA) acid in acetonitrile was prepared separately. 

5 equvalent of mCPBA was then added to each tube and kept the tubes at room temperature 

for different time to get different incubation period. The samples are then frozen in liq N2 bath. 

For collecting resonance Raman data these sample tubes are aligned in the finger dewar 

containg liq. N2. The samples are then excited using a laser light having wavelength at 413.1 

nm. 

6.3. Results and Analysis  

6.3.1. FeQH2 

Absorption spectroscopy  

Fe porphyrin with a hydroquinone ring attached in the distal site of the porphyrin in 

DCM is allowed to react with acetonitrile solution of mCPBA and the kinetics of the reaction 

is monitored under constant stirring condition. The data shows a dramatical  red-shift in the 

soret band region from 418 nm to 446 nm and in the Q-band region, band at 660 nm grows 
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gradually along with the decay of 510 nm band (Figure 1A and 1B).These bands are 

characteristics for typical Fe(III)-P N-oxide.13,14 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) Absorption spectra of Fe (III)-N-oxide, formed in the reaction of FeIII porphyrin 

with mCPBA at room temperature, in different time interval. (B) The Q-band region of the 

same. Arrows indicated the spectral changes with time. 

A 

B 

A
b

so
rb

a
n

ce
 

Wavelength (nm) 

A
b

so
rb

a
n

ce
 

Wavelength (nm) 



Chapter 6 

 

125 

 

Along with the formation of N-oxide, there is also some minor changes reflected in the 

Q-region i.e. a growth in 810 nm and 904 nm bands, which is typical of the isoporphyrin species 

formation (Figure 1B).20 thus, from the absortion feature a mixture of species formation has 

been indicated at room temperature. 

Kinetics  

The decay kinetics of the soret 418 nm band and the growth of newly formed species 

at 446 nm band are monitered in kinetics setup (Figure 2A). Using CH3OD instead of CH3OH, 

the kinetic data of 446 nm band waas monitored. Formation of N-oxide becomes slower for 

FeQD2 than that of FeQH2 and Kh/Kd shows that the formation of the N-oxide species is 

associated with a kinetic isotope effect of 2.71 (Figure 2B). This KIE value is consistent with 

the previously repoted KIE for H atom transfer process observed in FeQH2 system.25 Thus the 

formation of the intermediate involves H atom transfer reaction. 
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Figure 2. (A) The kinetic traces of the bands at 418 nm and 446 nm in the reaction of FeQH2 

with m-CPBA. (B) Formation of N-oxide (446 nm); FeQH2 with m-CPBA in both CH3OH (in 

red) and CH3OD (in blue). 

Resonance Raman spectroscopy 

The rR spectra of iron tetraphenylporphyrins have multiple modes which are sensitive 

to the oxidation, ligand coordination and spin state of the iron center. For example the marker 

bands 4 (pyrrole half ring symmetric stretch involving N, C2 and C5 atoms of four pyrroles) 

and 2 (pyrrole C3-C4 symmetric stretch involving all four pyrroles) of vibrations high spin 

FeIII occur at 1360-1363 cm-1 and 1555 cm-1, 1365-1366 cm-1 and 1563-1566 cm-1 for LS FeIII 

and 1369-1372 cm-1 and 1568-1570 cm-1 for FeIV=O species etc. In tetraphenylporphyrins both 

the 4 and 2 bands shift with oxidation and spin state and can be used to unambiguously assign 

the oxidation and spin state of the iron. Observation of an intense 3 is generally associated 

with a 5C species. In resonance Raman spectra it has been observed that after the addition of 5 

equivalent of mCPBA to the concentrated solution of FeQH2 oxidation and spin state marker 

bands appear at 1332 cm-1,1358 cm-1 and 1533,1547 cm-1, respectively. This corresponds to 

the Fe(III)-N-oxide along with the remaining FeIII HS species having the 4 and 2 at 1363 cm-

1 and 1553 cm-1 (Figure 3).28 Thus the decay of FeIII high spin species is associated with the 

growth of marker bands corresponding to N-oxide high spin species at room temperature. 
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Figure 3. Resonance Raman spectra at different time intervals in the reaction of 1mM FeQH2 

with 5 eqv of m-CPBA. 

 

6.3.2. FePh 

Absorption spectroscopy  

Fe porphyrin with a phenol ring attached in the distal site of the porphyrin in DCM is allowed 

to react with acetonitrile solution of mCPBA and the kinetics of the reaction is monitored under 

constant stirring condition. The data shows a rapid decay of the Fe(III)-porphyrin soret at 413 

nm with a broadening of soret at 440-450 nm region (Figure 4A). The Q-region shows 

prominent bands at 820nm and 910 nm which is characteristic of the isoporphyrin-type 

intermediate (Figure 4B). Unlike FeQH2, there is no evidence of N-oxide formation in this 

case. FePh behaves similar like the bare Fe(III)TPP in presence of peracid where FeTPP also 

converts to isoporphyrin in DCM medium (Figure S7).29   
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Figure 4. (A) Absorption spectra of isoporphyrin, formed in the reaction of Fe(III)Ph with 

mCPBA at room temperature, in different time interval. (B) The Q-band region of the same. 

Arrows indicated the spectral changes with time. 

Kinetics  

The decay kinetics of the soret 413 nm band is monitered in kinetics setup (Figure 5A). 

Additionally, the formation kinetics of isoporphyrin species in each of the Fe-porphyrins has 

been compared and the result shows that isoporphyrin formation fastest in the FeTPP and in 

FeQH2 , it is slowest (Figure 5B). 
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Figure 5. (A) The kinetic traces of the bands at 413 nm and 910 nm in the reaction of FePh 

with m-CPBA. (B) Comparison of formation kinetics of isoporphyrin (910 nm) of FeQH2; blue, 

FePh; red, FeTPP; green with 5 eqv of m-CPBA in DCM. 

6.4. Discussion  

Absorption and resonance Raman data suggest that upon addition of mCPBA to Fe(III)-

porphyrins, having different pendent groups, show different degradation products. Figure 1 

shows the drastic change in the absorption feature when FeQH2 is reacted with mCPBA. rR 

spectra also supports the formation of N-oxide like in absorption (Figure 3). Along with this, a 

small amount of minor isoporphyrin product is also seen. Unlike FeQH2, FePh does not show 

the N-oxide generation, rather, it converts to isoporphyrin solely (Figure 4). When, FeTPP 
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which is a porphyrin having no pendant group attached to it, is subjected to react with peracid, 

similar isoporphyrin forms which confirms that FePh is also going through the same pathway 

as FeTPP. Interestingly, it has been seen that the rate of isoporphyrin formation is maximum 

in FeTPP probably owing to its bare second sphere. FePh, having a phenol group, is somehow 

retarding the isoporphyrin formation, making its rate slower than FeTPP (Figure 5B). FeQH2, 

with its quinol group shows slowest rate for the generation of isoporphyrin while it has its 

major pathway leading to the N-oxide formation. Overall, they are going through different 

pathways to produce different final products, probably via different intermediates (Scheme 2).  

 

Scheme 2. Schematic representation of probable pathways of reaction of Fe-porphyrin 

with mCPBA, leading to different products. 

 

 

 

 

 

 

 

Initially an acyl peroxo (compound 0) complex of ferric porphyrin has to be formed 

which can then have its O-O bond cleaved in different manner, either homolytically or 

heterolytically or even in a concerted way.30,31 The formation of N-oxide type species goes via 

the homolytic cleavage of O-O bond of Fe(III)-OOR complex while the isoporphyrin is 

proposed to be formed via the transient Compound I type intermediate which requires a 

heterolytic cleavage of O-O bond. Thus, the second spheres around the porphyrin centre can 

actually tune the O-O bond cleavage. Quinol might favours the homolytic cleavage or it can 

stabilise the compound II via H-bonding to promote N-oxide as the final product. The 
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associated KIE of 2.7 also indicates the involvement of a proton in the reaction pathway (Figure 

2B). While, there might be no such H-bond donation for the phenol owing to a higher BDE 

(90Kcal/mol) than that of quinol (BDE=80Kcal/mol) which ultimately leads to a heterolytic 

cleavage to have compound I which then can hydroxilate the meso position of porphyrin to 

generate isoporphyrin. This needs further experimental proof to be able to get the holistic 

mechanism. 

 

6.5. Conclusion 

In summary, we have spectroscopically demonstrated that the second spheres can tune 

the reactivity of porphyrins (Scheme 2). It can control the O-O bond cleavage of Fe(III)-acyl 

peroxo, i.e. compound 0 which will eventually decide the formation of different intermediates 

and the final products. The quinol group in FeQH2 helps in homolytic cleavage while the 

phenol favours a heterolytic cleavage which can be seen from their respective product 

formation. Hence, modifying the pendant groups we can control the reactivities of synthetic 

porphyrin.   
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6.7. Supporting Information 

 

Figure S1. 1H NMR spectra of free ligand of FePh. 

Figure S2. ESI-MS spectra of free ligand of FePh. 
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Figure S3. ESI-MS spectra of metallated FePh.  

 

 

 

 

 

 

 

 

 

Figure S4. Paramagnetic 1HNMR of FePh. 
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Figure S5. Mass spectra of metal free porphyrin macrocycle with a hydroquinone ring attached 

to it. 

 

 

 

 

 

 

 

Figure S6. Mass spectra of metallated porphyrin FeQH2. 
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Scheme S1. Synthetic Scheme of Preparation of (A) FePh (1c) and (B) FeQH2. 
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Figure S7. Reaction of FeIIITPP with 5 equivalent of mCPBA, resulting in the isoporphyrin 

formation in DCM medium. Arrows indicate the spectral changes with time. 
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7.1. Introduction 

Diabetes mellitus is a chronic metabolic disorder, characterized by hyperglycemia, 

insulin resistance, and relative insulin deficiency.1–3 The most common form of this disease is 

Type 2 Diabetes mellitus (T2Dm), which results from the interaction between various genetic, 

environmental and behavioural risk factors.4,5 T2Dm is mainly characterized by insulin 

insensitivity arising due to insulin resistance, combined with a decline in insulin production 

and eventually pancreatic β-cell failure which ultimately leads to a decrease in glucose 

transport into the liver, muscle cells, and fat cells.6–8 Human Islet Amyloid Polypeptide 

(hIAPP), commonly known as amylin, is another small hormonal peptide which is co-produced 

and co-secreted along with insulin from the β-cells of the islets of Langerhans in pancreas.9–12 

It functions as a synergistic partner to insulin and contributes to the glycemic control in our 

blood.13 This small peptide consisting of 37 amino acid residues, is extremely amyloidogenic 

with the 20-29th segment constituting its amyloidogenic core.14,15 Under normal physiological 

conditions, hIAPP exists as a soluble monomer. However, in T2Dm, hIAPP undergoes a 

stepwise conformational change from normally soluble monomers to oligomers, protofibrils 

and eventually to insoluble fibrils that are deposited in pancreatic islets.16,17 This deposition 

and aggregation of human amylin within the β-cells of pancreatic islets of Langerhans is 

implicated in the pathology of T2Dm.16 More importantly, these amylin aggregates can 

produce reactive oxygen species (ROS) which are known to be cytotoxic and the resultant 

oxidative stress might be one of the possible reasons for the apoptosis of pancreatic β-cells in 

T2Dm patients.18–21 Consequently, it creates a dysfunction in both insulin action on glucose 

and insulin secretion from these cells. The protein aggregation seen in T2Dm is also the central 

event in many other diseases such as Alzheimer’s disease (AD), Parkinson’s disease etc.22,23 

The impaired metabolism of several metals such as Fe, Cu and Zn is another common feature 

that connects these diseases.24–26 In fact, high levels of Cu have been found in the blood serum 

of diabetic patients.27 Cu has also been reported to bind amylin via the terminal amine, His18 

and amidates to form a 1:1 Cu-hIAPP complex.28 This complex can generate H2O2 at 

physiological pH which in turn may contribute towards the oxidative stress in the pancreatic β 

cells.28 Cu can increase the apoptosis induced by amylin from 45% to 70% in cultured β cells.29 

Some studies suggest that interaction of Cu with amylin can delay the aggregation.30–32 

However, recent studies indicate that Cu binding to monomeric amylin obstructs β sheet 

formation while it possibly favours the generation of oligomers which are potentially more 
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toxic to the β cells of the pancreas than the fibrillar form.33,34 In case of Zn, elevated 

concentration in the β cells along with an overall deficiency of the metal has been observed in 

the histopathology of T2Dm.35,36 In vitro studies have shown that Zn2+ ions play a vital role in 

stimulating amylin aggregation and it was proposed that Zn2+ ions bind to His18 in the amylin 

monomer.37,38 According to recent scientific evidences, serum ferritin, which is an indicator of 

the amount of iron the body stores, is found to be significantly high in diabetic patients and this 

level increases considerably with the increase in duration of the disease. Hence ferritin level 

can be a useful marker of the risk of developing Diabetes mellitus and the associated spike in 

body iron stores may be linked to the iron influenced glucose metabolism seen in T2Dm. The 

ferritin level reported in normal healthy men is <287 μg/L whereas in T2Dm patient, it is ~520 

μg/L.39–41 According to one report the mean free iron concentration is 105.34 ± 3.5, 107.33 ± 

3.45, and 125.58 ± 3.45 μg/dL in healthy individual, T2Dm patients with optimal glycaemic 

control and T2Dm patients with suboptimal glycaemic control respectively.42 Such elevated 

level of iron in β cells of pancreas can lead to ROS like H2O2, HO2
⋅+ , ⋅OH formation (via 

Fenton’s mechanism) which can cause β cell death and hence insulin deficiency.43 Excess iron 

deposition can also induce insulin resistance by inhibiting glucose uptake by skeletal muscles 

and adipose tissues along with reduction in insulin extraction capacity of liver.24,44 Some 

research also confirmed that iron enhances the amylin beta pleated sheet formation.36 

Heme, which is distributed all over the human body as the co-cofactor of several 

proteins, contributes significantly towards the iron content of the body when ingestion of 

heme-iron by meal is quite high. Recent studies have positively associated the increased heme 

iron intake with a risk of developing T2Dm.45–47 Incidentally several consequences of heme 

deficiency such as high iron intake, altered heme homeostasis, dysfunction of mitochondrial 

complex IV, high levels of heme oxygenase I and transferrin, elevated bilirubin concentration, 

oxidative stress etc. are the symptoms of AD where heme has been implicated to play an 

important role.47–49 These are also the pathological features of T2Dm which points towards a 

possible involvement of heme.50 The interaction between heme and hIAPP has not been widely 

investigated till date, and the survey of the few existing literature indicates that heme 

dramatically inhibits the hIAPP aggregation by preventing its conformational changes leading 

to partial dismantled hIAPP aggregates.51,52 In addition to this, using several spectroscopic 

techniques, it has been experimentally demonstrated that hIAPP peptide has the heme binding 

domain in its non-amyloidogenic 1–19 segment and it binds to heme in 1:1 concentration ratio 
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forming a Heme-hIAPP complex. Histidine at the 18th position binds heme along with 

Arginine at 11th position which hydrogen bonds with the propionate side chain of heme. There 

is an exchangeable water derived ligand (pKa ῀ 7.3) at the distal pocket of this species.19 This 

heme-peptide complex reduces O2 by 1 e- pathway forming superoxide which disproportionates 

to yield ~ 40% H2O2. Thus, heme binding to amylin may account for the ROS induced oxidative 

stress in pancreatic β cells of T2Dm patients. The dioxygen adduct of heme which is the 

intermediate involved during this ROS formation has been trapped and characterized.53 

Myoglobin (Mb), a globular monomeric protein consisting of 153–154 amino acids, is 

a mobile carrier of oxygen, and is developed in the red muscles in response to mitochondrial 

demand for O2.
54–56 It transports oxygen from the sarcolemma to the mitochondria of vertebrate 

heart and red muscle cells. Other than diffusion of O2, Mb also influences oxidative 

phosphorylation, defence against oxidative damage, enhancement of NO concentration 

gradients, and inactivation of enzymes.57–61 In the active site of Mb a single protoheme IX 

prosthetic group is bound through the coordination of heme iron by a histidyl residue and a 

variety of non-covalent interactions between the protein and the heme.62 Apomyoglobin 

(ApoMb) which is the Mb without the heme prosthetic group, is known to have high affinity 

towards heme and readily binds it akin to other apoglobins.63 Recently, it has been shown that 

ApoMb as well as Aponeuroglobin (ApoNgb) can sequester heme from neurotoxic Heme-

Amyloid β complex to form Mb and neuroglobin (Ngb) respectively and thus reduce the ROS-

induced neurotoxicity which is relevant to AD.64,65 Here, we demonstrate sequestration of toxic 

heme from the Heme-hIAPP complex by incorporating ApoMb. In this study, we investigate 

the effect of ApoMb on Heme-hIAPP complex using UV-VIS, resonance Raman spectroscopy, 

gel electrophoresis and kinetics which may possibly help in mitigating the ill-effects of the said 

metal-peptide complex in the context of T2Dm. 
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7.2. Materials and methods 

7.2.1. Materials  

All reagents were of the highest grade commercially available and were used without further 

purification. hIAPP (amylin) peptide (1–19) (sequence:Lys1-Cys2-Asn-Thr-Ala-Thr-Cys7-

Ala-Thr-Gln-Arg11-Leu-Ala- Asn-Phe-Leu-Val-His18-Ser19) was purchased from Ontores 

(China) Ltd. with >95% purity. Hemin, myoglobin (Mb) from equine heart and buffers and 

NaN3 were purchased from Sigma. Phosphate buffer (for pH 6–8) and CHES buffer (for pH 

9) were used in the experiment. 

7.2.2. Preparation of ApoMb by heme extraction  

Apomyoglobin (ApoMb) was prepared from Myoglobin (Mb) using Teale’s method.66 In brief, 

pH of the sample protein was lowered to 2.0 using ice-chilled 0.1 M HCl followed by mixing 

with equal volume of cold butanone to separate the phases. The colourless aqueous layer 

containing ApoMb was separated carefully from the heme containing red organic layer and 

dialyzed against 20 mM phosphate buffer, pH 7.0. The apoprotein was then centrifuged at 4 ◦C 

to a concentrated solution. The concentration of the Mb and ApoMb solutions were determined 

using the molar extinction coefficients (ϵ =179 mM-1 cm-1 at 408 nm for Mb and ϵ =13.5 mM-

1 cm-1 at 280 nm for ApoMb). 

7.2.3. Sample preparation  

Amylin peptide stock solutions were prepared in 100 mM phosphate buffer at pH 7, and hemin 

solution was prepared by dissolving hemin chloride in 1 M NaOH and the concentration of the 

heme solution was determined spectrophotometrically (ε385 = 58.44 mM-1 cm-1). Peptide stock 

solutions were 0.5 mM, and heme stock solution was 5 mM. Heme–hIAPP complexes were 

prepared by incubating 1 equivalent of hIAPP with 0.8 equivalent of heme solution for ̴ 6 h. 

The pH of the Heme-hIAPP complex was calibrated to pH 7 using 1 M H3PO4. For pH variation 

studies, pH of the Heme-hIAPP complexes were adjusted accordingly in suitable buffers. 

 Azide solution (2 mM) was prepared by dissolving NaN3 salt in mili- Q water. This solution 

was added gradually in the Heme-hIAPP(1–19) complex (0.2 mM). At ~300 eq of Azide, the 
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saturation point arrived. To confirm the complete binding this ligand-metal-peptide mixture 

was kept for ~1 h.  

To obtain the ferrous and ferrous-CO absorption spectra, all Heme–hIAPP(1–19) and Mb 

samples were degassed by purging with argon in anaerobic vials for ~30 min. Reduction of 

Heme-hIAPP sample was carried out in anaerobic cuvettes by adding an anaerobically prepared 

stock solution of 20 mM sodium dithionite. CO adducts were prepared by purging CO(g) 

through the headspace of septum-sealed cuvette with gentle agitation of the samples, until no 

further change was noticed in absorption spectra. CO (g) was generated by adding concentrated 

H2SO4 to ammonium formate and then passing the generated gas through 4 M KOH. 

7.2.4. Absorption spectra and kinetics 

All the spectral data were obtained by an UV–vis diode array spectrophotometer (Agilent 

8453). For all absorption spectroscopy experiments, final concentration of solution was 2 μM 

and the spectra were recorded by adding 20 μL of the Heme-hIAPP complex solution in 1 mL 

of 100 mM of the required buffer needed for the particular pH range. The Heme-hIAPP sample 

was incubated with 1 equivalent of ApoMb for ~1 h to ensure complete transfer of heme. 

Kinetics of this reaction at different pH were studied using absorption spectroscopy in the 

before-said instrument. Kinetics data were obtained at 0.5 s intervals, which is the fastest time 

resolution of Agilent 8453. The second step of kinetic data have been fitted using first order 

kinetics.  

7.2.5. Calculation of percentage of heme transfer  

The percentage of heme transfer at a particular pH was calculated by adding the spectra of 

Heme-hIAPP and pure Mb at that pH in such proportions that the resultant spectrum resembled 

the one obtained after reaction of Heme-hIAPP with 1 equivalent ApoMb. Further, the final 

concentration of newly formed Mb was measured from its ϵ value at 408 nm using Lambert-

Beer’s law A(λ) = ε(λ) l c (ϵ =179 mM-1 cm-1 at 408 nm).  

7.2.6. Resonance Raman  

Resonance Raman data were obtained at room temperature using a Trivista 555 spectrograph 

(Princeton Instruments) using 413.1 nm excitation from a diode laser (MDL-E-415-50 mW). 
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The optics (plano-convex lens, mirror etc.), used for the collection of rR data were purchased 

from Sigma-Koki Japan. The power on the samples was ~5 mW. rR samples were 0.2 mM in 

concentration (concentration of ApoMb and hIAPP were 0.4 mM).  

7.2.7. Partially reduced oxygen species (PROS) calculation  

Xylenol orange assay was applied for partially reduced oxygen species (PROS) calculation. A 

total of 4.9 mg of Mohr’s salt and 3.9 mg of xylenol orange were dissolved in 5 mL of 250 mM 

H2SO4 and stirred for 10 min. A 200 μL portion of this solution was taken in 1.8 mL of 

nanopure water, and a calibration curve for the quantitative estimation of H2O2 was obtained 

for 0.05, 0.1, 0.5, 1, 2.5, 5, and 10 μM concentrations of H2O2 by recording their absorbance at 

560 nm as a function of H2O2 concentrations in micromolar units for a 2 mL volume.67 A blank 

was obtained in the UV–vis spectrophotometer with 1.8 mL nanopure water in a cuvette. A 

total of 200 μL xylenol orange solution was added to the above cuvette and absorbance was 

measured. This served as the control. The Heme-hIAPP complex and Heme-hIAPP-ApoMb 

mixture and all the buffer and reagent solutions were degassed first and then were purged with 

argon in anaerobic vials for ̴ 30 min. Thereafter, the samples were reduced using a minimal 

amount of dithionite under anaerobic conditions, followed by their reoxidation by O2 

(monitored by absorption). A total of 200 μL of 0.025 mM of reoxidized solutions were 

separately added to the cuvette containing the control, and their absorbance were recorded. The 

value of absorbance of the above solutions (after deducting the control) at 560 nm when plotted 

on the calibration curve yielded the corresponding H2O2 concentration.  

7.2.8. Gel electrophoresis  

In the SDS-PAGE, 10% - 15% gradient polyacrylamide gel was used as the resolving gel. The 

samples were prepared by mixing 20 μL of each sample (containing 20 μg samples) with equal 

volume of Laemmli buffer. Laemmli buffer was prepared following the standard protocol.68 

4% stacking gel was prepared on top of the resolving gel, and the comb was inserted carefully. 

After formation of the defined wells the gel was loaded in the electrophoresis setup. It was then 

filled with 1× tank buffer (conc. SDS etc), and the samples were loaded into the wells. It was 

then allowed to run for 1 h at 150 V. After the run time was over, the gel was removed carefully 

from the setup. Finally it was stained overnight with Coomassie blue (G-250) dye to obtain the 
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protein bands, and after complete staining, it was de-stained several times with a solution of 

25% methanol, 7% acetic acid, and water. 

 

7.3. Results and Analysis  

7.3.1. Absorption spectroscopy  

The absorption spectrum of heme bound hIAPP (1–19) is characterized by a split Soret 

band at 365 and 392 nm and a Q-band at 605 nm (Figure 1, Figure S1). As the heme binding 

domain resides in the 1–19 part of the peptide, the short fragment has been used in this study. 

Mb has a sharp Soret band at 408 nm and Q bands at 500, 540, and 630 nm (Figure 1). ApoMb 

(without the heme cofactor) lacks any absorption bands in the visible region of the spectrum. 

When Heme-hIAPP(1–19) and ApoMb are incubated in 1:1 stoichiometric ratio, the resultant 

absorption spectrum resembles that of native Mb (Figure 1), implying that heme has transferred 

from Heme-hIAPP(1–19) to ApoMb forming native Mb. The absorption data indicate that 

ApoMb can quantitatively uptake heme from oxidized Heme-hIAPP and produce native Mb 

(Materials and methods section).  

 

Figure 1. (A) Absorption spectra of Heme-hIAPP (1–19), green (dash-dotted line); Heme- 

hIAPP(1–19) incubated with 1 equivalent of ApoMb, red (dotted line); pure myoglobin, blue 

(solid line) and ApoMb, orange (dashed line). (B) Higher wavelength region of the same in 

100 mM phosphate buffer; pH 7. 
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7.3.2. Resonance Raman spectroscopy  

In the resonance Raman spectroscopy, the oxidation state (ν4), coordination number 

(ν3), and spin state (ν2) marker bands are observed at 1374, 1491, and 1569 cm-1 respectively 

for Heme-hIAPP(1–19) while, ν10, the depolarized spin state marker band arises at 1628 cm-1 

indicating the presence of a six coordinate high-spin Fe3+ centre (Figure 2, Figure S2).19 Mb 

displays the marker bands at 1371 (ν4), 1482 (ν3), 1563 (ν2) cm-1 along with the νca=cb band 

at 1621 cm-1 (Figure 2) representing the presence of a six coordinate high-spin Fe3+ active 

site.69,70 Figure 2 shows that when Heme-hIAPP(1–19) and ApoMb are incubated in 1:1 

stoichiometric ratio, the resultant rR spectrum resembles that of the native Mb, implying that 

heme has been transferred from the metal-peptide complex to the apoglobin.  
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Figure 2. (A) Lower frequency range of rR spectra of Heme-hIAPP(1−19), green; Heme-

hIAPP(1−19) incubated with ApoMb, red; and Mb, blue. (B) High frequency rR spectra of 

Heme-hIAPP(1–19), green (dash-dotted line); Heme-hIAPP(1–19) incubated with ApoMb, red 

(dotted line); and Myoglobin, blue (solid line) in 100 mM phosphate buffer at pH 7. Data were 

obtained with an excitation wavelength of 413.1 nm (~5 mW) at room temperature. 

 

7.3.3. SDS-PAGE analysis  

Heme transfer from Heme-hIAPP(1–19) to ApoMb is also confirmed by gel 

electrophoresis, where the proteins get denatured by SDS (sodium dodecyl sulphate) so that 

they can move based on their molecular weight only. Five lanes are loaded with different 

protein samples of same w/v. After staining with Coomassie blue (G-250), the position of 

protein bands confirm Mb formation after incubating Heme-hIAPP with ApoMb (Figure 3).  
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Figure 3. SDS gel electrophoresis run in gradient polyacrylamide gel shows heme transfer 

from Heme- hIAPP (1–19) to ApoMb (with Coomassie blue staining).  

7.3.4. Kinetics  

The kinetic traces show that there is fast first step, followed by a relatively slower 

second step (Figure 4, green trace, Figure S3). The first step is dependent of the concentration 

of the ApoMb (Figure S4), indicating that it follows a second order kinetics. The slower second 

step is independent of ApoMb concentration, following a first order kinetics (k2= (2.7±0.1) 

×10-2 s-1 at pH 7). The two steps likely indicates a fast heme transfer step, followed by a slower                                                                                                            

reorganisation of the protein chain around the active site. The percentage of heme transfer from 

Heme-hIAPP (1–19) to ApoMb is ~95±3%. 

 

 

 

 

 

 

 

Figure 4. Heme sequestration by ApoMb at different pH. Trace at pH 6, red (solid line); pH 7, 

green (dashed line); pH 8, violet (dash-dotted line); pH 9, blue (dotted line).  
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All kinetic traces are monitored by the increase in absorption intensity at 408 nm (Abs vs time 

plot). 

7.3.5. Effect of pH  

Kinetics of heme sequestration by ApoMb is monitored at different pH (pH 6, 7, 8 and 

9). The initial rates are found to be unchanged with changing pH (Figure S5) while the rate of 

the slower step increases with increasing pH (Figure 4, Table 1). When the second rate constant, 

k is plotted against pH, we get the pKa at around 6.8±0.2 (Figure 5). 

 

 

 

 

 

 

 

Figure 5. Rate constant (k2) vs. pH plot. 

7.3.6. Partially reduced oxygen species (PROS) detection assay  

To detect the amount of H2O2 produced after heme sequestration from Heme-hIAPP, 

xylenol orange assay (Materials and Methods Section, Figure S6) is performed. This assay 

indicates that Heme(Fe2+)-hIAPP(1–19) generates 38 ± 5% H2O2. After sequestering heme 

using ApoMb, ~ 10 ± 5% H2O2 is produced (Figure 6). PROS generation by free heme in 

solution is ~ 24 ± 2%. 
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Figure 6. Percentage of PROS detected using Xylenol orange assay for (A) Heme-hIAPP (1–

19), blue; (B) Heme-hIAPP with ApoMb, red; and (C) free heme, green. 

7.3.7. Sequestration of ligand bound Heme by ApoMb  

When azide ligand is added to Heme-hIAPP(1–19) in its oxidized state, it forms a six-

coordinated azide bound complex having a blue shifted Soret at 370 nm with Q-bands at 516, 

550 and 650 nm (Figure 7). When ApoMb is incubated with azide bound Heme-hIAPP 

complex (Heme-hIAPP-Azide), the characteristic bands of Heme-hIAPP-Azide disappear and 

a sharp soret at 421 nm appears along with bands at 545 and 580 in the Q-region. These newly 

formed bands are identical to that of Mb–Azide complex (Figure 7). This indicates that ApoMb 

can also extract azide-bound heme from Heme-hIAPP-Azide resulting in the formation of Mb–

Azide complex. The small diatomic CO ligand binds to Heme-hIAPP (1–19) in its reduced 

state showing a characteristic Soret band at 422 nm and bands at 539 and 570 nm in the Q-

region. After reaction with ApoMb, a sharp and more intense Soret band grows at 423 nm, 

together with bands at 541 and 580 nm in the Q-band region. CO bound Mb also shows similar 

absorption features which demonstrates that CO bound heme has also been sequestered by 

ApoMb to form the Mb-CO complex (Figure 8). 

 

 

 



Chapter 7 

 

154 
 

 

 

 

 

 

 

Figure 7. (A) Absorption spectra of Heme–hIAPP (1–19), green (dash-dotted line); azide 

complex of Heme–hIAPP (1–19), red (solid line); Heme-hIAPP (1–19)–Azide incubated with 

ApoMb, blue (dashed line); and Mb–Azide, violate (dotted line) (B) Q-band region of the 

corresponding absorption spectra; in 100 mM phosphate buffer at pH 7. 

 

Figure 8. Absorption spectra of Heme–hIAPP (1–19), green (dash-dotted line); CO complex 

of Heme–hIAPP (1–19), red (solid line); Heme-hIAPP (1–19)–CO incubated with ApoMb, 

orange (dashed line); and Mb–CO, blue (dotted line) (A) Soret band region (B) Q-band region 

of the corresponding absorption spectra; in 100 mM phosphate buffer at pH 7. 

 

7.4. Discussion  

In the reduced state, Heme-hIAPP can react with molecular O2 to produce significant 

amounts of partially reduced oxygen species (PROS) (~40%, implying one electron reduction 

to superoxide). This is why the complex has been proposed to play a potential role behind the 

apoptosis of pancreatic β-cells, which are in general extremely susceptible towards oxidative 
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stress. This may contribute to the reduction of β-cell mass and its dysfunction as observed in 

T2Dm. So, the removal of this toxic heme prosthetic group from the metal-peptide complex by 

some easily available biomolecule which leads to a non-toxic product, could be a possible 

remedy. ApoMb can uptake heme from the Heme-hIAPP complex forming native Mb i.e., 

when Heme-hIAPP is incubated with ApoMb in 1:1 ratio, there is a (95 ± 3) % heme transfer 

(which is perceived from the characteristic absorption changes (Figure 1, materials and 

methods section)). This is further corroborated by the rR data (Figure 2) for Heme-hIAPP, Mb 

and Heme-hIAPP incubated with ApoMb in 1:1 ratio, where a six-coordinate high-spin heme 

appears for Mb which is different from that of the metal-peptide complex. SDS-PAGE also 

confirms this heme transfer reaction (Figure 3). Thus, experimental evidences indicate heme 

sequestration from toxic Heme-hIAPP complex by available biomolecule, ApoMb which 

renders the complex less harmful as after the heme transfer, almost negligible amount of PROS 

(10 ± 5) % has been detected (Figure 6). Moreover, the generated Mb being an important O2 

carrier protein, can supply oxygen to the muscle tissues. The heme transfer has two distinct 

kinetic steps. There is an initial fast second order kinetic step followed by a slower second step 

having a first order rate constant, k2 = (2.7 ± 0.1)×10-2 s-1 at pH 7 (Table 1).  

 

Table 1. Rate constant values of the second step (k2) of heme sequestration at different pH. 

 

 

 

 

 

 

 

 

Spectroscopic data indicate (95 ± 3) % heme transfer from Heme-hIAPP to ApoMb at 

all pH. Note that the formation of an Mb-hIAPP complex cannot be ruled out. A possible 

mechanism of this reaction involves heme transfer to the apoprotein in the first step followed 

by a reorganisation of the protein chain to form the active site of native Mb (Scheme 1).63,71 

The first rate constant k1, corresponding to the heme transfer step remains almost unperturbed 
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because of the high affinity of ApoMb for heme (1×1014 M-1) irrespective of the pH of the 

medium between 4 and 9 (Figure 4, Table 1), while that of small hIAPP peptide is 1.5×103 M-

1.63,72 On the other hand, the rate constant k2, likely corresponding to the refolding of the protein 

chain, increases with increasing pH having a pKa 6.8 ± 0.2 (Figure 5, Table 1). This possibly 

corresponds to the deprotonation of a propionate side chain of the heme moiety at high pH 

which facilitates H-bonding and electrostatic interactions (salt bridge) with the distal Lys45 

residue of horse heart Mb or Arg45 residue of sperm whale Mb.73–77 Lys/Arg residues are 

conserved at 45th position in all mammalian myoglobins and function as a ‘gate’ to control the 

ligand binding kinetics to the Fe-centre.76,78 The positively charged Lys/ Arg residues act as a 

donor while propionate side chains act as the acceptor in the H-bond. The formation of the 

native holoprotein is consequent to the protein reorganisation which requires ion pairs to form 

between the Lys45 (or Arg 45) residue and the heme cofactor propionate chain (Scheme 1). 

The Lys/Arg45-heme-6-propionate salt bridge and H-bond breaks between a pH range of 7–5 

which matches well with the pKa of the second slow step and suggests that this reorganisation 

is possibly the 2nd step of heme transfer.73,75,79 Additionally, ApoMb can also sequester ligand 

bound heme from the Heme-hIAPP complex. This has been demonstrated by the sequestration 

of azide bound heme and CO-bound heme from the Heme-hIAPP-azide and Heme-hIAPP-CO 

complexes, respectively (Figure 7, Figure 8). Early reports suggests that apoglobins are capable 

of binding heme–CO to form CO-bound holoproteins.63 Overall, ApoMb may likely inhibit the 

PROS-induced toxicity and damages caused by Heme-hIAPP. Additionally the newly formed 

Mb can function as the typical O2 storage and carrier. Its rapid release after muscle damage can 

act as a potential biomarker in the early phases of injury. Thus, ApoMb or the apo forms of 

structurally similar proteins like hemoglobin and neuroglobin might exhibit a protective role 

against the possible damages of Heme-hIAPP by taking up heme. 
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Scheme 1. Schematic representation of two step mechanism of heme transfer from  

                  Heme-hIAPP by ApoMb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.5. Conclusion 

In summary, we have spectroscopically demonstrated that heme bound human 

hIAPP(1−19) peptides can transfer heme to ApoMb in both ligand bound and in free state, 

resulting in the formation of Mb. Kinetic analysis has been performed to determine the rate of 

heme uptake by ApoMb form Heme-hIAPP(1-19). The reaction has a fast heme-transfer step 

followed by a slower reorganisation of holomyoglobin. The rate of heme uptake is faster in 

higher pH medium owing to the Lys/Arg45-heme-6-propionate salt bridge and H-bonding 

which breaks between a pH ranges of 7–5. Importantly, the amount of partially reduced oxygen 

species generated is significantly reduced after heme sequestration. These results might 

implicate that ApoMb can play a protective role against the cytotoxicity that Heme-hIAPP can 

induce during diseased condition. 
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7.7. Supporting Information 

7.7.1. UV-VIS of free heme and Heme-hIAPP 

 

 

 

 

 

 

 

 

Figure S1. Absorption spectra of Heme-hIAPP (1-19), green and free heme, black at pH 7. 

 

 

7.7.2. Resonance Raman spectra of free heme and Heme-hIAPP 

 

 

 

 

 

 

 

 

Figure S2. High frequency resonance Raman spectra of Heme-hIAPP(1-19), green and free 

heme, black at pH 7. 
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7.7.3. Heme transfer reaction at different time interval at pH 7. 

 

 

 

 

 

 

 

Figure S3. Heme-hIAPP(1-19) with ApoMb at different time interval, in pH 7 100mM 

phosphate buffer. 

7.7.4. Dependence of Heme transfer reaction on concentration of ApoMb  

 

 

 

 

 

 

 

 

Figure S4. Heme-hIAPP(1-19) with varying concentration of ApoMb, in pH 8 100mM 

phosphate buffer. 
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7.7.5. pH variation effect on the rate constant k1 of heme transfer reaction 

 

 

 

 

 

 

 

 

Figure S5. pH variation of initial rate (with rate constant k1) of heme transfer.  

7.7.6. Xylenol orange assay  

When 1 equiv of dithionite is added to the Heme-hIAPP peptide solutions, the resting 

Fe3+ site of heme is reduced to Fe2+. Addition of O2 to the fully reduced Heme(Fe2+)-

hIAPP(1−19) complexes, can reoxidise the Fe2+ to the Fe3+ form as indicated by absorption 

spectroscopy. In this process the O2 gets reduced by 1e- pathway which produce reactive 

oxygen species (ROS) like superoxide (O2
•−), peroxide (H2O2) etc. Any H2O2 formed during 

the O2 reduction process has been detected by using the xylenol orange assay.  

 

 

 

 

 

 

 

 

Figure S6. Xylenol orange incubated sample, green; control sample, red. 
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