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ABSTRACT

Calmodulin-dependent Nitric Oxide Synthase (NOS) catalyses the

production of Nitric Oxide (NO) by converting L-arginine to L-citrulline.

Although NO mediates several physiological functions, excessive levels of

NO have been found to contribute to the pathology of many diseases.

Therefore, inhibition of the activities of NOS may be used in the treatment of

pathological conditions due to uncontrolled production of NO.

We studied the inhibition of NOS through the inhibition of calmodulin

(CaM) activity by peptides obtained from enzymatic hydrolysis of flaxseed

proteins. Low molecular weight peptides (molecular weight <1000) with

CaM-binding activity were obtained by enzymatic hydrolysis of flaxseed

protein using alcalase. Positively charged peptides were isolated using cation

exchange chromatography. Two peptide fractions with different levels of

positive charge were obtained, and both were used Íor inhibition of

CaM-dependent neuronal and endothelial NOS activity. At fixed CaM

concentration, enzyme activity decreased moderately as peptide

concentration increased. Enzyme inhibition kinetics showed that both

peptides inhibited nNOS in a non-competitive manner/ while eNOS inhibition

was competitive. Furthermore, as CaM concentration increased at fixed

peptide concentration, enzyme activity increased, suggesting that inhibition

can be overcome by increasing the concentration of CaM.
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Fluorescence spectroscopy and circular dichroism were used to

determine the structural changes of CaM in the presence of inhibitory

peptides. Fluorescence studies showed that flaxseed protein derived peptides

are capable of inducing structural changes in CaM, while CD studies

demonstrated changes in secondary and tertiary structures of CaM upon

peptide binding.

Our results show that flaxseed protein derived peptides have

CaM-binding activity and that interaction of the peptides with CaM is

detrimental to optimum NOS catalytic activity. This could provide an

effective means of treatment of diseases associated with over production of

NO, and contribute to exploring the potential of flaxseed proteins as a

functional food source.

-ll-



ACKNOWLEDGEMENTS

I would like to thank my advisor, Dr. Rotimi Aluko for taking me as his

student and for the research opportunity I had. I sincerely appreciate his

guidance and financial support for my studies.

My gratitude also goes to my research committee members Dr Susan

Arntfield and Dr. Harold Aukema for their valuable input in my work'

Some of my experiments involved the use of equipment in the labs of

Dr. Joe O'Neil (Department of Chemistry), Drs. Oresnik and Dibrov

(Department of Microbiology) and Dr. Sapirstein (Department of Food

Science). I appreciate their assistance.

I thank the Nutrition lab technicians, Marilyn Latta and Dennis

Labossiere for always being willing to lend a helping hand. I also thank

Wayne Johnson, the technician in Dr. Sapirstein's lab, for being helpful too.

Many thanks to the people in Dr. Aluko's lab, Huan Li and Dr. Jianping

Wu for providing assistance with some of the methods used in my work.

I also appreciate my family and friends, too numerous to mention, for

all their playefs and encouragement when I needed it most' Thank you

Gacheri for adding color to my U of M experience!

And finally I thank my Father, God Almighty for his faithfulness to me

throughout my studies.

-111-



TABLE OF CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS X

1. INTRODUCTION 1

2 LITERATURE REVIEW 5

2.1, Calmodulin 5

2.1..1. Calmodulin-binding peptides 9

2.2 Nit¡ic Oxide Synthase (NOS) 1'4

2.2.1 NOS Inhibitors \9

2.3 Flaxseed Protein 22

2.3.1 Flaxseed amino acid composition 24

3 MATERIALS AND METHODS 26

3.1 Protein isolation from flaxseed meal 26

3.2 Enzymatic hydrolysis of flaxseed protein 27

3.3 Determination of calmodulin-binding activity 28

3.4 Digestion of protein hydrolysate with gastric proteases 29

3.5 Protein content determination (modified Lowry method) 30

3.6 Peptide fractionation 31

3.7 Determination of amino acid composition of peptide

fractions

3.8 Enzyme inhibition kinetics

3.9 Determination of peptide-induced modulation of

calmodulin and enzyme structures by spectrofluorimetry

3.9.L Intrinsic fluorescence of CaM

Page

i

iii

iv

vi

viii

32

JJ

34

34

-iv-



3.9.2Infiinsic fluorescence of nNOS and eNOS

3.9.3 Extrinsic fluorescence of CaM using

8-anilino-L- naphthalene-sulfonic acid (ANS)

3.L0 Determination of the secondary and tertiary structures

of CaM by circular dichroism

3.10.1 Far UV spectra

3.10.2 Near UV spectra

RESULTS AND DISCUSSION

4.1 Calmodulin binding activity of peptides

4.2 Peptidefractionation

4.3 Amino acid composition

4.4 Enzyme inhibition kinetics

4.4.l Inhibition of nNOS activity

4.4.2Inhtbition of eNOS activity

4.5 Fluorescence studies

4.5.1 Intrinsic fluorescence of CaM

4.5.2 Int¡insic fluorescence of nNOS

4.5.3 Intrinsic fluorescence of eNOS

4.5.4 ANS fluorescence of CaM

4.6 Circular Dichroism

CONCLUSION AND RECOMMENDATIONS

REFERENCES

36

J/

5

6

39

40

41

42

42

43

45

47

47

55

62

62

68

/ó

78

82

89

92



LIST OF TABLES

Page

Table 2Jl,.1..Examples of CaM inhibitors 12

Table 2.1,.2. Arnino acid sequence of casein-derived peptides 13

Table 2.3.1. Amino acid composition of flaxseed meal and

protein isolate (g/1,00 g protein) 25

Table 4.1,.L. Calmodulin binding activity of hydrolysates 42

Table 4.3.1. Percentage amino acid composition of peptide fractions 46

Table 4.4.I.ICso (mg/ml) of peptide fractions at different CaM

concentrations (nNOS) 54

Table 4.4.2.Km and Vmax values for the inhibition of nNOS

by peptides 54

Table 4.4.3.ICs0 (mg/ml) of peptide fractions different

CaM concentrations (eNOS) 61'

Table 4.4.4.Krn (CaM concentration) and Vmax values for

the inhibition of eNOS by peptides 6'1.

Table 4.5.1. Changes in intrinsic fluorescence intensity of CaM

in the presence of calcium and different peptide

concentrations 67

Table 4.5.2. Changes in intrinsic fluorescence intensity of

nNOS in the presence of calcium and

different peptide concentrations 72

Table 4.5.3. Changes in intrinsic fluorescence intensity

of eNOS in the presence of calcium and

different peptide concentrations 77

Table 4.5.4. ANS fluorescence properties of CaM in the

presence of peptides 81

Table 4.6|J..Effect of calcium and peptide fractions on

the proportions of CaM secondary structure 85

-vl-



Table 4.6.2. Negative peaks on Near LIV spectra at262 and 268 nm 88

-vll-



LIST OF FIGURES

Page

Figure 2.1.1. The structure of Calmodulin 6

Figure 2.2.1.The NOS reaction 1,6

Figure 2.2.2. A schematic representation of the NOS primary

structure showing binding sites for substrates

and co-factors L6

Figure 4.2.L.Peptide separation by FPLC M

Figure 4.4.1..Effect of peptide fraction I on nNOS activity (%)

at different CaM concentrations 48

Figure 4.4.2.Effect of peptide fraction II on nNOS activity (%)

at different CaM concentrations 49

Figure 4.4.3. Lineweaver-Burke plot of nNOS inhibition with

peptide fraction I 51

Figure 4.4.4.Lineweaver-Burke plot of nNOS inhibition with

peptide fraction II 52

Figure 4.4.5.Effect of peptide fraction I on eNOS activity at

different CaM concentrations 56

Figure 4.4.6.Effect of peptide fraction II on eNOS activity

at different CaM concentrations 57

Figure 4.4.7.Lineweaver-Burke plot of eNOS inhibition with

peptide fraction I 59

Figure 4.4.8.Lineweaver-Burke plot of eNOS inhibition with

peptide fraction II. 60

Figure 4.5.1. Effect of peptide fraction I on CaM structure 65

Figure  .S.Z.Effect of peptide fraction II on CaM structure 66

Figure 4.5.3. Effect of Caz* /CaM/peptide fraction I on

nNOS structure 69

Figure  .S. .Effect of Ca2* /CaM/peptide fraction II on

nNOS structure 70

- vlll -



Figure 4.5.5. Effect of Ca2* /CaM/peptide fraction I on eNOS

structure

Figure 4.5.6.Effect of. Caz* /CaM/peptide fraction II on

eNOS structure

Figure 4.5.7. ANS fluorescence of CaM, Ç¿.2+ f Cal|;{and

çaz+f CaMlpeptide I

Figure 4.5.8. ANS fluorescence of CaM, Ca2+/CaM and

ç¿z+f CaMlpeptide II

Figure 4.6.1.Far UV spectra of CaM, Ca2+/CaM and

çvz+f CaM/peptide

Figure 4.6.2. Near UV spectra of CaM, Ca2+/CaM and

ç¿z+f CaMlpeptide

74

75

79

80

83

86

-lx-



LIST OF ABBREVIATIONS

CaM: Calmodulin

NOS: Nitric Oxide Synthase

nNOS: Neuronal Nitric Oxide Synthase

eNOS: Endothelial Nitric Oxide Synthase

iNOS: Inducible Neuronal Nitric Oxide Synthase

FPLC: Fast Protein Liquid Chromatography



CHAPTER ONE - INTRODUCTION

Nutraceuticals and functional foods are food components that provide

demonstrated physiological benefits or reduce the risk of chronic disease,

above and beyond their basic nutritional functions (Health Canada, 1998).

Nutraceuticals are the fastest growing segment of today's food industry, a

market estimated at between $6 billion and $60 billion and growing at the rate

of 5% per annum (Hardy, 2000). The growing market for nutraceuticals and

functional foods is being driven by a growing consumer understanding of

diet-disease links, aging populations, rising health cate costs, and advances in

food technology and nut¡ition. The top three targets for nutraceuticals are

cholesterol reductiorL cardiovascular disease and osteoporosis. Others include

child development, high blood pressure, diabetes, gastrointestinal disorders,

menopause and lactose intolerance (Agriculture and Agri-food Canada, 2004).

The active ingredients in the current nutraceuticals and functional foods

market include dietary fibre, oligosaccharides, sugar alcohols, peptides and

proteins, prebiotics and probiotics, phytochemicals and antioxidants, and

polyunsaturated fatty acids. In order to expand the ingredients market, this

study is designed to produce food-derived bioactive peptides that can be used

to formulate functional foods and nutraceuticals.

Food-derived peptides have been shown to inhibit some enzymes that

cause certain diseases e.g., angiotensin l-converting enzyme (ACE) inhibitory



peptides from soy protein (Wu & Ding, 2002; Kuba et al., 2003), casein

hydrolysates (Tauzin et a1.,2002) and whey proteins (Pihlanto-Leppala et aI.,

2000), calmodulin-dependent protein kinase II (CaMKII) inhibitory peptides

from pea protein hydrolysates (Li & Aluko, 2005), HIV protease inhibitory

peptides from rapeseed protein hydrolysates (Yust et ø1., 2004) etc. Protein

hydrolysates may be a source of bioactive peptides, which are short chain

peptides with certain biological properties and health benefits such as

antihypertensive activity, antimicrobial and antibacterial activity,

antithrombotic activity and immunomodulatory activity (Wu & Ding 2002;

Yust ef aL,2004). These peptides are usually inactive within the intact parent

proteiry but can be released during enzymatic hydrolysis or food processing

(Pihlanto-Leppala, 200L; Wu & Ding, 2002). There has been a lot of interest in

bioactive peptides from natural foods in recent years because of their

beneficial effects in disease prevention and treatment, and these peptides

have been used to formulate functional foods and nutraceuticals e.g. ACE

inhibitors.

Calmodulin-dependent Nitric Oxide Synthases (NOS) catalyse the

production of Nitric Oxide (NO) by converting L-arginine to L-citrulline

(Zoche et ø1., 1996). Overproduction of NO has been reported in various

clinical disorders such as septic shock, inflammation, rheumatoid arthritis,

stroke and chronic neurodegenerative diseases (Kotsonis et ø1., 2001; Di

Giacomo et aL,2003). Therefore, inhibition of the activities of NOS may be

1



used to prevent andf or treat pathological conditions that are due to

uncontrolled production of NO. Though a large number of NOS inhibitors

have been developed, e.8., L-arginine analogs, such as

Nc-monomethyl-L-arginine (L-NMMA) and Nc-L-nitro-L-arginine methyl

ester (L-NAME) (Alderton et ø1., 2001), there are no studies on how

food-derived peptides could impact the activity of NOS through the

inhibition of calmodulin (CaM) activity.

Hydrophobic peptides or peptides with net positive charges have been

shown to have high affinities for CaM (Weiss et ø1.,1982; O'Neil & DeGrado,

\99};Kizawa et aL,1995). Flaxseed was chosen for this study because flaxseed

proteins contain high levels of hydrophobic and positively charged amino

acids (Oomah & Mazza,1993; Oomah, 2001), which increases the possibility

of generating hydrophobic and positively charged peptides by enzymatic

hydrolysis. Furthermore, flaxseed is a rich source of protein and an

economically important oilseed crop for Canada, and as such is a suitable

economic target for functional foods and nutraceuticals. There is also a dearth

of studies on the use of flaxseed proteins as a functional food.

This study determined the inhibition of two isoforms of

CaM-dependent nitric oxide synthase by peptides obtained from enzymatic

hydrolysis of flaxseed proteins.
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OBIECTIVES OF STUDY

The objectives of this study were to:

o Isolate CaM-binding peptides from enzymatic hydrolysates of flaxseed

proteins

o Determine the kinetics of inhibition of neuronal Nitric Oxide Synthase

(nNOS) and endothelial Nitric Oxide Synthase (eNOS) by these

CaM-binding peptides

o Determine the effects of inhibitory peptides on the structural

conformations of çvz+ f Calll4 complex

HYPOTHESES

o Flaxseed protein isolate can be enzymatically hydrolyzed to produce

CaM-binding peptides

o The CaM-binding peptides obtained from enzymatic hydrolysis of

flaxseed proteins will inhibit the activlty of CaM-dependent Nitric Oxide

Synthases

o Inhibitory peptides will induce structural changes in CaM and thereby

interfere with CaM activity

-4-



CHAPTER TWO - LITERATURE REVIEW

2.1. CALMODULIN

CaM is a relatively small, acidic, negatively charged (at physiological pH)

Ca2*-binding protein made up of 148 amino acids (Ikura et al., 1992; Yogel,

1994; Yap et ø1., 2003), with a molecular weight of approximately \7,000

(Weiss et ø1., 7982). CaM lacks tryptophan but has 8 phenylalanine residues

and2 tyrosine residues (VanScyoc et ø1.,2002).

CaM is widely distributed in plant and animal tissues and plays an

important role in regulating many physiological processes in plant and

animal cells (Kondo et ø1., 1999). It regulates target proteins through

protein-protein interactions in a calcium-dependent marurer (Kranz et al.,

2002), and is involved in a wide variety of cellular events and processes such

as glycogenolysis, adipogenesis, nucleotide metabolism, protein

phosphorylation and dephosphorylation, heart muscle and smooth-muscle

contractiory neuronal transmission, cell motility, cell division and cell

proliferation (O'Neil & DeGrado,1990; Vogel, 1994;Kondo et ø1.,1999;Leclerc

et ø1., \999).
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Fig.2.1..1.. The sfructure of Calmodulin
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A - The structure of free CaM (apoCaM) shown by nuclear magnetic
resonance (NMR)].
B - The structure of bound CaM (Caz*-CaM) shown by X-ray diffraction.
N - amino terminal
C - carboxyl terminal
(Adapted from Hamllton et ø1.,2000)
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The structures of CaM in its Ca2*-free state (apoCaM) and Ca2*-bound form is

shown in Fig. 2.L.L. CaM is a dumbbell-shaped molecule with an overall

length of -65 Å and is composed of an amino terminal lobe and a carboxyl

terminal lobe connected by an eight-turn q-helix. Both the amino terminal and

carboxyl terminal lobes have two E-F hand (helix-loop-helix) Caz*-binding

sites each (Ikura et a1.,1992; Hamilton et ø1.,2000; Reddy et ø1.,2002;Yap et al.,

2003). CaM functions as an intracellular mediator of the effects of Ca2* (Weiss

et al., 1982). It specifically binds four Ca2*, is structurally stable and yet

flexible enough to undergo Ca2*-induced conformational changes, thereby

increasing its helical content and exposing hydrophobic regions for binding

target molecules (Weiss et al., 1982; O'Neil & DeGrado, \990;

Schauer-Vukasinovic et aI., 1997; Klínger et al., 200'L; Reddy et ø1., 2002).

Calcium binding to CaM allows it to bind and activate more than 30 enzymes

(Vogel, 1994; Kondo et a1.,1999), among which are NOS, phosphodiesterase

(PDE), calcineurin (CaN), adenylate cyclase, guanylate cyclase, phospholipase

Az, phosphorylase kinase, glycogen synthetase kinase and myosin light chain

kinase (Weiss et a1.,1982; Sugimura et aL,1997).

Activation of NOS by CaM is reported to be more complex than its

activation of other Ca2*-dependent enzymes (Kondo et nL,1999). CaM binds

nNOS at amino acíds 725 - 754; iNOS at amino acids 504 - 532 and eNOS at

amino acids 493 - 512 (Watanabe et al., 1997), (numbering based on positions

within each NOS isoform). CaM binds NOS between its N-terminal

-7 -



oxygenase domain and its C-terminal reductase domain and facilitates

electron transfer at two points in the enzyme - from NADPH to the flavins in

the reductase domain; and from the flavins in the reductase domain to the

heme in the oxygenase domain (Salerno et al., 1997; Kondo et al., 1999;

Alderton et a1.,2001). Once the electrons are received in the oxygenase domain,

they are used for the conversion of L-Arginine to L-citrulline and NO (Kondo

et aL,1999).

Interestingly, some plant CaM isoforms have been shown to inhibit

NOS. In a study by Cho et øL, (1998), five CaM isoforms were cloned from

soybean (SCaM1 - SCaMS). One of these isoforms, SCaMI (9I% identical to

mammalian CaM), was a potent and selective competitive antagonist of

skeletal muscle NOS. Despite SCaMI inhibition of NOS, it activated other

CaM-dependent enzymes including PDE, NAD-kinase and CaN as effectively

as mammalian CaM (Cho eú øL,1998).In a further study by Kondo et øL (1999)

using site-directed mutagenesis, a point mutation involving the substitution

of valine for methionine at position 1,44 was shown to be responsibie for

SCaM-L's inhibition of mammalian NOS. Therefore, they concluded that

CaM's methionine 1.44 plays a critical role in the activation of NOS, probably

by influencing the function of its oxygenase domain. However, calmodulin

activation can be blocked by a number of pharmacological agents (Weiss et øL,

1982;Yogel1994), natural products and endogenous substances (Kizawa et al.,

1ee5).
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2.L.L. Calmodulin-binding peptides

The binding of CaM to several synthetic and natural peptides has been

studied (Cox et øL,1985;Kizawa et a\,1995). Some endogenous neuropeptides

and hormones have also been shown to exhibit relatively high affinity binding

with CaM e.g. adrenocorticotropic hormone (ACTH), p-endorphin, glucagon,

gastric inhibitory peptide (GIP), secretin, (Malencik & Anderson, 1982;

Malencik & Anderson, 1983).

Some of these CaM-binding peptides have been shown to have

significant physiological impact. Vinblastin is isolated from periwinkle and is

used as a drug in tumor chemotherapy and in treatment of other neoplastic

diseases. Adriamycin is an antibiotic obtained from the bacteria streptomyces

and is used as an anticancer drug (Katoh et al., 1981). Melittin, apamin and

mastoparan are peptides from insect venom that have been shown to inhibit

CaM activity (Barnette et ø1.,1983).

It has been shown that CaM binds with high affinity and broad

specificity to basic amphiphilic (amphipathic) q-helical peptides (O'Neil &

DeGrado, 1990). The amphipathic o-helical structure is a secondary structure

adopted by peptides in which there are alternating hydrophobic and

hydrophilic residues i.e. one side is completely hydrophobic and the other

side completely hydrophilic.

The amino acid sequences of a number of CaM-binding proteins have

-9-



been determined, and their CaM-binding sites often contain frequently

repeated large hydrophobic regions and numbers of positively charged amino

acids (Arg,Lys, His) at neutral pH (O'Neil & DeGrado,1990). The affinity of

the peptides for CaM seemed to correlate with their abilities to form

positively charged amphiphilic helices, evidence that this structural feature is

an important requirement for CaM binding (O'Neil & DeGrado, 1990). In

addition, both circular dichroism and nuclear magnetic resonance (NMR)

studies have shown that a number of naturally occurring CaM binding

peptides such as mellitin and mastoparan, as well as synthetic peptides that

correspond to CaM binding domains adopt a helical conformation upon

binding to CaM (Ikura et a1.,1992).

To illustrate the importance of this structural feature for CaM binding,

Cox et ø1. (1985) tested several natural and synthetic amphiphilic q-helical

peptides for their ability to bind CaM. Three synthetic peptides (two basic and

one acidic), which were designed to form idealized amphiphilic q-helices

were tested. The two basic peptides [LK1 (LYYLLYL)r and LK2 (LYYLLYL) 2]

bound to CaM, while the acidic peptide [LE2 (LEELLEL)z] failed to bind CaM,

even at micromolar concentrations. The interaction of CaM with the natural

peptide õ-hemolysin, which forms neutral amphiphilic c-helices and the

natural peptide melittin, which forms basic and amphiphilic o-helices was

also studied. Compared to melittin, ô-hemolysin had a lower affinity for CaM.

In the same study, a competitive assay with CaM-dependent bovine brain

l0-



phosphodiesterase (PDE) was used to test the affinity of these peptides for

CaM. The PDE activity was measured as a function of the CaM concentration

in the absence of added peptide or in the presence of 100nM LKl, LI<2, LEz,

melittin or õ-hemolysin. LK2 and melittin inhibited PDE in the same

magnitude, while LK1 inhibited the enzyme to a lesser extent. The acidic

peptide LE2 had no effect on PDE activity even at concentrations up to 500nM,

indicating that no complex is formed between this peptide and CaM. The

above results show that a basic, amphiphilic o-helix is a structural feature

which is common to a variety of CaM-binding peptides.

CaM-binding peptides can be used to induce the inhibition of

CaM-dependent enzymes. When complexed to these ligands, CaM fails to

regulate its targets; hence, these compounds are referred to as CaM

antagonists (Klinger et aL,2001). Some CaM-inhibitor drugs function based on

this principle, e.g the phenothiazines and diphenylpiperidines used as

anti-psychotic drugs (Weiss et ø1.,1982). These CaM inhibitor drugs are also

structurally similar to CaM-binding peptides - the potent CaM inhibitors are

amphipathic amines that contain large hydrophobic regions and carry a

positive charge at neutral pH (Weiss et ø1., 1982). Table 2.L.L shows some

examples of CaM inhibitors.
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Table 2.1..l.Exarnples of CaM inhibitors

CaM inhibitor Enzyme inhibited Physiological impact

melittin, apamin CaM-induced

phosphodiesterase

vinblastin CaM-induced cancer prevention

phosphodiesterase

adriamycin CaMf Caz* protein cancer prevention

kinase

chlorpromazine myosin light chain anti-psychotic

kinase

prenylamine Ca2*stimulated smooth muscle

protein kinase relaxation



Three peptides that inhibit CaM-dependent PDE have been isolated

from a pepsin digest of cr-casein (Table 2.1,.2); crsz-casein (1,64 - 179), usz-casein

(183 - 206) and crsz-casein (183 - 207) wlth approximate ICso values of 38,6.9

and 1.1 pM, respectively (Kizawa et al., 1995). The concenkation of peptide

that reduced the CaM-induced activation of PDE by 50% was defined as the

ICso value. These CaM-binding peptides derived from q-casein share the same

feature common to other CaM-binding sequences such as abundance of basic

and aromatic amino acid residues, with an almost complete lack of acidic

residues. This study shows that food-derived peptides can bind to CaM, and

can be used to induce inhibition of CaM-dependent enzymes.

Table 2.1.2. Amino acid sequence of casein-derived peptides

Peptide Amino acid sequence ICso (uM)

clsz-CâSein

(1.64 - 17e)

osz-CâSOirl

(183 - 206)

c[s2-caSein

(183 - 207)

LKKISQRYQKFALPQY

VYQHQKAMKPWIQPKTKVIPYVAY 6.9

COOH-VYQHQYAMKPWIQPKTKVIPYVRYL 1.1

38

Kizawa et aL,1995
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Similarly, peptides obtained from the enzymatic hydrolysis of pea

proteins have been shown to inhibit the activity of CaMKII, another

CaM-dependent enzyme (Li & Aluko, 2005). CaMKII is important for protein

phosphorylation; however, excessive protein phosphorylation is an integral

part of events responsible for increased cell proliferation that causes diseases

such as cancer and cardiac hypertrophy. Thus, agents that can inhibit protein

phosphorylation can be used to prevent or minimize proliferation diseases.

Two positively charged peptide fractions with CaM-binding activities were

isolated from the pea protein hydrolysate by cation exchange

chromatography, and both inhibited CaMKII activity.

From the foregoing, there is available evidence that some food-derived

peptides have CaM-binding activity, and could be useful in inhibiting certain

CaM-dependent enzymes. However, food-derived peptide-induced inhibition

of CaM-dependent NOS has not yet been studied. Also, to the best of our

knowledge, flaxseed protein-derived peptides have not been shown to bind to

CaM, neither has there been any study on NOS inhibitory peptides from

flaxseed protein.

2.2. NTTRTC OXrDE SYNTHASE (NOS)

The enzyme NOS catalyzes the formation of Nitric Oxide (NO) and

L-citrulline from the amino acid L-arginine and molecular oxygen (Zoche et aI.,

\996; Watanabe et al., 1997). The reaction catalyzed by NOS is shown in Fig.



2.2.L.

NOS is known to exist in three distinct isoforms in humans, each a

product of different genes with different localizatiory regulation and catalytic

properties, and have 51 - 57% homology between them (Alderton et a1.,2001).

The neuronal NOS (nNOS, NOS-D is expressed in neuronal cells and skeletal

muscle; the inducible NOS (iNOS, NOS-ID is expressed in macrophages,

hepatocytes and smooth muscle cells; and the endothelial NOS (eNOS,

NOS-ilI) is expressed in endothelial and epithelial cells and cardiomyocytes

(Alderton et a1.,200'1,; Kotsonis et øL,2001). All three isoforms of NOS produce

NO and L-citrulline from L-arginine in two steps with Nc-hydroxy-L-arginine

(L-NOHA) as an intermediate (Stuehr et al., 1991,; Bryk & Wolfl 1999). The

NOS reaction also involves NADPH, FMN, FAD, heme, tetrahydrobiopterin

(BHr), and Ca2* /Calmodulin (CaM) as important co-factors (Sheta et a1.,1994;

Martasek et ø1.,1996; Bryk & Wolff 1999), each having its own binding site on

the NOS enzyme (Fig.2.2.2).

Each NOS isoform has an N-terminal heme-containing oxygenase

domain, a calmodulin binding domain in the middle and a C-terminal

flavin-containing reductase domain (Bryk & Wolfl 1999). The oxygenase

domain has binding sites for the substrate arginine, heme, and

tetrahydrobiopterin (BHa), while the reductase domain has binding sites for

FAD, FMN and NADPH (Fig. 2.2.2).
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Fig.2.2.L. The NOS reaction
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Fig. 2.2.2. A schematic representation of the NOS primary structure
showing binding sites for substrates and co-factors.
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The neuronal and endothelial NOS isoforms together are called

constitutive NOS (cNOS) and differ from the inducible NOS in that they are

dependent upon an increased concentration of intracellular Ca2* (Crack et øL,

1998; llNatanabe et al., 1997). Whereas CaM binds to nNOS and eNOS only in

the presence of micromolar concentrations of free Ca2*, iNOS carries a tightly

bound molecule of CaM which does not dissociate even at very low Ca2*

concentrations (Martasek ef a1.,1996; Salerno et ø1.,1997; Crack et a1.,1998).In

a study by Crack et ø1. (1998) investigating the role of NO in the regulation of

neuroendocrine function in sheep, nNOS activity was measured. Results

showed that nNOS activity was totally lost when either CaClz, NADPH or

CaM was omitted from the reaction mixture, and that when BH¿ was omitted

from the reaction mixture, the level of activity of the enzyme fell to 28% of fu[

activity, thus showing the importance of these co-factors for enzyme activity.

NO is an important signaling molecule that acts in many tissues to

regulate a diverse range of physiological processes including smooth muscle

contraction-relaxation, vasodilation, neurotransmission and immune response

(Cho ef a1.,1998; Kondo et al., 1999). Low levels of NO are necessary for the

body's functions and maintaining cellular homeostasis. NO derived from

nNOS is responsible for neurotransmission and regulating apoptosis in

neurones. iNOS-derived NO is produced as a result of stimulation by

inflammatory cytokines and a variety of agents such as endotoxin (bacterial

lipopolysaccharide), interleukin L and tumor necrosis factor; and is an
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important component of the body's immune defense (Szabo et al., 1994,

Abramson et al., 2001). NO from eNOS is responsible for vascular smooth

muscle cell relaxation and vasodilation, regulation of biood pressure and

inhibition of platelet aggregation (Szabo et al., 1994; Salerno et al., 1999; Bryk &

Wolfl1999).

Although NO has several important physiological functions, excessive

levels are detrimental and have been implicated as a crucial factor in the

pathology of several conditions. Overproduction by nNOS has been reported

in a number of clinical disorders including acute and chronic

neurodegenerative disorders like stroke, Alzheimet's and Parkinson's; as well

as migraine headaches, convulsion and pain (Salerno et ø1.,1999; F{uang et ø1.,

\999; Kotsonis ef aI., 2001; Di Giacomo et aL 2003). Overproduction of NO by

iNOS has been implicated in various pathological processes, including septic

shock, tissue damage resulting from inflammation and rheumatoid arthritis

(Salerno et ø1., 1999; Di Giacomo et ø1.,2003). During inflammation, the iNOS

enzyme is expressed in response to inflammatory stimuli and produces NO at

very high levels over longer periods (McCartney-Francis et a1.,1993; Connor ef

a1.,1995) (up to 1000 times greater than nNOS or eNOS) in macrophages (Ban

et a1.,2004). In addition, high concentrations of NO in cells is toxic because it

combines with the oxygen-derived radical (superoxide) to produce other toxic

substances such as peroxynikite, which is a powerful oxidant (Huhmer et al.,

1996). This peroxynitrite may be involved in the destruction of the pancreatic
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beta cells. Excessive NO production, the subsequent increase of local

oxidative stress and the alterations in intracellular Ca2* regulation are some of

the important factors that contribute to the degeneration of the pancreatic beta

cells and the development of type I (insulin-dependent) diabetes mellitus

(Rao ef a1.,2002).Increased NO formation has also been implicated in several

tumour Vpes associated with chronic infections and inflammation, such as

gastric, duodenal, esophageal, bladder and liver cancers (Vamvakas &

Schmidt, 1997).

To this end, pharmacological inhibition of NO synthesis from nNOS

and iNOS has emerged as a new therapeutic strategy for the treatment of

various clinical conditions associated with NO overproduction (Bryk & Wolfl

leee).

2.2.1.. NOS INHIBITORS

Several pharmacological substances have been developed as NOS inhibitors

and are indispensable tools for the study of nitric oxide related biological

processes. However, there is no report in the literafure on food-derived NOS

inhibitors. The inhibition of nNOS or iNOS is desirable, but not eNOS.

Selective iNOS inhibitors have been shown to be useful in the treatment of a

variety of inflammatory and autoimmune disorders including septic shock

(Szabo et aI., 1994; Southan et aL, 1995) and rheumatoid arthritis

(McCartney-Francis et ø1.,1993; Connor et ø1.,1995), while selective inhibitors
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of nNOS has been shown to be effective in the treatment of animal models of

stroke (Zhang et al., 1996; O'NeiIl et aI., 2000) and may be useful for the

treatment of some acute neurological disorders like migraine headache,

convulsion and pain; as weli as chronic neurodegenerative diseases (Moore ef

aL.,1993).

The problem with most non-selective inhibitors of NOS is that they

produce side effects such as hypertension (Sander et ø1., 1999) because in

addition to the inhibition of nNOS or iNOS, they also inhibit the action of

eNOS which is important for the regulation of blood pressure and endothelial

cell function (Szabo et ø1., 1994; Bryk & Wolff, 1999). It is reported that

dysfunction of NO formation by the vascular endothelium is implicated in the

pathogenesis of hypertension, hypercholesterolemia, diabetes mellitus,

ischemia-reperfusion injury, angina pectoris, subarachnoid hemorrhage, and

various forms of circulatory shock (Szabo et al., 1994). Therefore the

development of selective NOS inhibitors which have little or no effect on

eNOS is highly desirable.

Two main strategies of NOS inhibition have been employed in the

literature - those that interfere with substrate binding to the enzyme, and

those that target its co-factor binding sites. A large number of L-arginine

analogs, such as Nc-nitro-L-arginine (L-NOARG), Nc-nitro-L-arginine methyl

ester (L-NAME), Nc-methyi-L-arginine (MeArg), Nc-monomethyl-L-arginine

(L-NMMA), N-amino-L-arginine etc, that compete with arginine at the NOS
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substrate-binding site have been developed as NOS inhibitors (Moore et aL,

1990;Bryk & Wolfl 1999; Alderton et a1.,2001). Other types of NOS inhibitors

include guanidines, is othioureas, amidines, thiazine s, b errzoxazoles, pyri d ines,

pteridines, indazoles and imidazoles (Stratman et ø1.,1996; Pekiner et aL,2002;

Di Giacomo et øL,2003). Most of these inhibitors are non-selective or iNOS

selective, while only a few compounds such as 7-nitro-indazole (Moore et al.,

1993),1-(2-trifluoromethyl-phenyl)-imidazole (TRIM) (Handy et ø1.,1995), and

some amino acid derivatives (Huang et a1.,1999) show selectivity for nNOS.

Salerno et al, (1999) in their work described some

1-[(Aryloxy)alkyl]-lH-imidazoles as interesting molecules for their selectivity

for nNOS over eNOS. Di Giacomo et aI., (2003) in a further study reported a

new series of 1-[(Aryloxy)alkyl]-1H-imidazoles in which a longer methylene

chain is present between the imidazole and phenol part of the molecule. Some

of these molecules were found to be more potent nNOS inhibitors than the

parent compound, although the increase in potency resulted in a partial loss

of selectivity. The most potent nNOS inhibitor in this group of imidazoles was

then investigated to determine its mechanism of action and was found to

interact with the tetrahydrobiopterin (BH+) binding site of nNOS without

interfering with any other co-factors or substrate binding sites. This study

shows that the inhibition of NOS by interfering with one of its co-factor

binding site is possible.

Doyle et al. (2002) have isolated two neuropeptides from the secretions

-21 -



of the skin glands of an amphibian which inhibited nNOS activity. Kinetic

analysis revealed the mechanism of inhibition to be non-competitive with

respect to the substrate arginine. Furthermore, when the nNOS inhibition

tests with the peptides were carried out in the presence of increasing

concentrations of çvz+ / CaM, the inhibition dropped by - 50% in each case.

These peptides also inhibited the activity of Calcineurin, another enzyme that

requires the presence of the regulatory ç¿z+ f CaM. The authors proposed that

the amphibian peptides inhibited nNOS activity by interacting with

çaz+ f Ca};4 and as a result blocked the attachment of this protein to the CaM

binding domain of nNOS. This shows that inhibition of NOS is possible using

CaM-binding peptides that interfere with CaM binding to the enzyme.

2.3. FLAXSEED PROTEIN

Protein is a major component of flaxseed (Oomah &.Maaza,1993), and as such

is a suitable economic target for functional foods, particularly for Canada

which produces about 40% of the world's flaxseed and is the world's largest

exporter of flaxseed (Oomah, 2001). The protein content in flaxseed is

influenced by genetic and environmental factors, and ranges from 209 -

48J,%, with a mean of 34.5% (Oomah &Maaza,1995). However, the current

market for flaxseed as a functional food is limited to the whole intact meal

(rich in lignans) and its oil, rich in alphalinolenic acid (ALA) (Li-Chan & Ma,

2002), as evidenced by the results of a meta-analysis by Oomah et aL (2001)



which showed a dearth of studies on the use of flaxseed proteins as a

functional food.

The presence of beneficial bioactive phytochemicals in flaxseed has

increased interest in the meal, which traditionally has been used as animal

feed. (Oomah & Maaza,1993). Flaxseed (Linumusitatissimum)has turned out

to be a functional food ingredient with increasing importance in the world

market because of its potential to reduce the risk of cardiovascular diseases,

cancers, and gastrointestinal disorders (Li-Chan & Ma, 2002; Batlnena et aL,

2002;Lei et a1.,2003).

However, while there is a plethora of studies attributing the beneficial

effects of flaxseed in cardiovascular disease and certain forms of cancer to its

oil, rich in ALA and to its lignan content, the potential effects of flaxseed

proteins is generally an under-researched area. A possible reason for this may

be due to the fact that flaxseed protein isolate is not available in commercial

quantities, unlike protein isolates from other crops like soy and peas. A lack

of scientific and technical information on flaxseed protein may also be a

reason why flaxseed has not been exploited commercially as a plant protein

source (Wanasundara & Shadidi, 1997). There is however, promise for

flaxseed protein as a functional food source due to its amino acid

composition.
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2.3.1,. FLAXSEED AMINO ACID COMPOSITION

The amino acid composition of flaxseed proteins is comparable to those of soy

and canola, thus flaxseed meal may be considered as a source of high-quality

plant protein. (Oomah & Mazza, 1993; Wanasundara & Shahidi, 1997).

Furthermore, flaxseed protein is rich in positively charged and hydrophobic

amino acids, which increases the likelihood of producing hydrophobic and

positively charged peptides upon enzymatic hydrolysis.

Table 2.3.L shows that flaxseed is an excellent source of arginine, and

contains appreciable amounts of lysine. It also contains considerable amounts

of the hydrophobic amino acids phenylalanine, alanine, proline, valine,

leucine and isoleucine. Since these are the amino acids that dominate the

primary structure of known CaM-binding peptides, we expect that flaxseed

protein can be used to produce CaM-binding peptides which will have NOS

inhibitory activity.
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Table 2.3.L. Amino acid
(y100 g protein)

composition of flaxseed meal and protein isolate

Amino acids Commercial flaxseed meal Flaxseed protein isolate

Alanine

Arginine

Aspartic acid

Cystine

Glutamic acid

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

5.5

11..1.

12.4

4.3

26.4

7.1.

3.1

5.0

7.1.

4.3

2.5

5.3

5.5

5.9

5.1

1..7

3.1

5.6

5.1

10.4

11.0

Nr

24.6

4.9

5.7

5.2

6.5

5.3

3.2

/.3

7.5

4.9

3.6

Nr

5.0

5.6

Adaptedfrom Oomah I Maaza,1,995

Nr = Nof reported
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CHAPTER THREE - MATERIALS AND METHODS

3.1. PROTEIN ISOTATION FROM FLAXSEED MEAL

Flaxseed protein isolate is not commercially available, thus the protein was

isolated from defatted flaxseed meal (Bioriginal Foods, Saskatoon). Protein

isolation was by acid-induced precipitation according to the method of Dev &

Quensel (1988). The flaxseed meal was dispersed in distilled water

(meal:water ratio of 1.:20), and the pH of the mixture adjusted to L0.0 with 0.5

M NaOH to make the protein soluble, while stirring constantly for 30 min at

room temperature. The mixture was centrifuged at10,000 x g for 30 min, and

the pH of the supernatant adjusted to 4.2 by the addition 0.5 M HCI gradually

to precipitate the protein. The precipitated protein was isolated by

centrifugation, and the precipitate obtained after centrifugation was dispersed

in acidified water (approximately 20 volumes) and mixed for 10 minutes. This

procedure was repeated, with the resulting precipitate dispersed in

approximately 5 volumes of water. The pH of the resulting mixture was then

adjusted to 6.5 with 0.5 M NaOH, and freeze dried as the protein isolate. The

amount of protein in the protein isolate was determined using the Kjeldahl

method, which is based on determining the total nitrogen in a sample. The

amount of protein was expressed as %Nitrogen x 6.25 and was estimated as

78.38%. (Krause et øL,2002).
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3.2. ENZYMATIC HYDROLYSIS OF FLAXSEED PROTEIN

Hydrolysis of flaxseed protein isolate to produce CaM-binding peptides was

optimized using the enzyme alcalase (Sigma Chemicals Co., St. Louis, MO).

Alcalase is a serine alkaline protease that has broad specificity by hyüolyzing

most peptide bonds, particularly those containing aromatic amino acid

residues (Doucet et aL,2003). The enzyme has its optimum activity between

pH 8 and 9 and broad pH stability, and is inactivated quickly below pH 5.0

and above pH L1.0. Alcalase is an industrial food grade enzyme and is often

used because of its low cost (Doucet et a1.,2003).

Flaxseed protein hydrolysis was carried out according to the method of

Aluko & Monu (2003) at various enzyme:substrate ratios. The different

hydrolysis conditions were carried out with enzyme concentrations ranging

from}- 6 % (w/w flaxseed protein basis) as follows:

1) An enzyme:substrate ratio of 1.:25 f.or 2,4 and 6 hours

2) An enzyme:substrate ratio of 1..5:25 for 6 hours

3) An enzyme:substrate ratio of L:50 for 6 hours

A slurry of the protein isolate (3 - 8% w f v, protein basis) was prepared

in distilled water and the pH adjusted to 9.0 with 2 M NaOH solution. The

slurry was heated to 50"C and the enzyme added while gently stirring. The

sample was digested at 50'C while the pH was kept constant at 9.0

(variability of t 0.5) by addition of 2 M NaOH when necessary/ as this is the

pH at which the enzyme is most active. After digestion, the pH of the protein
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hydrolysate was adjusted to 4.0 with 2 M HCI to stop the enzyme reaction

and precipitate undigested materials, cooled to room temperature, and then

centrifuged at 1-0,000 x g for l-5 min. The resulting supernatant, which

contains target peptides was passed through an Amicon stirred ultrafiltration

cell set-up using a 1000-Dalton molecular weight membrane (Millipore

Corporation, USA). The permeate, which contains low molecular weight

peptides (<1000 Daltons) was freeze-dried as the protein hydrolysate.

3.3. DETERMINATION OF CALMODULIN-BINDING ACTIVITY
(TURBIDITY TEST)

The permeate obtained from each hydrolysate was subjected to a turbidity

test to determine calmodulin-binding activity according to the modified

method of ltano et al. (1980). The use of turbidity to measure

calmodulin-binding activity of the peptide fractions is based on the fact that

the calmodulin-peptide complex is less soluble and thus more turbid than

calmodulin alone. When compared to calmodulin alone, the more turbid

calmodulin-peptide solution has an increased absorbance within the visible

light wavelength range. The higher the affinity of a peptide for calmodulin,

the higher the absorbance, thus the calmodulin-binding activity of peptides

can be determined using spectrophotometry.

Equal volumes of calmodulin solution (200 pg calmodulin /rnL of PIPES

buffer) and peptide solution (1 rng peptide/ml of PIPES buffer) were mixed,

and absorbance measured at 500 nm. Equal volumes of calmodulin solution
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and PiPES buffer were also mixed and absorbance measured at 500 nm. The

PIPES buffer served as blank (standard) in both measurements. The

pathlength of the cuvette used in all measurements was 1 cm. The difference

in absorbance of the CaM/peptide solution and CaM/buffer solution gave

the turbidity. Increased turbidity of CaM/peptides fractions suggests higher

CaM-binding activity of the peptide fractions.

3.4. DIGESTION OF PROTEIN HYDROLYSATE VVITH GASTRIC
PROTEASES

The permeate that produced the highest CaM turbidity was digested with

gastric proteases in order to determine if they will be stable and resistant to

digestion in the gastrointestinal tract when ingested according to the modified

method of Wu & Ding (2002). The peptides were treated with pepsin in order

to imitate digestion in the stomach, and with pancreatin to imitate intestinal

digestion. Pepsin is the enzyme in the stomach that degrades proteins into

peptides, while pancreatin is a mixture of pancreatic enzymes including

amylase, trypsin, chymotrypsin and lipase.

The protein hydrolysate (1.% w/v) was incubated in pepsin solution (0.2

mg/ mL 0.1 M KCI buffer , pH 2.0) for 4 h at 37oC in a shaking water bath. The

reaction was stopped by boiling for 15 mins and neutralized to pH 7.0 with

2.0 M NaOH. 10 mL of pancreatin solution (4.47 mg/mL 0.2 M MOPS, pH 8.0)

was then added to the reaction mixture and incubated for 4 h at 37oC. After 4

h the mixture was boiled for L5 mins to stop the enzyme action, cooled and
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centrifuged. The supernatant was passed through a 1,,000 molecular weight

cut-off membrane. The permeate was then freeze-dried and re-tested for

CaM-binding activity using the turbidity test.

3.5. PROTETN CONTENT DETERMINATION (MODIFIED LOWRY
METHOD)

Protein content of peptides was determined by the modified Lowry method

(Lowry et ø1.,1951). The following reagents were used:

Reagent A:2% NazCOs + 0.4% NaOH + 0.1,6% sodium tartrate + L% sodium

dodecyl sulfate (all dissolved in distilled water)

Reagent B:4% CuSO¿.SHzO dissolved in distilled water

Reagent C: 100 parts of reagent A + L part of reagent B

Reagent D: 1 part of Folin-Ciocalteu phenol reagent + 1 part of distilled water.

A L mL aliquot of peptide sample containing 20-100 pg/mL protein was

prepared and mixed with 3 mL of reagent C followed by incubation at room

temperature for L hr. Reagent D (0.3 mL) was added to the samples and

mixed vigorously using a vortex. The mixture was kept at room temperature

for 45 min and the absorbance at 660 nm was measured at room temperature

using a 1 cm pathlength cuvette in a spectrophotometer (Ultrospec 4000,

Pharmacia Biotech). Standard protein solutions that contained 20-100 pg/rL

bovine serum albumin (BSA) were prepared and absorbance measured

following the same steps. Triplicate determinations were used to calculate

protein concentrations.



3.6. PEPTIDE FRACTIONATION

Since CaM-binding peptides have been shown to be positively charged

(O'Neil & DeGrado,1990; Kizawa et aI., 1995), peptides with a net positive

charge were isolated from the freeze-dried permeate using cation exchange

chromatography. The principle behind ion exchange chromatography is

based on charge-charge interactions between solute molecules and a column.

In cation exchange chromatography, the column is packed with a negatively

charged resin to which positively charged solute molecules can bind as they

pass through the column. The bound solute molecules are then eluted or

removed from the column by making the column unfavorable for binding of

the solute molecules. This is done by increasing the ionic strength or pH of the

eluting buffer. The solute molecules are then released from the column in

order of their strengths of binding, with the most weakly bound substances

i.e. those with the least positive charge being eluted first. Thus substances that

bind tightly to the column are eluted last and are more positively charged.

The freeze-dried permeate was dissolved in 0.1 M ammonium acetate

buffer (pH 7.0) and the solution (100 mg protein/ml of buffer) adjusted to pH

7.0 using 2 M ammonium hydroxide. The peptide solution was loaded onto a

cation-exchange chromatography column (Hiload 26 / 10 SP-Sepharose High

Performance, Amersham Biosciences) connected to a Fast Protein Liquid

Chromatography (FPLC) system (AKTA FPLC, Amersham Biosciences). The
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column was washed with 0.1 M ammonium acetate buffer (pH 7.0) to remove

unbound peptides; a linear gradient of 0-60% 0.5 M ammonium carbonate

was then applied to elute the adsorbed peptides. All buffers and samples

were passed through 0.2 pM membrane filters to remove impurities that

could clog the column. Eluted peptide fractions were collected and freeze

dried.

3.7. DETERMINATION OF AMINO ACID COMPOSITION OF PEPTIDE
FRACTIONS

The amino acid composition of the peptide fractions obtained was performed

at the Department of Animal Science, University of Manitoba according to the

Association of Official Analytical Chemists (AOAC) Official Method 994.12

(1990). 100 mg sample was weighed into a hydrolysis tube. After the addition

of 2 drops of 2-Octanol and 4 mL of 6 N HCl, a lid was placed on the tube and

the tube evacuated for 30 s before the lid was tightly secured. The sample was

then digested in a pre-heated block at 110'C for 24 h. Thereafter, the sample

was cooled to room temperature and neutralized with 4 mL of 25% w/v

NaOH and then made up to 50 mL with a sodium citrate solution (pH 2.2).

The sample was thoroughly mixed and filtered through a Whatman #40 filter

paper and a 0.22 p,m nylon syringe filter. Peptide fraction #L cysteine and

methionine content were determined by oxidizing a mixture of 100 mg

sample and 2 drops of 2-Octanol with 2 mL performic acid (88% formic acid

and 35% HzOz mixed in a 9:l ratio) in the fridge Íor 20 h. Thereafter, 0.4 g of
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sodium metabisulphate was added to the sample, allowed to stand for 6 h in

the fume-hood and oxidized with 2 mL concentrated HCl. The sample was

then digested in a pre-heated block for 16 h at 110'C, cooled to room

temperature and neutralized with 25% w/v NaOH. There was not enough

peptide fraction #2 to determine cysteine and methionine content using the

oxidation method. The amino acid composition of all samples was analyzed

using an LKB 4151. alpha plus amino acid analyzer (LKB Biochrom,

Cambridge, UK) equipped with an LKB 4029 programmer and a 33934

Hewlett-Packard Integrator (Hewlett-Packard Co., Avondale, USA) which

uses a cation exchange column.

3.8. ENZYME INHIBITION KINETICS

nNOS and eNOS activities were each determined by measuring the rate of

decrease in NADPH absorption at 340 nm according to the modified method

of Cho et al. (!998) using a spectrophotometer (Ultrospec 4000, Pharmacia

Biotech). The assay was carried out at37oC with different CaM concentrations

in the absence of peptides (control) and at varying peptide concentrations in a

total volume of 2 mL. The final reaction mixture contained 50 mM HEPES

buffer (pH 7.0), L mM DTT,4 pM tetrahydrobiopterin,4 pM FAD,4 pM FMN,

1 mM CaClz,10 units catalase, l- mM L-arginine and 0.1 mM NADPH. Three

units of nNOS and 0.5 units of eNOS were used for the nNOS and eNOS

assays respectively. The calmodulin concentrations used were 0.00625,0.025
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and 0.05 pM. Stock solutions of all reagents were prepared with the HEPES

buffer (pH 7.0). The duration of enzyme assay was 30 min and absorbance

was measured every 30 seconds.

3.9. DETERMINATION OF PEPTIDE-INDUCED MODULATION OF

CALMODULIN AND ENZYME STRUCTURES BY

SPECTROFLUORIMETRY

3.9.L. Intrinsic fluorescence of CaM

Intuinsic fluorescence spectroscopy was used to determine changes in the

structure of CaM as a result of interaction with both peptide fractions. The

principle of this method is based on the fact that proteins absorb light and

emit radiation in the UV range of the spectrum. During absorption, light

energy is used to promote electrons from the ground state to an excited state.

Fluorescence emission is observed when excited electrons revert from the first

excited state back to the ground state (Schmid, 7989). Changes in protein

conformation such as unfolding often influence the fluorescence emission

intensity. Fluorescence is thus an excellent spectroscopic probe to investigate

the conformational changes of proteins (Schmid, 1989).

The intrinsic fluorescence of proteins originates from the absorption

properties of the three aromatic amino acids; phenylalanine, tyrosine and

tryptophan. The excitation wavelengths for phenylalanine, tyrosine and

tryptophan are 257,274 and 295 nm respectively. In proteins that contain all

three aromatic amino acids, fluorescence is usually dominated by the

contribution of tryptophan residues because both their absorbance at the
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excitation wavelength and their quantum yield of emission are greater than

the corresponding values for tyrosine and phenylalanine. In the case of CaM

however, excitation wavelength of tyrosine or phenylalanine is used for its

fluorescence because of the absence of tryptophan residues.

Stock solutions of calcium (40 mM), calmodulin (2 pM) and peptide

fractions I and II (10 mg/mL) were prepared with 50 mM HEPES buffer (pH

7.0). All measurements were taken using a total volume of 2 mL with final

concentrations of calcium and calmodulin as 1- mM and 0.05 ¡rM respectively.

Three concentrations each of peptide fractions I and II were used. Final

concentrations for fraction I were 0.00625,0.0125 and 0.025 mgf rnL, while

those of fraction II were 0.0125,0.0025 and 0.005 mg/mL.

The fluorescence measurements were recorded using a

spectrofluorophotometer (RF-1501 spectrofluorophotometer, Shimadzu,

Japan). Excitation signal for phenylalanine was too weak; therefore, tyrosine

fluorescence was used to determine structural changes of CaM. The excitation

wavelength was fixed at 275 nm and the fluorescence emission spectra were

recorded between 290 and 400 nm. All measurements were taken using a L cm

pathlength quartz cuvette. The following spectra measurements were taken:

1. Buffer alone

2. Buffer + CaM

3. Buffer + Ca2*

4. Buffer + CaM + Ca2*
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5.

6.

Buffer + Peptide

Buffer + CaM + Ca2* + Peptide

The following calculations were made in order to obtain the structure of

CaM, the structure of CaM in the presence of Caz*, and the sfuucfure of

CaM/ Caz* in the presence of peptides:

a) 2-7=StructureofCaM

b) 4 - 3 = Structure of CaM in the presence of Caz*

c) 6 - 5 = Structure of CaM in the presence of Caz* and peptide

Each analysis was done in duplicate and analysis of variance and

Duncan's multiple-range test carried out using the Statistical Analysis

Systems software, Version 9.L (Statistical Analysis System, Cary, NC).

3.9.2 - Intrinsic fluorescence of nNOS and eNOS

Fluorescence spectroscopy also was used to determine changes in the

structure of nNOS and eNOS as a result of interaction with CaM and peptide

fractions I and II. Excitation wavelength was fixed at 295 nm and emission

wavelength range was from 310 - 450 nm. An excitation wavelength of 295

run was used because this is the wavelength of tryptophan absorption and

since CaM has no tryptophan residues, all spectra measurements indicate the

changes in the structures of nNOS and eNOS only. All measurements were

taken using the same concentrations of calcium, calmodulin and peptide

fractions described in section 3.9.L. The final concentration of nNOS and

-36-



eNOS in a total volume of 2 mL was 0.5 and 0.05 units respectively. All

measurements were taken using a l- cm pathlength quartz cuvette.

The following spectra measurements were taken:

1,. Buffer alone

2. Buffer + Enzyme

3. Buffer + CaM * Ç¿2+

4. Buffer + Enzyme + CaM * Ç¿2+

5. Buffer + Peptide

6. Buffer + Enzyme + CaM * Caz* + Peptide

The following calculations were made in order to obtain the structure of

enzyme in the absence and presence of CaM/Ca2* and CaMf Caz*/peptides:

a) 2 - 1, = Structure of enzyme

b) 4 - 3 = Structure of enzyme in the presence of CaM and Ca2*

c) 6 - 5 = Structure of enzyme in the presence of CaM, Ca2*, and peptides

Each analysis was done in duplicate and analysis of variance and

Duncan's multiple-range test carried out using the Statistical Analysis

Systems software, Version 9.1 (Statistical Analysis System, Cary, NC).

3.9.3 - Extrinsic fluorescence of CaM using 8-anilino-L-naphthalene-sulfonic
acid (ANS)

ANS has been widely used as a hydrophobic probe for protein structure. It

fluoresces weakly in aqueous solution but brightly in hydrophobic

environments. It binds to the hydrophobic groups of the protein thus leading
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to an increase in fluorescence intensity (Brand & Gohlke, 1972). Ca2* binding

to CaM exposes hydrophobic regions that are capable of binding to a number

of hydrophobic fluorescent probe molecules such as ANS (Tanaka et a1.,1986).

ANS can therefore, be used as an external fluorescence probe to investigate

the exposure of hydrophobic patches or unfolding of CaM and thus provide

information about its st¡uctural properties.

A stock solution of 2 mM ANS was prepared with 50 mM HEPES buffer

(pH 7.0) and the same concentrations of calcium, calmodulin and peptide

fractions described in section 3.9.1 was used for the fluorescence

measurements. The final concentration of ANS in a total volume of 2 mL was

50 ¡rM. Excitation wavelength was fixed at 385 nm and fluorescence spectra

were recorded between 400 and 650 nm. All measurements were taken using

a L cm pathlength quartz cuvette.

The following spectra measurements were taken:

1,. Buffer alone

2. Buffer + ANS

3' Buffer + ANS + Ca2*

4. Buffer + ANS + CaM

5. Buffer + ANS + CaM + Caz*

6. Buffer + ANS + Peptide

7. Buffer + ANS + CaM + Caz* + Peptide
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The following calculations were made to obtain the structure of ANS, and

ANS in the presen ce of Ca2*, CaM, çuz+ f CaM, and Ca2* f CaM/ peptide:

a) 2 -'L = Fluorescence of ANS

b) 3 - 2 = Fluorescence of ANS in the presence of Ca2*

c) 4 - 2 = Fluorescence of ANS in the presence of CaM

d) 5 - 3 = Fluorescence of ANS in the presence of CaM and Ca2*

e) 6 - 2 = Fluorescence of ANS in the presence of Peptides

Ð 7 - 6 = Fluorescence of ANS in the presence of CaM * Ç¿2+ + Peptides

Each analysis was done in duplicate and analysis of variance and

Duncan's multiple-range test carried out using the Statistical Analysis

Systems software, Version 9.L (Statistical Analysis System, Cary, NC).

3.1.0. DETERMINATION OF THE SECONDARY AND TERTIARY
STRUCTURES OF CALMODULIN BY CIRCULAR DICHROISM

When a chromophore is part of an asymmetric structure, or when it is

immobilized within an asymmetric environment, left-handed and right

handed circularly polarized light are absorbed to different extents. This

phenomenon is called circular dichroism (CD). CD is by definition the

difference in absorption of left and right circularly polarized light (Schmid,

1e8e).

CD spectra of proteins is useful for understanding several aspects of

protein strucfure, and plays an important role in exploring the processes of

the folding and unfolding of proteins (Ketly & Price, 1997). CD spectra of
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proteins are usually divided into the far and near LfV regions. The far UV

region (<250 nm) is dominated by transitions of the peptide backbone of the

protein and is referred to as the amide region. Studies of the far UV region

(usually from 240 nm to l-90 or 180 nm) can be used to quantitatively assess

the overall secondary structure of a protein, because in this region the

principal absorbing group is the peptide bond. The near UV region ranges

from 250 - 340 nm and is described as the aromatic region because the

aromatic amino acids (phenylalanine, tyrosine, and tryptophan) absorb in this

region. Studies of the near LIV region can be useful in the determination of the

native or tertiary structure of a protein (Kelly & Price, 1997). Both far- and

near-[JV CD were used to study the changes in the secondary and tertiary

structures of CaM when bound to both peptide fractions. Both far and near

W CD spectra were measured using a JASCO model I-810

spectropolarimeter $ASCO Corporation, Tokyo, Japan).

3.10.L. Far UV spectra

Stock solutions of calcium (0.2 M), CaM (80 pM), and peptide fractions I and II

(20 mg/ml) were prepared with 50 mM HEPES buffer (pH 7.0). Final

concentrations of calcium and CaM in a total volume of 200 pL were 5 mM

and 8 pM respectively. Final concentration of both peptide fractions was 0.5

mg/mL. Far UV spectrum was measured from 185-240 nm. All measurements

were taken using a quartz cell with pathlength of 0.5 mm. The far-UV spectra
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of the following solutions were taken:

1. Buffer alone (blank)

2. Buffer + CaM

3. Buffer + CaM * f¿2+

4. Buffer + CaM * Ç¿.2+ + PePtide

The deconvolution of these spectra was performed using the CDSSTR

secondary structure determination algorithm (Lobey et a1.,2002; Whitmore &

Wallace,2004) accessed via the DICHROWEB website.

3.L0.2. Near UV spectra

Stock solutions of calcium (0.2 M), calmodulin (320 pM), and peptide fractions

I and II (20 mg/mL) were prepared with 50 mM HEPES buffer (pH 7.0). Final

concentrations of calcium and CaM in a total volume of 1 mL were L0 mM

and 80 pM, respectively. Final concentration of both peptide fractions was 1

mg/mL. Near UV spectrum was measured from 250-320 run. All

measurements were taken using a qaartz cell with pathlength of 10 mm.

The near-UV spectra of the following solutions were taken:

1. Buffer alone (blank)

2. Buffer + CaM

3. Buffer + CaM + Caz*

4. Buffer + CaM + Ca2* + Peptides
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CHAPTER FOUR - RESULTS AND DISCUSSION

4.1.. CALMODULIN BINDING ACTI VITY OF PEPTIDES

Protein hydrolysis was carried out in seven different hydrolysis conditions.

Each hydrolysate obtained was tested for calmodulin binding activity by

turbidity. Table 4.L.L shows the summary of. the calmodulin binding activity

of each hydrolysate given as turbidity.

Table 4.1.1,. Calmodulin binding activity of hydrolysates

Hydrolysate # Hydrolysis conditions Turbidity*

5 % substrate,4% enzyme, 6 hrs

5 % substrate,4% enzyme, 2 hrs

5 % subst¡ate,4% enzyme, 4 hrs

5 % substrate,2% enzyme, 6 hrs

5 % substrate, 6% enzyme, 6 hrs

3 % substrate,4% enzyme, 6 hrs

8 % substrate,4% enzyme, 6 hrs

Note:
Turbidity = 2.303A/l
where A = absorbance at 550nm
and I = cuvette path length (1cm)

*Values are Mean+SD

A

B

C

D

E

F

G

0.0081r0.002

0.0023r0.000

0.0012r0.002

0.0230r0.003

0.0265r0.002

0.010410.002

0.0196r0.002
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As shown in Table 4|1..1.., the hydrolysate that had the highest turbidity

is hydrolysis #E. This hydrolysate was then further tested with GiT enzymes

and retested for CaM-binding activity. There was no change in absorbance.

This shows that the peptides have the potential to pass through the digestive

tract without being broken down by gastric enzymes.

4.2. PEPTIDE FRACTIONATION

Fractionation of the protein hydrolysate on a cation exchange column yielded

two peptide fractions. Fraction I eluted from 5 to 8 minutes after application

of linear gradient while fraction II eluted from L6 to L9 minutes. The peaks (I

& II) are shown in Figure 4.2.1.below. The fact that peptide II eluted later from

the column means it was bound more tightly to the column and has a higher

net positive charge than peptide L However, the volume of the peak for

peptide I was twice as much as that of peptide II.

The present results are similar to that of Li & Aluko (2005) in which 2

positively charged peptides from a pea protein hydrolysate were obtained by

cation exchange chromatography.
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Figure 4.2.1- Peptide separation by FPLC
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4.3. AMINO ACID COMPOSITION

The amino acid compositions of the two peptide fractions are shown in Table

4.3.1. Both peptides contain appreciable amounts of positively charged amino

acids (lysine and arginine) and moderate amounts of hydrophobic amino

acids such as leucine, isoleucine and valine. Peptide fraction I had a higher

percentage of arginine (35%) compared to fraction II (28%), however, fraction

II peptides had higher levels of histidine, and lysine, indicating a higher net

positive charge when compared to peptides in fraction I. The results in this

study are similar to those of Li & Aluko (2005) in which the peptide fraction

that eluted later had higher levels of positively charged amino acids when

compared to the early eluting peptides. The lysine (77%) and arginine (28%)

content in peptide fraction II obtained in this study is comparable with those

of peptide fraction II obtained in the study by Li & Aluko (2005) using pea

proteins [Lys (15%); Arg (25%)]. However, the histidine content (10%) in our

peptide was much higher than those obtained from the pea proteins (2%).



Table 4.3.L. Percentage amino acid composition of peptide fractions

Amino acid Peptide fraction I Peptide fraction II

ASx (ASP+ASN)

THR

SER

GLx (GLU+GLN)

PRO

GLY

ALA

CYS

VAL

MET

ILE

LEU

TYR

PHE

HIS

LYS

ARG

TRY

3.61.

2.59

4.40

10.67

2.36

4.75

3.24

0.34

5.08

L.56

2.78

6.2'J.

1,.59

4.66

2.03

4.70

35.6s

3.76

3.01

0.89

2.88

11.30

2.95

4.55

1,.20

7.24

2.60

1..68

2.73

4.36

2.86

0.91

10.78

1L.44

28.79

5.85
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4.4. ENZYME INHIBITION KINETICS

4.4.1,. Inhibition of nNOS activity

Peptide fractions I and II were used for enzyme inhibition studies. Figures

4.4|1. and 4.4.2 show the percentage residual activity of nNOS at different

levels of inhibition with peptides I and II respectively, at different CaM

concentrations. Peptide I concentrations of 'J.,.5, 2.5 and 3.5 mg/ml and

peptide II concentrations of 0.25,0.75 and1..0 rng/mL were used to inhibit the

activity of CaM-dependent nNOS. At fixed CaM concentration, nNOS activity

decreased moderately as peptide concentration increased. As CaM

concentration increased at fixed peptide concentration, nNOS activity

increased, suggesting that inhibition can be overcome by increasing the

concentration of CaM.

These findings are consistent with previous studies on peptide-induced

inhibition of CaM-dependent enzymes. Kizawa et ø1. (1995) and Li & Aluko

(2005) showed a reduction in PDE and CaMKII activities respectively with

increasing peptide concentrations. Also similar to our findings, DoyIe et ø1.

(2002) showed that inhibition of nNOS by amphibian peptides reduced with

increasing CaM concentrations.

At the concentrations we used for nNOS inhibition in this study, both

peptides do not appear to be very potent inhibitors of nNOS. Peptide II at 0.75

mg/mL (in the presence of 0.05 ¡rM CaM) was only able to reduce nNOS

activity by - 19%. Twice its concentration of peptide I (1.5 mg/ml.) at the
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Figure 4.4J1,. EÍf.ect of peptide fraction I on nNOS activity (o/o\ at different
CaM concentrations

nNOS+Peptidel(Enzyme
activity vs peptide conc)
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-+ 0.025 pM GaM
--.- 0.05 ¡rM GaM

123
Peptide concentration (mg/mL)

Note: Lines with error bars that do not overlap are statistically different.
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Figure 4.4.2. Effect of peptide fraction II on nNOS activity (o/ol at different
CaM concentrations

nNOS + Peptide ll (Enzyme
activity vs peptide conc)
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same CaM concentration reduced nNOS activity by only 13%. Conversely, a

previous study (Li & Aluko, 2005) in which similar concentrations of pea

protein-derived peptides was used to inhibit CaMKII produced up to 90%

inhibition of enzyme activity. Table 4.4.1 shows the concentration of both

peptides that will reduce nNOS activity by 50% (ICso) at different CaM

concentrations. ICso values of both peptides do not appear to be significantly

different, except at CaM concentration of 0.05 pM CaM. These ICso values are

higher than those obtained in the study by Li & Aluko (2005) with similar

CaM concentration.

Figures 4.4.3 and 4.4.4 show the double reciprocal (Lineweaver-Burke) plots

of the enzyme reaction velocity for nNOS at different peptide concentrations.

Lineweaver-Burke plots showed that both peptides moderately inhibited

nNOS in a non-competitive manner, as evidenced by the convergence of all

the lines at the same point on the x-axis. The higher the inhibitor

concentration, the higher the slope, and this suggest a reduction in the ability

of CaM to activate nNOS. Non-competitive inhibition means that the inhibitor

binds to the enzyme at a site other than the active site of the enzyme, thus it is

possible that the peptides bind to nNOS at a site other than its CaM-binding

site. It is also possible that peptide binding caused changes in CaM structure

such that its ability to activate nNOS was reduced. Our results are similar to

that of Barnette et al. (\983) which showed that melittin inhibited the bindinø

of chlorpromazine to CaM in a non-competitive manner.



Figure 4.4.3. Lineweaver-Burke plot of nNOS inhibition with peptide
fraction I
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Figure 4.4.4. Lineweaver-Burke plot of nNOS inhibition with peptide
fraction II
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However, our results differ from that of a previous study by Katoh et aI.

(1982) in which melittin inhibited myosin light chain kinase, a

CaM-dependent enzyme competitively with respect to CaM and that of Li &

Aluko (2005) in which pea protein derived peptides inhibited CaMKiI,

another CaM-dependent enzyme in a competitive manner.

Table 4.4.2 shows the Km and Vmax values of both peptides for nNOS

inhibition. Vmax is defined as the maximal velocity for enzyme reaction while

Km is the substrate concentration required to reach half of maximal velocity

(Yrnax/2).In pure non-competitive inhibition, Km is unchanged, while for

mixed non-competitive inhibition, Km either increases or decreases. Km

values obtained for nNOS inhibition with peptide I showed that the inhibition

is of the mixed type, while that of peptide II showed that the inhibition is of

the pure type. Vmax values for non-competitive inhibition decreases as

inhibitor concentration increases. Our results show that Vmax values for

peptide II inhibition of nNOS decreased steadily with increase in peptide

concentration, whereas that of peptide I did not follow this pattern.

Compared to control, Vmax of peptide I at 1.5 mg/mL decreased, but when

peptide concentration was increased to 2.5 mgf mL, the Vmax increased.

However, the Vmax decreased again as peptide concentration was increased

to 3.5 mg/mL, suggesting a mixed pattern of non-competitive inhibition.
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Table 4.4.L. ICso (mg/ml-) of peptide fractions at different CaM
concentrations (nNOS)

CaM concentration ICso (mg/ml,)*

(pM) Peptide fraction I Peptide fraction II

0.00625 6.71. 6.65

0.025 11.11 10.18

0.05 11.20 8.32

*ICso is the peptide concentration that reduced enzyme activity by 50%

Table 4.4.2.Km and Vmax values for the inhibition of nNOS by peptides

Conkol Peptide fraction I Peptide fraction II

Concentration

(mglmL)

1.5 2.5 3.5 0.25 0.75 L.0

Km (¡rM) 0.010 0.017 0.024 0.023 0.008 0.007 0.008

Vmax (AAlmin.) 0.514 0.481, 0.526 0.472 0.376 0.329 0.308

*Change in absorbance at 340 nm
Vmax = maximal velocity
Km = CaM concentration required to reach half of maximal velocity Smax/2)

-54-



4.4.2.Inhibition of eNOS activity

Both peptides were also tested for inhibitory activity against eNOS in order to

compare it with nNOS inhibition.

Figure 4.4.5 shows the percentage residual activity of eNOS at different

levels of inhibition with peptide I at different CaM concentrations. The same

concentrations of peptide and CaM used for nNOS inhibition also were used

to inhibit the activity of eNOS. At fixed CaM concentration, eNOS activity

decreased as peptide concentration increased, but enzyme activity was

generally higher than that observed for nNOS at the same peptide

concentrations. As CaM concentration increased at fixed peptide

concentration, eNOS activity increased, and at CaM concentration of 0.05 ¡rM

inhibition was completely overcome. These results show that the peptide

inhibit nNOS to a greater extent than it does for eNOS.

Smaller concentrations of peptide II were used for eNOS inhibition

because the concentrations used for nNOS inhibition resulted in total

inhibition of the enzyme. Peptide II concentrations of 0.005 and 0.01 mg/mL

(Figure 4.4.6) moderately inhibited eNOS activity to a similar extent and is

comparable to peptide I inhibition of eNOS at higher concentrations (2.5 and

3.5 mg/mL).

Figures 4.4.7 and 4.4.8 show the double reciprocal (Lineweaver-Burke)

plots of eNOS reaction velocity at different peptide I and II concentrations. In

conÍast to nNOS, Lineweaver-Burke plots showed that both peptide fractions
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Figure 4.4.5. Effect of peptide fraction I on eNOS activity at different CaM
concentrations
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Figure 4.4.6. Eff.ect of peptide fraction II on eNOS activify at different CaM
concenkations
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inhibited eNOS in a competitive manner, as evidenced by the convergence of

all the lines at the same point on the y-axis. The higher the inhibitor

concent¡ation, the higher the slope, and this suggest a reduction in the ability

of CaM to activate eNOS. Competitive inhibition means that the inhibitor

binds to the enzyme at its active site, thus it is possible that the peptides bind

to a site which CaM uses to interact with eNOS. It is also possible that peptide

binding caused changes in CaM active site conformation such that its ability

to interact with eNOS was reduced.

The ICso values obtained for peptide I inhibition of eNOS (Table 4.4.3) is

lower than that obtained for peptide I inhibition of nNOS. Theoretically, the

lower the ICso of an inhibitor is for an enzyme, the more potent it is as an

inhibitor of that enzyme. FIowever, it is important to note that only 0.5 units

of eNOS was used for enzyme kinetics, compared to 3 units used for nNOS

inhibition. It is interesting to note that ICso values obtained for peptide II

inhibition of eNOS was generally higher than that obtained for nNOS

inhibition, though much smaller peptide concentrations were used. The Km

and Vmax values of peptides for eNOS inhibition shown in Table 4.4.4 are

indicative of a competitive mode of inhibition. This further confirms that the

peptides obtained in this study interact with eNOS in a manner distinct from

that of nNOS.
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Figure 4.4.7. Lineweaver-Burke
fraction I.
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Figure 4.4.8. Lineweaver-Burke plot of
fraction II.

eNOS inhibition with peptide
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Table 4.4.3. ICso (mglml,) of peptide fractions different CaM concentrations
(eNoS)

CaM concentration ICso value (mglml.)*

(pM) Peptide fraction #1 Peptide fraction #2

0.00625 5.47 8.0e

0.025 7.33 7.e7

0.05 No inhibition 13.49

*ICso is the peptide concentration that reduces enzyme activity by 50%

Table 4.4.4.Km (CaM concentration) and Vmax values for the inhibition of
eNOS by peptides

Control Peptide fraction I Peptide fraction II

Concentration

(mg/mL)

Km (pM) 0.0028 0.0048 0.0095 0.0101 0.0056 0.0057

Vmax (aAlmin.) 0.2590 0.2748 0.3046 0.2870 0.2440 0.2321

*Change in absorbance at 340 nm
Vmax = maximal velocity
Km = CaM concentration required to reach half of maximal velocity (max/2)

1.5 2.5 3.5 0.005 0.01
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4.5. FLUORESCENCE STUDIES

4.5.L. Intrinsic fluorescence of CaM

Fluorescence studies in the absence and presence of calcium and peptides

were conducted in order to understand the structural consequences to CaM

structure after interaction with these molecules. Varying concentrations of

both peptides were added to CaM in the presence of calcium. Figures 4.5.1

and 4.5.2 show the effects of calcium and different concentrations of peptide

fractions I and II, respectively on CaM structure. Addition of calcium to CaM

resulted in an increase in fluorescence intensity (FI) of CaM, indicating a

partial unfolding of CaM and increased exposure of hydrophobic groups as a

result of interaction with calcium. This finding is consistent with previous

reports of CaM interaction with calcium (VanScoyoc et a1.,2002; Li & Aluko,

2005).

Addition of peptide I to CaM in the presence of calcium also produced

an increase in FI of CaM indicating exposure of more hydrophobic groups in

CaM, especially tyrosine. The ratios of FI of CaM in the presence or absence of

calcium and peptide fractions (Fmax) to FI of CaM (Fo) as well as maximum

emission wavelength (Àmax) values are shown in Table 4.5.1. At peptide I

concentration of 6.25 ¡tg/mL, FI of CaM increased by more than 2 fold (Table

4.5.1) with a red shift in the maximum wavelength from 302 to 329 nm, which

suggests that the tyrosine residues were transferred to a more polar

environment. Increasing the peptide concentration to 12.5 pg/ml- reduced the
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FI of CaM to less than 2 fold, but with a larger shift in peak maximum to 342

nm. However, when the peptide concentration was increased to 25 ¡tg/mL,

the FI of CaM increased by -3 fold, with a blue shift in maximum wavelength

(342 to 305 nm), indicating that tyrosine residues became exposed to a more

hydrophobic environment.

Upon addition of peptide II to CaM in the presence of calcium, the

fluorescence intensity (FI) of CaM also increased, indicating exposure of more

hydrophobic groups in CaM, especially tyrosine. However, in contrast to

peptide I, the FI of CaM decreased as peptide II concentration was increased,

which indicates peptide-induced formation of compact protein structure. For

example, at peptide II concentration of 1..25 pg/mL, the FI of CaM increased

by -10 fold over that of CaM alone, with a large shift in the maximum

wavelength from 302 to 349 nm. The red shift in wavelength of maximum

fluorescence indicates transfer of the tyrosine residues to a more polar

environment when compared to their environment in the absence of peptides.

At peptide II concentrations of 2.5 and 5 þE/rnL, FI of CaM alone increased by

- 5 and 2 fold respectively. When compared to the 1O-fold increase observed

at1.25 þg/mL, there was a blue shift in maximum wavelength to 343 and 338

nm respectively. The blue shift at higher peptide concentrations indicates

transfer of the tyrosine residues to a more hydrophobic environment, which

confirms formation of a compact structure. These resuits demonstrate that

peptide II has a stronger ability to bind to CaM than peptide I, and that the
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conformational change in CaM structure as a result of binding to peptide II is

different from that produced by binding of peptide I. Peptide fraction II at

much lower concentrations had higher Fmax/Fo ratios than peptide fraction I,

further confirming that peptide fraction II had a greater effect on CaM

structure than peptide fraction I.

The increase in FI of CaM upon addition of peptide I is similar to that

reported by Li (2004) using pea protein derived peptides in which there was a

higher FI with increasing peptide concentrations. Previous studies on the

binding of hormones and neuropeptides to CaM using fluorescence also

indicate higher FI of CaM upon binding to these peptides (Malencik &

Anderson, 1982). The higher FI of CaM observed in this study (indicating

exposure of tyrosine residues) upon binding to calcium shows that its change

in structure is necessary for optimal interaction with and activation of its

target enzymes. If this structural conformation is altered in any manner as

seen when peptides were added, it will interfere with the normal interaction

between CaM and its target enzyme. However, the decrease in FI of CaM in

the presence of peptide II is contrary to the previous report of Li (2004) *d

suggests different mechanisms of action by the flaxseed and pea

protein-derived peptides.
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Figure 4.5.T.Effect of peptide fraction I on CaM structure
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Figure 4.5.2.Eff.ect of peptide fraction II on CaM structure
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Table 4.5.L. Changes in inkinsic fluorescence intensif oÍ CaM in the
presence of calcium and different peptide concentrations

Sample Àmax (nm)* Fmax* Fmay'Fo

Peptide frøction #7

CaM alone 302!0.7d 59.92+3.8d

CaM + Calcium 315x5.7' 96.08¡0.4' 1.60

CaM + Calcium + 6.25 tlg/mL peptide 329!3.5b 134.79r4.4b 2.24

CaM + Calcium + \2.5 pg/mL peptide 342+0.7u 104.62x9.9' 115

CaM + Calcium + 25 ¡tg/mL peptide 305t0.7d L64.84!6.0u 2.75

Peptide fraction #2

CaM alone 302!0.7d 59.92!3.8d

CaM + Calcium 315x5.7. 96.08t0.4, 1,.60

CaM + Calcium + 1'.25 pg/rL peptide 349+2.1" 582.79x0.8" 9.73

CaM + Calcium + 2.5 pg/mL peptide 343+2.8"u 276.33!1'6.2b 4.61

CaM + Calcium + 5 pg/mL peptide 338t0.0b 111.3410.0" L.86

*Values are Mean+SD

Excitation wavelength= 275 nm
Fmax = Maximum FI of CaM + Calcium OR CaM + Calcium + peptide
Fo = FI of CaM
Àmax = wavelength of maximum FI
Con centr øtion of r eagents :

50 mM HEPES buffer,pF{7.0
L mM Ca2*

0.05 pM CaM

Note: Fluorescence intensities with different letters are significantly different
for each peptide fraction (p=0.05)



4.5.2. Intrinsic fluorescence of nNO S

Fluorescence studies on the structural characteristics of nNOS in the absence

and presence of CaM and peptides was carried out in order to understand the

structural basis for its interaction with CaM and peptides. Since the excitation

wavelength used was specific for only tryptophan, the changes observed are

solely those of the enzyme because CaM does not have any tryptophan

residue. Varying concentrations of both peptides were added to nNOS in the

presence of CaM and calcium.

Figures 4.5.3 and 4.5.4 show the effects of CaM/Ca2* and different

concentrations of peptides I and II respectively on nNOS structure. FI of

nNOS increased, though not significantly, upon addition of CaM/Ca2* with a

shift in maximum emission wavelength from 33L to 330 nm (Table 4.5.2). The

increase in FI indicates an increased exposure of the tryptophan molecules in

the nNOS enzyme. This suggests that the enzyme adopts a globular compact

structure in its native state and its activation by CaM/Ca2* results in a partial

unfolding of the enzyme structure to expose previously buried hydrophobic

residues.

This finding differs from those of Sheta et øL (1994) in which there was a

reduction in nNOS tryptophan fluorescence intensity upon addition of

CaMf Caz*. The observed quenching of tryptophan fluorescence was

interpreted as a change in the conformational structure of nNOS and may

reflect a folding in the enzyme that switches some tryptophan residues to the
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Figure 4.5.3.Eff.ect of. Ca2*/CaN4/peptide fraction I on nNOS structure

nNOS + Peptide Fraction I

200

È,
'-a
e
o*¡e
õocoo
ØoL
o
J

tr

+ nNOS alone
+ nNOS + GaM/Ga2*
+ nNoS + GaM/G a2+Pt (6.2s pg/mL)
-.- nNOS + GaM/G a2* Ipt (12.5 pg/mL)
+ nNOS + GaM/G a2'lPl (25 pg/ml)

310 330 350 370 390 410 430

Emission wavelength (nm)

-69-



Figure 4.5.4.Eff.ect of. Ca2*/Cal\4/peptide fraction II on nNOS structure
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internal surface (Sheta et aL,7994).

FI of nNOS increased with addition of peptide I in the presence of CaM

and calcium. As peptide concentration increased, FI of nNOS also increased,

indicating exposure of more hydrophobic groups in nNOS, especially

tryptophan. The ratios of FI of nNOS in the presence or absence o¡ çvz+ f CaM

and peptide fractions (Fmax) to FI of CaM (Fo) as well as maximum emission

wavelength (Àmax) values are shown in Table 4.5.2. Addition of peptide I at a

concentration of 25 pg/mL produced a 2 fold increase in FI of nNOS and a

shift in maximum emission wavelength from 33L to 337 nm (Table 4.5.2).

Interaction of Peptide II with nNOS was in a different pattern compared

to peptide I. Addition of peptide II to nNOS in the presence of CaM and

calcium at concentrations of 1..25 and 2.5 þg/mL increased the FI of nNOS.

Peptide II concentration of 2.5 ¡tg/mL increased FI of nNOSby 2 fold (Table

4.5.2) with a shift in maximum wavelength from 331 to 334 nm. This red shift

indicates that tryptophan became partially exposed to a more polar

environment. However, at peptide II concentration of 5 pg/mL, FI of nNOS

decreased with a shift in maximum wavelength from 331 to 329 nm,

indicating a blue shift of tryptophan residues to a more hydrophobic

environment.

These results show that binding of CaM/ Ca2* led to a re-arrangement of

nNOS st¡ucture such that previously buried tryptophan residues became

exposed, demonstrating the optimum level of enzyme unfolding required for
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Table 4.5.2. Changes in infrinsic fluorescence intensity of nNOS in the
presence of calcium and different peptide concentrations

Sample Àmax (o-)* Fmax* Fmay'Fo

Peptide frøction I

nNOS alone 33-L+'J..4' 256.43t2.3d

nNOS + CaM + Calcium 330t0.0. 274.31x1,.3d 1,.07

nNOS + CaM + Calcium + 6.25 þg/mL 332t0.0¡' 381.6514.5" 1'.49

peptide

nNOS + CaM + Calcium +125 pg/mL 334x1..4b 474.66x11'.6b 1'.62

peptide

nNOS + CaM + Calcium + 25 pg/ml- peptide 337x0.7^ 503.21!1.4.5" L96

Peptide fraction II

nNOS alone 33Lt].4b' 256.43x2.3d

nNOS + CaM + Calcium 330+0.0"¿ 274.31t1,.3' '1,.07

nNOS + CaM + Calcium + 1,.251t9/mL 333+0.7"v 312.99t3.9b 1'.22

peptide

nNOS + CaM + Calcium + 2.5 ¡:"g/ml peptide 334^ 532.95x7.5" 2.08

nNOS + CaM + Calcium + 5 pg/mL peptide 329d 188.42!11'.3" 0.73

*Values are Mean+SD

Excitation wavelength = 295 nm
Fmax = Maximum FI of nNOS + CaM + Calcium OR nNOS + CaM + Calcium
+ peptide
Fo = FI of nNOS
Àmax = wavelength of maximum FI
Concentration of r eøgents :

50 mM HEPES buffer, pH7.0
L mM Ca2*

0.05 pM CaM
0.5 units nNOS

Note: Fluorescence intensities with different letters are significantly different
for each peptide fraction (p=0.05)
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activity. The increased FI of the enzyme indicating increased exposure of

tryptophan residues upon addition of peptides shows excessive unfolding of

the enzyme structure beyond the level required for catalysis and may explain

the basis for the peptide-induced inhibition of the enzyme. These results are

in agreement with previous findings by Li (2004) in which there was an

increase in the FI of CaMKII upon its interaction with CaM/ Caz* in the

presence of inhibitory peptides. The observed decrease in nNOS FI upon

addition of 5 pg/ml- peptide II in the presence of CaM/Ca2* indicates a

folding of the enzyme such that some tryptophan residues are buried in its

internal surface. However, the reason for this conformational change in nNOS

structure at this peptide concentration is not clear.

4.5.3. Intrinsic fluorescence of eNOS

Similarly, fluorescence studies on the structural characteristics of eNOS in the

absence and presence of CaM and peptides was carried out in order to

understand the structural basis for its interaction with CaM and peptides.

Varying concentrations of both peptides were added to eNOS in the presence

of CaM and calcium.

Figures 4.5.5 and 4.5.6 show the effects of CaM/Ca2* and different

concentrations of peptides I and II respectively on eNOS structure. There was

no significant change in FI of eNOS upon addition of CaM/Ca2* though a red

shift in maximum emission wavelength from 33L to 334 nm occurred.
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Figure 4.5.5. Effect of Ca2*/CaN4/peptide fraction I on eNOS structure
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Figure 4.5.6.811ect of Ca2*/Cal\4/peptide fraction II on eNOS sfructure

eNOS + Peptide Fraction ll

- 
eNOS alone

'---- eNOS + GaM/Ga2*
- - eNoS + GaM/G a2* PI (1 .2s ¡rg/ml)
---- eNoS + GaM/ca2*lPI (2.5 pg/mL)
"-"eNOS + GaM/Ca2*lPll (5 ¡rg/ml)

200

tl-,,6
Éot,?
õocoo
to
ot-
o
J

tr

350 370 390 410

Emission wavelength (nm)

1<



The ratios of FI of eNOS in the presence or absence o¡ çuz+ f CaM and

peptide fractions (Fmax) to FI of CaM (Fo) as well as maximum emission

wavelength (Àmax) values are shown in Table 4.5.3. Addition of peptide I at

concentrations of 6.25 and25 pg/mL increased the FI of eNOS moderately by

1.1 and L.2 fold respectively, indicating more exposure of hydrophobic groups

in eNOS when compared to the change in structure observed in the presence

of CaM/Ca2* alone. Peptide concentration of 6.25 pg/ml- produced a red shift

in maximum emission wavelength from 331 to 335 nm, while at peptide

concentration of 25 ¡tg/mL there was no shift in maximum wavelength.

Addition of peptide I at concentration of 12.5 þg/mL produced a decrease in

the FI of eNOS, and produced a red shift in maximum wavelength from 331

to 333 nm. Similarly, addition of peptide II to eNOS at all 3 concentrations

used ¡esulted in a decrease in FI of the enzyme, indicating less exposure of

tryptophan residues.

These results show that binding of peptides to eNOS in the presence of

CaMf Caz*led to a re-arrangement of enzyme structure such that the enzyme

adopted a more folded structure. The decrease in FI of the enzyme upon

addition of peptides indicates a reduced exposure of tryptophan residues

buried in the interior of the enzyme. The decrease in FI also shows there was

excessive folding of the enzyme protein structure which could be

detrimental to optimum catalytic activity.
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Table 4.5.3. Changes in intrinsic fluorescence intensif of eNOS in the
presence of calcium and different peptide concentrations

Sample Àmax (nm)* Fmax* Fma-:y'Fo

Peptide fraction I

eNOS alone 331d 433.81x4.1'

eNOS + CaM + Calcium 334b 431'.67x4.6' 1-.00

eNOS + CaM + Calcium + 6.25 pg/trú 335" 474.59+'3.5b L.09

peptide

eNOS + CaM + Calcium + 12.5 ttg/mL 333' 419.26!5.3d 0.97

peptide

eNOS + CaM + Calcium + 25 pg/ml peptide 331d 53L.32!6.2u 1'.22

Peptide fraction Il

eNOS alone 331" 433.81t4.1^

eNOS + CaM + Calcium 334u 431'.67t4.6u 1-.00

eNOS + CaM + Calcium + 1..25 p'/mL 333b 400.66b 092

peptide

eNOS + CaM + Calcium + 2.5 pg/ml- peptide 330d 406.34x2.7 0.94

eNOS + CaM + Calcium + 5 pg/mLpeptide 330d 368.69x3.3' 0.85

*Values are MeantSD

Excitation wavelength = 295 nm
Fmax = Maximum FI of eNOS + CaM + Calcium OR eNOS + CaM + Calcium
+ peptide
Fo = FI of eNOS
Àmax = wavelength of maximum FI
Concentration of reagents :

50 mM HEPES buffer,p}{7.0
L mM Ca2*

0.05 pM CaM
0.05 units eNOS

Note: Fluorescence intensities with different letters are significantly different
for each peptide fraction (p=0.05)
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4.5.4. ANS fluorescence of CaM

Calcium binding to CaM exposes hydrophobic regions that are capable of

binding to a number of hydrophobic fluorescent probes such as ANS. ANS

fluorescence properties of CaM in the absence and presence of calcium and

peptides was measured.

ANS fluorescence of CaM in the absence of calcium was weak,

indicating a folded structure in which the hydrophobic groups of CaM are

buried (Figures 4.5.7 and 4.5.8). Calcium binding to CaM doubled the FI of

ANS, with a decrease (blue shift) in maximum emission wavelength from 492

to 480 nm (Table 4.5.4). The increase in FI as a result of calcium binding to

CaM indicates an increased interaction of ANS with hydrophobic grouPs/

reflecting partial unfolding of CaM structure when bound to calcium. These

results are consistent with previous studies that have shown increased

fluorescence of hydrophobic probes upon interaction of calcium with CaM

(Pinto et ø1., 2003; Li, 2004). The decrease in wavelength of maximum

fluorescence indicates that the ANS binds to a more hydrophobic

environment when compared to the environment in CaM alone.

Addition of peptides I and II to CaM in the presence of calcium resulted

in a further increase in ANS FI with a blue shift in wavelength of maximum

emission fuom 492 to 483 and 479 run respectively. These results indicate that

interaction of peptides with CaM in the presence of calcium results in a partial

unfolding of CaM structure and exposure of more hydrophobic groups
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Figure 4.5.7. ANS fluorescence of CaM, çvz+/CaM andCa2*/Cahd/peptide I
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Figure 4.5.8. ANS fluorescence of CaM, ç¿.2+/Car[{ andCa2*/Cal\d/peptide II
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Table 4.5.4. ANS
peptides

fluorescence properties of CaM in the presence of

Sample Àmax (nm)* Fmax*

Peptide f'røction I

ANS + CaM

ANS+CaM+Calcium

ANS + 12.5 ¡tg/mL peptide I

ANS + CaM + Calcium + 12.5 pg/mL peptide I

Peptide f'raction II

ANS + CaM

ANS+CaM+Calcium

ANS + 2.5 pg/mL peptide II

ANS + CaM + Calcium + 2.5 ¡:,g/mL peptide II

492!0.7b

480+0.0d

51,9r0.0"

483t0.0.

492x0.7b

480t0.0.

513x2.8"

479+0.0,

62.97t0.9,

122.66¡0.3v

34.60t2.7d

\28.65"

62.97¡0.9,

122.66t0.3b

35.52l:0.2d

130.33t1.1.

*Values are Mean+SD

Excitation wavelength = 385 nm
Fmax = Maximum FI
Àmax = wavelength of maximum FI
Con centr ation of r eagents :

50 mM HEPES buffer, pH7.0
1- mM Ca2*

0.05 pM CaM
50pM ANS

Note: Fluorescence intensities with different letters are significantly different
for each peptide fraction (p=0.05)
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enabling ANS to bind to a more hydrophobic environment. These results

agree with previous findings reported by Li (2004) in their study on the

interaction of pea-protein derived peptides with CaM/Ca2*. Similarly, Tanaka

et ø1. (1985), reported that HT-74, a CaM antagonist produced an increase in

ANS fluorescence upon binding to CaM/Ca2*. However, another study

(Gangopadhyay et al., 2004) showed a decrease in the fluorescence of a

hydrophobic probe (badan) upon binding of CaMfCazt to a synthetic

CaM-binding peptide. These results confirm that addition of the flaxseed

protein-derived peptides results in an increased exposure of hydrophobic

groups in CaM.

4.6. CIRCULAR DICHROISM

Modulation of secondary and tertiary structures of CaM by calcium and

peptides were studied using CD spectroscopy. The secondary structure of

CaM can be estimated from the far UV data shown in Figure 4.6.1. The CD

spectrum of CaM alone was characteristic of a typical o-helix: two negative

peaks at 222 and 208 nm, a positive peak at 196 nm, and a crossover near 200

nm. Addition of Ca2* to CaM resulted in an increase in the negative intensities

of the CD spectra at 222 and 208 nm, indicating the induction of a higher

amount of c-helical structure. These results are consistent with previous

reports which showed an increase in o-helical content of CaM upon Ca2*

binding (Li,2004). Upon addition of both peptides I and II (0.5 mglml) to
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Figure 4.6.l.Far UV spectra of CaM, Caz+/CaM andCa2+/CaN4/peptide
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CaM in the presence of calcium, there was a decrease in the negative

intensities of the CD spectra around 222 and 208 nm. This indicates that

peptide binding to CaM reduced the q-helical content of CaM and produced

changes in its secondary structure such that it adopts a conformation similar

to its inactive state in the absence of calcium. Table 4.6.L shows the proportion

of secondary structure of CaM in the absence and presence of calcium and

peptides. Addition of calcium to CaM increased o-helical content of CaM

Írorn 49% to 62%, while addition of peptide fractions I and II reduced its

c-helical content to 53 and 54% respectively. Results in Table 4.6.L show that

an increase in c-helix structure of CaM is promoted in the presence of calcium,

which indicates that this structural modification is required for optimum CaM

activity to activate its target. Addition of both peptide fractions reduced the

c-helix content of CaM to a similar extent, and are consistent with previous

reports which showed a reduction in CaM cr-helical content in the presence of

inhibitory peptides (Li, 2004). These results confirm our findings from

fluorescence studies in which addition of inhibitory peptides to CaM in the

presence of calcium resulted in a change in the structural conformation of

CaM such that its ability to activate the NOS enzymes was reduced.

In addition to the decrease in o-helix content, both peptides also produced an

increase (-2 fold) in p-sheet content of CaM, with peptide fraction I producing

a higher level (28%) compared to peptide fraction II (21%). Both peptide

fractions also increased the proportion of random structure of CaM in the
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presence of calcium to the same extent (19%).It is possible that this increase in

p-sheet and random structure is as a result of unfolding of CaM uPon peptide

binding, further confirming results obtained from fluorescence studies.

Table 4.6|t - Effect of calcium and peptide fractions on the proportions of
CaM secondary structure

Sample a-helix (%) B-sheet (%) B-turn (%) Random (%)

CaM
CaM + Calcium
CaM + Calcium + Peptide I
CaM + Calcium + Peptide II

49 73 15

62

53

24

16

19

19

11 13

284
54 21. 6

Con centr ation of r eagents :

50 mM HEPES buÍfer,pH7.0
5 mM Ca2*

8 pM CaM
0.5 mg/ml peptide fractions I & II

The tertiary structure of CaM can be estimated from the near IJV data as

shown in Figure 4.6.2. Snce CaM does not contain any tryptophan residues,

tertiary structure is estimated from the responses obtained al250-270 nm for

phenylalanine and 275-285 nm for tyrosine (Kilhoffer et a1.,1981).Figure 4.6.2

shows that in the absence of calcium, only the phenylalanine signal was

evident and that the residues were located in two different environments as

evidenced by the two negative peaks obtained at 262 and 268 nm. The

phenylalanine residues that show intensity at 262 nm are in a more

hydrophobic environment when compared to those with intensity at 268 nm.
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Figure 4.6.2. Near UV spectra of CaM, çvz+/CaM andCa2*/Cal\zl/peptide
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Addition of calcium resulted in an increase in the intensity of the negative

peaks þut no change in wavelength) (Table 4.6.2, Fig. 4.6.2), which indicates

increased rigidity of the environments of the phenylalanine residues when

compared to that of CaM alone. Similar results that showed an increase in the

intensity of the negative signal of CaM at similar wavelengths in the presence

of calcium has been reported (Kilhoffer et ø1.,1981.; Sun et aI., 2001; Li, 2004).

Addition of peptides to the CaMf Caz* complex increased the intensity

of the negative signal of the phenylalanine residues but wavelength remained

unchanged (Table 4.6.2, Fig. 4.6.2). The increased intensity of the negative

signals suggests a transition to a more rigid conformation without a change in

the environments of the phenylalanine residues. These results indicate a

gradual loss of CaM compact structure as calcium and peptides were added.

The change produced by calcium induced optimum unfolding required for

CaM to activate enzyme activity; howevet, as CaM progressively unfolds

with addition of peptides, CaM interacts with the enzyme in a manner that is

detrimental to its optimum activity. Peptide fraction II induced more negative

intensity at 268 nm than peptide fraction I. The results are consistent with

findings from our fluorescence studies in which peptide fraction II produced

greater structural changes in CaM when compared to peptide fraction I. This

is in agreement with findings of Li (2004) in which the intensity of the two

peaks increased with addition of pea protein-derived peptides. The

similarities between the present results and those reported by Li (2004)
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indicates that flaxseed protein-derived peptides induced changes in

tertiary structure of CaM in a manner similar to that induced by

protein-derived peptides though to a lesser extent.

Table 4.6.2. Negative peaks on Near IJV spectra at 262 and 268 nm*

the

pea

Solution Wavelength (nm) Mol. Ellipticity
CaM alone

CaM + Calcium

CaM + Calcium + Peptide 1 (1 mglml)

CaM + Calcium + Peptide 2 (1 mg/ml)

261.6

262:t

268.2

268.8

269.1

261..6

261.8

262;L

268.4

268.7

26'1.5

261,.9

262.2

262.7
268.3

268.5

268.9

26't.4
262.2

262.4

268.4

-4251..67

-43L6.02

-4355.9

-4170.3

-4096.97

-6229.74

-6256.45

-6187.49

-6392.41

-6357.94

-6499.99

-6564.97
-6383.06

-5852.22

-67L4.14

-6558.03

-6603.23

-6487.97

-6241..17

-6217.04

-7418.9

*Lowest peaks are shown in bold font
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CHAPTER FIVE - CONCLUSION AND RECOMMENDATIONS

This study determined the inhibition of two calmodulin-dependent Nitric

Oxide Synthases (nNOS and eNOS) by peptides obtained from

alcalase-catalyzed hydrolysis of flaxseed proteins. We demonstrated that

flaxseed protein can be successfully hydrolyzed to produce low molecular

weight peptides with CaM binding activity. Two positively charged peptide

fractions were obtained from cation exchange chromatography that inhibited

the two NOS enzymes. Peptide fraction II was more positively charged than

peptide fraction I, and produced similar levels of enzyme inhibition at smaller

concentrations compared to fraction I. Peptide-induced inhibition of nNOS

was non-competitive with respect to CaM, while that of eNOS was

competitive. Lower levels of enzyme inhibition were achieved by increasing

CaM concentrations. Fluorescence studies showed that flaxseed protein

derived peptides are capable of inducing structural changes in CaM, while

CD studies demonstrated changes in secondary and tertiary structures of

CaM upon peptide binding.

In conclusiorL we were able to achieve our objectives of study which

were to isolate calmodulin-binding peptides from enzymatic hydrolysates of

flaxseed proteins, determine the kinetics of NOS inhibition by these

calmodulin-binding peptides, and determine the effect of inhibitory peptides

on the structure o¡ çuz+ f CaM complex. To this end, we accept our hypotheses
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of study which were that flaxseed protein isolate can be enzymatically

hydrolyzed to produce CaM-binding peptides, and that these peptides will

inhibit the activity of CaM-dependent Nitric Oxide Synthases.

Our results show promise for the use of flaxseed protein as a functional

food source and that the peptides are potential ingredients for the formulation

of therapeutic foods that could provide effective means of treatment for

diseases associated with over production of NO. Furthermore, since flaxseed

is an economically important oilseed crop for Canada, the use of flaxseed

protein as a functional food source would increase value-added utilization of

the crop and provide greater economical benefits to Canada than the flaxseed

meal alone.
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AREAS FOR FUTURE RESEARCH

The following are areas for future research

1.. Further purification of the two peptide fractions obtained is required in

order to obtain homogenous di- and tri-peptides which might be more

potent. Amino acid sequence analysis of the purified peptides should also

be done.

2. QSAR modeling of these flaxseed protein-derived peptides as a function

of amino acid composition should also be carried out. Results of QSAR

modeling will be useful in determining the relationships between

differences in amino acid composition of the peptides and changes in

potential biological activity, i.e., reduction in enzyme activity

3. There is also a need for in vivo studies using animal models of diseases

and pathological conditions such as arthritis, septic shock, cancer etc to

determine the potential physiological impact of these peptides. Studies on

the absorption and metabolism of these peptides in vivo are also

desirable.

4. Finally, these peptides should also be tested for inhibitory activity against

other CaM-dependent enzymes to compare their individual effects on the

activity of each enzyme.
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