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ABSTRACT 

The aim of the first project was to evaluate the ability of selected molecules to affect the 

secondary structure of A~o-42). Such activity is desirable as it may provide new tools to 

study the role of the A~o-42) conformers in Alzheimer disease. Although this study did not 

identify molecules able to modulate the conformation of A~o-42), the reported studies have 

set the fundamental techniques for this project. 

The goal of the second project was to compare the kavalactone content and the inhibition 

of human P450 enzymes for commercial and traditional kava extracts. We report that 

amounts and ratios of kavalactones are similar for sol vents that mimic commercial ex tracts 

but different from aqueous extract (traditional extract). All extracts tested show similar 

inhibition of the P450 enzymes suggesting that kava extracts, commercial or traditional, 

may lead to herb-drug interactions. The se results also suggest that because of their higher 

concentration of kavalactones, commercial kava extracts are more likely to cause adverse 

drug reactions via inhibition of drug metabolism. 



RESUME 

L'objectif du premier projet était d'évaluer l'effet de certaines molécules sur la structure 

secondaire de l'amyloid beta (1-42). Une telle activité est souhaitable puisqu'elle pourrait 

procurer des outils importants pour étudier le rôle de la structure secondaire de l' A~1 •42 

dans la maladie d'Alzheimer. Même si cette étude n'a pas permis d'identifier des 

molécules actives, elle nous a permis d'optimiser un ensemble de techniques 

fondamentales pour la suite de ce projet. 

Le but du deuxième projet était de comparer la composition et l'inhibition des enzymes 

P450 humaines de différents extraits de kava simulant les extraits traditionnel ou 

commerciaux. Nous avons déterminé que la quantité et les ratios de kavalactones sont 

similaires pour les extraits qui simulent les extraits commerciaux, mais vaiient comparé à 

l'extrait traditionnel aqueux. En conclusion, tous les extraits testés montrent une inhibition 

similaire de l'activité des P450s, suggérant que les deux types d'extraits, traditionnel et 

commercial, peuvent conduire à des interactions herbe-médicaments. 
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Chapter 1: Screening of selected molecules 
for their effect on the secondary structure of 

amyloid beta 
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1.1 LITERA TURE REVIEW 

1.1.1 Peptide and protein structure 

Proteins and peptides adopt three-dimensional structures that can be described at four 

different levels. The primary structure of a protein or a peptide is defined by its amino 

acid sequence. The secondary structure describes the local three-dimensional backbone 

arrangement of a short contiguous peptide segment (3-30 residues). The tertiary structure 

is determined by the three-dimensional interactions (intramolecular) between the different 

secondary structure elements. Finally, the quatemary structure is defined by the number, 

the type and the spatial arrangement of the polypeptide units forming an oligomeric 

protein. Characteristics of secondary structures will be described in more details, because 

they are the subject of this thesis1
• 

1.1.1.1 Secondary structure 

The backbone of a peptide consists of a repetition of three types of bonds: the bond 

between the a-carbon and the carbonyl carbon, the bond between the carbonyl carbon and 

the a-nitrogen (termed peptide bond), and the bond between the a-nitrogen and the a

carbon. The possible conformations adopted by the peptide backbone can be characterized 

by the torsion angles between these bonds, termed psi (\ji), phi (<p) and omega (w) 

respectively. The resonance between the carbonyl and the nitrogen atom confers a partial 

double bond character to the peptide bond, thus limiting its rotation. The peptide bond is 

considered planar and therefore its w value is 120° (Figure lA). As a result, the secondary 

structure is characterized by a combina ti on of \ji and <p. The propensity of an amino ac id to 

adopt a given secondary structure is highly dependent on the environment but also on the 

2 



r'·. 
nature of its side chain. The propensity of each amino acid to form helical, ~-sheet and 

random coil secondary structures was determined by Chou and Fasman and is summarized 

in Table 12
• Propensities were calculated to determine the likelihood of a given amino ac id 

to adopt one of different structures. Higher numbers increase the likelihood that a peptide 

portion will adopta specifie structure. For a given secondary structure, propensities above 

1 for six consecutive residues suggest that this portion of the peptide will likely fold 

according to this structure. 

(A) 

R' R" 

(B) 

Figure 1 -(A) Torsion angles phi (<p), psi ('V) and omega (ro) for the peptide backbone. (B) 
Peptide bond resonance structure conferring a partial double bond character. 
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Table 1 - Secondary structure propensity for natural amino acids2
• 

Amino acid Helix P-Sheet Random Amino acid Helix P-Sheet Random 
Co il Co il 

Alanine 1.42 0.83 0.75 Methionine 1.45 1.05 0.5 

Cysteine 0.7 1.19 1.11 Asparagine 0.67 0.89 1.44 

Aspartic acid 1.01 0.54 1.45 Proline 0.57 0.55 1.88 

Glutamic acid 1.51 0.37 1.12 Glutamine 1.11 1.1 0.79 

Phenylalanine 1.13 1.38 0.49 Arginine 0.98 0.93 1.09 

Glycine 0.57 0.75 1.68 Serine 0.77 0.75 1.48 

Histidine 1 0.87 1.13 Threonine 0.83 1.19 0.98 

Iso leucine 1.08 1.6 0.32 Valine 1.06 1.7 0.24 

Lysine 1.16 0.74 1.1 Tryptophan 1.08 1.37 0.45 

Leucine 1.21 1.3 0.49 Tyrosine 0.69 1.47 0.84 

1.1.1.1.1 Peptide helices 

In helices the peptide backbone is twisted and the amino acid side chains point outside the 

helix (Figure 2). This structure is stabilized by hydrogen bonds between the oxygen of an 

a-carbonyl and the hydrogen atom on the a-nitrogen three or four residues away (Figure 

2). The different types ofhelices; a-helix, 310-helix and n-helix, are defined by the number 

of residues per turn (n), the distance between consecutive tums, termed pitch (h), torsion 

angle \ji and cp (Table 2) and the number of atom contained in the ring formed by the 

intramolecular hydrogen bond (r) (Figure 2). The a-helix is the common important helix 

type because of its higher relative stabilitl. 

4 



Five types of interactions may affect the stability of helices. The first one is the 

electrostatic interactions (attraction or repulsion) between side chains of two adjacent 

amino acids. The second one is the bulkiness of two successive amino acids side chains. 

The third type of interactions affecting stability is that between amino acid side chains 

spaced by three residues (i, i+4). The presence of proline residues, which can't form 

hydrogen bond to stabilize the helical structure also greatly affects helix stability. Finally, 

amino acid residues at the helix termini (C-temimal and N-temimal) cannot form 

stabilizing hydrogen bonds. To compensate, natural systems often provide hydrogen 

bonds via side chains of other residues from the protein. This form of capping is believed 

to stabilize the helices termini4
•
5

• 

Table 2 - Helix types characteristics. 

Helix name 'l' (0) <l> (0) n ( amino acids) h (nm) r (member) 

A-Helix -47 57 3.6 0.540 13 

3w -30 -60 3 0.600 10 

n-Helix -70 -57 4.4 0.528 16 

Polyproline I +158 -83 -3.0 0.930 -

Polyproline II +149 -78 3.3 0.560 -

Polyglycine II +150 -80 3.0 0.900 -

'l' = psi, <l> = phi, n = number of residues per tum, h = pitch and r = number of atoms in the 
intramolecular ring formed by a hydrogen bond 
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(A) (B} 

(C) 

(D) 

y~yl~3y~0~3yt. 
Q R H 0 R. ~ 0 

' ' 
: r ,,,-- , : •• - -·--- ... ~ •• -- •••• ••'•• ••• lt!----- ---------------- ... 

Figure 2 - (A) Representation of a peptide helix. (B) Longitudinal view of the a-helix 
structure showing the amino acid side chains (R) projecting outside of the helix. When 
V an der Waals radii inside the helix are taken into account, there is almost no free space 
inside the helix. (C) Hydrogen bonds involved in a-helices. (D) Linear view of the 
intramolecular ring hydrogen bonding important in a-helices. 
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1.1.1.1.2 J3-Sheets 

In ~-sheet structures, the amino acids are organized in a pleated sheet, where the side 

chains of two consecutive residues point in opposite direction (Figure 3). In contrast to 

helices, the hydrogen bonds stabilizing the ~-sheet structure do not occur inside a segment 

but between two adjacent segments. The segment constituting the ~-sheet may be aligned 

parallel or antiparallel (Figure 3). In ~-sheet, torsion angles 'l' and <p often differ from the 

ideal values ( -180° and 180°) to avoid distortion. This results on 'lf/<p values of -

139°/+135° and -119°/+113° for the antiparallel ~-sheet and the parallel ~-sheet 

respectively. As with helical structures, the major factor affecting ~-sheet stability is the 

nature of the amino acid side chains. For example, glycine and proline (~-breaker), have a 

low propensity to form ~-sheets and destabilizes them. The bulky five member ring of 

proline is not easily accommodated in ~-sheets. In contrast, hydrophobie amino acids have 

a good propensity to form ~-sheet structures3
• 
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Figure 3- (A) Representation of ~-pleated sheets and their hydrogen bonding pattern. (B) 
Parallel ~-pleated sheets. (C) Antiparallel ~-pleated sheets 

1.1.1.1.3. Turns 

Tums in polypeptides are characterized by an inversion of the peptide chain direction. The 

number of amino acids involved in a tum can be 3, 4, 5 or 6, corresponding to y-, ~-, a-

and n-tums respectively. Tums are often stabilized by a hydrogen bond between the first 

and the last amino acid of the loop (Figure 4). Because of their geometry, proline and 

glycine amino acids have a high propensity to form tums6
. 
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Figure 4- Representation of a ~-tum stabilized by a hydrogen bond between the first and 
the last amino ac ids of the tum 

1.1.1.2 Techniques to study protein and peptide secondary structures 

Nowadays, X-ray crystallography and nuclear magnetic resonance (NMR) are the best 

techniques to obtain high resolution three-dimensional structures of proteins and peptides. 

Both techniques necessitate large amount of the protein or the peptide, are expensive and 

time consuming, and require a high leve! of expertise. For these reasons, they are often 

used to determine three-dimensional structure of a protein or a peptide, but rarely to 

investigate the effect of solvents, salts or ligands. Circular dichroism (CD) and Fourrier 

transform infrared spectroscopy (FTIR) are ideal for rapid evaluation of secondary 

structure under different conditions. CD analysis may be app1ied to determine the overall 

secondary or tertiary structure of a protein or a peptide at 1ow concentration (0.01-0.1 

mM). It is re1ative1y inexpensive and requires 1ow 1eve1 of expertise. FTIR can a1so be 
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used but requires much higher protein or peptide concentrations (0.5-2 mM) and the use of 

expensive deuterated buffers. 

1.1.3 Previous investigations of the factors that affect helical secondary structures. 

Mutagenesis, rational design and the addition of ligands have been used to investigate the 

factors affecting protein or peptide structure. Numerous strategies have been developed to 

stabilize helical peptide structures. One strategy uses metals which coordinate to amino 

acids located at positions i and i+4 of the peptide (Figure 5)7
'
8

. For example, two 

iminodiacetic acid lysines may be positioned at i and i+4 of a peptide and when a divalent 

metal such as Cu2
+, Co2

+, Ni2
+, Zn2

+ or Cd2
+ is added to the peptide solution, the acids 

coordinate to the metal thus stabilizing the a-helix structure. These interactions may be 

destroyed by the addition of a chelating agent such as EDT A. Another strate gy to 

stabilize peptide helices is their cyclization through the linkage of two amino acids. A well 

positioned covalent bond between two residues may stabilize a-helices. Such a strategy 

was used by Shepherd et al. to design and synthesize a stable a-helical pentapeptide in 

which the side chains of Glui and Lys5 are cyclized via an amide bond. This pentapeptide 

was designed using molecular modeling to evaluate amino acids allowing cyclization of 

the side chains located at the termini of the pentapeptide and to select amino acids 

favouring the formation of hydrogen bonds through the backbone of the helical structure9
. 

A third strategy to stabilize peptide helices involves helix capping. The a-helix structure is 

characterized by consecutive hydrogen-bonds between the carbonyl of the amino acid at 

position i and the amide of the residue at position i+4. This pattern is interrupted at the 

helix termini and results in destabilization. The term capping refers to the addition of extra 

hydrogen-bonds at the N- or the C-termini of a peptide. A number of capping molecules 
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covalently linked to one end of a peptide were successful at stabilizing helical 

structures10
•
11

•
12

•
13

• Figure 5 illustrates capping of a helical peptide and its stabilization by 

the formation of an additional hydrogen bond. The results reported by Maeda et al. differ 

in the intermolecular nature of the interactions used to stabilize helical peptides. Side 

chains of a small ligand were selected in order to form stabilizing salt bridges and 

hydrophobie interactions with the side residue at the termini of an helical peptide14
• 

A 

Figure 5- A: Illustra tes the characteristic hydrogen bonding pattern of the he li cal structure 
and its interruption at the helix termini resulting in destabilization. B: Illustrates the 
stabilization of the he li cal structure by the formation of an additional hydrogen bond with a 
capping molecule. 

Finally, fluorinated solvents such as 1,1,1,3,3,3-hexafluoroisopropanol and 2,2,2-

trifuoroethanol are known to stabilize helica1 peptides15
. Despite the widespread use of 

fluorinated solvents to stabilize helices, the mechanism of action remains debated. 

Molecular dynamics and NMR studies suggest that fluorinated solvents aggregate around 
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peptides and displace the water molecules implicated in hydrogen bonds within the amino 

acid backbone, therefore favoring intramolecular interactions such as those observed in 

helices16
•
17

• Recent spectroscopie evidences suggest that desolvation fortifies the 

formation of intrahelical hydrogen bonds which stabilizes the helical structure18
• The 

desolvation of peptides is also believed to increase helix stability by deordering water 

molecules and increasing their entropy18
• 

1.1.2 The amyloid beta peptide CAP) 

1.1.2.1 Formation of amyloid beta peptide (Ap) and its relevance to Alzheimer disease 

Amyloid diseases such as Alzheimer, Down syndrome, Parkinson, Huntington, type II 

diabetes, cystic fibrosis and prion diseases are characterized by protein misfolding events 

involving the conversion of generally soluble proteins into aggregates which eventually 

form amyloid fibrils. Once initiated, this phenomenon propagates until the aggregates or 

deposits induce organ failure and death. Although the proteins involved in these diseases 

are distinct, the resulting amyloids share several common features. Observation under the 

electronic microscope reveals fibrils of similar shape and size (average of 1 00 A in 

diameter and 10 nm in length)19
'
20

. They also show green birefringence upon staining with 

Congo red and affect the fluorescence of thioflavin-T21
. The fibrils formed are stable 

species that resist degradation by proteases and their X-ray diffraction pattern corresponds 

to cross ~-sheet-rich structures19
•
20

• 

Misfolded amyloid beta peptides (A~) are the major component of the fibrils observed in 

Alzheimer disease. A~ originates from the amyloid beta precursor protein (APP). APP is 

a type 1 transmembrane protein, encoded by the gene at the locus 21q21.3, for which a 
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function has only been vaguely defined. Two proteolytic cuts are required to generate AP 

peptide from APP (Figure 6). First, the protease P-secretase cleaves the extracellular 

fragment of APP to generate the N-terminal portion of Ap. Then, the protease y-secretase 

cleaves the APP within its transmembrane region to form AP peptides with a length 

varying from 39 to 43 amino acids22
• An alternative proteolytic pathway implicates a- and 

P-secretases to produce the shorter peptides PAPPs a-fragments (15 or 16 residues), which 

are believed to be non-amyloidogenic23
• AP1•40 is the predominant product of APP under 

physiological conditions24
; however, Ap1.42 is the most abundant in amyloid plaques found 

in the brain of Alzheimer's patients25
. 

We chose to focus on amyloid beta peptides (Ap) to investigate peptide conformational 

changes occurring during amyloid formation. This choice was based on the fact that AP is 

involved in Alzheimer disease, a preponderant form of amyloidosis and the fourth cause of 

death in North America, yet the most costly disease for our socielf6
• 
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Figure 6 - A~ formation from proteolytic cleavage of APP by ~- and y-secretase, or by a
and ~-secretases yielding A~I-40 and A~I-42, or ~APPs (1-15) and (1-16) a-fragments 
respectively. 

1.1.2.1. Amyloid beta fibril formation 

The currently accepted A~ fibril formation pathway is summarized in Figure 7. The first 

step consists of a conformational change from helical or random, to ~-sheet. The ~-sheets 

of A~ next aggregate into soluble oligomers which grow to insoluble globular oligomers. 

Conversion of the globular oligomeric aggregates into protofibrils follows. Atomic force 

microscopy reveals that protofibrils present features of stacked peptides in a hairpin 

conformation perpendicular to the long axis of the protofibri127'28. Finally, protofibrils 
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assemble to form mature fibrils which present characteristic cross ~-sheet-rich X-ray 

diffraction pattems29 The fibrils range in size from 0.2 to 1.0 mm long and from 6 to 10 

nm diameter30·31 . Interestingly, the degree of dementia observed with Alzheimer's patients 

does not correlate well with the presence of senile plaques in the brain32. Sorne groups 

have suggested that soluble A~ oligomers may be more taxie then the insoluble A~ 

fibrils33,34,35,36. 

Native 

Af3 
p-Sheet 

Ap 
Soluble and insoluble 

globular oligomers 

) 

Protofibrils 

\ ~ 
1 

1 
Fibrils 

Figure 7 - Currently accepted steps involved in A~ fibril formation: 1) Conformational 
change of A~ to ~-sheets; 2) Formation of soluble and insoluble globular oligomers; 3) 
Oligomers assembly into protofibrils; and 4) Fibril elongation via the linear combination of 
protofibrils. 

One approach used by sorne pharmaceutical groups towards new treatments for Alzheimer 

disease is to directly inhibit oligomer formation of A~. This has been attempted using three 

different strategies. The first strategy uses metal chelators specifie for metals known to 

stimulate A~ aggregation (e.g. Fe3+ and Zn2+)37·38. The second approach is based on 

immunization. Antibodies against A~ were reported to reverse fibril formation and inhibit 

A~ toxicity in cells and rodents39. Unfortunate1y, a recent clinical study had to be stopped 

because of a high incidence of encephalitis40. Passive immunization is now showing 

encouraging results41·42. The last strategy consists of creating small molecules, which bind 
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r-·· 
to ~-sheet A~ with the aim of preventing their aggregation. Many of these molecules are 

peptides that contain amino acids which do not easily incorporate into ~-pleated sheet 

structures (ex. proline and a-aminoisobutyric acid)43
•
44

•
45

•
46

,4
7

,
48

. Finally, non-peptidic 

molecules have also been reported to prevent A~ aggregation49
•
50

•
51

•
52

• 

1.1.3 Goal 

As an alternative strategy, we hypothesized that A~ aggregation could be inhibited by 

shifting the conformational equilibrium to favor the helical conformation of A~. We 

propose to design molecules that stabilize helical A~ by binding to side chains of amino 

acids projecting on the same side of the helix, i.e. located at positions i and i+4 of the 

peptide (Figure 8). 

Figure 8 - Example of a ligand potentially stabilizing helical.structure by ionie and 
hydrophobie interactions with amino acid side chains located at i, i+4 and i+8. 
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The target molecules were designed using recently published a-helical structures of A~J-42 

to calculate optimal parameters (distance, angles, etc ... ) for ionie and/or hydrophobie 

interactions with small molecules53. The length between each functional groups 

composing a target molecule was based on the distance between the targeted amino acid 

side chains i, i+4 and i+8. For example, the Lys16
, Phe19 and Asp23 residues selected on 

A~ (Figure 8) were expected to interact with an acidic, an aromatic and a basic functional 

groups located on the designed small molecule. Molecules favoring helical A~ represent 

new tools to study the factors affecting the conformation of A~ and the role of helical A~ 

in Alzheimer disease. Moreover, such ligands may offer a new alternative for the 

treatment of the disease. 
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1.2 INTRODUCTION 

The misfolding of proteins into amyloid fibrils is characterizing diseases, such as 

Alzheimer, Parkinson and Prion diseases 19
•
20

• These fibrils form protease-resistant deposits 

which lead to cell and organ dysfunction and ultimately to death. Discordant helices 

con tain amino acid sequence that would predict a ~-pleated sheet structure54
•
55

• 

Interestingly, the presence of discordant helices in protein structure have been correlated to 

their ability to generate amyloid. In Alzheimer disease, fibrillar deposits, termed senile 

plaques, are essentially composed of amyloid beta peptides (A~) of a length between 39 

and 43 amino acid residues. 

The currently accepted pathway for formation of A~ fibrils is initiated by a conformational 

change of A~ from helical or random coil to ~-pleated sheets (Figure 9). The misfolded 

peptides collapse into soluble oligomers which assemble into larger insoluble oligomers. 

The latter are the building blacks leading to the formation of protofribrils27
• Finally, 

protofibrils assemble ta form insoluble fibrils28
-
29

• 

Native 
Af3 

~-Sheet 
A~ 

Soluble and insoluble 
globular oligomers 

=) 
) 

Protofibrils 

\ ~ 
1 

1 
Fibrils 

Figure 9 - Currently accepted steps involved in A~ fibril formation: 1) A~ changes 
conformation to ~-strand structures that stack into ~-sheets; 2) Soluble and insoluble 
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globular oligomers forms; 3) Oligomers assemble into protofibrils; and 4) Fibril elongation 
via the addition of protofibril subunits. 

Sorne pharmaceutical groups focusing on Alzheimer disease attempt to inhibit A~ 

oligomerization. To this end three different strategies had been used. The first strategy 

uses specifie metal chelators37
-
38 which chelate metals known to stimulate A~ aggregation 

such as Fe3
+ and Zn2

+. The second approach to control oligomerization of A~ is based on 

immunization39
-
42 and the last strategy uses small molecules, which bind to ~-sheet A~ and 

prevent their aggregation. 

As an alternative strategy, we hypothesized that A~ aggregation could be inhibited by 

favouring the helical conformation of A~. We propose to design molecules that stabilize 

he li cal A~ by si de-chain interactions with A~ amino ac ids located on the same si de of the 

helix, i.e. located at positions i and i+4 of the peptide. Those molecules represent new 

tools to study the effect of the conformation of A~ on Alzheimer disease and may offer a 

new alternative for the treatment of the disease. 

Stabilization ofhelical peptides was attempted using different strategies. Metals have been 

used to coordinate amino acids located at positions i and i+4 of a peptide7
'
8

. The 

cyclization of amino acids positioned at i and i+4 of a peptide in sorne cases stabilized a-

helices9
. A third strategy to stabilize helices involves helix capping. The a-helix structure 

backbone is stabilized by an internai network of hydrogen-bonds between the carbonyl 

oxygens and amide nitrogens of residues at the positions i, i+4. This pattern is interrupted · 

at the helix termini and results in destabilization. The term capping refers to the addition 
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of extra hydrogen-bonds at the N-or the C-terminus of a peptide. A number of capping 

molecules covalently linked to one end of a peptide were successful at stabilizing helical 

structures. 10
-
14 Finally, fluorinated sol vents such as 1,1, 1 ,3,3,3-hexafluoroisopropanol and 

2,2,2-trifuoroethanol are also known to stabilize helical peptides via hydrophobie 

interactions that may keep water molecules away from the helix15
. 

Herein we report the effect of 13 ligands designed to stabilize helical A~. CD 

spectroscopie studies did not reveal any significant effect of these molecules on the 

conformation of A~. These investigations have however allowed the development of 

methodologies to handle, purify, and evaluate the conformation of A~. 
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1.3 MATERIAL AND METHODS 

1.3.1 Materials 

Amyloid beta 0 _42) (DAEFRHDSGYEVHHQKL VFF AEDVGSNKGAIIGLMVGGVVIA) 

was purchased from Service de Synthèse de Peptide de L'Est du Québec (Québec, QC, 

Canada) or from American Peptide Company (Sunnyvale, CA, USA). Amino acids and 0-

(7 -azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) 

were purchased from GL Biochem (Shanghai, China). HPLC grade acetonitrile and 

NH40H were purchased from Fischer Scientific (Ottawa, ON, Canada). Molecules 1-9 

were synthesized in our laboratories by Dr. Sarnia Ait-Mohand. Their synthesis will be 

described elsewhere. All other chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). 

1.3.2 Instrumentation 

CD spectra were obtained using a Jasco spectropolarimeter model J-810 equipped with a 

Pelletier thermostat model PTC-424s (Jasco Inc., Tokyo, Japan). The samples were 

examined using Spectrocil® 1-mm cuvettes (Stama Cells Inc., Atascadero, CA). 

HPLC purifications were performed on an Agilent 1100 modular system equipped with an 

autosampler, a quatemary pump system, a photodiode array detector, a thermostatted 

column compartment, a fraction collector and the ChemStation (for LC 3D A.09.03) data 

system (Agilent, St-Laurent, QC, Canada). LC-MS analyses were performed on a Spectra 

System P4000 (Spectro Separation Products) equipped with a UV 2000 detector and a 

Finnigan LCQ DUO (ion trap) mass detector set up in Atmospheric Pressure Chemical 

Ionization (APCI) negative mode, controlled by the Xcaliber software version 1.2. 
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Absorbance spectra were acquired using an Agilent 8453 spectrophotometer equipped with 

a diode-array (Agilent, St-Laurent, QC, Canada). Measurements were done in a 1 cm 

quartz cuvette. 

1.3.3 HPLC purification of the amyloid-beta Cl-42)_peptide (A~ 1 _42l 

The purification of full length amyloid beta peptide (A~ 1 -42) was optimized after testing 

different columns such as Polymerex 100 A (Phenomenex, Torrance, CA), Zorbax CS (n

octane) 300 A, Zorbax C18 (octadecyl silane) 80 A and Zorbax CN (n-butyl cyano) 80 A 

(Agilent, St-Laurent, QC, Canada). The trials were conducted with a gradient of 

acetonitrile/water or methanol/water under acidic or basic conditions. The additives used, 

trifluoroacetic acid or ammonium hydroxide, were selected to facilitate further LC-MS 

experiments, since they are compatible with the mass detector. The A~1 _42 was 

successfully purified with a 250 x 4.6 mm 5Jl 300 A C18 Extend column (Agilent, St

Laurent, QC, Canada). A~J-42 was eluted using a gradient of 10% to 40.5% of solvent B in 

solvent A over 30 min at a flow rate of 1 ml/min. Solvent A composition was 5 mM 

NH40H in water and the solvent B composition was 5 mM NH40H in acetonitrile. The 

absorption spectrum was recorded at 215 nm. The column temperature was controlled at 

25°C. Prior to injection, the A~1 _42 was dissolved to 4 mg/ml in an aqueous solution 

containing 3% NH40H. Under these conditions, the retention time of A~1 _42 was 15.3 min, 

as confirmed by LC-MS. 
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1.3.4 Abeta deaggregation 

A~I-42 (1 mg) was dissolved in 1 ml of 3% NH40H aqueous. The mixture was vortexed, 

sonicated 1 minute, aliquoted and lyophilized. The lyophilized aliquots were stored at -

80°C. 

1.3.5 CD analysis 

The secondary structure of A~I-42 was determined by circular dichroism (CD) spectroscopy 

and was expressed as an average of three accumulations measured at 25°C. The 

accumulations were recorded using a response time of 4 sec, a speed scan of 100 nm/sec 

and a bandwidth interval of 0.2 nm over the wavelength range of 195 to 260 nm. The 

stock solution of A~ 1 -42 was freshly prepared by dissolving deaggregated A~1 _42 (886.1 

~M) in TFE. For each molecule tested, the stock solution was obtained by dissolving the 

molecule of interest, at the desired concentration, in a filtered solution of 40:60 v/v or 

25:75 v/v TFE:lOO mM potassium phosphate buffer at pH 7.4. 

The final mixture (250 ~1) analyzed by CD contained the potential ligand at various 

concentrations and the A~I-42 (31.9 ~M) in 25:75 or 40:60 (v/v) TFE:100 mM potassium 

phosphate buffer at pH 7.4. This mixture was transferred to a 1 mm-cuvette and incubated 

5 min at 25°C prior to acquiring the CD scans. After the acquisition and blank subtraction, 

the CD data were transformed into mean residue ellipticity ([8]) ... ) in deg·cm2/dmol, 

according to the following equation: 

[8] À = (81...) · (MR W) 1 10 · 1 · c Eq 1 
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Where e corresponds to the measured ellipticity angle at wavelength f.... (mdeg), MR W is 

the mean residue weight, i.e. the peptide molecular weight/number of amino acids (in 

dmol), 1 is the optical path length (cm), and c is the peptide concentration (g/ml). 

The data were analyzed by the CD pro software package56 which includes SELCON357
, 

CONTIN/LL58 and CDSSTR59 methods. In addition, the data were also analyzed using the 

208 nm60 and 222 nm61 absorptions, to facilitate the comparison of our results with sorne 

found in the literature. The equations employed to determine the a-helix percentage with 

8zos and 8222 methods are given below. CD data were transformed in mean residue 

ellipticity ([8]/...) before using Equations 2 and 3. 

%a-helix azos = ([8hos- 4000/-37000) x 100 

% a-helixa222 = ([8]zzz- 3000/-39000) x 100 

1.3.6 KAD tripeptide 10 (Lys-Ala-Asp) 

10 

: 

8

2 
~po 12~~: 

H2N 1 4 N~ 
0 11 H 0 

Eq2 

Eq3 

The Fmoc strategy was used to synthesize the tripeptide KAD (10) on solid support. The 

Wang resin (1.5 g) was initially swelled for 30 min in DMF. Unless indicated, all the 

solutions used were in DMF. Coup ling of the C-terminus amino ac id to the resin was 

performed at room temperature using the activated aspartic acid solution (15 ml) which 

contained Fmoc-Asp(Boc)-OH (0.34 M), DIPEA (0.68 M) and HATU (0.34 M). After 2 
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hours, the resin was washed several times with DMF and capped with pyridine (15 mL) 

containing acetic anhydride (0.34 M). Deprotection of the aspartic acid amino group was 

achieved using 25% piperidine (2 x 15 ml) for 3 and 20 min respectively. Again, the resin 

was washed several times with DMF. The coupling and the deprotection of the alanine 

and the lysine were achieved similarly but without the capping step. Fmoc-Ala-OH and 

Fmoc-Lys(Boc)-OH were used. After each coupling and deprotection a ninhydrin test (see 

next page) was performed to confirm completion of the reaction. Prior to the final 

cleavage, the peptide was washed with DCM many times to remove the DMF. The 

peptide was cleaved from the resin using 50% TFA in DCM (15 ml) for 1 hour. Finally, 

the peptide was precipitated using 8 volumes of diethylether. The tripeptide was purified 

by HPLC using a 250 x 4.6 mm Zorbax RP-AQ 5 Il 80 A colurnn (Agilent, St-Laurent, 

QC, Canada). lsocratic elution was achieved using 0.1% TFA in water at a flow rate of 1 

ml/min. The colurnn temperature was set to 45°C and the absorbance was recorded at 214 

nm. The peptide 10 was obtained as a white powder (80.0 mg, 10% overall yield). HPLC 

ret. time: 3.5 min; 1H NMR (400 MHz, D20) 8 4.36 (t, 1H, J= 5.6 Hz, H-5), 4.22 (q, 1H, J 

= 7.2, H-3), 3.85 (t, 1H, J = 6.0 Hz, H-1), 2.84 (t, 2H, J = 7.6 Hz, H-10), 2.67 (d, J = 5.6 

Hz, H-12), 1.76 (rn, 2H, H-7), 1.55 (rn, 2H, H-9), 1.30 (rn, 2H, H-8), 1.24 (d, J= 7.2, 3H, 

H-11); 13C NMR (75 MHz, DzO) 8 175.9 (C-6), 175.5 (C-13), 173.8 (C-4), 169.4 (C-2), 

53.0 (C-1), 51.0 (C-5), 50.0 (C-3), 39.2(C-10), 37.1 (C-12), 30.6 (C-7), 26.6 (C-9), 21.3 

(C-8), 16.7 (C-11); LRMS (LC-MS(ESI)): Calcd for C13H240 6N4 332.17; Found 331.2 (M 

-H+). 
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1.3. 7 Bis(2,2,2-trifluoroethyl)malonate (11) 

0 0 

F~~~F 
1 0 2 1 0 12' 
F F 

After dissolution ofmalonic acid (21.8 mM) in toluene (20 ml), 2,2,2-trifluoroethanol (135 

mM) and sulfuric ac id (8 drops) were added to the mixture which was refluxed at 90°C for 

12 hours. The mixture was then washed three times with 10% sodium bicarbonate and one 

time with brine. The organic layer obtained was evaporated in vacuo. The product 11 was 

obtained as a yellowish oil (1.13 g, 20%). 1H NMR: (300 MHz, CDCb) ù 4.80 (q, 4H, J= 

8.9 Hz, H-1 '), 3.87 (s, 2H, H-2); 13C NMR: (75 MHz, CDCh) ù 165.29 (s), 123.84 (q, J = 

366.3 Hz, C-2'), 61.18 (q, J = 47.1 Hz, C-1 '), 40.43 (rn, C-2); LRMS (ESI): Calcd for 

1.3.8 Ninhydrin test 

This test was carried out by adding two drops of ninhydrin (5% w/v in ethanol), one drop 

of phenol (4:1 w/v in ethanol) and one drop of potassium cyanide (20 JlM) in pyridine, in a 

small glass test tube containing approximately 0.02 ml of the reaction mixture. The tube 

was then heated for 2-3 min using a heat gun with shaking. A positive test was revealed 

by color change, from yellow (protected amino acid) to a dark blue (free primary amine). 
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1.4 RESULTS AND DISCUSSION 

1.4.1 Alzheimer's amyloid beta peptides 

The amyloid beta peptide (A~) is the major component of the senile plaques found in the 

brain of patients with Alzheimer disease62'63. Amyloid beta is formed in vivo in a length 

varying from 39 to 43 amino acids, A~1 •40 being the most abundant and A~ 1 •42 being the 

predominant form found in Alzheimer's amyloid plaques. A~1 •42 shows the highest 

tendency to aggregate and is the most neurotoxic64. For these reasons, A~1 •42 was used in 

our investigations, in spi te of the fact that it is more difficult to handle than the shorter A~ 

peptides. 

1.4.2 A~I-42 purification 

American Peptide Company sells A~I-42 as >95% pure but only in very small amounts. 

Larger amounts of A~I-42 were purchased from Service de Synthèse de Peptide de l'Est du 

Québec (Québec, QC, Canada) as a crude powder. Many HPLC columns and conditions 

were tested to purify crude A~1 •42 . The main difficulty was related to the small pore size of 

most of the columns tested (80-100 A) except for the Zorbax C8 and the C18 Extend 

which had a pore size of 300 A. The molecular weight of A~1 •42 , 4514.5 g/mol, was not 

considered initially in the choice of the column. Indeed it is well known that molecules 

having a molecular weight above 2000 g/mol must be purified using 300 A-pore size 

columns65 . The problem was solved by using the column Zorbax C 18 Extend 300 A. 
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Another difficulty encountered was related to the pH of the mobile phase, which is usually 

acidic. As the pH is lowered, A~1 _42 reaches its isoelectric point (5.2), a pH region where it 

easily aggregates66
'
67

. Poor separation and resolution of A~1 _42 was observed under acidic 

conditions and the large peak obtained (Figure 10) is believed to contain aggregated 

peptides of various sizes. This second problem was solved by using basic conditions, i.e. 

using mobile phases buffered with 5 mM ammonium hydroxide. 

lit APl-42 

·150+-------------~r------,------~------~------~----~ 

0 5 10 15 20 15 30 
nun 

Figure 10 - Chromatogram of crude A~1 _42 (20 f..ll of 4 mg/ml in acetonitrile) acquired 
under acidic conditions. A~1 -42 was separated using a 80 A Stable Bond C18 column with 
a gradient of 10 to 40.5% solvent B in solvent A over 30 min at a flow rate of 3 ml/min. 
The solvent A was 0.1% TFA in water at pH 3.0 and the solvent B was acetonitrile 
containing 0.1% TFA at pH 3.0. The column temperature was controlled at 25°C. Under 
these conditions monomeric A~1 -42 elutes at 20.0 min and its absorption is recorded at 214 
nm. 

Figure 11 shows the chromatogram of crude A~ 1 _42 purified by HPLC using a 300 A C18 

Extend column under basic conditions. Mobile phases used were aqueous ammonium 

hydroxide (5 mM) and acetonitrile containing ammonium hydroxide (5 mM). The 

chromatogram of crude A~1 -42 contains many unidentified impurities, which are likely to 

include chemicals used during the solid phase peptide synthesis, truncated peptides, and 

aggregated A~I-42 peptides. The A~I-42 peak was identified by LC-MS. 
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Figure 11 - Chromatogram of crude A~1 -42 (5 J..tl of 4 mg/ml in acetonitrile) eluted on a C18 
300 A Extend column under basic conditions. Separation was achieved with a gradient of 
10 to 40.5% solvent B in solvent A over 30 min at a flow rate of 1 ml/min. The solvent A 
was aqueous ammonium hydroxide (5 mM) at pH 8.0 and the solvent B was acetonitrile 
containing ammonium hydroxide (5 mM) at pH 8.0. The column temperature was 
controlled at 25°C, A~1 _42 elutes at 15.3 min and its absorption is recorded at 214 nm. 

Figure 12 next page shows the chromatogram of crude A~1 _42 (5 J..ll of 4 mg/ml) dissolved 

in 3% ammonium hydroxide solution, compared to that of A~1 _42 (5 J..ll of 4 mg/ml) 

dissolved in acetonitrile:water 15:85 (v/v). A~1 _42 dissolved under basic conditions shows 

a higher peak than A~1 _42 dissolved in acetonitrile:water 15:85 (v/v). This observation 

suggests that the aggregation of A~1 -42 may be prevented or partially reversed under basic 

conditions. 
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Figure 12 - Chromatogram of crude A~1 .42 (5 J..Ll of 4 mg/ml) dissolved in aqueous 
ammonium hydroxide (5 mM) (black) versus A~ 1 -42 dissolved in acetonitrile:water 15:85 
(grey). Separation was achieved using a C18 300 A Extend column with a gradient of 10 
to 100% sol vent B in sol vent A over 20 min at a flow rate of 1 ml/min. The sol vent A was 
an aqueous ammonium hydroxide solution (5 mM) at pH 8.0 and the solvent B was 
acetonitrile containing ammonium hydroxide (5 mM) at pH 8.0. The column temperature 
was controlled at 2YC. A~I-42 elutes at 6.3 min and its absorption is recorded at 215 nm. 
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1.4.3 Investigation of molecules 1-11 for their effects on the secondary structure of A6J-42 

The molecules presented in Figure 13 were tested by circular dichroism for their effect on 

the secondary structure of A~1 _42 . Molecules 1 to 9 were synthesized by Dr. Sarnia Ait

Mohand in our laboratories. They were designed by basic modeling experiments using the 

NMR helical structure of A~1 _42 reported by Crescenzi et al. 68
• 

Kemp et al. have reported many capping molecules that favor helical peptides when 

covalently attached to the N-terminus (N-caps) or the C-terminus (C-caps) of the peptide37
• 

We envisioned that the intermolecular version of these molecules may stabilize helical 

A~1 _42 if high enough concentrations are used to compensate for the intramolecular effect. 

One C-capping molecule (8) and one N-capping molecule (9) were synthesized by Dr. Ait

Mohand in order to test their effect on the secondary structure of A~J-42 . The synthetic 

protocol was adapted to allow a covalent link to be introduced to attach 8 and 9 together; 

however, formation of the link was synthetically problematic and was abandoned. 
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Figure 13 -Molecules tested for their effect on the conformation of A~1_42 . 
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Johansson and coworkers have reported that the tripeptide KAD (1 mM, Lys-Ala-Asp, 10) 

increases the percentage a-helix of A~12-2s (100 J..LM) by 5% in 40% aqueous 2,2,2-

trifluoroethanol69
• We synthesized this tripeptide (10) to test it on the full length A~1 -42 . 

Initially, classical wet chemistry was employed to synthesize molecule 10. Unfortunately, 

32 



the purification of the final product was not possible with the material available, since 

impurities co-eluted with the tripeptide on HPLC. On the other band, the tripeptide was 

successfully synthesized when solid phase peptide synthesis was used (Scheme 1) starting 

from Fmoc-Asp(Boc)-OH, Fmoc-Ala-OH and Fmoc-Lys(Boc)-OH, where Fmoc is N-(9-

fluorenylmethoxycarbonyl), Asp is aspartic acid, Boe is N-(tert-butoxycarbonyl), Ala is 

alanine and Lys is lysine. The first step was the coupling of the Fmoc-protected aspartic 

acid to the Wang resin using N,N-diisopropylethylamine (DIPEA) and 0-(7-

azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU). The 

coupling was monitored using the ninhydrin test. To avoid the formation of truncated 

peptides, unreacted resin was capped with a solution of acetic anhydride:pyridine 50:50 

(v/v). After filtration to remove excess reagents, the Fmoc protecting group of the resin

attached aspartic acid was removed with piperidine. The second amino acid, alanine, was 

activated with DIPEA and HATU for coupling with the aspartate, followed by 

deprotection as described above. The last amino acid, lysine, was attached using the same 

conditions as for alanine. Finally, the tripeptide was cleaved from the resin and its side 

chain Boe protecting groups were removed using dichloromethane:trifluoroacetic acid 

50:50 (v/v). The tripeptide was precipitated in ether, purified by HPLC and identified by 

LC-MS. The yield was 10% over 7 steps. 
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Scheme 1 - Solid phase synthesis of the KAD tripeptide (10). 

Finally, bis(2,2,2-trifluoroethyl) malonate (11) was inspired from the fluorinated solvents 

2,2,2-trifluoroethanol (TFE) and 1,1, 1 ,3,3,3-hexafluoroisopropanol (HFIP), known for 

their ability to increase helical conformation of peptides in genera139
. The bis(2,2,2-
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trifluoroethyl) malonate (11) was obtained by double esterification of malonie acid with 

TFE as shown on Scheme 2. The reaction was catalyzed by sulfuric acid (catalytic 

amount) in refluxing toluene and the yield was 20%. The fact that the boiling point of the 

TFE was inferior to the refluxing temperature may explain the low yield obtained. 

Toluene 
20% 

Scheme 2- Synthesis ofbis(2,2,2-trifluoroethyl) malonate (11). 

1.4.4 Circular dichroism (CD) analyses 

Circular dichroism (CD) and Fourrier transform infrared spectroscopy (FTIR) are two 

techniques commonly used to predict protein and peptide secondary structures when they 

cannat be obtained by X-ray crystallography or nuclear magnetic resonance. CD and FTIR 

are ideal for quick screening of ligands and conditions that may affect protein and peptide 

secondary structures. Because the critical concentration for A~1 _42 aggregation is 40 J..LM51
, 

our CD studies with AB1_42 were carried at 31.9 J..LM. In this thesis, CD was chosen over 

FTIR for the determination of peptide secondary structure. This choice was based on the 

concentration of ABI-42 tested, since the peptide range concentration recommended for CD 

and FTIR analyses are 0.01-0.10 mM and 0.5-2.0 mM respectively.7° FTIR also requires 

the use of more expensive deuterated buffers. 
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1.4.4.1 Methods used for the analysis of CD data 

All the methods reported for the prediction of the secondary structure of peptides and 

proteins assume that the far-UV CD data (190-260 nm) can be expressed as a linear 

combina ti on of the different secondary structures plus a noise constant. The least squares 

method was the first method developed to predict secondary structures. In this method, 

spectra of polypeptides with known conformations are used to build a calibration curve. 

W ell known approaches using the least squares method are 8zos and 8m. After this first 

generation of CD data analysis tools, a wide number of protein conformations were rapidly 

determined and larger databases of spectra (reference set) were used to improve the 

secondary structure prediction methods. The reference set was deconvoluted to a basis · 

spectrum (CD curve) for each of the secondary structures in their pure form. Therefore, 

the basis spectra have replaced the single polypeptide spectrum as the standard in CD 

calibration curve. LINCOMB is an example of a method using deconvoluted reference 

spectra in its standard calibration curve. In addition to the least squares method, singular 

value decomposition and convex constraint analysis are currently used to deconvolute 

reference sets of protein structures. Figure 14 shows an example of basis spectrum of 

common secondary structures obtained with the least squares method. 
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Figure 14 - Basis spectra for the most common secondary structures found in proteins, 
calculated by deconvolution of protein reference sets using the least squares method. 
Figure extracted from Greenfield7 

• 

The basis spectrum obtained after deconvolution may vary significantly depending on the 

proteins selected in the reference set. To overcome this difficulty, new methods have been 

developed where the reference set includes only proteins having similar characteristics to 

the protein of interest. Those modem methods include ridge regression analysis 

(CONTIN), singular value decomposition with variable selection (CDSSTR), self

consistent analysis (SELCON) and neutral network (K2D)72
• Table 4 summarizes the 

prediction methods commonly used, their recommended wavelength range, the effect of 

truncated data on the secondary structure prediction, and the suggested utilization. 
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LINCOMB, 8208 and 8222 are especially recommended for determination of relative 

changes in the secondary structure, but they generally perform poor predictions of ~-sheets 

and ~-tums. Moreover, 8208 and 8222 methods overestimate a-helix content, due to the fact 

that only two types of structures are considered, namely a-helix and ~-sheet. CDSSTR and 

CONTIN are recommended for determination of polypeptide conformations; however, the 

first one is highly sensitive to truncated data. Finally, SELCON performs very good 

predictions for all secondary structures, and performs well with truncated data. It is 

recommended for secondary structure analysis of globular proteins, whereas it is not 

optimized for polypeptides with a high ~-pleated sheet content34
•
54

. 

All these methods may be used with different protein reference sets in order to generate 

basis spectra which are then utilized to predict secondary structures. Consequently, it is 

very difficult to compare results determined by different methods. To overcome this lack 

of consistency, the CD data presented in this thesis were treated with the CD pro 

software40
, which includes modified version of SELCON3, CONTIN/LL and CDSSTR. 

The first modification is the use of a common protein reference set which includes the 

reference sets of SELCON3, CONTIN/LL and CDSSTR. Moreover, the three methods of 

the CD pro software used the same secondary structures: regular a-helix, distorted a-helix, 

regular ~-strand, distorted ~-strand, tum and unordered structure. For simplicity, the 

regular and the distorted a-helices were combined for analysis. The same is also true for 

the regular and the distorted ~-strands. They were respectively renamed a-helix and ~

sheet. Furthermore, the a-helix content was also determined using single wavelength 

methods, 8208 and 8222, to facilitate the comparison of our results with sorne of the 

litera ture. 
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Table 3 - Comparison of methods used to analyze circular dichroism data 

Methods À range Evaluation of secondary structures Suggested uses 
(nm) using truncated data (240-200 nmt 

helix sheet tum 

82os, 8222 208-240 *** ** * 
• Quantification of secondary 

structure changes 
• Estimation of polypeptide 

LIN COME 178-240 *** * * 
conformations 

• Quantification of secondary 
structure changes 

• Estimation of globular 
protein conformations 

SELCON 178-260 *** ** ** 
• Not recommended for 

estimation of polypeptide 
conformation with high 
content in ~-pleated sheets 

CONTIN 178-260 *** ** ** 
• Estimation of polypeptide 

conformations 
• Estimation of polypeptide 

CDSSTR 178-260 NI Ab NIA NIA conformations 
• Not recommended for 

truncated data 

K2D 178-260 *** *** NIA • Estimation of peptide 
conformations 

a Poor (*), correlation coefficient :::; 0.5; Good (**), correlation coefficient 0.5-0.75; 

Excellent(***), correlation coefficient~ 0.75. bNIA =Not available 

All the CD data obtained for the molecules investigated in this present thesis were 

analyzed with the five methods presented above (SELCON341
, CONTIN ILL 42

, CDSSTR43
, 

8208
44 and 8222

45
) for comparison and improved reliability. These methods were all suitable 

to monitor the conformational changes of A~1 _42 in the presence of different ligands 53
• For 

clarity, only the results obtained with CONTINILL are listed in this thesis. This method 

was selected because it is less sensitive to truncated data. It shquld be kept in mind that 
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the goal of this project is to determine changes in A~I-42 secondary structure and not its 

absolute conformation. 

1.4.4.2 Effect ofNH40H, TFE and NaOH on the deaggregation of APt-42 

Upon its storage in solution or as a solid, A~1 _42 is known to slowly aggregate and 

eventually form fibrils. The various levels of aggregation in different samples may lead to 

inconsistencies in the results73·74. A deaggregation protocol was established and performed 

prior to each experiment to ensure a reliable monomeric A~1 _42 content. The deaggregation 

protocol tested consisted of deaggregation of A~1 _42 in NaOH, NH40H or TFA (10 min at 

room temperature), followed by lyophilization and solubilization in TFE. The percentage 

of each secondary element was determined by circular dichroism (Figure 15). The 

presence of a-helices is revealed by negative cotton effect at 212 and 222 nm. The exact 

percentages of secondary elements were determined using CD pro software. When 

aqueous sodium hydroxide (10 mM) was used to deaggregate A~1 _42 , the ratio of a-helix:~

sheet:~-tum:unordered obtained in potassium phosphate buffer containing 40% TFE was 

32:18:22:29 (Figure 15). The secondary structure ratio of A~1 _42 shifted to 36:15:22:27 and 

35:18:21:27 when 3% ammonium hydroxide and 1% trifluoroacetic acid were used instead 

of NaOH, respectively. The secondary structure ratios under these conditions are not 

considered significantly different (<5%) (Table 4). However, NH40H was chosen to 

deaggregate A~I-42 prior to all experiments because of its ease of removal and its 

compatibility with the HPLC purification. HPLC analysis suggests that NH40H may 

increase the proportion of monomeric A~I-42· Moreover, the solubilization of A~I-42 in 

TFE was easier after NH40H deaggregation compared to N aOH or TF A deaggregation. 
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Figure 15- CD spectrum of A~1 _42 (31.9 J.tM) after deaggregation with NH40H (•), NaOH 

(•) and TFA (_.). Spectra acquired in 40:60 (v/v) TFE:potassium phosphate buffer (100 
mM, pH 7.4) at 25°C. 

Table 4- Effect of the NH40H, TFA and NaOH deaggregation procedures on the 
secondary structure of A~1-42 (31.9 J.tM) in 40:60 (v/v) TFE:potassium phosphate buffer 
(100 mM, pH 7.4) at 25°C. 

Deaggregation Secondary Structure Percentage (%) 

agent a-Helixa ~-Sheetb Tum Unordered 

NH40H 31.8 ± 0.9 17.9 ± 0.7 21.9 ±0 28.6 ± 0.2 

TFA 36.0 ±1 14.8 ± 0.1 21.9 ± 0.2 27.4 ± 0.8 

NaOH 35.1 
1 

±1 18.7 ±2 21.3 1 ± 0.6 26.9 ±0.4 
1 1 

a Sum of regular and d1storted a-hehx 
b Sum of regular and distorted ~-strand 
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1.4.4.3 Effect of TFE on the conformation of APt-42 

In arder to confirm the correlation between the conformation of AP1.42 obtained under our 

conditions (purification and deaggregation) and the ones published in the literature, the 

conformation of API-42 in various percentages of buffered TFE was determined by circular 

dichroism (Figure 16). The results are summarized on Figure 5. As expected, the helical 

content of API-42 increases as the concentration of TFE is raised, whereas the P-sheet and 

P-tum contents decrease75
. 
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~ 25000 e -= 20000 -1'1-t---------------------
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~ 

t=Jl 
~ 

-= .._, 

-25000 +-----------,--------------,-------------,-------------,-------' 
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240 255 

Figure 16- CD spectrum of AP1-42 (31.9 J.tM) in 15% (•), 25% (_.), 40% (•) and 80% (o) 
buffered TFE (100 mM potassium phosphate at pH 7.4 and 25°C). 
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Table 5- Effect of 15%, 25%, 40% and 80% TFE on the secondary structure of API-42 
(31. 9 f..lM) in potassium phosphate buffer ( 100 mM, pH 7.4) at 25°C. 

Percentage 
Secondary Structure Percentage (%) 

ofTFA in 
a-Helixa P-Sheetb Tum Unordered buffer 

15% 5.60 ± 0.2 43.7 ±0.4 22.1 ± 0.7 28.7 ± 0.1 

25% 23.5 ± 0.2 24.7 ±0.3 22.2 ±0.1 29.7 ± 0.2 

40% 33.1 ±3 18.5 ±2 20.3 ± 0.7 28.2 ± 0.7 

80% 52.3 ±3 6.90 ±2 14.2 ± 0.9 26.5 ± 0.2 

a Sum of regular and distorted a-helix 
b Sum of regular and distorted P-strand 
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1.4.4.4 Effect of synthetic molecules 1-11 on the secondary structure of APt-42 

The effect of molecule 1 on the conformation of A~1 _42 (31.9 ~M) was determined by CD 

(Figure 17) using 40% TFE in potassium phosphate buffer (100 mM, pH 7.4). When 

compared to a control experiment, molecule 1 ( 400 mM) did not significantly affect the 

conformation of A~1 _42 • The secondary structure remained (within 5%) at 33% helix, 19% 

~-sheet, 20% ~-tum and 28% unordered (Table 6). 
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Figure 17 - CD spectrum of A~ 1 -42 (31.9 ~M) with (.A) and without (•) molecule 1 ( 400 
mM). Results obtained in 40:60 TFE:potassium phosphate buffer (100 mM, pH 7.4) at 
25°C. 

44 



Table 6- Effect of molecules 1, 2, 3, 4, 5, 6, 7 and 11 (each at 400 mM) on the secondary 
structure of A~1 •42 (31.9 !lM) in 40:60 (v/v) TFE:potassium phosphate buffer (100 mM, pH 
7.4). The temperature was controlled at 25°C. 

Secondary Structure Percentage (%) 
Sample 

a-Helixa ~-Sheetb Tum Unordered 

Abe ta 33.1 ±3 18.5 ±2 20.3 ± 0.7 28.2 ± 0.7 

Abeta + (1) 32.9 ±0.4 17.8 ± 0.6 22.8 ± 0.1 26.3 ± 0.2 

Abeta+ (2) 38.4 ± 0.6 15.8 ± 0.1 19.3 ±2 26.7 ±2 

Abeta+ (3) 27.9 ± 0.2 20.5 ± 0.9 20.5 ±0.4 31.2 ±2 

Abeta + (4) 36.0 ± 0.9 15.2 ± 0.5 22.1 ±0.2 26.8 ±0.6 

Abeta + (5) 28.4 ± 0.9 21.6 ± 0.6 20.2 ±0.3 29.9 ± 1 

Abeta + (6) 35.9 ±3 16.1 ± 1 22.3 ±0 25.7 ± 1 

Abeta + (7) 31.3 ± 0.2 19.3 ± 0.9 20.7 ±0.4 28.8 ± 0.7 

Abeta +(11) 30.1 ±0.5 19.7 ±0.2 20.7 ± 0.6 29.6 ±0.3 

a Sum ofregular and distorted a-helix 
b Sum of regular and distorted ~-strand 

The effect of molecules 2, 4, 5, 6 and 7 on the conformation of A~1 .42 (31.9 !lM) was 

determined by circular dichroism in potassium phosphate buffer (1 00 mM at pH 7.4 ), 

containing 40% or 25% TFE (Tables 6 and 7). Compared to a control experiments, 

addition of molecules (400 mM) did not significantly affect the conformation of A~1 •42 

( <5% ). The molecules were not tested at higher concentrations because of the significant 

noise below 200 nm. 
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Table 7- Effect of molecules 2, 4, 5, 6 and 7 (each at 400 mM) on the secondary structure 
of API-42 (31.9 J..LM) in 25:75 (v/v) TFE:potassium phosphate buffer (100 mM, pH 7.4). 
The temperature was controlled at 25°C. 

Secondary Structure Percentage (%) 

Sample a-Helixa P-Sheetb 

Abe ta 21.0 ±2 27.2 ±2 

Abeta + (2 15.5 1 ±4 29.6 ±1 
1 

Abeta+ (4 22.6 ± 0,5 25.8 ± 0.7 

Abeta + (5 22.4 nia 2'i 1 nia 

Abeta + (6 21.1 ±0.3 25.3 ±0.4 

Abeta + (7 17.7 ±3 29.7 
l 

±2 

n/a = expenment not performed m duphcate 
a Sum ofregular and distorted a-helix 
b Sum of regular and distorted P-strand 

Tum 

22.7 ± 0.5 

23.6 1 ±1 
1 

21.6 1 ± 0.2 
1 
! 

22.3 ! nia 

20.5 ±0.3 

22.7 
; 

± 0.8 i 
1 

Unordered 

29.3 ±0.4 

31.3 1 ±2 
1 

30.1 ± 0.1 

30.3 nia 

33.2 ±0.4 

29.9 ±1 

The effect of molecules 3 and 11 ( 400 mM) on the conformation of API-42 (31.9 J..LM) was 

determined by CD (Table 6) using 40% TFE in potassium phosphate buffer (100 mM, at 

pH 7.4). Compared to the control experiment, neither molecule significantly affected the 

conformation of API-42 (<5%). 

The effect of molecule 8 on the conformation of Ap1_42 (31.9 J..LM) was determined by CD 

in potassium phosphate buffer (100 mM, at pH 7.4) containing 40% TFE. Compared to 

the control experiment lacking 8, addition of 8 (204 J..LM) did not significantly affect the 

conformation of API-42 (Table 8). On the other hand, when 8 was tested at 612 J..LM, the a-

helix percentage significantly dropped to 24% (Table 8). This variation in the a-helix 

content was attributed to insoluble aggregates and/or significant noise below 205 nm. 
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Table 8- Effect of molecules 8 and 9 on the secondary structure of API-42 (31.9 J!M) in 
60:40 (v/v) TFE:potassium phosphate buffer (100 mM, pH 7.4). The temperature was 
controlled at 25°C. 

Secondary Structure Percentage (%) 
Sample 

a-Helixa P-Sheetb Turn Unordered 

Abe ta 30.6 ±2 21.6 ± 0.9 19.6 ± 0.3 28.3 ± 0.7 

Abeta + (8 
31.8 ±2 24.2 ±2 17.1 ± 0.9 27.1 ± 0.7 

204uM 

Abeta+ (8 
23.6 ± 0.2 25.6 ± 0.6 20.3 ±1 30.6 ±0.4 

612uM 

Abeta + (9 
26.8 ±4 25.3 ±2 20.1 ±1 27.9 ±2 

1,2mM 

Abeta + (9 
33.3 ± 0.1 23.9 ±1 16.7 ±1 26.2 ± 0.1 

2,6mM 

a Sum of regular and distorted a-helix 
b Sum of regular and distorted P-strand 

The effect of molecule 9 on the conformation of Ap1_42 (31.9 j..tM) was determined by CD 

in potassium phosphate buffer (100 mM, at pH 7.4) containing 40% TFE. Compared to 

the control experiment, molecule 9 (1.2 or 2.6 mM) did not significantly affect the 

secondary structure of AP1-42 (<5%) (Table 8). 

The secondary structure of API-42 was determined in the presence of 1, 2, 3, 4, 5, 6, 8 and 

10 mM of 10 in 40% buffered TFE. The results obtained for the concentrations 6 to 10 

mM were too noisy for further analysis. When 10 was tested at 0, 1, 2, 3, 4 and 5 mM the 
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percentage of a-helix increased slightly (31, 31, 32, 29, 36, and 40 respectively), whereas 

the percentage of B-sheet decreased slightly (19, 18, 18, 18, 18, and 16 respectively) and 

the B-turn also diminished (22, 22, 22, 23, 18, and 15 respectively) (Table 9). 

This rise in helix content observed in the presence of increasing amount of KAD (10) was 

however attributed to the huge amount of noise observed below 200 nm at higher 

concentrations. Thus, when the noisy section of the spectra (190-200 nm) was truncated, 

the amounts of a-helix determined for AB1-42 in the presence of various concentrations of 

10 were not significantly different (Table 9). 
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Table 9- Effect of molecules 10 (1, 2, 3, 4 and 5 mM) on the secondary structure of A~I-42 
(31.9 f.LM) in 60:40 (v/v) TFE:potassium phosphate buffer (100 mM, pH 7.4). The 
temperature was controlled at 25°C. 

Secondary Structure Percentage (%) (calculated from 190-200 nm) 
Sample 

a-Helixa ~-Sheetb Tum Unordered 

Abe ta 30.8 ± 0.6 18.7 ± 0.5 22.2 ± 0.1 28.3 ± 0.2 

Abeta+ 1 mM 30.8 ±0.4 18.3 ± 0.5 22.0 ± 0.1 29.0 ±0.4 

Abeta+2 mM 31.6 ±0.4 17.9 ± 0.5 21.9 ± 0.1 28.6 ± 0.1 

Abeta+ 3 mM 28.7 ±2 20.2 ±2 22.3 ± 0.3 29.0 ±0.4 

Abeta+4mM 36.2 ± 0.8 17.2 ±1 17.5 ± 0.2 29.2 ± 0.6 

Abeta+ 5 mM 39.5 ± 0.8 15.5 ±0 16.4 ± 1 28.7 ± 0.5 

Secondary Structure Percentage (%) (calculated from 200 to 206 nm) 

Abeta 30.0 ±0.7 20.3 ± 0.6 21.8 ± 0.1 28.0 ± 0.1 

Abeta+ 1 mM 29.9 ± 0.1 19.6 ±0.4 21.8 ±0 28.8 ±0.4 

Abeta+2 mM 31.2 1 ± 0.1 19.7 1 ± 0.2 21.3 
1 

± 0.1 28.0 ± 0.1 
i 1 ! 

Abeta+ 3 mM 27.8 ±2 21.8 1 ±1 22.0 
1 

±0.4 28.5 ± 0.1 

Abeta+4mM 32.6 ±1 18.2 ± 0.7 20.6 ±0.3 28.6 ± 0.2 

Abeta+ 5 mM 34.7 ±2 20.3 ± 0.6 21.8 ± 0.1 28.0 ± 0.1 

a Sum of regular and distorted a-helix 
b Sum of regular and distorted ~-strand 
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1.4.4.5 Effect of selected molecules commercially available on the secondary structure 

of APt-42 

Two additional molecules were tested by CD to determine their effect on the structure of 

A~1 _42 . Sulfalazine was tested because it is used as a starting material in the synthesis of 

molecule 3. The conformation of A~1 -42 was determined in potassium phosphate buffer 

(100 mM at pH 7.4) containing 40% TFE. The addition of sulfalazine (400 mM) did not 

significantly affect the conformation of A~ 1 -42 (<5%)(Table 10). 

The second commercial molecule tested, Congo red, is a well-known inhibitor of A~ 

peptide aggregation. It was envisaged that it may do so by shifting the conformational 

equilibrium towards helical A~I-42· Congo red was tested in 25% buffered TFE. Addition 

of Congo red (10 and 100 J.tM), did not significantly affect the conformation of A~I-42 

(within 5%) (Table 10). 

Table 10 - Secondary structure percentage of A~1 _42 in the presence of sulfalazine 
(400mM) and Congo red (CR) (10 and 100 J.tM) determined in 25% TFE in potassium 
phosphate buffer (100 mM at pH 7.4). The temperature was controlled at 25°C. 

Sample 
Secondary Structure Percentage (%) 

a-Helixa B-Sheetb Tum Unordered 

Abe ta 16.7 ± 0.5 33.3 ±2 25.0 ±0.9 24.9 ±2 

Abeta+CR 
19.4 ± 0.6 29.8 ±0.4 25.2 ± 0.1 25.6 1 ±0.3 10mM 

1 1 

Abeta 27.3 ±3 21.5 ±5 23.1 ± 0.2 28.2 ±2 

Abeta+ CF 
28.6 ±4 21.5 ±4 23.2 ± 0.8 26.6 ± 0.6 100mM 

Abeta + 
sulfazine 35.5 ±2 15.1 ± 0.8 21.7 ± 0.7 27.7 ±1 
(400 mM) 

a Sum of regular and dtstorted a-hehx 
b Sum of regular and distorted ~-strand 
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1.5 CONCLUSION 

In summary, we have developed a protocol to deaggregate and purify A~I-42· We have 

also confirmed that TFE increases the helical content of A~1 -42 . Overall, of all the 

molecules tested here, none have shown any significant effect on the conformation of A~I-

42. The strategy adopted here is not very convenient for the screening of molecules. 

Virtual screening (docking) of molecules designed will be a good complementary strategy, 

since it could predict the energy of binding between helical structure of A~1 -42 and the 

ligands. 
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Chapter 2: Composition and biological 
activity of traditional and commercial kava 

extracts 
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2.1 LITTERATURE REVIEW 

2.1.1 Traditional kava extract 

Piper methysticum is a plant from the South Pacifie Island commonly named Kava, Kava

Kava, Awa, Ava pepper or Yangona. In the eighteenth-century, European explorers 

described kava consumption as an important activity of the Pacifie Islanders. At that time, 

the traditional kava beverage was a fundamental part of the religious, political and 

economicallife of the Islanders. Today, kava consumption is no longer reserved to special 

events and aborigines consume it on a daily basis in their sociallife and as complementary 

medicine. Similar to the use of alcohol in the Western Countries, the traditional kava 

beverage is ingested to increase sociability, feelings of peace and relaxation. Unlike 

alcohol, kava drinks do not increase the drinkers' aggressiveness and do not decrease their 

ability to drive or think clearly76
• 

The traditional kava beverage is prepared from the rhizomes of Piper methysticum. The 

Islanders prepare this beverage with ground kava roots (1.0-1.5 g) infused in cold water or 

coconut milk (100 to 150 ml). A series of lactones, named kavalactones, have been 

identified as the active ingredients of this kava ex tracts. Many studies have shown that the 

concentrations of kavalactones vary from one cultivar to another and also with the plant 

age and environment77
• More than eighteen kavalactones have been identified in kava 

extracts. Methysticin (M), dihydromethysticin (DHM), kavain (K), dihydrokavain (DHK), 

demethoxyyangonin (DMY) and yangonin (Y) are kavalactones found in almost ali 

cultivars and they account for ~96% of the kavalactone content1
. Structures for these six 

kavalactones are presented in Figure 31. 
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Methysticin (M) 7,8-Dihydromethysticin (DHM) 

Kavain (K) 7,8-Dihydrokavain (DHK) 

0 0 0 

Yangonin (Y) Demethoxyyangonin (DMY) 

Figure 18- Structures for the six major kavalactones of kava extracts 

Kavalactones are biologically active molecules with important pharmacological properties. 

For example, 210 mg/day of kavalactones show an effect similar to that of 15 mg/day of 

oxazepam or 9 mg/day of bromazepam on the Hamilton Anxiety scale which is used to 

evaluate the efficiency of anxiolytic drugs78
. Another example is the analgesie effect of 

DHK and DHM. In fact, 120 mg/kg of either DHK or DHM is equivalent to 200 mg/kg of 

acetylsalicylic acid79
• Numerous clinical studies suggest that kavalactones are effective at 

treating anxiety and nervous conditions80
•
81

•
82

•
83

• Pre-clinical studies have demonstrated 

their analgesie, anticonvulsant, psychotropic, local anesthetic, sedative and muscular 

relaxant activities1
•
2

•
4

•
84

•
85

•
86

• Sorne physiological properties of the kavalactones might 
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explain, at least in part, the clinical activities of kavalactones. For example, the 

psychotropic activity of kavalactones may be explained by their interaction with the 

GABA-A receptor and/or its inhibition of noradrenaline uptake7
• 

Side effects reported after kava ingestion are mild and reversible. At the recommended 

dose of 40 to 21 0 mg/ day and for a short period of ti me, 1-24 weeks, si de effects reported 

in elude nausea, allergie skin reactions and change in li ver enzyme concentrations ( e.g. 

increases in alanine aminotransferase and gamma-glutamyl transferase)87
•
88

•
89

• More 

serious side effects have been reported for heavy kava drinkers. Chronic consumption of 

kava, sometimes 100 times above the recommended dosage, may lead to hair loss, skin 

rash, yellowish discoloration of the skin, ulcerous skin, visual difficulties and weight loss 

1,10 

ln summary, the safety of traditional kava and its efficacy are now widespread. Since 

1990, Europeans and North Americans consume the unlicensed commercial kava extract to 

treat anxiety problems and insomnia90
• 

2.1.2 Commercial extracts 

The sale of kava supplements, like many herbai remedies, grew exponentially during the 

1990's. For example, the American Botanical Council reports that U.S. kava sales were 

above $30 millions in 200091
. At that time, the kava extract was among the top 10 sellers 

of herbai supplement. 
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Between 1999 and 2002 more then 82 cases of li ver failure were attributed to commercial 

kava extracts92
•
93

•
94

•
95

•
96

•
97

•
98

•
99

. This includes severa! cases where jaundice and/or hepatitis 

have led to liver transplant and/or mortality. Two cases have been attributed to depletion 

of human CYP2D6, the enzyme responsible for the metabolism of kavalactones100
•
101

•
102

. 

Most other cases involved concomitant ingestion of drugs known for their potential 

hepatotoxicity, which suggests that herb-drug interactions may be implicated21
. In 2002, 

acting in response to theses cases, Germany removed all kava extracts from the market103
• 

Today, kava is banned in many countries including Canada, United Kingdom, Australia 

and all European countries104
• In the United States, kava extracts are under investigation 

and consumers are wamed of its potential hepatotoxicity105
. 

Many hypotheses have been proposed to explain why within two decades several cases of 

hepatotoxicity were reported for the commercial kava extracts whereas traditional kava has 

been used safely for many centuries106
•
107

•
108

. Most of these hypotheses point toward the 

preparation of the commercial extract. One of the concems lies in the part of the kava 

plant employed by manufacturers. In order to optimize extraction of kavalactones, sorne 

manufacturers use the entire kava plant instead of the rhizome. It is well-documented that 

the aerial part of kava plant contains toxic alkaloids109
• Others have suggested that 

manufacturers raise the amount of kavalactones in their standardized extracts with 

synthetic ones. By doing so, they add racemic kavalactones to the commercial extract 

whereas the natural extract contains only one enantiome?1
. The last difference is the use 

of organic solvents as opposed to water, which may affect the composition of the extract. 

Organic solvents utilized in the preparation of commercial extracts include ethanol, 

h 1 d . 1 . 21 25 27 met ano, acetone an orgamc so vent-water mixtures ' ' . Whitton et al. observed 
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slight variations of the kavalactone:glutathione ratio depending on the solvent used for 

extraction110
• Qualitative analysis of the composition using thin layer chromatography was 

reported for the commercial and the traditional kava extracts. The authors conclude that 

compositions are similar for both extracts although the method is only qualitative and two 

of the six major kavalactones were not detected 111
• More information about the 

composition of the kava extracts must be collected in order to determine if sorne toxic 

molecules are extracted using organic sol vents and to determine if the ratio of kavalactones 

vary in organic versus aqueous extracts. 

As stated above, the majority of hepatotoxic cases reported for the commercial kava 

extract involve concomitant ingestion of pharmaceuticals, suggesting herb-drug 

interactions via human cytochrome P450 enzymes (P450s or CYPs). 
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2.1.3 Cytochrome P450 enzymes (CYPs) 

Drug metabolism in mammals is generally divided in two phases. In phase I, a polar group 

is introduced into the molecule to facilitate its excretion in urine and/or to prepare the 

molecule for additional metabolism. In phase II metabolism, polar molecules or phase I 

metabolites are conjugated to endogenous molecules such as glutathione or glucoronic acid 

to produce soluble metabolites112
• 

CYPs are implicated in phase I metabolism. They oxidize more than 90% of the current 

pharmaceuticals113
• They do so by catalyzing numerous reactions such as hydroxylations, 

epoxidations, N-, 0- or P-dealkylations, N-, S- or P-oxidations, desulfurations, 

dehalogenations, nitro and azo reductions114
• 

The name P450 originates from the characteristic absorption peak at 450 nm observed 

when these enzymes are reduced and bound to carbon monoxide115
• The nomenclature 

system commonly used for CYPs was proposed in 1987 by Nebert et a/. 116
• The different 

isoforms are grouped into a family (Arabie number) if the gene sequences are 2:40% 

homologous. Families are subsequently divided into subfamilies (letter) if the sequence 

homology is superior to 55%. The individual isozymes of a subfamily are identified using 

a second Arabie number117
. For example, CYP2C9 and CYP2D6 belong to the same CYP 

family (family 2) but belong to different subfamilies (C and D respectively). In addition, 

CYP2C9 was the ninth isoform identified in the CYP2C subfamily. 

Crystal structures of many human P450 enzymes118
•
119

•
120

•
121

•
122

•
123 and several structure

activity relationships studies provide a plethora of structural information for P450 
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enzymes. Although, amino acid sequences vary greatly among CYPs, their structural folds 

and active sites are highly conserved. All CYPs present a common heme-cofactor at their 

active site (Figure 32). The proximal side of the porphyrin is attached to the enzyme via a 

cysteine thiolate. In the resting state, the distal side is bound to a water molecule. 

CH2 
Il 
CH 

Figure 19 - Herne iron ligation state of the P450 co factor. 

CYPs are believed to share a common mechanism for which sorne of the mechanistic 

details remain unclear. The generally recognized steps in the catalytic cycle of CYPs are 

described in Figure 3338,4°· 124
. The cycle is initiated by binding of the substrate (RH) to 

the enzyme which displaces the distal water molecule (step 1. to II.). This is accompanied 

by a change in the spin state, from a low spin hexacoordinated ferric enzyme to a high spin 

pentacoordinated ferric enzyme. This leads to a raise in the redox potential of the system. 

During the second step, one electron is transferred from the redox partners (NADPH and 

cytochrome P450 reductase) to reduce the ferric porphyrin to ferrous (111.). Ferrous herne 

enzymes have a high affinity for molecular oxygen which leads to the formation of an 
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oxyferrous complex (IV.). The enzyme-bound ferrous herne (III.) may altematively react 

with carbon monoxide to form a ferrous-CO complex (Ilia.) which gives rise to the 

characteristic absorption at 450 nm and also inhibits CYP activity. Subsequently, the 

oxyferrous complex (IV.) accepts a second electron followed by a proton to form a 

hydroxyperoxide complex (V.). The hydroxyperoxide complex accepts a second proton 

and releases a water molecule to forman oxoferryl complex (VI.). This oxoferryl complex 

abstracts a hydrogen atom from the substrate to generate a radical substrate (R·) and a one

electron reduced ferryl species (VII.). Then, the radical substrate (R·) recombines with the 

hydroxyl radical to yield the enzyme-product complex (VIII.). Finally, the enzyme 

releases the product (ROH) and binds a water molecule to regenerate the resting low spin 

hexacoordinated ferric enzyme. 
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1. 

Ilia. 

CO-complex 
Absorbs at 450 nm 

Oz 

Figure 20 - Generally accepted catalytic mechanism of CYPs. The square symbol 
represents the herne cofactor bound to the enzyme via a cysteine residue. The substrate is 
abbreviated by RH. 

Since, NADPH and cytochrome P450 reductase (CPR) are required to reduce P450s, the 

overall hydroxylation reaction by these enzymes can be summarized by Equation 4. 
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RH+ Oz + P450 + NADPH + W + CPR -7 ROH+ HzO + NADP+ + P450 + CPR Eq 4 

2.1.4 Drug-drug interactions 

The modulation of P450 activity has been implicated in many adverse drug reactions. 

Their activation or suppression may have dramatic effects on the metabolism of drugs. For 

this reason, pharmaceutical drugs are required to undergo extensive pharmacological 

characterization, including the quantification of CYP interactions, before approval by 

govemmental agencies. Sales of herbai remedies and dietary supplements are authorized 

without pharmacokinetic evaluations. This lack of regulation sometimes leads to herb

drug interactions. St-John's Wort, Gingko Biloba, Echinacea, garlic and grapefruit juice 

are examples of "natural" modulators of P450 activity interfering with the metabolism of 

prescribed drugs1zs,Iz6• 

The modulation of P450 activity by drugs/herbs is often established by in vitro assays with 

P450 enzyme solutions such as microsomes. The assay consists of the incubation of the 

enzyme with a substrate, NADPH, CPR and Oz, with or without the molecule under 

investigation. The enzyme activity is quantified by fluorescence, UV /Vis spectroscopy or 

HPLC to determine the effect of the molecule of interest. Drug/herb interactions are to be 

expected when a given molecule inhibits or induces human P450 enzyme activity. 

Kavalactones and commercial kava extracts have been reported to inhibit P450 

activity1
z

7
•
1
z

8
•
129

• Before our studies, the effect of traditional kava extract on the activity of 
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P450s had never been investigated. The results obtained by Zou et al. 53 for the distinct 

kavalactones are summarized in Table 2. The CYP isoforms tested for the six major 

kavalactones and the commercial extracts were CYP1A2, CYP2C9, CYP2C19, CYP2D6 

and CYP3A4. The IC50 values reported were in the micromolar range which corresponds 

to significant P450 inhibition. 

Table 11 - IC50s reported for the six major kavalactones on the activitiy of five human 
P450 isoforms, adapted from Zou et a/.53 

CYP ICso (-) 1A2 (!lM) 2C9 (!lM) 2C19 (!lM) 2D6 (!lM) 3A4 (!lM) 

Kavalactones ( l) 

Methysticin 12.53 16.39 0.93 153.2 10.20 

Dihydromethysticin 14.8 13.35 0.43 37.03 11.4 

Ka vain 44.66 128.3 4.86 N.E. N.E. 

Dihydrokavain N.E. 130.9 10.05 N.E. N.E. 

Yangonin 19.87 N.E. 22.57 N.E. N.E. 

Demethoxyyangonin 1.70 50.12 0.51 N.E. N.E. 

N.E. =No effect reported at the highest concentration tested. 

The results reported by Matthew et al. 52 are similar to the ones described above. However, 

additional experiments were performed to demonstrate that methysticin and 

dihydromethysticin form a metabolite intermediate complex with the enzyme which leads 

to mechanism-based inhibition. 
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In summary, commercial and traditional kava extracts seem to present different toxicity 

profiles. Before our studies, qualitative and quantitative analyses of organic and aqueous 

kava extracts had not been carried simultaneously and comparisons were difficult. 

Moreover, although the inhibition of human P450s by individual kavalactones and 

commercial kava extracts had been reported, similar studies had not been reported for the 

traditional kava extract. 

The aim of this second project was to extract kava roots with water, ethanol, acetone and 

methanol to mimic the traditional (aqueous) and the commercials (organic) extracts 

respectively. The resulting ex tracts were next analyzed to identify and quantify the 

kavalactone constituents. Variations in the relative amounts of the kavalactones were also 

evaluated. Finally, the different extracts were tested, using a fluorescence-based assay, to 

determine inhibition of P450 enzyme activity. The following manuscript was published 

under the reference: C.S. Côté, C. Kor, J. Cohen, K. Auclair, Composition and biological 

activity of traditional and commercial kava extracts. Biochem. Biophys. Res. Comm., 

2004,322,147-152. 
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2.2 ABSTRACT 

For centuries the South Pacifie Islanders have consumed kava (Piper methysticum) as a 

ceremonial intoxicating beverage. More recently, caplets of kava extracts have been 

commercialized for their anxiolytic and antidepressant activity. Severa! cases of 

hepatotoxicity have been reported following consumption of the commercial preparation 

whereas no serious health effects had been documented for the traditional beverage. A 

detailed comparison of commercial kava extracts (prepared in acetone, ethanol or 

methanol) and traditional kava (aqueous) reveal significant differences in the ratio of the 

major kavalactones. To show that these variations could lead to differences in biological 

activity, the extracts were compared for their inhibition of the major drug metabolizing 

P450 enzymes. In ali cases (CYP3A4, CYP1A2, CYP2C9 and CYP2C19), the inhibition 

was more pronounced for the commercial preparation. Our results suggest that the· 

variations in health effects reported for the kava extracts may result from the different 

preparation protocols used. 

Keywords: Kava; piper methysticum; kavalactone; methysticin; kavain; yangonin; P450; 

CYP; inhibition; inhibit 
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2.3 INTRODUCTION 

Extracts of Piper methysticum, or kava, have been consumed in the South Pacifie Islands 

for centuries without any reported serious side effects1
•
25

• The traditional extract is an 

infusion of ground kava roots (1.0-1.5g) in cold water (100-150 ml) used for its 

psychotropic and hypnotic properties 10
. The consumption of kava has now spread to the 

Western world where the traditional kava root infusion has been replaced by commercially 

available caplets. Sixteen different kavalactones have been identified as the active 

principles of this extract. Methysticin, dihydromethysticin, kavain, dihydrokavain, 

demethoxyyangonin and yangonin are the major ones and account for 96% of the organic 

extract2
. 

Reported beneficiai effects of kava at low concentrations include relaxation, euphoria, 

anticonvulsant properties, neuroprotection, analgesia, and attenuation of menopausal 

symptoms 1-
3

•
9

-
11

. After being approved for the treatment of anxiety and nervous disorders 

in 199010
, kava was banned from Germany in June 2002 based on the reevaluation of its 

risk-to-benefit ratio by the German Health authorities21
•
35

•
130

• Kava has since been removed 

from the market in all of Europe (including UK), Australia and Canada, and a waming has 

been issued in USA21
•
25

•
55

• Many clinicat studies suggest that the kava extract offers an 

effective alternative for the treatment of anxiety5
-
8 and conclude that it is relative safe 

when used alone at recommended dosage for a short period of time (1-24 weeks) 13
'
14

'
131

. 

On the other hand, 78 cases of hepatotoxicity have been reported following ingestion of 

commercial kava caplets18
•
21

-
22

•
27

•
55

•
132 but none have been recorded for the traditional 

extract. In several of these cases, the hepatic failure has required liver transplantation or 

has been fatal 10
•
18

•
21

-
22

•
25

•
27

•
55

•
57

. Two cases have been attributed to depletion of human 
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CYP2D6, the enzyme responsible for kavalactone metabolism9
'
25

'
27

• Most other cases 

involved concomitant ingestion of drugs known for their potential hepatotoxicity21 or of 

other pharmaceuticals, which suggests that herb-drug interactions may be implicated. 

P450 inhibition or induction is an important factor leading to drug interactions. The 

inhibition of human P450 isoforms CYP1A2, CYP2C9, CYP2Cl9, CYP2D6, CYP3A4 

and CYP4A9/11 (from either microsomes or human hepatocytes) by individual 

kavalactones, by commercial kava caplets, and by an ethanolic kava root extract have been 

reported52
-
54

• This family of enzymes is important for the degradation of toxins and 

pharmaceuticals, and for the biosynthesis of steroids and prostaglandins. P450s are most 

abundant in the liver where a few isoforms, namely CYP1A2, CYP2C9, CYP2C19, 

CYP2D6 and CYP3A4, account for 80% of the total hepatic metabolism38
. One of the 

most promiscuous human isoforms, CYP3A4, is involved in the phase I metabolism of 

more than 50% of the current pharmaceuticals. It is also the major P450 in the small 

intestine, whereas CYP2D6, the enzyme responsible for kavalactones metabolism9
•
25

•
27 is 

the main P450 in the brain38
. 

Although the hepatoxicity of kava is still debated27
, multiple hypotheses have been 

proposed to explain the difference in toxicity between the commercial caplets and the 

traditional kava extracts. Commercially available kava caplets are usually prepared by 

ethanolic or acetonic extraction of the full plant25
•
36

• Since kava has traditionally been 

consumed as a water infusion of the root, it has been suggested that the use of organic 

solvents may extract more toxic components from the kava plane5
• The use of the aerial 

part of the plant by the producers of kava cap lets is also suspected to lead to toxicity of the 
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extract. Indeed, the cytotoxic alkaloid pipermethysticin has recently been isolated from this 

part of the plant34
• Finally, it has been suggested that the addition of a racemic mixture of 

synthetic kavain, sometimes added to boost the activity of the commercial extract, may 

increase the toxicit;?1
. 

Our aim was to compare kava root extracts prepared using water, methanol, ethanol or 

acetone by analytical methods. The ratio of the major kavalactones of the aqueous extract 

was found to be different from that of all other extracts and it was envisaged that theses 

disparities could lead to variations in biological activities. This hypothesis was confirmed 

by comparing the inhibition of the major drug metabolizing human P450s by the aqueous 

and organic extracts. 
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2.4 MATERIALS AND METHODS 

2.4.1 Chemicals and Enzymes 

Human 1iver CYP1A2 supersomes containing P450 reductase were purchased from BD 

Gentest (Wobum. MA). Human liver CYP3A4, CYP2D6, CYP2C19 and CYP2C9 

microsomes, which included P450 reductase and cytochrome b5, were also obtained from 

BD Gentest. The substrates 7-benzyloxy-4-trifluoromethylcoumarin (BFC), 7-methoxy-4-

trifluorocoumarin (MFC) and 3-[2-(N,N-diethyl-N-methylamino )ethyl]-7-methoxy-4-

methylcoumarin (AMMC), as well as the fluorescent products 7-hydroxy-4-

trifluoromethylcoumarin (HFC) and 3-[2-N,N-diethyl-N-methylamino )ethyl]-7-hydroxy-4-

methylcoumarin (AHMC) were also purchased from BD Gentest. 

The kava roots (Moi variety) were generously provided by Dr. Will McClatchey from 

Hawaii University ( occasionally via Jonathan Yee, a kava farmer in Hawaii). The 

kavalactone standards methysticin (M), dihydromethysticin (DHM), kavain (K), 

dihydrokavain (DHK), demethoxyyangonin (DMY) and yangonin (Y) were purchased 

from ChromaDex (Santa Ana, CA). Kava caplets (150 mg per caplet each containing 45 

mg ofkavalactones) were from Nature's Resource (Mission Hills, CA). All other reagents 

were obtained from Sigma-Aldrich (St. Louis, MO). Solvents used were HPLC grade, 

except acetone which was ACS grade. All the measurements described below were done in 

duplicate. 
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2.4.2 Instruments 

Kinetic assays were performed in black Costar 96-well microplates. Fluorescence of the 

products was monitored using a GEMINI XS model microplate reader (Molecular Deviees 

Corp., Sunnyvale, CA). NADPH consumption UV assays were carried out using a Spectra 

Max 190 model microplate reader (Molecular Deviees Corp.). Analytical HPLC analyses 

were performed on an Agilent 1100 modular system equipped with an autosampler, a 

quatemary pump system, a photodiode array detector, a fluorescence detector, a 

thermostatted colurnn compartment and a ChemStation (for LC 3D A.09.03) data system. 

2.4.3 Extracts preparation 

The kava roots (repeated with two different batches of kava Moi variety, one of the most 

popular varieties) were dried at 37°C for 48 hours and ground in a coffee grinder. For the 

preparation of organic kava root extracts, the organic solvent (75 ml of methanol, acetone 

or ethanol) was added to ground kava root (1 g) and the heterogeneous mixture was shaken 

at 250 rpm and 40°C for 90 min. The mixture was then filtered to remove the root, the 

sol vent was evaporated in vacuo and the residues were each reconstituted in methanol (1 0 

ml). The aqueous kava root extract was generated from ground kava root (1 g) stirred in 

water (125 ml) at room temperature for 10 min. The mixture was subsequently filtered and 

lyophilized. The solid was reconstituted in methanol (20 ml). The commercial caplet 

extract was prepared using the powder from 4 Nature's Resource kava caplets mixed in 

methanol (75 ml) and shaken at 250 rpm and 40°C for 90 min. The insoluble material was 

filtered off and the solvent was evaporated in vacuo. The residue was reconstituted in 

methanol (10 ml). 

82 



2.4.4 HPLC and LC-MS separation 

Separation and quantification of the kavalactones were achieved by HPLC using a 

modification of the procedure reported by Shao et a/. 133
• The column used was a 250 x 4.6 

mm SYNERGI 4J..l Hydro-RP 80Â (Phenomenex, Torrance, CA, USA). Isocratic elution 

with water:acetonitrile:methanol (52:23:25) was used at a flow rate of 1 ml/min. The 

absorption spectra were recorded from 200 to 400 nm. Quantification was accomplished at 

240 nm for methysticin, dihydromethysticin, kavain and dihydrokavain and at 350 nm for 

demethoxyyangonin and yangonin. The column was thermostatted at 40°C. Confirmation 

of the identification of the different kavalactones was achieved by LC-MS and with the use 

of authentic samples. LC-MS analysis was performed on a Spectra System P4000 (Spectro 

Separation Products) equipped with a UV 2000 detector and a Finnigan LCQ DUO (ion 

trap) mass detector setup in Atmospheric Pressure Chemical Ionization (APCI) negative 

mode, controlled by the X caliber software version 1.2. The elution method was the same 

as described above. 

2.4.5 Stock solutions used for enzyme activity and inhibition studies by fluorescence

based assays 

The P450 liver microsomes were diluted in 100 mM (CYP3A4, CYP1A2 and CYP2D6) 

or 25 mM (CYP2C19 and CYP2C9) potassium phosphate buffer at pH 7.4 to a final 

concentration of 0.1 f.!M. The stock solution of BFC ( 5.5 f.!M, substrate for CYP3A4 and 

CYP2C19) was prepared from an aqueous dilution of a 300 f.!M solution in acetonitrile. 

The CYP2D6 substrate AMMC was first dissolved in acetonitrile (1 mM) and then diluted 

in water to 15 f.!M. MFC, the substrate used with CYP2C9, was similarly prepared by 
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aqueous dilution to 165 J.!M of a 1 mM solution in acetonitrile. Finally, the stock solution of 

the CYP1A2 substrate ethoxyresorufin (ER) was prepared by aqueous dilution to 5.5 J.!M 

from a 1 mM stock solution in acetonitrile. Their respective products were dissolved in the 

same solvent mixtures. The coenzyme NADPH was dissolved to give a final concentration 

of 25 mM in the same buffer used to dilute the enzyme tested. All aqueous solutions were 

prepared using water from a Milli-Q purification system (Millipore Corporation, Bedford, 

Mass). 

2.4.6 Stock solutions used for NADPH consumption assays 

The stock solution of quinidine (16.7 mM), the substrate used with CYP3A4, was 

prepared in aqueous solution. The CYP1A2 substrate, ER, was dissolve (4.2 mM) in 

chloroform:acetonitrile (15:85). Finally, the stock solution for the CYP2C9 substrate MFC 

(2.5 mM) was prepared in potassium phosphate buffer (pH 7.4):acetonitrile (50:50). The 

stock solution of tolbutamide, a CYP2C19 substrate, was prepared in acetonitrile (195 

mM). 

2.4.7 Enzyme activity assays 

The activity of CYP3A4 and CYP2C19 were assayed by monitoring the debenzylation of 

BFC to HFC. A solution of CYP3A4 (3.3 nM) and BFC (7.5 J.!M) in 100 mM potassium 

phosphate at pH 7.4 (total volume 300 J..tl) was incubated for 5 min at 37°C. CYP2Cl9 (15 

nM) and BFC (2.3 J.!M) were diluted in 25 mM potassium phosphate at pH 7.4 (total 

volume 200 J..tl) and incubated for 5 min at 37°C. The reactions were initiated by the 

addition of NADPH (830 or 125 J.!M for CYP3A4 or CYP2C19 respectively) and they 
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were monitored at 37°C for 20 min. The production of HFC was followed at an excitation 

wavelength (Àex) of 410 nm and an emission wavelength (Àem) of 530 nm. 

The activity ofCYP1A2 was measured by following the production ofresorufin from ER. 

Bach incubation mixture (300 Jll) contained EDTA (1.5 mM), CYP1A2 (5 nM) and 7-

ethoxyresorufin (1 JlM) in 100 mM potassium phosphate at pH 7.4. lt was incubated for 5 

min at 37°C, and following the addition ofNADPH (250 JlM), the reaction was monitored 

at Àex = 530 nm and Àem = 582 nm for 20 min. 

The assay used to study the activity of CYP2C9 involved the demethylation of MFC to 

HFC at 37°C over 30 min. During these experiments Àex = 410 nm and Àem = 530 nm were 

used. The reaction mixture (150 Jll) contained CYP2C9 (10 nM), MFC (40 JlM) and 

NAD PH (750 JlM) in 25 mM potassium phosphate buffer at pH 7 .4. 

2.4.8 Enzyme inhibition assays 

Bach experiment was carried in duplicate and included a blank (without enzyme), a 

control of activity as described above, and appropriate control reactions to ensure the 

absence of inhibition by the trace of solvents used. The concentrations of aqueous kava 

extract used for inhibition studies were 0.3, 1.4, 2.9, 4.3, 5.8, 8.7, 10.1, 11.6, 14.5, 17.4, 

20.3 and 40.6 Jlg extract/ml for CYP3A4, 0.1, 1.0, 5.0, 10.0, 20.0, 30.0 and 50.0 Jlg 

extract/ml for CYP1A2, 0.1, 1.0, 5.0, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 

90.0, 120.0, 150.0, 170.0 and 200.0 Jlg extract/ml for CYP2C9, and 0.1, 0.5, 1.0, 2.0, 4.0, 

6.0, 8.0, 10.0, 30.0 and 60.0 Jlg extract/ml for CYP2C19. The concentrations of acetonic 
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kava extract used were 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 7.5, 10.0 and 20.0 J..lg extract/ml for 

CYP3A4, 0.01, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 and 100.0 !lg extractlml for CYP1A2, 0.1, 

0.5, 1.0, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 50.0, 70.0 and 100.0 J..lg extractlml for 

CYP2C9, and 0.1, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 5.0, 10.0 and 20.0 J..lg extractlml for 

CYP2C19. Finally, the concentrations of commercial kava caplet extract used were 0.3, 

0.7, 1.3, 2.6, 5.2 and 10.4 J..lg extract/ml for CYP3A4, 0.01, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 

and 100.0 J..lg extract/ml for CYP1A2, 0.1, 1.0, 3.0, 5.0, 7.0, 10.0, 25.0 and 50.0 J..lg 

extractlml for CYP2C9, and 0.1, 0.5, 1.0, 1.5, 3.0, 5.0, 10.0, 25.0, 50.0 J..lg extractlml for 

CYP2C19. IC50 values were calculated from dose-response curves using GraphPad Prism 

4.0. Possible interference with our assays (native fluorescence and/or quenching) from the 

different components of the kava ex tracts were verified by HPLC and UV and found not to 

be significant. No corrections were required on the calibration curves of the fluorescent 

products. 

2.4.9 NADPH consumption assays 

To each enzyme (50 nM CYP3A4, CYP2C9, CYP1A2 or CYP2C19) in potassium 

phosphate buffer at pH 7.4, the desired kava extract (2.5 or 25 J..lg/ml for the acetone 

extract and 5 or 50 J..lg/ml for the other ones), the corresponding substrate (275 !lM of 

quinidine for CYP3A4, 85 !lM ofMFC for CYP2C9, 1.3 mM tolbutamide for CYP2C19 

or 140 J..lM ER for CYP1A2) and NADPH (830 !lM) were added. Control experiments 

were carried out without inhibitor and without NADPH, separately. The consumption of 

NADPH was monitored at 37°C for 20 min by fluorescence for CYP2C9 (Àex = 380 nm, 

Àem = 420 nm), CYP2C19 (Àex = 340 nm, Àem = 445 nm) and CYP1A2 (Àex = 360 nm, Àem = 

455 nm) and by absorbance for CYP 3A4 (360 nm) . 
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2.5 RESULTS AND DISCUSSION 

Two different batches of kava root (Moi variety, one of the most popular) were ground and 

extracted separately in water to reproduce the preparation of traditional kava, and in 

acetone, in ethanol and in methanol to mimic commercial extracts. Commercial kava 

caplets were also studied to validate our results with the kava root. Identification and 

quantification of the constituents of each extract was achieved by LC-MS and HPLC 

(Figure 34). The chromatograms show that the same kavalactones are found in all of the 

extracts whereas highly polar constituents are present in negligible amounts in the organic 

extracts and in the caplets (data not shown). The ratio of the six major kavalactones 

however, is significantly different for the aqueous extract (note in particular the very low 

concentration of yangonin) compared to the organic extracts (acetone, ethanol and 

methanol) which are almost identical to one another (Figure 35). The commercial kava 

caplets also displayed a comparable pattern of kavalactones except for kavain and 

dihydrokavain. The higher proportion of ka vain and dihydrokavain detected in the cap lets 

may be explained by a different variety of kava used by the manufacturer, by the 

standardization of the extract or by the intentional addition of racemic material to increase 

the biological activity21
. Calculation of the total amount of kavalactones per mg of extract 

reveals that the aqueous kava root extract con tains the lowest proportion of kavalactones of 

all the root extracts, as expected from the reported low water solubility of kavalactones 

(Table 3). 
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Figure 21 - HPLC chromatograms of the kava root extracts and the commercial kava 
caplets showing the separation of the six major kavalactones: methysticin (M), 
dihydromethysticin (DHM), kavain (K), dihydrokavain (DHK), demethoxyyangonin 
(DMY), and yangonin (Y). 
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Figure 22 - A) Comparison of the amount of methysticin (Il), dihydromethysticin (.), 
kavain ~), dihydrokavain (0), demethoxyyangonin (IIIJ), and yangonin (Cl) quantified in 
kava root extracts and in commercial kava caplets. B) Comparison of the amount of 
methysticin (Il), dihydromethysticin .), kavain ~), dihydrokavain (0), 
demethoxyyangonin (IIIJ), and yangonin (El) present in the kava root extract adjusted for 
the mass of kava root used. C) Same data as B but the histograms are ordered to facilitate 
comparison of the amount of each kavalactone in the extracts prepared using water (0), 
acetone (0), ethanol (ê]), or methanol( •. The abbreviations M, DHM, K, DHK, DMY 
and Y are used for methysticin, dihydromethysticin, kavain, dihydrokavain, 
demethoxyyangonin and yangonin respectively. 

89 



Table 12- Total amount ofkavalactones (K.L) in kava root extracts prepared from different 
solvents and in commercial caplets. 

Water Acetone Ethanol Methanol Cap lets 

(j.!g KL/mg extract) (j.!g KL/mg extract) (!!g KL/mg extract) (!!g KL/mg extract) (f!g KL/mg extract) 

240 616 562 500 788 

Differences in the ratio of kavalactones imply possible variations in biological activity. 

Inhibition of human P450 enzymes is an important pharmacological criterion since it is a 

primary cause of drug interactions and has been suggested as one possible source of kava 

hepatotoxicity. Fluorescence-based assays are commonly used to monitor the in vitro 

activity of P450 enzymes however they only allow the detection of the fluorescent product. 

When another molecule is added, a decrease in formation of the fluorescent product can 

result from fluorescence quenching, from its competing transformation by the enzyme, or 

from inhibition of the enzyme by this molecule. NADPH consumption assays were 

performed to eliminate the possibility that kava extracts be substrates of P450 enzymes as 

opposed to inhibitors. This assay strongly suggested that the extracts tested ali inhibited 

CYP3A4, CYP2C9 and CYP2C 19. In the absence of substrate and in the presence of kava 

extract, a modest NADPH consumption was detected for CYP1A2, revealing that the 

extract is transformed by this enzyme but considerably more slowly than 7-

ethoxyresorufin. CYP1A2 inhibition was confirmed by a dramatic decrease in NADPH 

consumption in the presence of both the substrate and the kava extracts. Because of their 

higher sensitivity, fluorescence-based assays were used for detailed kinetic studies. Control 

experiments were carried out to validate the methodology (see experimental section). Since 
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the acetonic, ethanolic and methanolic kava root extracts presented similar concentrations 

and ratio of kavalactones (Figure 35), P450 inhibition was only tested with the acetonic 

extract, the aqueous extract and the commercial kava caplets. The results (Table 4) 

revealed significant inhibition in all cases (here ~g/ml ~ ~M) yet consistently less 

inhibition was observed with the aqueous extract. This was expected since kavalactones 

are known to inhibit P450s53 and the aqueous extract contains less kavalactones per 

milligram of extract (Table 3). 

Table 13 - Inhibition of human P450 by different kava root extracts and by commercial 
cap lets expressed in ~g of extract per ml. 

P450 isoform ICso waters extract IC50 acetone extract ICso caplet 

(~g extract /ml) (~g extract /ml) (~g extract /ml) 

3A4 7.8 ± 1.3 2.2 ± 0.3 5.9 ± 0.9 

1A2 18.4 ± 8.9 4.0± 0.6 2.7 ± 0.9 

2C9 40.5 ± 13.1 24.8 ± 2.9 5.1 ± 1.8 

2C19 3.8 ± 0.3 2.0± 0.2 1.8 ± 0.2 

Moreover, these results suggest that "non-kavalactones" components present in the 

aqueous extract don't inhibit P450s significantly. When calculated from the amount of 

extract, lower inhibition is observed for the aqueous extract with all the enzymes tested. 

On the other hand, when the IC50 is expressed per microgram of kavalactone present in 

each extract (Table 5), no significant differences are apparent except for CYP2C9. Again, 

this was expected from the known P450 inhibition by kavalactones53
. The IC50 for the 
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inhibition ofCYP2C9 by the acetonic extract (15.3 J..Lg/ml) is higher than that for the caplet 

(4.0 J..Lg/ml) and the aqueous extract (9.7 J..Lg ml). Those results may be explained by the 

increasing amount of yangonin in the different extracts (aqueous < caplet < acetone). 

Y angonin has been reported by Zou and al. 54 to have no effect on the activity of CYP2C9 

and this may explain the lower inhibition by the acetone extract which contained the higher 

proportion of this kavalactone. 

Table 14 - Inhibition of human P450 by different kava root extracts and by commercial 
caplets expressed in J..Lg ofkavalactones per ml. 

P450 isoform Water extract Acetone extract Cap lets 

(J..Lg kavalactones /ml) (J..Lg kavalactones /ml) (J..Lg kavalactones /ml) 

3A4 1.9 ± 0.3 1.4±0.2 4.6± 0.7 

1A2 4.4 ± 2.1 2.5 ± 0.4 2.1 ± 0.7 

2C9 9.7 ± 3.1 15.3 ± 1.8 4.0 ± 1.4 

2C19 0.9 ± 0.1 1.2 ± 0.1 1.4±0.2 
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2.6 CONCLUSION 

In summary, comparison of the traditional aqueous kava with organic kava extracts and 

commercial kava caplets revealed differences in the ratio of kavalactones which suggest 

deviations in biological activity. Indeed, although all of the extracts inhibited human 

CYP3A4, CYP1A2, CYP2C9 and 2C19 in the low J..lM range, the aqueous extract was the 

least potent for all these P450s. Kava is often consumed in combination with other 

pharmaceuticals including antidepressants such as benzodiazepines which are known to be 

metabolized by CYP3A4134
'
135

• Not surprisingly, harmful interactions have been reported 

between kava and alprazolam136
• Our results suggest that other potential drug interactions 

are possible with kava extracts and warrant more in vivo studies. Finally, the data 

presented here indicate that if the hepatotoxicity reported for the commercial caplet is the 

result ofP450 inhibition, the traditional extract should also be hepatotoxic at higher doses. 
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Chapter 3: Conclusion 

The aim of the first project was to evaluate the ability of selected molecules to affect the 

secondary structure of A~ 1 -42 . Molecules stabilizing helical A~ represent new tools to 

investigate the role of this conformer in Alzheimer disease. An HPLC method for the 

purification of crude A~I-42 was developed and A~ deaggregation conditions were 

optimized to ens ure consistency and reproducibility of the data. The tested molecules were 

expected to stabilize the helical A~1 _42 and were designed using three different strategies: 

1) analogue of fluorinated solvents; 2) helix-capping, and 3) design based on functional 

complementarity. The analogue of fluorinated solvents synthesized, bis(2,2,2-

trifluoroethyl)malonate, did not affect the secondary structure of A~1 _42 at the 

concentrations tested. The intermolecular utilization of C- and N-capping molecules, 

failed to increase helical A~(l-42). This suggests that the entropie penalty of binding may 

have been too high. Finally, the molecules designed based on potential interactions with 

A~I-42 side chains, did not succeed in raising the helical content of A~1 _42 , suggesting that 

this strategy requires improvements. Calculation of docking energy for interactions 

between helical A~1 _42 and the ligands should help better focus our efforts. To this end, 

collaboration with the laboratories of Dr A. Rank, at the University of Calgary, has 

recently been established. 

The first goal of the second project was to quantify and compare the composition of 

traditional and commercial kava extracts. The second aim was to compare the effects of 

these extracts on the activity of human P450 enzymes. Kavalactones were extracted from 

kava roots using water to mimic the traditional extract, and organic solvents (acetone, 
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methanol or ethanol) to mimic the different commercial extracts. HPLC quantification of 

the kavalactones extracted by either of these methods demonstrates that the ratio of 

kavalactones extracted vary significantly with the nature of the sol vent used. Comparison 

of acetonic, ethanolic and methanolic kava extracts confirms the expected similarity to the 

commercial caplet extract. The slight variations may be attributed to standardization of the 

commercial pill extract. In vitro experiments with human CYP3A4, CYP1A2, CYP2C9 

and CYP2C 19 demonstrate that the aqueous, the acetonic and the commercial ex tracts 

show different CYP inhibition profiles. When the inhibition of CYP1A2 and CYP2C9 

(ICso) are expressed in "J..Lg of extract/ml", the aqueous kava extract shows weaker 

inhibition compared to the acetonic and the commercial extracts. Results obtained for 

CYPs 3A4 and 2C19 were similar for the three extracts. On the other hand, when the 

inhibition (IC50) is expressed in "J..Lg ofkavalactone/ml", the values were comparable for all 

extracts. These results suggest that traditional and commercial kava extracts may cause 

adverse drug interactions via inhibition of drug metabolism. 

At the present time, the reported cases of hepatotoxicity seem to be the result of herb-drug 

interactions. Two cases were attributed to depletion of CYP2D6. Sorne studies 

demonstrate that demethoxyyangonine and dihydromethysticin induce CYP3A2 activity137
• 

In vivo inhibition studies of CYP1A2 with the traditional kava extract confirm our 

results138
• Inhibition of CYPs 1A2, 2C8, 2C9, 2C19, 2D6 and 3A4 by methanolic kava 

extracts was also confirmed by others139
• Finally, the few cases of hepatotocixity140

•
141

•
142 

reported after kava ingestion without pharmaceuticals are likely idiosyncratic. 
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Since May 2005, the German govemment is reconsidering the ban of kava extracts. The 

re-evaluation of the risk-benefit ratio for kava products will be based on new clinical 

studies, controlled and conducted at the recommended dosage. 

Moreover, the increasing incidence of herb-drug interactions has forced govemmental 

agencies to review their regulations conceming herbai medicines. For example, Health 

Canada has restructured its Natural Health Product Regulations143
• The modifications 

require that importers of natural health products perform quality control investigations at 

the foreign source sites and submit the ir report to Health Canada. The owner of the li cense 

attributed by Health Canada must ensure that sterile products are manufactured and 

packaged in separate and closed area under the supervision of microbiologists using 

validated methods of sterilization. They also need to produce a standard operating 

procedures for recall of products. Finally, they must provide all clinical study results and 

adverse events reported for their licensed natural health products. Although it is very far 

from the requirements for pharmaceuticals, this new regulation is a good initiative to better 

protect the population. 

137 Y. Ma, K. Sachdeva, J. Liu, M. Ford, D. Yang, I.A. Khan, C.O. Chichester, B. Yan, 

Desmethoxyyangonin and dihydromethysticin are two major pharmacological 

kavalactones with marked activity on the induction of CYP3A23. Drug Metab. 

Dispos., 2004,32, 1317-1324. 

138 S. Russmann, B.H. Lauterburg, Y. Barguil, E. Choblet, P. Cabalion, K. Rentsch, M. 

Wenk, Traditional aqueous kava extracts inhibit cytochrome P450 1A2 in humans: 
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Protective effect against environmentai carcinogens? Clin. Pharmacol Ther., 2005, 77, 

451-454. 
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