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AlJJtnct ( Ii )

ABSTRACT

PoIyphenoIs , suspected of being mut.agenfc, were extracted f.rom

sorghum cul t ivars SNK3144,. NK222, NK300, PNR8311, SSK30, ~SK52 and

Barnard Redwith 80% (v/v) aqueous acetone. The crude extracts from

these various cult ivars were all separated into three fractions (FI'

Fa and F3) on a sepharose CL-6Bcolumn. Each of these fractions was

tested for mutageni~dty in the Amesassay, both with and without the

S9 metabolic activating system. The concentrations tested ranged

from 1 Ilg/mi to 10 mg/ml. Results obtained from the Amestest were

analysed by the Students t-test and showed that none of the phenol ic

fractions were mutagenic. To confirm these results, fractions from

SSK52, a popular bird-resistant sorghum, were fed te Drosophila

melanogast;er in the somatic mutation and recombination test (SMART).

There was no significant increase (by the Poisson null-test

hypothesis) in s Ing.le multiple wing hair spots. To check for

possible mutagenicity in a product derived from sorghaa viz. sorghum

beer, powder from a brew-pack was tested ill SMART,and at 20mg/ml
,~-.. and 50mg/mllevels there was no positive indication of mutagenicity.

)
Since some of the results from the Ames test indics.ted that the

reversion frequency in polyphenol treated plates had decreased when

comparedto control plates (no toxicity was observed), the phenolics

were thought to maybe have an ant imutagenic role. PolyphenoIs

tested with the standard mutagens sodium azide, daunomycin and 2-

aminofluorene , caused a reduction (significant by an analysis of

variance) in the potency of these mutagens.



The mechanism of this reduction in mutagenic potency was

investigated using polyphenols from SSK52and radioactively labelled

daunomycin. from fluorescence spectrophotometry and the change in

3H-daunomycinto 14C-thymidine ratio, it would appear that the

poiyphenols reduce mutagen binding to DNApossibly by preventing

daunomycinuptake into the cells or by effectively decreasing the

concentration of ftee mutagen by fOTmWg a po lyphenol-snutagen

complex unable to ent~r the cell.
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Trp ::
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Somatic Mutation and Recombination Test
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Benzo(a)pyrene
Cytochrome P450
Mammalian Metabolic Activation System Containing the
Cytochrome P450 Enzymes
Endoplasmic Reticulum
N-methy!-N'-nit:ro-N-nitrosoguanidine
Tryptophan

...... -



Ox}

ABSTRACT (in

f)ECLARATION

DEDIGATIOri

ACKNOWLEDGEMENTS

ABBREVIATIONS

(iV)

(v)

(vi)

(viii)

COIITENTS (ix)

TABLES

FIGURES

(xi i i}

txtv)

1. GfJlERAL IIITRODUCTION 1

POl.YPHENOL - CHEMISTRY ANO FRACTIONATION 5

2.1 Introduction 5

2.9.1
2.3.2
2.3.3

Sorghug Grain Source
Extraction ar.:l' DetfICtion of Po7yphtlnols
Separation of Po7ypheno7s

12

'12
13
14

17

17
17
18

.20

2.2 Scrghua Ph~nolics

2.2.1
2.2.2
2.2.3

Phsno1ie Acids
Flavonoids
CondenfUld T«lInin.

2.3

2.4 RtlBults IUid Discusl4ion

3.2.1.1
3.2.1.2
3.2.1.3
3.2.1.4

uvrB Do7"tion
rfa o.7lttion
pK#101 PTa_id
pAQt P1a_iel

29
29
32

35
36
36
37
38

3. POLYPHENOL BIOl.OGY I - MUTAGeNICITY

3.2

Mutasenieity - An Int;roduc:.tion

The AMf;s r.st - An IntrodlJC'tion

3.1

3.2.1 a.rHltic Markers

;;.2.2.1
3.2.2.2
3.2.2.3
3.2.2.4

TA97/rA91.
TASS
rA100
TA102

38

38
39
40
40

.'1.2.2

3.2.3 41



3.3.1
3.3 The Ames Tflst ... /oIateria? JUJd "'ethods

5011.1tion8

3.3.2
3.3.3

3.3.4

3.S.5

3.H.6

3.3.7
3.3.0

3.3.9

Culturing Bact.riA

Prsparatioo of Frozen Cu7ture. For Inoculation

G&notyP5 Testing

3 ..",5.1
3.3.5.2
3.3.5.3
3.3.5 ••
3.3.5.5

Histidine R.qui rflfllflllt
WI'S Mutati(m
rFa Hutation
pKNt01
pAQ1

spcntahtJOUtJ and Stll.lldard Control Values

~. Mutagtlnicity ASHY

3t.1:i.sticI11 rr(latent of Data

3.4 The AMes r•• t - Results iIUId DiscusSlicn

3.5 Sosatic Hutation and Recombination I.ut

3.5.1
3.5.2

DrolltJp.11f1aas r•• t OrgMIilJlll - A1~ ;[ntroduction

SOINltic Hutll.tiOl'l and RIICQllbfl1l:ltion T.st (SHART)

,"'.D.1

3.6 SNARr - H.tori.c 15 and MetlY.;ds

Drcsophila Stocks

3.6.2
3.B.3

3.6.4 St&tisticlI7 Tre.t.."t of OlItll

3.7 SHART- 8".1.I1tll tmd Di~usSiion

4 POLYPHENOL. BIOLOGY II - JlIITIWTAGENICITY
:;

4.1.1

4. t .lfntiMutagsnicity - fln Introduction

4.1.2

4•.2.1 Antj.ut.9~nicity Assays
4.2.2 Stlltjsti~l T,...tllHlnt of OAtl/l.

(x)

51

51
56
58

57

57

57
58
58
59
59

60

62

83

64

'85

73
73
76

79
79

81

82
83

84

87

87

88

89

91

91

91



(xi)

9/1Ames Antimutagenicity Testing - Results

4.3.1
4.3.2

4.S.3

4.3.4

4.3.5

SodiUfil A%id. and TA100 94
98
96

Daunomycin and TA9S

2-AlllinoF7uorene, 59 :and TASS/TA97s.

SSK52 Polyphel'107s. D.tlunomycin Ilnd TAtfr 97

98Quercetin, TA9S and 2-Aminor7uorens (+59)

Ames Antilflutagenicity T•.81:ing - OillCu •• fon 99
99SodiUlil Azide ;vJd Po7y~no7

Dliuno.ycfn JU'ld Polyphfll'lOl

2-AmfnoFluonin8 and P07yphenol

101

102

4.4. t

4.4.2

4.4.3

POLYPHENO~ BINDING STUDIES 104

5.1
5.2
5.3

5.4

I

104Binding Studies - An IntrOduction

104ThIIortltical Allf)8Ct. of' Binding

5.3.1

Practica1 Ullasur_nt. 01' Binding

108

5.3.2

5.S.3

5.3.4

5.3.5

5.3.6

5.3.7

107

5.3.1. t
5.3.1.2

108
110

111

AbsorNncIl
F7UOl'VIscencll

Centrif'uglt1:ion

Partition ~rt.7ysi.

113

115

CQ1u.n Chr~togr.phy 115

5.3.5.1
5.3.S.2

Elution Vol~ o.t.~inatidn
GIll ExciufJion ChrOiU.tography

115
116

(1ffl Electrophoresis

Other Techniques

ttB

119

5.4.1

Binding Studi •• - Hat.rials and I*thoda 121

5.4 ..?
5.4.3

5.4.11

Instr~ntation 121
5.4.1.1 Spectrophotometer. 121
5.4.1.2 Scintillation Counter 121

SOIJrc" and PrePl«ration of Rlldioi~ 'opfIS 121

Preparation Or E. en7t For 1177 .In Vivo 8inding S1:uoi.. 122

Two In Vivo Binding Assay. to~asure the EFFect or
Polyphtlno7. 011 thll Uptake of' H..DIIUfIt»Iycin:
(1) onto 0114Qf E. coH ;.md (2,l into E. cqli Cfl1111 123

5.4.4.1 fJSII Or 14C-Th~idi" L..be171bd DNA to
Htulsure Changes in H-DIIuflC1ill~cinDNA
Targeting in the Prt;lSIIf)C. of Po7ypheno1!1 124

(¢



6

7

8 APPENOIX

~~ "."'>"';A!"",,!,_""LIP"""4"'''''''''''''''''~

5.5

SlJUMARY

REFERENCES

5.4.5

5.4,4.2 Iltdirsct Measure of 3fl'30aunOllfYCin-ONJl
Bi'l;,ffng using Changes H-Daunomycin
: 1 C-SucroSil a.'1d CIi71 Vo7~, as
Indii':atBdby the Ratio of H20: 14c-Sucrost·

In Vitro Binding ~Y.SIlys: OiFFusion Ana1ytlis,
spectrophotOMetry &nd Co7u.n Chromatography

5.4.5.1
5.4.5.2

5.4.5.3

Spectrophotowotry 129

5.4.5.2.1
5.4.5.Z.Z

Absorbance
F7uor.scMICIt

Co7~n Chromatography (Hu.m.l-Dr.yer
Method)

Binding Studt •• - Result. and Discu •• ion

5.5.1

5.5.2

5.5.3
5.5.4

5.5.5

Polypt'lfInolEfF.ct on 3H-Daunt:Hlycin and 14c-Thy.idinil
Ratio a. It iNasur. of DNA Targeting in E. co1i.

Tritiated Dauna.ycin Uptake into g. coli ce71B
Equilibrium ~ Rat. of DiFFusion Analysis

5.S.".1
5.5.4.2

spectrophotOMetry

AI';;SiIOrbiance
Fluorescence

(xi i )

125

128

129
130

131

132

133

139

143

146
148
150

155

156

159

'196



)

(xi H)

TABLES

I.! 'laegenfttypsof oacteritl .utallts us~ti in the A,es aSS8Jis sho,n Jf

1.2 Several of the lutaleRS included in cad crperi!Jeot u» shorn, sos»
requiring $9 al1dgtaers lIot 61

s.s Results for SKI.tlTusing '1' F2alIUFJ !~'Ol SSK!2and porrier fto, a
bie,~plcl for sorghu. beer 85

/.1 JtandardIutalcns Gnuthe iiih,rect 6actb:ial strains used to feasore
the anti.utllgeflic P()te11C, of pol,pheoQ/.;.;iCOfractions frOEsor/ltos grain
ssn2 in the Ales assl, 92

1.2 xutagenicitJ anaJnti'lft!gMicitr of quetcetil1 in strain TA9S,both in
the Ibsenceanapram Ice of S9acti~3,U()a 98

i.! Effect of FI Poiypbeno/son the (/ptille of )H~OaUno!,ciainto e. coli, 112

8.1 /u&ubatiol1of f/ ud '2 fro. sorghUMcultirst HKU] ,Ui TAg?!Illd fAgS 196

8.2 Incubation of sorgnu. cultirst SNKJ1U- fl'nr! fJ ,nft. all four stnhs
,ftbaut (-$9/ Ind ,itk (fS9) .etaboiic Ictlvatiol It II (,/,/ i~ the
Ales test IJ7

8.1 Fractions Fp £2 andlJ fro. sorg/tu. caltivst SSKJOset» incubated ,itk
four etnis« ,nhout (-S9/ al1d,ith (fS9) .eldoiic utiutio» at /1 (r/,/
ill toe .~Jeli test }9a

8. / F1fro/J sorgoul eiltinr P}//{8Jl1"s incubald ,iti TA!?' aJ1dTA9a 199

8,5 Sorgllu. grain esltinr i{t1.r:.r.m!led Ff IIl!tagellicity testing riti fA9S
~ndTAIOO,ae" tlIell toget~eJ,ith 68uno.ycilI at 60 Jlg/.i (for rA98/ and
sodlull azIde at if pg/.i (for TAfOC)in/JJI anti.utagen.ic 8SS8,. 200



(xiv)

FIGURES

2.1 Structures of (f}-cateeni1i, (fJ-gallocatecnill and H-epigaf1ocatee5in 7

2.2 PolypfIenols call be divided into tro groups - the polyesters of geil ic
and/or helabydrorydipbenic acid and tneir derivatives ~nd the proanthocyaoidins 8

2.J Structures of benzoic {Jndc111na.ic acid derivatives 12

2.4 The flavonoid rings, [sbelled according to the sequence of smttesis lJ

2.5 Biosynt/zetic path,a,; leadiag to the ntietr of flavonolds, Sille of ,hicb
are present in sorghu, 16

2.6 Separation of 801 acetone eItracts fro. sorghul grain cultiv8rs SHKJ144
and PNHBJ11 21

2.7 Separation of 801 acetone ertracts Ira. sorghu. grain cuiti'lars SSKJO,
mW~8m n

2.8 Separation of 801 acetoae crtracts fro, sorghuMgr3in culti'l~r SSt52 2J

2.9 Separstion of the 80%acetone ertract fro. Barnard Ked 21

J.1 The genes occurring in tfte kistidille operon of sall10nella typAIl/uriu, are
shaPIn, itlo11g ,itb tbe eIIZy.es (inYolved in the sj'nthesis of bistidi~e)
they encode for JJ- J.2 Benza(a}pyrene .etabolisl by various cytochro,e PliO iSQzy,es, 'kick,..-- ....

can lead to t,o eod proQucts U

C J,) The proposed active site structure of cytochro,e NiO, sboring tfte
iron bound to the su/pbur fr06 a cysteine residue in the PliO protein 19

J.4 Tire cytochroile niO catalytic cycle in rrbicb Sff is the substrate aoti
SOHtfte nydrorylated substrate 50

l.5 Comparison of the response of tke four s. tmisulu strains usn,
G rA98, TA100 al1d TAlot to the standard IUt8gcnS (sodiuR azide,

dau(lolycill aitd Ii tOlycill c) oUt8inerf in the present 110ri (iab) to tbose
reported oy Karon and Alles (198J) 66

~ 1.6 COlpafati'lc responses ~f the four strains to i-alinoflaorene I;~quiring
S9j obtained in this t'ori (lab) to the nlses reported by lIaron aiid Ales (198Jl 66



(xv)

J.7 Incubation of tA91a ,itb Ip F2 lind FJ from SSt52, in absMce and presence
of S9 enzymes 67

J.3 Incubatioo of TA98,Ub F1, F2 aod FJ froB SS1$2, in absence and presence
of S9 enzymes ~8

J.9 Incubation of TAlOO ,ith '1, £2 and FJ fro. $S[52, in absence and presence
of S9 MZYles 69

J.l0 Incubation of tu» ,itb FI, F2 and FJ fro. SS152, is sbsesc« pM presence
of S9 enZflles 70

~.1 rna anUlutagenic effect of Fl 00 the standard lutagen induced reversion
frequency of several strains user! io tie A,es test: 1'1:100aod sodiutt azide;
TA98and dauno,ycinj T.~9a, j-a,ino!:uonqe and S9j TA971l, 2-81ioof/uorene
~n n

4.2 me effect of F]I F2 and FJ lih ;be .utagenic action of daunollycin in fA98 97

4.J structure of the gytageo oaunollycioJ 8 DNAisteteslstot 101

5.1 l~e HUI,el-Dreyer metbod of deterlioiog bindieg constants 117

5.2 The cytoplas.ic content of E. coli ,ss loaded onto 8 Biogel-SN coluln and
eluted ,itn a 200.N plIospnate Duffer, pH 7.5 1)6

5.) rne decrease in tbe alJOllntof JU-dauno,ycin/,s17ciaterl ritb "C-tby,itIinc
labelled UNA(as ,easllred by tbe change in U: C ntio] fro, E. coli gro,n
ia the presence of pol,phenols ertractec fro. sorghull grain SSKSJ 1)8

$.1 JU-D&u11o,ycinuptde i11E. coli as fwsured by tbe .ethod of Kottenberg (19m HI

'4 S.S Heasurc,cnt of equilibriu, ana rate of diffusion of JU-daUnOIJcin across
a per,eable .etOfaoe pi8c6d bet,een tiO cHa.bers US

) 5.6 Absorbance spectra of dalloo.ycin and polyphenol, scoring the significant
overlap in tbe OV region but ,itb a distinctive 180nl pe~k for d8unoJJcin,
mien rss IIsed to ,0rIi tor daunosycin binding to OJ/A 1f7

5.7 the binding of UNA to dauno,ycin as .onitored by a decrease in daunolycin
absorbance at laOclI U8

5.8 Oaunooydn at I, ileg concentrations I8S tituted uetut DNA, aad tire
decrease in tire alOllot of free d8uno.ycin sss ,essuNd 8S a percentage
decline in S9J.J nm fluorescence 151

5.9 Daunolycin at the concentration used in Fig. 5.8 ,as titrated ,itk F
f
and

tbe decrease in free daunolycin Monitored bJ 8 percentage decrease i
592.) n. fluorescence If2



(xv i )

5.10 Comparetire studies of dallno.ycin binding to increasing ORA anff fg
concentrations 15/



Chapter 1. GENERAL INTRODUCTION



1. GENERAL INTRODUCTION

PoIypheno.le are chemically very reactive and are widely distributed

throughout the plant kingdom. The aim of the present work was to

es tac.l ish whether there could be a link between the consumpti.on of

foods rich in polyphenols (in par't Ieu lar sorghum grain) and the

, incidence of oesophageal cancer in zhe high risk black population in

South Africa. According to Warnick and Harington (1973) the high

incidence of oesophageal cancer in Transkei j South Africa, \I;',\S first

recorded in 1955. Since then similar high cancer incidence areas in

other parts of the world such as Iran and China h~ve been ~oted

(Mortons 1970 and 1989; Mufiozet a1., 1982 and 1985; oterdoom,

1985) • Morton postulated that there could possibly be a Iink

between the occurrence of digestive tract cancer and the consumption

of foods high in tannin. Stich and Powrie (1979) concluded from the

collective work of several laboratories that plant phenolics could

on their own have genotoxic effects and, in combination with

mutagens, could act as modulators of their mutagenic potency. Simple

phenolics (C6), phenolic acids (C6-Cl) and cinnamic acids (C6-C3)

from a variety of fruits and grains were found to have clastogenic

(causing chromosomal abberations) and carcinogenic effects. The

carcinogenic effects of individual phenolics could be enhanced when

certain combinations of these compounds were tested in various

animal assays .. Combinations found to be synergist ic were (i) tannic

acid, quercetin, and eugenol and (ii) chlorogenic acid and

quercetin. The latter mixture is found in betel nut, providing a



possible explanation for the high incidence of oral mucosa cancer

among the chewers of this nut. Furthermore, it was found that a

combination of gallic acid, pyrogallol, vanillin and hydroquinone

prevented the formation of several mutagenic nitrosamines (Gray and

Dugan, 1975: Kawabata et al., 1979 and Groenen, 1977). From these

experiments, it was noted that phenol ics could act both as enhancers

of carcinogenesis and as inhibitors of mutagenesis. It would appear

that polyphenol s are a very diy" 'e group and include flavonoids

which on their own are ;:1.186 mutagenic (Brown" 1980; Brown and

Dietrich, 1979; Ell i.ger et el «, 1984; Hardigree and Epler, 1978 and

Watson, 1982). Elliger and coworkers (1984) have shown that

flavonoids tested in the Amesa,~say and in Drosophila were active

mutagens. In fact, it was shownthat the hydroxylation pattern, and

in particular the 3 position hydroxyl, and metabolic activation were

critical features required for mutagenic expression (Brown and

Dietrich, 1979). In addition to acting as substrates for various

enzymes, polyphenols have been used by Matsushima et el ; (1979) to

increase the level of mutagen-activating (cytcchrome P450' s) enzymes

in rat liver. Sorghumphenolics have been shown to increase the

protein content of rat liver and subsequent benzo(a)pyrene

activation in the Amesassay (Grimmerand McGrath, 1991 and Parhboo,

1993). Brown and Dietrich (1979) demonstrated that flavonol

glycosides shownnot to have mutagenic activity could be activated

by the breakage of the glycosidic bond by the addition of rat caecal

bacteria glycosidases.



Although there is abundant evidence for the mutagenicity of

po.lyphencIs , evidence is also available for their protective effects

(Grimmerat aJ.t 1992; Kada et al., 1985 and Ogawa et el ., 1985).

Miyamotoet al. (1987) showed that intraperitoneally administered

~ydrolysable tannins (here e.l.lagf tannins) acted as antitumour agents
1\

in rats. For maximal activity a dimeric structure with several

galloyl groups on a glucose core was found to be essential. Ogawa

et al. (1985) found that quercetin (itselt a mutagenic flavonoid)

could be both antimutagenic whencoincubated with benzo(a)pyrene or

comutagenic in the presence of 2-acetylaminofluorene. Grimmer et

el, (1992) found that quercetin was especially mutagenic in the

presence of the cytochrome P450 enzymes, and that it acted as an

ant imutagen when coincubated with 2-aminofluorene. Gallic,

chlorogenic and caffeic acid whencoadministered with aflatoxin Bl,

reduced the metabolism and mutagenicity of this toxin (San and Chan,

1987). Fungal toxins on stored sorghum grain in the Transkei have

been sho~n to be mutagenic (van Rensburg et al., 1985) and as such

could be in part responsible for the observed cancer incidence.

In addition to the mutagenic and antimutagenic effects seen for

phenolics, these compoundscould be reducing the nutritional quality
G

of the sorghumgrain which is consumed in large quantities by the

Transkeians, both as a staple food and sorghum beer. The

(l

antinutritional effect could predf spose the victims, by damaging the

mucosal 1Ining of the oesophagus, upon which other mutagens such as



those found in cigarette smoke could act (Bradshaw and Harington ,

1986). Evidence for the antinutritional effect was evident in rats

feed a tannic acid rich diet (Glick and Joslyn, 1969; Price at a1.,

1980). Not only do po lyphenols Increase the loss of protein from

the body, but they also bind the nutrients avai lable in the foods in

Whichthey occur.

The question then is why study sorghum grain. As has been

mentioned, sorghum forms an integral part of the diet of a

poputat ion amongst whomthe incidence of cancer is high. Sorghum

cul rivars grown in these parts of the world contain a high

po~yphenol content, making them drought and fungal resistant and

tnus Idea l Iy sui ted for growth ill these arid regions. The

polyphenols in sorghum include simple phenolics, f'Iavonoids and

tannins (proanthocyanidins) and as such are a source of potential

mutagens, comutagens and ant imutagens, To determine whether

sorghum, and in particular the po lyphenols present, could provide a.

possible explanat ion of cancer incidence, it was decided to

investigate various cultivars of sorghum grain for biological

o activity. Hahn et al. (1983) had shown that light sorghum grain

(low tannin content) contained water soluble phenolics, which have

subsequently been shownby others (Stich and Powrie, 1979and Brown~

1980) to be mutagenic.
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.2 POLYPHENOL - Ci!EMISTRY AND FRACTIONATION

2.1 INTROIXlCI'ION

PoIyphenols , or vegetable tannins as they were more commonlyknown,

have the tendency to complexwith proteins, carbohydrates, alkaloids

and nucleic acids (Spencer et el c, 1988; Haslam and Lilley, 1988;

Haslam. 1989). These compoundsare responsible for the astringent

properties of many of the foodstuffs in which they occur. This

astringency is due to the binding of polyphenols to the lubri~ting

glycoproteins in the mouth. Vegetable tannins are secondary

metabolites and are postulated to act as a defensive mechanismfor

plants. Fungal contamination of crops rich in tannins is reduced due

to po lyphenol binding of fungal enzymesneeded to penetrate the seed

coat. The presence of polyphenols makes the leaves unpalatable and

unpleasant to herbivores. Plants rich in po lyphenol s have been used

medicinally in Chinese remedies for manyyears. It is only recently

that the negative aspect of excessive polyphenol intake has become

evident. It is thought that the regular intake of herbal infusions

could be linked to gastric and oesophageal cancer (Morton, 1989).

Plant polyphenols have been divided into twomajor classes, the non-

hydrolysab le (condensed) and the hydrolysab Ie tannins (Haslam,

1989). The condensed tannins (proanthocyanidins) are large polymers

with molecular weights up to 20 000 (Haslam, 1989), though sizes of

up to 50 000 have been reported by McGrathand Smith (1990). The
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hydroIysable tannins fall in the 3000M.W.range. Proanthocyanid ins

are composedof f Iavan-S-o l units, linked by linear 4 ~ 8 additions

of further flavan-3-ol units. The principal f Iavan-s-ors units are

(+)-catechin, (-)-epicatechin, (+)-gallocatechin and (-)-

epigallocatechin (Fig. 2.1). The major dimers of these are referred

to as procyanidins BI, B2, B3 and B4, depending on the following

combinations of the flavan-3-ols; B1: epicatechin-(4J3 .. 8)-

~atechin; B2: epicatechin-(4J3 .. 8)-epicatechin; B3: catechin-(4a ~

8)-catechin and B4: catechin-(4a. ... 8)-epicatechin. Since the

nomenclature of the proanthocyanidins according to the IUPACsystem

is quite complex, Porter at et, (1982) proposed naming

proanthocyanidins in a similar way to that used for oligo- and

polysaccharides. The configuration at the interflavonoid bond at C-4

is indicated by the appropriate aJ3nomenclature, in accordance with

IUPACrules. Oligomeric proanthocyanidins are produced by a

stereose lect ive capture of the intermediate carbocation by

nucleophilic attack of the end product f Iavan-a-o.l to form dimers,

which in turn form trimers and so on (Fig. 2.2). There is no self

condensation of the ~aTbocation or any oxidative polymerisation of

the f lavan-a-ol precursors (Haslam, 1989). The hydrolysable tannins

are polyesters based on gallic acid and/or hexahydroxYdiphenic acid

and their &erivatives (Haslam~1989). Recently, gallate esters of

proanthocyanidins have been found in green tea and rhubarb; implying

a third class, with structural features commonto the two above-

mentioned classes.
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The multiplicity of phenolic groups conunonin the po lyphenoIs makes

simultaneous binding to several points on and cross-linking of

proteins. with subsequent precipitation very favourable. However,

astringency and precipitation are not restricted to the polymers

since simple phenolic acids (S 200 M.W.) also have significant

protein binding properties. PoIyphenol complexation with

polysaccharides has been shown to depend on the molecular she,

conformational mobility, shape and water solubility of the

po lyphenol (Ya et a.1., 1989). The differing (:(,ffinity of po Iyphenols

for polysaccharides is the result of a balance between these various

factors , Generally, affinity is directly related to the molecular

size and conformational flexibility of the po Iypheno l , and inversely.
related to its water solubility.

Proauthocyanrdms (syn. Ieucoanthocyantdtns) wi 11 upon acid

hydrolysis yield anthocyanidins, thought to have a role in plant

pigmentatiDn e.g. the petal pigments cyanidin and delphinidin. The

f;,avan units are released as carbocat ions or quinone methide

species, which are then converted by oxidation to anthocyanidins.

The Ieucoanthocvani dins were divided by Sir Robert and LadyRobinson

into three broad classes (Haslam, 1989). There are those that are

water insoluble and nat soluble in the usual organic solvents,

generally yielding colloidal solutions (Class 1). The other two

classes are both water soluble, with the distinction that one group

is not extractab-le from aqueous solution by ethyl acetate (Cl.ass 2),

whereas the other group is (Class ~I). The soluble oligomeric



proanthocyanidins fall into the third class. and are less prevalent

when compared to the polymeric forms found in the other two classes

(Haslam, 1989). Proanthocyanidins that are covalent ly bound to a

carbohydrate (or any other polymer) matrix within the plant cell

belong in class 1. Freudenberg and Weinges (1960) collectively

designated all colourless substances isolated from plants which form

anthocyanidms whenheated with acid as proanthocyanidtns. Thus the

term proanthocyanidin is a chemical rather than a biochemical term,

implying no biogenetic relationship (Haslam, 1989). Weinges et et,

(1969a) made a clearer distinction between these two terms. They

reserved the term Ieucoanthocyani.ddns for monomeric proantho-

cyanidins e.g. flavan-3,4-diols, and the term condensed

proanthocyanidins for various f lavan-a-ol dimers and higher

oligomers. The oligomeric proanthocyarridfns produce the red colour

observed in acidic extracts from plants. only condensed tannins are

found in sorghum.

Of special interest to the present investigation was the work

described by Mattice (1989) and Haslam (1989). The oligomers of

o procyandins formed by the linear 4 ~ 8 addition of further flavan-3-

01 units, yields only two helical structures due to inherent

constraints about the interrlavan bond. The central core of these

linear polymers is composed of the A and C rings of the flavan

repeat unit (see Fig. 2.2:), while the ortho-dihydroxyphenyl B-ring

projects laterally from this core. Those formed from units related

to (-)-epicatechin e.g. procyallidin B1 or 82 are left-handed



helices, whereas the procyanidin B3 or B4 formed by the successive

additions of {+ )-catechin units are right-handed (Haslam, 1989).

This work is supported by Mattice (1989) who described these 413...8

linked polymers as random coils with dimensions smaller than those

of unperturbed polystyrene chains of similar molecular weight. By

using stationary state fluorescence and other techniques, he showed

that the dimension of the higher polymers (both 4a ~ 6 and 413 ... 8

linkages) were very sensitive to the presence of the two rotational

isomers viz. (+ )-catechin and (- )-epicatechin at the interflavan

bond. The handedness of tho helix was dependant on the isomer

present. Whenthere were only 413...8 linkages, a right-handed helix

resul ted with 3.0 residues per turn, whereas 413 .. 6 linkages

produced a left-handed helix with 4.1 residues per turn. A

combination of these linkages, yielded a helix of different

dimensions. The overall shape and intramolecular spatial arrange-

ment between the phenol ic groups showed that these linear

procyanidin oligomers were of the right size to fit into the major

groove of the DNAhelix, while at the same time allowing for H-

bonding of the B-ring phenolic hydroxyls with the phosphoryl oxygen

of the DNAbackbone (Haslam, 1989). The oligomeric structure of the

procyanidtns could allow for several points of contact and hence

cross-linking of the DNA. This could have severe consequences on

nucleic acid stability. Furthermore, the proanthocyanidin helix

itself could resemble DNA,thereby provfd ing an alternative binding

site for mutagens or carcinogens, a point which this work sought to

investigate.

)



2.2 SORGIiCMPOLYPHENOLS

Phenolic compoundsfound in sorghumgrains (Sorghum bicolor LMOnch)

can be divided into three groups:

1. Phenolic acids

2. Flavonoids

3. Condensed tannins

2.2.1 Phenolic Acids

Phenolic acids can be classified either as benzoic or cinnamic acid

derivatives which have the structures shown in Fig. 2.3.

~CH=CHCOOH

Fig. 2.3. Strvctgres of tie be~zoic (A) ,ad ci1l,.ic acid tB} deriv.tj,cl

These derivatives have ORor OCR)attached to various sites on the

aromatic ring. These phenolic acids can occur either as free acids,

soluble or insoluble esters. The free acids and soluble esters are



restricted to the outer layers of the kernel and show great
quantitative diversity among the different C'L!l t.ivars, .vhereas the
insoluble, tightly bound phenols that occur in the endosperm are
relatively constant from one sorghum grain to another (Hahn, 1984).

2.2.2 Flavonoids

The second group, the flavonoids, are composed of several aromatic
rings a~ depicted in Fig. 2.4.

Fig. 2.4 rie fl!voloid ring" labelled Iccordilg to tbc ,equelce of slltie,i,.
o

The A-ring (C&) is derived from malonyl CoAaud the B-ring and part
of the C-ring (C6C3) from cinnamic acid. The most common A-r~.ng
reactions are eIectrophi lic aromatic substitution. Hydroxylation of
this ring determines +he reactivity and orientation of substitution,
partially due to steric eff~cts (McGraw, 1989). The B-ring i~

-------~---~---~------~---~---~---- ~--



involved in electrophilic additions, metal chelation, oxidation and
free radical scavenging (Laks, 1989).

F lavono ids embrace three groups:
(a) flavones
(b) flavonols
(c) flavans (the major group in sorghum)

Within the flavan group, three flavans predominate in sorghum viz.
the anthocyanidins (f Iavan-a-en-a-ol s) , a major f'Iavan, catechins
(flavan-3-ols) or 4-deoxyleucoanthocyandins, and Ieucoanthocyanidins
(flavan-3,4-diols) which are colourless. If a glycoside occurs in
posi tion 3 or 7, they are referred to as antho- and Ieacoantho-
cyanidins, respect ive ly,

2.2.3 Condensed Tannins

Sorghum cultivars grown in South Africa are particularly rich in
tannins I which impart a dark colour to the grain and are thought to
be involved in conferring drought, bird and fungal resistance on the
grain. Tannins are able to interact with salivary proteins and



glycoproteins giving rise to the characteristic astringent taste of

high-tannin grains. It is this ability to bind proteins that

inactivates microbial/viral/fungal exoenzymesand hence confers

disease resistance on the sorghum grain. Polyphenols can be

mobiUsed in response to wounding and act as toxins at the wound

thereby preventing invasion (Haslam, 1979a).

Only condensed tannins (proanthocyanidtns) are found in sorghum

(Hahn, 1984)• Butler (1982) showed that the degree of

po lymerisat ion of proanthocyauidtns extracted from hizh-tanntn bird

resistant sorghum cul tivars remained constant and low throughout

seed development. However, once the seeds were dried the relative

degree of po lymerisat ion increased several fold (also shownby Gupta

and Haslam, 1978) suggesting that the bird repellency was due to the

relatively short chain oligomeric proanthocyanidfns , McGrath and

Smith (1990) showed that the sorghumgrain used in the present work

contained these large chemically reactive polymers. The grain which

is consumed in the rural areas of the T:r.ansk.eiwhere oesophageal

cancer is prevalent would be expected to have a high proanthocyandin

e content since it is stored for extensive periods during which time

oxidative polymerisation would be expected to continue.
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FLAVONES

FIGURE 3. Overall pathway to major flavonoid groups with 5,7-hydroxy A-rings (OHI{ =
dihydrokaempferol; DHQ = dihydroquercetin; DHM = dihydromyricetin).

o

Fi~. 2.5 Biosll!tketic Pltb.f4YB lelding to tbe variety of flavonoid" to.e of did are prlm:,t

il sorghul (Stafford, 1990j.



2.3 MATERIALS AND MEl1IODS

2.3.1 Sorg/mJliGrain Source

Several cultivars Were obtained from Roodeplaat EXperimental Farm,
Pretoria, South Africa. These included: S81<52, a bird resistant
variety, SS&:30,SNK3144, PNR8311, NK300 and r.,1}(222.Barnard Red, a
low polypheno1 content variety, was obtained from Tklowve,
Potchefstroom, South Africa. The brew packs were received from King
Com! Potchefstroom.

2.3.2 Extraction and Detection of Polyphenols

The polyphenols were extracted from lOOg of milled sorghum by
allowing the following solvents to percolate through the sorghum
which had been placed in a Buchner funnel:

:::""
<,

(a)

0 (b)

300 ml chloroform - removes lipids;
400 ml chloroform:methanol (3:1 v/v) - removes more
polar lipids;

(c) 500 ml 80% (v/v) acetone - contains the polyphenols

To quantitate the phenols in the extract and the fractions collected
from the coltunn, the method developed by Kaluza et a1. (1980) was
used.



For the assay: 100 ~l of sample was madeup to 5 ml with E10. This
was reacted with 1 ml of Folin-Ciocalteu reagent (Merck)} mixed

thoroughly and left for about 1 minute, after which 5 ml of 1 M
ethanolamine was added (allows the phenols to reduce the complex).

After a further 5 minutes the absorbances were read at 750 I1D1. The

samples should not be left for too long as a precipitate forms,

obscuring readings.

Standard Curve: Tannic acid (l mg/ml stock) was dissolved in

methanol, and the concentrations used draw up the curve ranged from

10 p.g/mlto 100 llglml. The readings for the sorghumpolyphenols were

read off this curve and expressed as tannic acid equivalents.

2.3.3 Srpar~tionof'Rol~~henols

Fifty grams (wet weight) of sepharose CL-6B (Pharma.cia.) equi Hbrated

in 10 mM HC] was added to the 80% acetone containing the phenols.

The acetone was then removed under vacuum, After. all the acetone

had been removed (gel must no be dry), the gel was poured into a

column (2.5 x 25 cm), which had a 20 mmsepharose plug at the

bottom.

Once the column hnd settled, the following solvents were used as

eluants (solut ions containing lOlllMHCI are referred to as aCidic):



(a)

(b)
(c)

250 ml 10 roM HCI

250 rolacidic - 80% (v/'v)methanol
250 ml acidic - 80% (v/v) acetone

·'heflow rate was 0.5 ml/min and 10 ml fractions were collected. The
three fractions can be observed as red bands migrating down the
column with the eluants.

Three peaks were eluted and designated F1, F2 and F3, The fractions
collected were pooled and the volumes of each fraction were reduced
under vacuum and then freeze-dried overnight in petri-dishes, The
dry weight of each was recorded.

The column can be regenerated by washing with 0.5 M NaOH, followed
by several washings with 0.5 M acetic acid to remove any base as the
po Iyphenols oxidize readily under alkaline conditions. A more
rigorous cleaning of the Sepharose CL-6B can bE~obtained by heating
the gel in 0.5 M NaOH to 121°C in an autoclave for 20 minutes .

o
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2.4 RESCILTS AND DISCUSSIai

Using the method of Kaluza et al (1980) the polyphenols of s~ven

cul t ivars of sorghumwere separated on a Sepbarose CL-6B column.

All these cul t ivars were used since it is known that they have

different polyphenol compositions, which could possibly account for

c. their varying degrees of susceptibility to fungal attack. Fungal

resistance is due not only to the tannin content of the grain but

can also be influenced by the presence of benzoic and cinnamic acid

phenolic derivatives (Hahn et: al., 1983). Hahn et el , (1983)

observed that the high tannin sorghumgrains were found to be more

resistant to fungi than the 101V tannin var iet Ies, Fur-thermore among

the low tannin grains, there were considerable diffelcences in fungal

resistance which Hahn et ei, (1983) postulated must be due to

po lyphenol ic compounds other than tannins, since there was no

significant difference in tannin content within this group. These

workers found that no simple relationship existed between phenolic

acid content and fungal resistance allid concluded that resistance

must be due both to the polyphenol content and physical properties

of the seed. In the present study Barnard Red was included in the

series of sorghum cult ivars as a non-bird resistant, low-tannin

containing cultivar. If the different cultiva:ts affect, to varying

degrees, the ability of fungi to growon them, then it was reasoned

that there could be a difference in biological activity in all these

varieties, a point which this work sought to investigate.
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Most of the sorghum varieties viz. NK222, SSK52, SSKJO and NK30Q

showed a similar F3 peak. Of all the varieties, NK222 and Barnard

Red showed the largest amount of FI (Figs. 2.7 and 2.9). This was

expected as these are low-tannin grains. NK222 and SNK3144had very

--;r- SNK3144 ~PNRa311
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low levels of F2, although the F3peak of SNK3144 was quite different

from ~hat of the other grains (Figs. 2.6 and 2.7). The F1.peak of

SSK30 and NK300 was very similar, yet they displayed different PI

peaks. Generally, there appeared to be an abundance of FI or F) or

both. with FZpeak being quite small by comparison. It was noted by

McGrath et el , (1982) that germination of the seeds a l tered the

composition and the binding affinities of the polyphenols to column

supports. Acetone extracts of harvested and germinated (in this

lab) SSK52 were applied to sepharose CL-6B columns (Fig. 2.8).

Almost 40%of the germinated polyphenols could not be recovered from

800
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the column when compared to the 95% recovery from the harvested

extract. It has been suggested that germination stimulates the

activity of prot einases and carbohydrases (McGrath at al., 1982)

which by cleaving the sugars and proteins unmasks more phenol ic

hydroxyls thereby increasing the binding of the phenolics to the

column. It was noted that the column was still coloured by

comparison tel the one through which the ungerminated extract had

been run, Indtcat ive of polyphenols still attached to the column.

The elution lprofiles of the po lyphenol s (Fig 2.•8) are similar

al though the Fr and FZ peaks for the germinated seed were much

smaller when compared to the Ungerminated SSK52seed. Gemination

had altered the polypheno le in such a way as to make their recovery

from the column impossible, hence they could not be tested

biologically. The only form of germinated po lyphenol s that were

tested were those of a sorghumbrew mixture which when administered

to Drosophila In SMARTshowed that these were not mutagenic.

Barnard Red sorghumwas analyzed and found to contain a large amount

of F1 and someFZand no detectable F3 (Fig 2.9) as expected from a

low tannin cultivaT. The peculiarity of separation was the

o turbid] ty of the 80% extract, which is normally a clear dark

red/orange colour. This could not have been 0. vob'Phenol-protein

precipitate because 80%acetone is used to prevent the coextraction

of protein from the grain (Kaluza et 81., 1980). Maybethe haze was

due to a high starch content. This caused problems in running the

column. Instead of adding all of the extract to the gel (as is

standard procedure), the volume was first reduced by half (by rotary
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evaporation) and then added to the gel and rotary evaporated

further, which allowed the column to run well.

Numerousmethods have been developed for the separation of phenols

and tannins. However, manyof these techniques bind the po lypheriof.s

so t ight ly, evg , polyamide columns, that even after exhaustive

washing, there are substantial losses; as much as 70%can be lost

(Kaluza et aI«, 1980). The method devised by Kaluza et el, (1980)

using sepharose CL-6Bwas found to be more sui table for subdividing

the crude 80% (v/v) acetone extract from sorghum grain into three

complex fractions, Fi' F2 and 1"3' which were used in this work.

Sepharose CL-6B, an epichlorohydrin crosslinked polygalactose

duplex, contains 6%agarose~ and possesses substantial thermal anti

chemical stability which was particularly useful in the present work

where solvents such as acetone and methanol were requi rx ri to

subfractionate the crude extract.

Fract Ion Fl contains a complex mixture of small molecular weight

phencilIcs that are water soluble, F1 comprises the higher molecular~

weight flavonoids and F3 the larger proanthocyanidins. The general

order of binding on the sepharose CL6B cotuan was of the order Fa
Such binding could be expla ined by hydrogen-bond

formation between the 'Phenolic hydroxyJ s and that of the support,

and since the column support is constant , this would imply a

d'if'ference in the number hydroxyl s present in the three fractions;

there could be more hydroxyl s per molecule or the molecules could be



polymeric. Kaluza at a1 (1980) showedby using a Sephacryl S-200

gel permeation column that the size of the fractions was of the

order FJ > F2 > Fi' although there was a overlap between the

fractions. The fact that these fractions exhibit ~dstly different

binding constants on the sepharose CL6B column despite overlapping

molecular masses, means that size, number and spatial orientation of

hydroxyls are important. Elution, however, could not be explained by

H-bonding alone (water must always be present to effect elution)

since there is an analogous increase in apolar ity' with size. The

fractions are readily removed by aqueous solvents of methanol and

acetone i.e. by solvents of d~cT.easing dielectric constant.

(I

1~e findings of Roux and h1relyn (1958) are in agreement with the

observat ions of Kaluza et el, (1980); the high molecular weight

tannins showed low mobility in the butanol :acetic acid-water

parti t ioning system. Mobili ty decreased with an increase in the

number of hydroxyl s , implying enhanced binding, which would be

similar to the pattern observed by Kaluz~ at al. (1980). Raux and

Evelyn (1958} observed that the mobility in water of various

aglycones of flavonols, flavones and anthocyanidins was lowand that

p''')dificatioIl of the planar C1S units by the attachment of sugars e.g.

glycosides of f Iavonoj s and anthocyanidins, or removal of the double

bond in the heterocyclic ring increased water mobility. Variously

substituted f lavonol s showeda decrease in water solubility, whereas

addition of an aliphatic hydroxyl in position 4 in place of the

carbonyl group increased water solubility. Generally an increase in



phenolic hydroxylation decreased the ~ of the CIS compoundsin water.

Conversely, the P'Fvalue increased with an Increase in aliphatic

hydroxylation (Roux and Evelyn, 1958). Thus it would appear that

separation of the three fractions from sorghumgrain cannot be based

on the presence of the hydroxyls alone. Hydrot1hobic factors,

possibly due to the heterocyclic aromatIc ring of the fla.vonoids and

areas of hydrophobicity in the columnneed to be taken into account.

-j
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3. .POLYPHENOL BIOLOGY I .; MUTAGENICITY

3.1 MUtagenicity - An Int~(uction

To study and test f01' the possible mutagenic action of the
polJ~henols present in the various sorghum grain varieties, it was
decided to use two we1l established S.lo;r;t-termassays. The two
protocols chosen were the Ames test and S~~T (somatic mutation and
recombination test). These were chosen over the standard animal (in

vrvo) systems for several reasons:
(i) Established carcinogens previously tested in

animals have been found to be mutagenic in bacteria.
Consequently, one can assume that anything that is
mutagenic in bacteria as would be demonstrated in the

~I Ames test can be a potential carcinogen. In fact. it
has been predicted that the correlation between
carcinogenicity and mutagenicity could be as high as 90%
(McCann and Ames, 1976). However, it is not necessarily
true to say that all carcinogens are mutagens since not
all carr.inogens act by causing mutations in the DNA.

(ii) In a survey conducted by Purchase et ~1. (1976)
validating several short term tests, the Ames test was
fQuod to detect correctly the 120 compounds, which
included known carcinogens (91% correct responses) and
non-carcinogens (93% correct responses). The Ames assay



(iii)

(iv)

I

;j

30

was thus able to detect a high percentage of carcinogens
accurately without giving many false positives when
compared to the other short-term tests surveyed.
Furthermore, the bacteria were able to discriminate
eight structurally related carcinogen and non-carcinogen
pairs used in the study.

Salmonella typhimurium, being prokaryotic, would allow
the po Iypheno Is access to the DNA since the number of
membrane barriers to be passed would be limited. The
sensitivity of the system is greater than that for a
eukaryotic assay which means that reasonable and
possibly non-toxic levels are sufficient to indicate any
biological activity. Any mutation in the DNA could be
classified as to the type i.e, base substitution or
frame-shift depending on the mutant showing a positive
response.

Drosophila meianogaster (used in SMART), on the other
hand, is a multicellular, eukaryotic organism and since
its 8 (diploid) chromosomes are similar in arrangement
to those in man, the results from SMART make
extrapolation to man more reasonable. Besides, a
comparison of prokaryotic and eukaryotic responses can
be made. Dissimilar results could maybe yield some
information as to the processing of the compound on
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route to the site of action.

(v) Chemical mutagens can be placed into two categories:
the directly and the indirectly acting compounds.
Direct mutagens are usuaIIyelectrophiIes that are able
to interact with negatively charged cOlTlpoundssuch: as
the DNA in the cell and as such can involve covalent
binding to the target. Hydrophobic interactions are
also possible 'for intercalative chemicals such
as certain antibiotics and chemotherapeutic agents. For
the indirectly acting mutagens (promutagens) metabolic
activation is required to produce the ultimate
carcinogen/mutagen. Such activatior is carried out in

vrvo by a group of enzymes known collectively as
cytochrome P4S0s. present predominately in ~amma!ian
liver. To mimic such netabol ic activation in the Ames
test, a crude preparation of cytochrome P450 (in the
form of the S9 fraction prclpared from rat liver) is
incorporated into the mutagenici ty assay. An attractive
aspect of SMARr is that fruitflies, although possessing
no liver, do have such a P4S0 system. Therefore unlike
the Ames test, it is not necessary to add the mammalian
S9 fraction.
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3.2 The A11le$ 1'/f)$t ~ An Introduction

Once the structure of DNAhad been proposed by Watson and:Crick in

1953, the field of mutagenesis could be explored. Studies were

ini t ially concerned with the types of mutations that occurred and

the e.ffects of X-ray and chemically-induced abnormalit Ies , This led

scientists to start looking for reliable means of measuring such

mutations-, Findings of Crick et el . (1961) and Whitfield et el ,

(1966) formed the basis of what Was to becomewidely knownas the

Amestest. Crick had shown that acridine mutagens were able to

cause nucleotide additions and deletions in bacteriophages, which

led to changes in the ~eading-frame during the transcription of the

DNA. Whitfield et eL, (1966) were able to demonstrate that ICR (an

acridine-like compound)did, indeed, act as frame-shift mutagen in

several hi st idine dependent Salmonella t_vphimurium mutancs that had

been classified as containing frame-shift mutation ~ites in the C

gene of the histidine operon. ICRwas able to cause a change in a

base, not necessarily at exactly the same site of the original

mutat ion, such that the correct reading frame was restored in the C

gene (Fig. 3.1), allowing for the synthesis of a functional enzyme

(coded for by the C gene) involved in the histidine biosynthet ic

pathway (Amesand Hartman, 1974).

After several 'years of work, Amesconstructed a series of histidine

,
J

:3
dependent S. (yphimurium mutants which were classified as TA1535,

TA1536,TA1537and TA1538(Ameset el ., 1973a). These bacteria all
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have the uvrB (excision repair) and ria. (rough deep mutation

affecting membrarie permeability) deletions. In addition each strain

has strain-specific deletions in the histidine operon. These

deletions result in histidine requirement for mutant growth. It is

the reversion to histidine independence (hra") that acts as an

indicator of the mutagenicity of a substance. Further work was

carried out to enhance the sensitivity of the above ser ies of

mutants., This was achieved by the addition of the R-factor (drug

resistance plasmid), pfGMI01, giving rise to the mutant strains TA97

(or more recently TA97awhich shows better growth qualities), TA98,

TAtOOand TAI02 as indicated in Table 3.1 (McGann et 61., 1975 and

Levin et al., 1982), This R-factor plasmid carries an ampicillin

resistance gene and enhances the effect of the error-prone.repair

(due to the uvrE deletion) system. Strain TAI02 also carries a

mul t i.copy plasmid, pA.Ql (which confers tetracycline resistance),

which was shown to enhance sensitivity of TAI02 to oxidative

mutagens (Levin et el c , 1982b). 'the drug resistance conferred on

these strains is useful in testing for the Presence of the unstable

R-factor, which can lost qui te readi Iy. The R-factor st ra ins are

reverted by mutagens that are weakly or not mutagenic at all in the

R-fac;tor deficient parental mutants, the TA1535ser-ies (Maron and

AmesI 1983).
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3.2.1 Genetic Markers

The following table summerises the genetic features of the bacterial

s ains used in the Amestest. These features will be discussed in
more detail for each bacter.ia.l strain in this sect ion.

f,blt ;.1 Tot genotype of toe bacterial lutants' used in the Ales 8SS81 is ~ho'n. (-J and {fJ

indicate tbe absence ana prescnce, respe,;tiYely, of the rfa &na uvrD Dle/otions ana thc plaslMs.

KUlaers of the histidine lutatioos aenote their position fn the genole. [n TAl02 the histidine

mutation is carried on the plaslia, 2iQl.

~ f Deletions Plasllids Histidine Mutations
0

LPS Repair pKMI01 pAQl D6610 D3052 046 0428
(rfa) ( flvrE) (042.8)

:~,
\

0
+ + + + 97 98 100

,,'

+ + + 102

------------------------------~------------------~~
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).:&.1.1 uvr.B Deletion

The delet ion through the uvrB gene includes the delet ion of the

nt troreductase (chi) and the biotin (bio) genes. The latter

deletion. (which cannot be reverted by mutagens) calls for

supplementation of the growth with biotin. No excision repair of

the DNAis possible with the deletion through the uvrB gene. This

is useful in detecting DNAdamage, e.g. base pair substitution,

insertions or deletions caused by mutagens, that would othenvise be

repaired and hence the effect of the mutagen not seen.

3.2.1.2 rfa Deletion

"''hen it was observed that di-benzantbracene did not act as a

frameshift nutagen , although a closely related carcinogen,

benzanthracene epoxide did, it was concluded that maybe the size of

the molecule played a role i.e. its entrance was being impeded by

the lipopolysaccharide membranebarrier (LPS) (Ameset a.1., 1973b).

Consequently, a rIa (rough deep) deletion was made. With thi s , the

o LPS was reduced to a ketodeoxyoctonoate 1Ip id core. Thus a l l four

strains contain the rte uvrB de Iet Ion, a single de let ion through the

gel chi bio uvrB genes , The delet Ion results in the partial loss of

tb,:: LPS, since galactose synthesis stops (because of the gal

deletion) resulting in a loss of the chain distal to the first

galactose uai t (Ameset al«, 1973b).. This loss of the LPS makes the

bacteria more permeable and completely non-pathogenic. However,
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permeability might still present a problem to large polymers e.g.

tannins.

3.2.1.3 pKM101

Plasmid pKMI0l is 35.4 kb long and is derived from plasmid R46 by a

single, in vivo, deletion of a 14 kb region. Both are naturally

occurring plasmids , which, when present in bacteria such as

Escherichia coli and Salmonella typhimuriUOJhave been found to make

these bacteria more resistant to killing by UV exposure through a

process of enhanced (non-lethal) mutagenesis (Mortelmans and

Stocker, 1976)' The effects in E. coli are dependent on arecA leXA

genotype as is the case in the SOSrepair system inducible by DNA

damage, and which becomes operat iona.i only when the normal repair

system becomes non-functional e.g. when overwhelmedby exposure to

UV irradiation or a mutagen. The plasmid does not, however, act via

SOSinduction because it was found the pKMI01 does not cause rC:1cA

induction, the product of which is essential in relieving inhibition

imposed in the SOSrepair pathway when the normal repair pathway is

operative [Lackey et at., 1977; Gaze and Devoret , 1979 and Langer et

e l«, 1981). Since one effect of SOSrepair is enhanced mutagenesis,

one could imagine that the pKMI01 could code for an enzyme involved

in an error-prone excision repair as is the case in the SOS

:#
j

J
response. So far a mue gene, which has its analogue in SOSas UlUUC,

has been cloned (Perry and Walker, 1982). Thus the plasmid codes

for a muc gene product inducible by mutagen-Induced DNA damage. The



{~\

38

cell would preferentially "correct" the damageby someerror-prone

system rather than ignore it, thereby preventing cell death. Once

the "correction" has been made, replication can cont inue past the

mutagen-induced irregularity, and so becomes fixed in the genome,

which in the Amestest would be evident as a reversion to histidine

independence.

3.2.1.4 pAQl

TA102carries the pAQl plasmid which contains the his 0428 mutation

and the tetracycline resistance gene. Is has been est.ab l fshed that

30 copies of the plasmid are present which implies that 30 copies of

the hi s" mutation are avai IabIe for reversion, accounting for the

increased sensitivity of this strain to oxidative mutagens (Levin et

el ., 19820). All the other strains carry the histidine deletions :\n

the histidine operon region.

3.2.2 l3acterial streins

o
T.4 97/97a.

This mutant has extra cytosines added to the run of four cytosines

J:

'yj
~

in the wild t-ype, resulting in six consecutive cytos ines at the

mutated site in the his D gene (Marot and Ames, 1983). TA97has a

second hot spot of alternating -GC- base pai rs , several codons to
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.•e 3' side of his D6610 (Levin et el «, 1902). Hot spat srvc« highly

repetitive sequences in the DNAthat are prone to spontaneous and

induced misrepairing and mism~tching, and are the favourite sites of

action for frame-shift mutagens (Levin et a1., 1982}. His ,D6610
being very similar to the mutational hot spot near the his D3052of

TA98, is equally sensitive to fluorene derivativ~s.

Reversion of the his D6610 by a single base-pair deletion gives rise

to a pseudo wild-type histidinol dehydrogenase di splayirig 60% wild-

type activity. However, this activity is sufficient for :normal

growth in weil-defined medium.

3.2.2.2 TA98

In TA98, the his D3052mutat ion, containing the ~ sequence is

reverted by a -co- deletion. The mutation occurs in the his D gene

responsible for histidinol dehydrogenase synthesis (Fig. 3.1). This

enzyme cat.alyses two dehydrogenation steps in the histidine

biosynthet ic pathwa«.

The mutant is able to detect frame-shift mutagens that stabi 1ize the

'iI

j
l

,

shifted r."liring that occurs in the highly repetitive DNAsequences.

Reversion can be brought about by ni troso-f Iuorene , aflatoxin Bp

benzo(a)pyrene. and daunomycin.
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3.2.2.3 TAIOO

The his 046 mutation in TA100is in the his Ggene. This gene codes

for the first enzyme (phosphoribosyl transferase) in hi.st ic.me

synthesis (Ames, 1971; Lehrringer, 1975). In the aura.ted ~tate this

sequence subst itutes proline (-<n3-) for leucine ,:.., .v:' ' in the

Wild-type (Barnes et el «, 1982). Muta6enesis caus ing base-pair

sUbstitution can be detected.

3.2.2.4 TAl 02

A recent addi t ion to the tester set is TAI02. The ,. l for such a

strain arose from the observation that manyknO\Vll oxidative mutagens

were weakly detected or not at all by the other strains (Levin et

8.1!, 1982b). It differs from the other strains in three aspects.

Firstly, an adenine-thymin~ pair occurs at the mutation site rather

than a guanine-cytosine pair. Secondly, a his 0428 mutation has

been introduced with the multicopy plasmid pAQ1. The mutation site'

is the -TAA-sequence in the his G gene. Lastly, it has an intact

DNAexcision-repair system, I ,e. no uvrB deletion. It is this
o

intact system that allows for the detection of mitomycin C, a DNA
I

II

~

cross-linking agent. If no repair faci Iities were present, the

genomecould not replicate itself, leading to cell death. It is for

this reason that this mutagen is lethal in the other three strains

used in the Ames test (see TabIe L~}.

excision repair converts the potentially lethal mutation caused by
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mitomycin C into a second non-lethal mutation. evident as a

reversion. Mitomycin C is included as a positive control in the

mutagenesis assay for TA102. Other chemicals detected by TAI02

include formaIdehyde , glyoxal, various hydroperoxides , bleomycin,

quInones (some requi.r ing metabolic activation) and phenylhydrazine

(Levin et «i., 1982b).

3.2.3 Metabolic Activation

To expand the mutagen (putat ive carc inogens ) detecting capaci ty of

the Amesassay, a metabolic activating system (extracted from liver

in the form of the S9 fra~tion) can be incorporated. Potentially

inactive compounds (promutagens) can be converted by this cytochrome

P450 (monooxygenase enzymes) system to reactive electrophiles able

to interact with proteins, RNAor DNA. Several workers have studied

tbe compOnents present and how these interact to activatG various

subst rat es (Guengerich 1977, 1979 & 1991; Guengerich et al., 198.2;

~
'\1
1/1'

\

King and Wiseman, ~987). There are basically three components:

NADPH cytochrome P450 reductase, phosphat Idyl chol ine and cytochrome
o P450, the terminal oxygenase and determinant of substrate

,:1

j
l

,
,

specificity (Wright, 1980). The reactions catalysed by the

monooxygenases include aromat i.c and aliphatic hydroxy lat ion, arene

and alkene oxide formation, oxidative N-, 0-, and S-dealkylation,

su lphox idat ion, oxidative deamination, desulphuration and

de~alogenation (Wright, 1980)and are indicated on the next page.
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hydroxylation

HO

benzo]' a]pyrelJe
OH
dial epoxide

(DNA mutagen and
protein modifier)

oxidative de;· -,11ation

amphetamine

N-deaJkyllltioo

OH OH

HO P-4S0 HO
=r=r+O2

+ HCHO

l.,
i

morphine

O-dealkylation

R-O-CH3 ~-4S0 ROH+ HCHO
O2

S-dealkylation

R-S-CH,l ~ RSH+ HCHO
O2

N-oxidatioo S-oxidation
o

R-S-R' ~~ R-~ -R'
O2

(reprinted [roa BobiQsti, 1981)
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The cytochrome P450 isozymes (each arises from a different gene) are
a family of hemoproteins displaying a characteristic peak at 450nm.
When liver microsomes are treated with sodium dithionite and then
with carbon monoxide, a vel'y well defined peak appears at 450nm, and
because the extinction coefficient is known, it is possible to
determine the concentration of cytochrome P450 by absorbance
spectrophotometry (Omura and Sato, 1964). Some P450 enzymes display
a wide substrate specificity whereas others are more selective, and
in some cases overla.pping substrate specificities have been shown
(Guengerich~ 1979). There are marked tissue and species difference
in the activities and distribution of the monooxygenases, which Can
val'Y with age of the animal and with inducer pratreatment.
Substrates acted on can be of both endogenous and exogenous
(xenobiotic) origin. The endogenous compounds include fatty acids
and steroids whereas the xenobiotics embrace drugs, carcinogens and
mutagens. GenerallYt the reaction can be summarised as follows:

sa + NADP.H + Hf + Oz'" soa + NADpt + ltp

o where SH :::subst.rate and SOH :::hydroxy lated substrate. Molecular
oxygen is made more reactive so that it can attack inert and poorly
soluble (hydrophobic) substrates, converting these into hydrophilic
species that can be excreted from the body (King and Wiseman,
1987). Under -certain circumstances the act ivity o~ these enzymes
will convert inactive compound$ into highly reactive species which
are not excreted. Many lipophilic compounds such as aromatic amines
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undergo oxidation reactions via the monoorjgenases despite

alternative routes for hydrophilic convers ion , The addition of

oxygen to the amino-N atom to form a N-hydroxy derivative, is the

~ .. first step in the mutagenic activation of aromatic amines. Such

activation can be stcrically hindered by the presence of two protons

ortho to the amino group, which accounts fOT the different

activities of this group of chemicals in tumour induction. Once

such activation has occurred, the functional groups could conjugate

via transferase action to endogenous conjugating agents such as

glucuronic acid (Wright, 1980). Such conjugation would limit

further biot ransf'ormat ione and lead to Tepid excretion. However,

exceptions were found in stud ies of 2-aminofluorene activation

(Weisburger and Weisburger, 1973). Despite glucuronidation or

su lphat ion of N-hydroxyamides, these can still interact with the

DNA. Although the sulphuric acid ester is the major ultimate

\- carcinogenic metabolite, it was found that the deacetylated

derivative of N-hydroxy-2acetyl-aminofluorene viz. N-hydroxy-2-

aminofluorene was ultimately responsible for the mutagenicity of 2-

acetylaminofluorene (Sakai et al., 1978 and Johnson et al., 1980).

CytochromeP450 thus provides other enzymeswith substrates to act

on. The reverse occurs as demonstrated by the metabolism of the

pronutagen benzof a Ipyrene (B(a)p), a standard used in the Amestest,

where epoxide hydratase provides a substrate for P450.

B(a)p is metabolised (Fig. 3.2) by the combined action of the P450

system and epoxide hydrase (Darnell, 1986and Wiebel et aI., 1975).
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o

It was observed that two products resulted, either 4,5 dihydrodiol

(non-reactive) or 7,8 diol-9,10-oxide (the ultimate ctn",inogen)

depending on which P450 isozyme (dependant on the inducer

administered) is present. Whenphenobarbital was used to induce rat

liver, P450~1 (n~~bered according to electrophoretic mobility, the

letters referring to source, here liver mi crosomesIwas isolated and

shown to be irrvo lved in the formation of b(a)p-4,5-diol. 13-

n

NaphthofIavone (5,6 benzof Iavone ) Induced P450LM4• The 3-methyl-

cholanthrene inducible P450, P450LU4' preferentially catalyses 9,10-

epoxidat ion of the substrate, leading to the formation of the

ultimate carcinogen (Robertson et al., 1!:t<53;HI .'6en and Coon, 1976).

Normally hydrat ion by epoxide hydratase is a deactivation step

resulting in 7,8-,oxl ) which cannot bind to macromolecules in the

celio But in the presence of the appropriate epoxide hydratase,

this metabolite can act as a monooxygenase substrate (Kapitulnik et:

si., 1978).

o

In the preparation of S9 to be used in the Ames test, Aroclor 1254

(a polychlorinated biphenyl) is recommendedas the most efficient

inducer because it produces the largest array and amounts of P450

iSQzymes, allowing for the widest po~sible detection of promutagens

(Maron and Ames, 1983)• Yoshikawa et el , (1982) found that a

combination of phenobarbital and 13-naphthoflavone produced an S9

preparation ef.,ective in activating a wide range of substrates,

including b(a)p {Eisen, 1986; Haung et el«, 1981; Lu q,~dWest, !f/80

and Suwa et al., 1985) and was used in the present work.
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Generally, s-g lutathione transf'erases , present mainly in the cytosol

(although membraneforms have bsen found) and epoxide hydratases are

involved in deactivation pathways (Wright, 1980). Both these

enzymes are present in 89 f'ract ions , Epoxide hydratase has no

cofactor requirement and as such should be fully functional. On the

other hand, due to dilution and oxidation during S9 preparation the

transferase is inactivated (Dean et el«, 1978). Pretreatment of

rats with inducers leads to an Increase in certain enzymes, with the

increase in P450 enzymes being the greatest. Thus the balance

between the activation and deactivation pathways is inclined towards

the former pathway in pretreated animals. It can, therefore, be

argued that susceptibilities to cancer induction in the human

population depend to a large extent on the type of cytochrome P450

present in the individual (which can be influenced by dietary and

genetic factor-s) and the interaction of other enzymes with these

cytochromes and their end-products.

Mammaliancytochrome P450 enzymes are most abundant in liver, but

are. also distributed in other organs in the body. P450 occurs in

both prokaryotes and eukaryotes. In eukaryotes most of the P450 is

located in the endoplasmic reticulum (ER). Whenthe enzymes are

isolated, homogenisation of the ER causes small vesicles to form

knownas microsomesf hence the namemicrosomal 89. 89 enzymes are

present in the nuclear envelope and cell membrane,where they could

playa role in the metabolism of carcinogens on route to the genome.

J_
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The electron transport chain. for the microsomal cytochrome P4~O

comprises two proteins: cytochrome P450 and cytochrome P450

reductase. Cytochrome P4·50 (a hemoprotein) contains a

protoporphyrin IXgroup. The reductase is a flavoprotein containing

one PADt and one FMN+ nucleotide, the prosthetic groups involved in

the oxidation-reduction reactions. In 1980, White and Coonproposed

a model for the structure of the active site of cytochrome ?450

(Fig. 3.3).

The Active Site and catalytic Cycle of Cytochrome P450

The protoporphyrin IX ring is located in a hydrophobic cleft and is

bound by hydrophobic and electrostatic forces. A sulphur from a

cysteine residue in the protein is I igated to the Fe3t in the plane

of the heme ring. The iron at-omcontains five electrons in the

outer d-orbital and depending on the spin-pairing can exist in

either a low or high spin state (King and Wiseman, 1987). In the

low spin state the iron exists as a 6 coordinated heme iron and in

high spin as a 5 coordinated atom. Intact microsomes contain an

equal mixture of these two spin states. Before t116 substrate binds,

the system is in a low spin state and at a negative redox potential.

Uponbinding, th~ substrate induces a spin-state change, resulting

in the high spin form. Because the high spin state is at a less

negative redox potential, the electrons can flow more readily to the

cytochrome P450. It was observed that NADPHcytochrome P450

i
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reductase and cytochrome bS can modify the cytochrome P4S0 spin

state. The latter observation proved to be interesting since l iv rr

microsomes contain two electron transfer systems that could

potentially interact with each other; the aforementioned NADPHP450

reductase: cytochrome P450 and a NADH cytochrome bS reductase :

cytochrome P450, components of the steary I eoA desaturase system

(Basterling and Trudell, 1982 and Bosterling et al., 1982).

Fig. 3.) rhe propoled IIctire lite Itllctl1e of cltockrolt P4S0, doriq tie iro" .01114 to tit
I.lpi.r frol a Cllteile re,i41e it tie P4S0 ,roteil {.lite £14 COOl, 1980J.



Manyresearchers have shown that cytochrome bS does interact with

P4S0 and depending on the substrate used, this interaction could

either be inhibitory or stimulatory, and in somecases no effect was

observed <Chiang, 1981; Hoeven and Coon, 1974; Inge lman-Sundberg ,

1986 and Prkrovsky et a1., 1977 and Yang et el «, 1978). The multiple

forms of cytochrome P450 could also explain the difference in

response to the presence of cytochrome bS' There could be those

requiring cytochrome bSmediated transfer of the second electron for

oxygenation! whereas other P450' s we, • receive their electrons from

NADPHcytochrome reductase (Fig. 3.4).

NAOPH

cytochrome.b. 5 reduc

7
tasee2'>

. NADPH
1e

p 450 reductase' .

Fig. J,4 fhe cltocirole P450 catalytic clcle ill rhici SlI is tie ub6t1l.te .. d $011 tie

bydroI1lated nhtrate. U,e lint electrol (el) i8 dOllted viI tie IADPH:P450

redllctue. pii lIt tie mOild electro. {eZ}en oe received II e1 or ria tie

NADiB cytochrole 65 red,ct.,e (lilg Ill; rile••!, 19B?},
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3.3 'I1IE AMES TEST - MATERJALS AND MEI110DS

3.3.1 Solutions

All solutions were autoc Iaved at 121 lic for 20 minutes and stored at
4 °c until required.

BROTII: lder litre

Lab-Lemco Powder (Oxoid 2) 10 g

Peptone (Oxoid) 10 g

5 gNaCl

This broth was used to culture the bacteria (SE~eSection
3.3.3), For nutrient plates, 15g/litre of agar was added
(see section 3.3.5.2 - 3.3.5.5).

I)

MINIMAL GLU<X>SE PLATES:
per litre

Dist ilIed HzO
SOX VB salts

15 g

930 ml
Agar

20 ml
4m~ (w/v) glucose 50 ml
0.26 mM L-histidine 10 ml

",/,

Used for mutagenicity assays (See Section 3.3.6 and 3.3.8).

--------.--------------=".=--,----.-----.--~.-..~-.-.--
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VOOEL-.BOONER.SALTS (SOW):

per litre
Distilled H20 (at 45 uC)

MgS04·7~O

6~O ml

Citri~ acid, monohydrate
10 g

100 g

500 g

175 g

ISHPO;

NaNH4HP04 .4HzO

All ingredients were added individually, allowing each salt
to dissolve before adding the next, and the solution made up

to 1 litre. This solution was used to make up the minimal
glucose plates.

TOP AGAR:

per litre
Agar 6 g

5 g

1000 ml

NaCl
Distilled Hp

) ;
i

The top agar was best prepared in 50 rul aliquots. For
mutagenicity assays,S ml of a solution containing 0.5 roM

histidine and 0.5 roM biotin was added to 50 ml of melted top
agar, which was kept at 4SoC until required. Two ml of agar
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was used per plate.

per litre
MgCl2, 6 Hz0

KCl

Distilled lie

81.~·g

123 g

up to 1 litre

This solution was used to prepare the S9 mix.

S9 MIX:

per 50 ml
sterile distilled HzO
0.2 M potassium phosphate

19.75 ml

buffer, pH 7.4
0.1 M NADP+

25.00 ml

1 M glucose-6-phosphate
2.00 ml
0.25 ml

~
\1

MgCl2-KCl

Liver microsomes (S9)
1.00 ml
2.00 ml

The ingredients were added in the order indicated so that
the S9 was buffered. This mix was kept on ice till required.
Left over S9 was dincarded. The yolume of .livermicrosomes
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added depended on the protein concentration in the liver
extract, here assumed to be 40mg!ml.

AMPICILLIN SOLUfION:

per 100 nl
Ampicillin trihydrate 0.8 g

0.02 N NaOH 100 ml

This antibiotic was used to test for the presence of the R-

factor plasmid, pKMI0l (See Section 3.3.5.4).

TEI'RACYCLINE SOLurroo:

per 100 m!
Tetracycline 800 mg

0.02 N HCl 100 ml

1.. This antibiotic was used to test for the presence of the
pAQl present only in strain TAI02 (See Section 3.3.5.5) •

CRYSTAL VIOLEI' SOLUrlOO':

per 100 ml
Crystal violet 0.1 g

100 mlDistilled ~O
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This solution was covered with foil to protect it from the
light and used to test for the pre$ence of the rough deep
mutation of the bacteria (See Section 3.3.5.3).

------------.-"~------

HISTIDINE AND BIOTIN PLATES!

:@r litre
Agar 15 g

914 mlDistilled ~O

SOX VB salts 20 m!
40% (w/v) glucose 50 ml
Sterile 0.26 mM histidine 10 rol
Sterile 0.5 roM biotin 6 ml

These plates were used to test for histidine requirement
(See Section 3.3.5.1).

1
1
1

)
AMPICILLIN/TEIRACYCLINE PLATES:

per litre

i

I
j

Agar 15 g

Distilled ~o

SOx VB salts

910 ml
20 ml

40% (w/v) glucose 50 ml
Sterile 0.26 mM biotin 10 ml
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Sterile 0.5 mM histidine 6 m1

Ampicillin solution

*Tetracycline solution

3.15 m1

0.25 m1

The salt and glucose solutions were added after the agar had

been autoclaved. These plates were used to test for

ampicillin (*tetracycline - for TA102 only) resistance.

(See Section 3.3.5.4 and 3.3.5.5.).

~cterial Strains - Source

TA97,TA97a,TA98,TA100and TA102were kindly supplied upon request

by Professor Bruce Ames,Berkeley, CaIifDrnia.

ca1turing Bacteria.

Bacteria were cultured in nutrient broth and were allowed to growto

a densi ty of 101cef l a/ml on a rotary shaker kt·pt at 37 QC• To score

the total number of colonies and any toxicity effects of the

po Iyphenola , the bacteria were serially diluted (with 0.9%Nacl) and

plated onto nutrient agar plates, then incubated at 37°C for 48

hours before the colonies were counted.

For the inoculation of cultures for the Amestest, frozen 0.5 ml
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aliquots of bacteria were used. These al iquots were stored at -70°C

whiChobviates the use of master plates. Regular testing of the

genotype and mutagen response of the bacteria was carried out (See

Sect ions 3.3.5 and 3.3.6).

3.3.4 Preparation of Frozen CUItuxes for Inoculation

Bacteria were grownup overnight to a density of 109 cells/ml in the

presence of antibiotics ampicillin for all strains, and

additionally tetracycline for TA102. Dimethylsulphoxide (D'MSO) was

added to the cultures as a cryoprotective agent at 0.09mlDMSO/1 ml

of culture. These were then dispensed into sterile eppendorf tubes

and quickly frozen on a bed of crushed dry ice. Once frozen the

tubes were transferred to the -70°C freezer for storage. Strains

stored this way were found to be stable (according to the tests

performed in Sections .3.3.5 and 3.3.6) for at least one year.

3.3.5 Genotype Testing

3.3..5.1 Histidine Requirement

The cultures were plated out on se lect ive minimal glucose plates

containing biotin (final piate concentration - 3pM, because the

biotin gene deletion does not revert ) , with and without histidine
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(2511g/ml).There was no growth on the histidine free plates,

3.3.5.2 uvrB Mutation

This mutation makes the bacteria susceptible to the lethal effects

of UV light, Strains were plated onto the nutrient plates in

parallel streaks. Several strains could be tested on one plate.

L.d.f of the plate was covered with foil so that half of each

bacterial strea~: was covered and the other half open to irradiation

with a 15Wgermicidal UVlamp at a distance of 33 cmfor 60 seconds.

The irradiated plates were incubated for 24 hours at 37°C. Since

TA102has an intact UVrepai~ system it should growon both halves,

whereas the other strains viz. TA97.TA9Sand TAIOOshould only grow

on the -artirradiated side. This was observed for all strains.

3.3.5 •.1 ria Mutation

Because crystal violet is a large molecule, it will only be able to

penetrate the membrane of rfa mutants. Strains with the rfa
character wi11 be ki !led by crystal violet.

Onehundred mi.crol i tres of a tester strain was added to 2 ml of top

agar at 45 "c containing O.SmM histidine and 0.5mMbiotin, vor texed

briefly and then spread evenly across a nutrient plate.

allowing the top agar to harden, a sterile filter paper disc

(approximately 0.5 cm in diameter) containing lOlll of a 1 mg/ml
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crystal violet solution, was placed firmly on the seeded plate. The

plate was inverted and incubated for 12 hours at 37 nco A clear zone

of inhibition around the disc; indicated the presence of rfa mutants.

3.3.5.4 pKMIOl

TA97, TA98, TA100 and TA102all contain the R-factor. carrying the

ampicillin resistance gene. As the plasmid is unstable and readily

lost, the strains were roudnely screened for the presence of the

plasmid by their sensitivity to ampicillin.

The bacteria were streaked across ampicillin plates (25 pg/mi final

(plate) ampicillin concentration) and their growth compared to

plates containing no ampici 11in. Alternatively, a method similar to

that used to test for the rfa mutation is applicable, in which

ampicillin containing discs were placed on seeded plates. Absence

of zones of inhibited growth around the discs indicated ampicillin

resistance.

3.3.5.5 pAQl

TA10..:!is also test ed for tet racycl ine resistance (pAQl carries the

tetracycline resistance gene). The procedure is the same as for

ampicillin te&ting.



3.3.6 Spontaneous and St"ar:(}ard Control Values

A trace of histidine was added to minimal glucose plates during

mutagenicity testing to allow a background lawn of auxotrophs to

develop. The absence of this lawnwas also indicative of toxicity of

the test compound under investigation. Characteristic of each

tester strain is the number of spontaneous revertants evident

against this lawn. The finai number of auxot rophs influences this

reversion frequency, but since the histidine content is kept

constant, the number of auxotrophs will be consistent. Spontaneous

reversion is independent of the initial inoculum size within the

range 105 •• 108 ce l l s (Green and Muriel j 1976). The following ranges

have been observed in several labs ( Ameset ai., 1975 and Maron and

Ames, 1983): revertants/plate (no S9); TA97 (90-·180), TA98 (30-50),

TAlOO(120-200) and TAI02 (240-300). Values in this work fell within

the ranges given, and more importantly were constant f'ron experiment

to experiment. If there was any significant irvrease or decrease in

these values, the strains were re-isolated from the frozen master

copies. The addit Ion of 89 increased the frequency slightly.

Standard Mutagens

To check the response of the various strains in this work, several

standard mutagens, some requiring 89, were included in every

experiment (as shown in Table 3.2 - Spontaneous revertant numbers

have been subtracted). Mitomycin C is lethal in all strains with

the uvrS deletion because it causes DNAcross-linking, a lethal
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mutation. which requires excision repair (uvrB gene) to convert the
mutation to a second, non-lethal muta t ion in TA102. Values are
those repo~ted by Maron and Ames (1983).

Table 3.2 seven! of the standard Mutagens included in each erperilent are shown, sOle requiring

89 {fl and others not (-}. The nuther of revertants (per plate} induced by Mch of the lutagens

in the four strains is indicated.

strains
Mutagen pg/100111* S9 1'A97 TA9S TAIOO TAI02

Sodium azide 1.5 76 .3 JOOO 188

Daunomycin 6.0 124 3123 47 592

1 Mitomycin C 0.5 0 0 0 2772

2 Aminofluorene 10.0 + 1724 6194 3026 261
j Benzo(a)pyrene 1.0 + 337 143 937 255

* Added to top' .'
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3.3.7 Induction end Excision of Rat Liver Enz)'111es

Since Aroclor 1254 (the recommended inducer) is a very stable

carcinogen and expens ive to obtain here, it was decided to use an

alternative inducer. Matsushima et el . (1976) found that a

combination of ~-napthoflavone and phenobarbital produced induction

similar to Aroclor both with respect to the amount of protein

induced and the ability to catalyse a wide array of substrates in

the Amestest. The B-napthof!avone at a concentration of 8 mg/100g

rat body weight was dissolved in warmolive oil and then injected

intraperiotineally. Phenobarbita l was administered daily in the

drinking water at 1 g/litre. The rats were killed by anaesthetising

with ether. and the livers removed aseptically.

Preparation of the S9 Fraction:

All the steps were carried out using sterile glassware and cold (on

ice) sterile solutions. After the livers were excised, they were

weighed in tared beakers, to which 0 15 MKC!was added at 1 m! of

KC!per gram of wet liver. The Livers were then washed several times

in 0.15 MKCl so as to remove any haemoglobin that could inhibit

cytochrome P450 (present in this S9 extract) activity. Then the

livers were added to a beaker containing 3 vol of 0.15 MKCl/g wet

liver and minced with sterile scissors. After this the livers were

homogenised and the homogenate centrifuged at 9000g. The

super..at ant was poured off and saved in 2 ml aliquots in small

plastic tubes that are able to withstand very low temperatures.
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These aliquots were frozen quickly on a bed of crushed dry ice and
stored ei ther in liquid nitrogen, when available, or at ~70 "c. To
prepare the 89 mix, the required aliquots were allowed to thawed at
room temperature and then kept on ice. To check the ster-ility of
the S9 preparation~ 0.5 ml was added to tor agar containing
histidine and biotin (see top agar) and then poured onto minimal
glucose plates. The protein concentration was determined by the
Lowry method (Lowry et aI-, 1952) and Viasfound to be 30 mg/ml . The
standard curve for protein determination was done using bovine serum
albumin as standa·ri.

3.3.8 Ames Mutagenicity Assay

For each assay, a fresh overnight culture was used, and the method
of Maron and Ames (1983) followed. All four strains were used to
test the polyphenols from the different sorghum varieties, which had
been separated into three crude fractions (See Chapter 1). The
highest concentration used represented the maximum solubility of
these po lypheno ls , They were dissolved in 80% (v/v) methanol for
the assay, as a 80% methanoi blank showed that this did not affect
bacterial viability. With each assay, well defined histidine
enriched plates (containing diluted bacteria and test compound) were
included to test for toxicity, as ,examination of the background lawn
is quite subjective. Standard mutagens were included in each run to
check the respOnse of the strains.
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The 2 m1of top agar containing hi s t idfue and biotin (see Jop agar)

wer~ dispensed intG sterile capped test tubes and held at 45°C in

a water bath. To this lOOp1 of mutagen/polyphenol s at several

concentra.tions, 100p1 of bacteria (and where requ::'red 500111 of S9-

mix! were added, vor texed at low speed and poured onto the minimal

glucose plates. These were left to set on a level board and within

an hour, inverted and placed in a 37°C incubator. After 48 hours

the plat es Were scored, For plates with few colonies, all the

colonies were counted and when the nup\1>erexceeded 200, several 1 cm2

squares were counted, averaged and then multiplied Oy the surface

area of the petri-dish (radius = 4.25 em) to obtain the final number

of revertants/plate.

3.3.9 Stat iet icel Treatment of Data

students t.-test was carried out for the Amestest with the different

levels of polyphenol s to determine if the increase in revertants

above the controls was significant (Bernstein et al., 1982; Chu et

e l t, 1981.: Weinstein and Lewirison , 1978).

)

),1

I ", ,
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3.4 11JE AMES TEST - RESULTS AND DISCUSSION

After having confirmed the presence of the markers (viz. rfa. uvrB,

his-. pKM101 and PAQ1) engineered into the four strains, and their

responses (Fig 3.5 and 3.6) to the standard mutagens sodium azide,

daunomycin, mitomycin C and 2-aminofluorene (the latter requires S9

activation), the po lyphenol fractions (see Chapter 1) from severs l

of the sorghumcul t ivars were tested in the four strains, both in

the presence and absence ( 1. The results of this are depicted in

Figs 3.7 - 3.10 and Tables 8.1 - 8.5 (see Appendix - it is required

that workers append actual revertant counts for the Amestest).

- I

The different strains of s, typhimurium were used to check for the

possible action of the phenol Ics as cross-linking (TAI02), base

substitution/deletion (TAI00arid TA97)or frameshift agents (TA9S).

0,



66

Bg....
<5.
~
~
~
~
~
~r....
~
~ 0

Sodium Azide Daunomycin Daunomycin Mitom}'Cin C
TA 100 TA 978 T.A. 98 TA 102

_Ames [······1Lab

fig. 3.5 COlparison of the responses of the foar s. tJpailllrill1 ftnills rA97a, TA98 WOO and

fAt02 to the standard Illtagen (sodilll uide, dun()ltlCill ud litOlycilI Cj obtained

in the present forI (Lab) to those reported h, MarOIl and AICS (1983) (Ales).

cc
~
~.

7
_Amea r i ILab

~ 6
~ 6
~

j4r
~ 3~

) s 2~....
~ 1:s;

~ 0
TA 978 TA 98 TA 100 TA 102

Fig. 3.6 COlparative responses of the [Olr :;trains to 2 1.IillOflllorene (reqlliri1l.g S9) obtaincd

in this fOrr (Lab] to the nil:et reported b,Marol and AUf {1983} (AiU).



67

A. 200 TA 97a + S9

TA 97a .. TA 97a + 89
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140
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100
80
60
40
20
o

. TA 97a _ TA 970 + S9c. 120
100
80
60

:::"'I
40

." 20
0

0
Blank 1 10 100

Amount of Polyphenols Added (pglplate)

Fig. 3.7 Incubation of fA971 rith (A) tI, (B) '2 and (e) f3 frol SSI52, i4 tie ,br:nce Ind

presence of 89 cnzTles. rie blalIicOlfSists of rA9?I, solvelt, ritbollt ud ,Ub S9 for

tbe corresponding elperilent,l series.
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Fig. 3.8 Imbltion of rAgS lfitk (A) VI' (8J F2 &lid (el FJ frol 55HZ, is tke ,hence lid

prese11ce of 59 cUJler. The blni c011sists of T!.98, IOLTclt, ritiolt ud fUk 59 far

the correspandilg clpcrileatal $~ries.
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o Fig. 3.9 Incubation of fAI00 lith (~) F1, (B) F2 lad (t) £3 fto.88,52, i! tie abf~nce and
presence of &9 eUJles. rh blani coltSilts of WOO, soirelr, fithollt ud riti S9 for
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Fig. 1.10 [ncllhation of rA102 fiti (A) F[' (B) F2 and reI £3 frol SSLS2, ill tb abelce lid

presence of &9 CUJlea. rie blur conists of rAm, solvut, ritbo.t &Ii ,iti S9 for

tbe correspondiIlK erperi.eltal series,
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Fromthe Figs 3.7 - 3.10 and Tables 8.1 to 8.5 it can be seen that

there was no significant (by Students t-test) increase in the

reversion frequency when compared to the blanks (spontaneous

reversion frequency). In some cases, subtract ing tkle number of

spontaneous revertants yielded lower values i.e. an actual decrease

in reversion (See Appendix - Tables 8.1 to 8.5). This was not due

to toxicity (results not shown) since in addition to checking for

the presence of bacterial lawn, serial dilutions (c 2000) of the

exposed bacteria showednt? decline in the numberof viable bacteria.

Fur'therxore , the resul ts did not ful fil the other criteria

established for determining mutagenicity, the two-fold increase law

and a dose-response over at least three log doses (Maronand Ames,

1983j Zimmermannand Taylor-Mayer. 1985). The two-fold rule states

that a dose level c~using a doubling of the spontaneous mutation

_' rate, is considered to be a positive indicator of mutagenicity.

Testing in a narrower range around this level should yield a dose

response curve. No dose response or two-fold increases were

observed for all three fraction regardless of the cul t ivar used,

both without and with S9 activation. In all cases, the addition of

S9 caused a reduction in the number of revertants, except ifi the

case of TA9Sand SSK52polyphenols (Fig. 3.8). The increase in the

numberof revertants, though not significant, was.unexpected in view

of all the other findings and appears to be particular to the

polyphenols of this sorghumcult ivaI', and not necessarily to this

strain. The reason for this increase is not known. To substantiate

our observat ions from the Amesassay, a further short term assay was
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used to test the po lyphenol s , This test employs tb? fruitfly,

Drosophila. melanogaster, and is knownas the somatic mutat Ion and

recombina.tion test :mT) and forms the basis of the next chapter.

(I

c
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3.5 sa.{ATIC MIJ'ATICXVAND REal.'fBlNATICN TEST

3.5.1 Drosophila. as a Test Organism - An Introduction

Whenusing short term in vitro assays as opposed to animals in

detect ing mutagenicity, it is essential to use more than one test

system, measuring a different genetic end~oint. For the purpose of

this study, the fruit fly , Drosophi la melanogaster, was chosen. The

genetics of Drosophila. is well known making the system ideally

suited for genetic manipulation and tailoring. One is dealing with

a eukaryote, containing 8 chromosomes. It is possible to treat

either the adult flies or the larvae or both depending on the test

system selected. Most importantly, although fruitflies do not have

livers, they do have the cytochrome P450 enzymespresent in fat body

\ ls (Baars at al., 1977). Of the two most used assays, viz. sex-

linked recessive test (SLRT)and SMART,the preference was for the

latter. Results from this test are evident in the first generation

(F,) as opposed to the F3 generation in the SLRT, thereby cutting

downon t"'," time, 10 days versus a month, required per assay. In

the SLRT, the parent(s) are treated as adult f:ies, and any effects

in the sex chromosomeare passed on during meiosis to the following

generation. SM~T involves the crossing of male and female flies

and then subjecting the resulting larvae to the mutagen. Mutations

are. however, .on ly evident after mitosis has occurred in the larvae

and cannot be transmitted in the germ line. The SLRTdetects the

action of mu.tagens in the germ cells, whereas SMARTmeasures
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mutation in somatic cells.

Limitat ions of genetic tests is evident from work carried out by

Voge1 et el . (1983). The SLRTand other germ-1ine assays fai led to

respond posit ive ly to promutagenic aromatic amines and po lycyc l Ic

hydrocarbons, even when s=vera.I inducers were adarinis'tered to

enhance S9 activity. Despite the seven-fo Id increase in the level of

S9, the relative inducibility appeared to differ 111various parts of

the body, with the lowest activity detected in the gonadal tissue.

It was concluded from this and other findings that attention should

be directed at studying the differences in metabolism in somatic and

gonadal tissue. as the form~r could be more effective. Although

this was not demonstrated by Mollet and Wilrgier (1974), their work

did highlight the ut i 1ity of a soaat ic test. Based on the work of

Becker (1969), they engineered and evaluated the use of the somatic

eye mutation and recombination test after feeding mutagens to

Drosophila larvae. To determine the ease of evaluating the results,

students in the laboratory were given flies to analyse.

To make the effects of mutations visible in the eyes, distinct
c

genetic eye markers (carr ied on the X chromosome) were used.

Females homozygous(i.e. both X chromosomescarry identical alleles)

for coral coloured eyes were crossed with males (hemizygous since

they only have one X chromosome)carrying a white eye marker. The

larvae of this cross were subjected to treatment.
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If the larvae are not t reated, the emerging male adult flies would

have coral eyes and the female eyes would be intermediate between

coral (recessive marker) and white, viz. light coral. Applying a

mutagen to these larvae can cause mutations (on the X chromosome)

and somatic recombinations (between the X chromosomes). Both these

effects can be seen in the females; males will only showmutations

due to the presence of the Ychromosome. Twin spots resulting from

recombination in the females are evident as adjacent patterns of

coral and white, and single spots will showup as different coloured

regions against a light coral (in females) or a coral (in males)

background, Female flies are used to determine the frequency of

induced recombination and mutation, and the males will give the

jnduced mutation frequency only.

The two compoundsused to evaluate the technique were a fungicide

with no knownmutagenic effect and methylmethanesulfonate, a potent

mutagen and carcinogen. This test gave the correct responses and

the analysis by the inexperienced students were in good agreement

with those of Mollet and Wi.i.rgler's group. The assay was rapid and

provided a minimumof 10 cells/eye for exposure and analysis, and in

addition could detect somatic mutation and recombination. A

disadvantage of the assay, being somatic, is that the eye spots

cannot be analyzed further genetically.



76

.3.5.2 SOll18tic Mutation and Recombination Test (SMART)

Graf et el . (1983 & 1984) engineered SMARTbut instead of using eyes

as Mollet and WUrgler (1974) had done, they used wings. The wings

can be mounted and results verified long after treatment and h~cause

flies can be kept in 70%ethanolf mounting can be carried out at

leisure. By using two recessive markers, IIlWh (multiple wing hairs -

coded by the allele on chromosome 3, position 0,0) and fIr (flare

located on chromosome 3, pos i.t ion 38,8) on the left arm of

chromosome 3, genetic mutations and somatic erose-ever and

recombination between non-sister chromatids could be demonstl'ated.

Both these markers affect the final differentiation of the trichome

(hair) formed by a single wing cell, of which there are 108per adult

wing. Whencompared to the single slender trichome that forms per

cell, the I11Wh marker gives rise to multiple wing hairs in each

indiVidual ce 11, and fir results in short ma.lformed hairs as is

depicted below.

6~
fIr: A

normal:" d
mwh:

Female flies.homozygous for the ~'marker are crossed with males

hemizygous for the flr marker. Fir is lethal in the homozygous

state (see Section 3.6.1 for more technical detail). The resulting
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larvae carrying the mwh and f1r in the trans-heterozygous state (one

chromosomecarries IIIwh and the other fir) are of interest, as

several mutations and recombinations between these markers can occur

dUring mitosis, each resulting in definite phenotypically marked

clones on the wing. During mitosis, each chromosomeof a homologous

pair gives rise to a daughter chroaat id, which consists of two

sister chromatids. Recombination occurs between the two non-sister

ci1.l.omatids(of the two daughter chromati.ds).

Multiple wing hair spots are expected to occur more frequently than

flare or twin spots and this is confirmed experimentally. Single

spots predominate because they can arise from many different types

of chromosomaldamage:

( i) delet ions and point mutations uncovering the recessive

Zlarkers

(ii) recombination between IIlwh and fir loci on 2 non-sister

chromatids whereas a similar cross-over but between

the fir locus arid the centromere resul ts in a twin

spot.

(iii) disjunction in which the .we is expressed and fir

expression suppressed. Such aneuploid (containing

(2n+1} 0:f (2n-1) chromosomes) can also arise from

.large delex ions in the chromosome, giving rise to

smaller spot.s as aneuploidy reduces cell viability.
J....
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Although point mutat ions of the fir locus to flr+, giving rise to

flare single spots is theoretically possible, these have not been
observed. When the spots are analyzed, the size distribution and
f'requencv is noted. Spot size indicates at what stage the mutagen
a.cted,resultant size decreasing with larval age. This data might
help to classify chemicals according to their time of action within
the ce ll,

several chemicals were tested in SMART. Procarcinogens, including
N-methyl-N' -nitro-N-ni trosoguan ldine, cyclophosphamide and diethly-
n:ltrosamineproduced large single spots, whereas aflatoxinB1 yielded
twin spots. Volatile compounds are detectable as was borne out by
the wide range of spots produced by 1,2-dibromoethl~.ne. An

intercalating agent such as 5-aminclacridine, and Pdly- and
monofunct ional a lkyIa t ing a gen t s , mi tomycin c and
ethylmethanesulphonate, respectively, were positive in SMART.
Vinblastine, a spindle poison, expected to have similar effects as
non-disjunction produced the expected single spots.

The limitations or SMART need to be determined especially as many
weak mutagens, whose effect may be accumulative~ cannot be detected
by this method. OVerall, SMART seems to have some of the features
necessary for a quick screening test; large numbers of cells are
treated (108),'it takes only 10 days to perform, has a wide detection
range and, in particular, can respond to procarc inogens as the
larvae possess p450 enzymes.
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3.6 SMAKI' - MATERIALS AND MEI1K1DS

3.6.1 Drosophila Stocks

Female fUes homozygous for mwh and wi ld-type for flr were crossed
wi th males' heterozygous for tir and wi ld-type for mwh. Of the
several fir alleles available, use was made of fI;. In the diagrams
that follow, this allele will be denoted as ilr, Phenotypically,
the f'emaIes have mwh on their wings. Since the male flies carry the
dominant Ser marker, their wings are serrate at the lower edges.

To maintain the mutant fir marker in the stock, use was made of a
ba Isncer chromosome. FIr cannot be carried in a homozygous state in
the germ cells as it is lethal or closely associated with an allele
affecting viability. Inversions present on the balancer chromosome
are useful in maintaining such a recessive lethal mutation, which
would otherwise be lost from the stocks (Roberts, 1986).

Inversions "suppress" cross-over between normal and inverted
regions. Cross-overs are not actually suppressed, the products of
cross-over in an inversion leads to the formation of two abnormal
gametes that are lethal. Thus only those cells (in the stock) in
which no cross-overs occur will survive, ensuring that the genes are
kept in the order and position into which they were engineered. If
an inverted sequence is long, qouble cross-overs are frequent and
viable, this would separate linked genes. A balancer chromosome is
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used to overcome this problem. Balancer chromosomes have been
constructed containing many short inversions, (i•e. inversions
within inversions), marked by dominant mutations that can be
followed (Roberts, 1986). An example of such a balancer is In(3LR)

1)f3Ser;1, suppressing cross-over in the left arm of chromosome 3.
Each inversion is labelled to indicl:I'<tethe chromosome number and the
arm involved viz. In(3LR) indicates inversion in the left arm of
chromosome 3 with inversion breakpoints in the left and right arms.
The balancer carries a dominant serrate wing marker (Ser) and a
recessive wild-type body colour (yt). The genotype of the males is
thus mwh+ f1;r3 sel/mwli f1;r3+ In (3LR) 1M3 ser I and that of the
females mwh n;r3+/mwh. ru",

A more simple representation:

mwh + x + fIr

mwh + + +

(female) (male)

The crossing of these adult flies results in the following gametes
after meiosis in the FI generation:

mwh + mwh. +

+ -I-

The FI larvae of the mwh +/+ + genotype carry the balancer
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chromosome and hence the serrate marker. This is useful in
distinguishing the treated larvae once they are adul ts as they
cannot be differentiated during the larval (and exposure to mutagen)
stage. These are disregarded since the chances of mutations
occurring is very low and hence would give false negative values.
The larvae of interest carry the mwh +/+ fir genotype. During
mitosis several mutations can take place.

Mitosis
,mwh +

+ fir

Duplication of the chromosomes,
giving rise to 2 daughter chromatids

Iliwh + Each daughter chromatid has two
mwh + chromatids. Cross-over between the

and non-sister chromatids can occur.
+ fir l\1utationstake place at this stage.
+ fir

3.6.2 Rearing and Treatmentof Flies

Day Procedure
1 The mwh and fI:t cultures were started
10 Virgin ~ and ~ were collected
12 Virgin mwh ~ x flr d' were crossed
13-14
16-17

Egg laying. Adult flies removed.
Larvae were flushed cut of culture
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flasks with 20%NaCl and poured into

a separating funnel (with 4 - 6 nun

outlet). The larvae float in the

NaCI and stick to the walls of the

funnel. They were washed with NaCI,

and the outlet opened, allowing the

salt solution out. 'rhe tap was

closed, and the larvae washedwith~O,

and the funnel opened, and the larvae

collected onto a nylon gauze. With a

spatula, a match head sized quantity

of larvae was dropped into vials

containing instant medium, 5 ml of ~O

andmutagen. The vials were stoppered

with cotton wool and incubated at 20°C.

11-23 The adult flies were harvested and

preserved in 70%ethanol.

3.6.3 Scoring Mutations

Serrate wings were not mounted for reasons discussed in sect ion

3.6.1. To mount the wings, the flies were washed with water and

then t ransferred singly to a slide containing someFaure's solution.

The chlorc:..lhydrate was dissolved in water. the glycerol added and

mixed. The gumwas suspended in a small gauze bag in the above
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solution, and allowed to dissolve completely.

Faure's Solution:
Distilled }~O
Gum arabic

50 ml

Glycerol
30 g

20 ml
Chloral hydrate 50 g

The wings were removed under a dissecting microscope, and then
mounted onto a slide. Twenty wings were mounted, 10 female and 10
male paired wings. These slides were allowed to dry in closed
petri-dishes. After about 24 hours , some Faure's solution was
applied to a coverslip, inverted and placed over the wings.
Carefully ± 150 g weights were placed on the slide and allowed to
dry. Once these had dried, they were sealed along the edges with
nail varnish. The slides were then re~dy to be viewed under 400x
magnification.

The upper and lower surface of the wings were scanned by adjusting
the focus. Different mutations were scored and the number, size and
frequency of the spots recorded.

3.6.4 statistical Treetsent:of Data

The Poisson nUll-test hypotheSis was used for SMART spot frequency
analysis (Graf et a1 •• 1984).
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3. 7 SMART - F"6SULTS AND DISCUSSICN

To confirm or refute the Amestest results, the fract ions from SSK52

(as it is the most extensively used grain in South ATrica) were

tested in Drosophila melenogeeter (in SMART)and again the phenols

yielded no dose-response over the dose levels tested (Table 3.3 J.

Only single mwll spots were observed and by the Poisson null-test

hypothesis, the increase in single spots was not significant at the

5% level. Powder from a home-brew beer pack was feed to the

fruitflies to check for pOssible mutagenicity in one of the products

derived from sorghum (sorghum beer). There was no significant

response to the 20 and SOmg/ml applications.

The outcome of po lyphenol mutagenicity testing was unexpected

especially in view of the positive correlation found by Morton

(1970) between tannins and carcinogenicity and work by others

showingmutagenicity of several plant flavonoids (Stich and Powrie,

1979 and Browll, 1980). It might be argued that the application of

a mixture of po lyphenols extracted from sorghum might not be

detected effectively as the concer-crat ion levels of potentially

mutagenic components in the extract would be too low or that the

level of the other po lyphenol s could have a masking effect.

However. since wewanted to determine if the consumption of sorghum

per se was a .health hazard, the crude extracts were used without

further purification. Had any mutagenic activity been detected,

then further separation would have been warranted. Besides~
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polyphenol mixes have been tested successfully in the Ames assay
(Gray and Dugan, 1975; Groenen, 1917 and Kawab~ta, 1979).
Fur thermore , the results from the Ames test were confirmed by SMART.
Having stated this though further work would need':to be done to
confirm the effects that metabolism (e.g deg lycosylat.ion]could have
on these polyphene ls (Brown and Dietrich, 1979) 1 before sorghum
~rain polyphenols can unambiguously be declared non-m~tagenic",

rable 3.3 Results for SMART using FI, F2 and F3 frol SSX52 and porder frol a 3ter-pac1: [or

sorgaull beer.

Sample Amount/mI #wings analyzed

H.O 38 0.58

t'1 10 mg 36 0.50
1 mg 40 0.33

100 llg 38 0.55

Fa 10 mg 38 0.47
1 mg 38 0.76

~
<, F3 10 mg 40 0.60

1 mg sa 0.63
11 Brew-pack SO mg 36 0.44

20 mg 38 0.45
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The work carried out in the following chapter was prompted by the

observations that the pc lyphenol s reduced thf~ yield of mut,mt s in

the Amestest (See Appendix - Tables 8.1- 8.5). It was decided to

pursue antimutagenic studies using the Amesassay as the method of

detection rather than S'\1AATfor reasons more detailed in the

following chapter.
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4. POLYPHENOL BIOLOGY!I - ANTIMUTAGENICITY

4.1 ANrIMJI'AGENICITY - INI'RODCJCJ'ION

Since the dove lopment of the Ames assay in the,early 1970's (Ames et:

el «, 1975), immense efforts have been directed at Ident if'ydng

mutagens in the environment, in the hope of reducing human exposure
to these compounds. Attention is also being directed at identifying
naturally occurring ant Imutagerrsas a means of reducing the cancer
incidence. Most of the work on antimutagenesis has been studied
using the conventional mutagen detecting assays , It would appear
from these studies that just as mutagens can bring about their
effects via direct DNA interaction, mutagen altered base analogues
in DNA replication or repair, and errors in transcription and

D translation, antimutagens also have many possible modes of action.
Clarke and Shankel (1975) defined a true antimutagen as any agent or
effect that specifically or preferentially reduced the yield of
mutants in short-term assays. It is important that the effects
observed should not be the result of toxicity of the chemical under
investigation - cell death would automatically reduce the yield of
mutants.

Init ial studies in the field of antimutagenes is focused on the
effect that chemicals had on the genetics, and in particular on
repair encoding genes, of various microorge.nisms (Clarke and
Shankel, 1975). It has been subse~aently shown that antimutagens
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need not necessarily act at the level of genome but can bring about
their effects without alterations occurring in the activity of the
cell's DNA repair and processing proteins. Kada et el, (1982)

coined two terms to distinguish these modes of action of
antimutagens. namely, bioantimutagens and desmutagens.
Bioantimutagens interfere with the DNA replication and/or repair
steps (fixation processes), Conversely, desmutagens act by direct
interaction with the mutagen thereby preventing its possible binding
to and subsequent alteration of the DNA. Evidence for these two
types of antimutagens can be distinguished quite readily by Y~lng
bacterial mutants that carry specific repair or recombinational
genas. Desmutagens could be distinguished from the biomutagens by
monitoring whether any of these fixation processes are altered;
desmutagens would be expected to have no effect •

4.1.1 Desmutagenesis

Kada et al. (1987) showed that peroxidase isolated from cabbage was
effective in inactivating mutagenic tryptophan pyrolysate3. Fibres
isolated from different vegetables showed an ability to adsorb
pyrolysate mutagens more effectively than cellulose. They
postula~qd that these fibres could resemble DNA9 thereby providing
an alternative binding site 'for the mutagens. Polyphenol polymers
have been postulated to take on a helical structure similar to DNA
(Haslam. 1989) and as such could provide an alternative binding site
for the mutagens used in the present work. The question still



remains whether these fibres are really effective in vivo because

this adsorption could be reversible. Certain NADPlloxidases in

vegetables where shown to be effective in preventing the activation

of tryptophan derivatives to mutagens by directly inhibiting the S9

metabolic pathway. Polyphenols might well act in a similar way in

the presence of S9 and 2 aminofluorene in the Amestest since it is

known that these bind strongly to proteins. This could have

implications in the body where the cytochrome P450 in the liver not

only activates hat is involved in detoxification as well, which is

essentially an irreversible process. Blocking this pathway could

lead to mutagen accumulation in vivo. Polyphenols might in addition

to their mutagen and protein binding capacities, affect the

induction of cytochrome P450 Isozymes (Shankel et el.., 1987; Grimmer

and McGrath, 1991 and Parhboo, 1993). In the Ames assay, 13-

naphthoflavone is used as one of the inducers in the preparation of

cytochrome P450 rich extracts from rat livers. Another pathway of

mutagen inactivation could be via conjugation to glucuronic acid,

glutathione or other substances in the body, a procesS which maynot

be that effective due to the r~versibility of the reaction

(Wattenberg, 1985).

4.1.2 Bioantimutagenesis

The act ion .If ooba.ltous chloride as a bioant imutagen in the presence

of MNNGwas demonstrated in 'Baci11us subst i lis mutants which have a

modified DNApolymerase III (Kada et el .; 1987). At concentrations
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of the metal which did not affect the viabi I i ty and hence the growth

of these bacteria, the mutation rate in these bacteria was reduced.

Subsequently, it has been postulated that cobal tous chl or ide could

have a modifying effect on the ree A protein involved in the SOS

response. By genetic analysis, ohta et el, (1983) showed that the

rec A protein was required to mediate the observed ant Iautagen ic

effect in the presence of vanillin and cfnnamaIdehyde, The

bioantimutagen could directly activate or even modulate the

expression of such repair enzymes. Tannic acid was found to be an

effective bioantimutagen in UV irradiated E. coli and as such has

been thought' to enhance the UVexcision repair process involving the

uvr family of genes (Kada et a.lq 1985 and Shimoi at al., 1985).

o I In.attempting to determiIle how the polyphenol rich fractions could

be bringing about antimutagenici ty, it was decided to use the Ames

assay rather than SMA.~T.A decrease in reversion response of the

bacteria to knownmutagens would be easier to monitor. Historically

such tests have been showu to be reliable measures of such testing.

Besides, the use of SMARTto detect antimutagens has not been

investigated extensively nor have the statistics been worked out to

allow for meaningful interpretation of the resulting data.
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4.2 AMES ANTlMUI'AGENICITY TES1'IfoK} - MATERIALS & MEI1J()1JS

4.2.1 Anti1llutagenicity Assays

To check for possible antimutagenic activity, the polyphenols were
coincubated with standard mutagens known to produce an established
number of revertants in a specific strain (see Table 4.1) in a
typical Ames test (see Section 3.3.8 - Ames Mutagenicity Assay).
The three fractions from SSKS2 were coincubated with TA98 and
daunomycin (6pg/100pl) and the number of revertants scored. The
antimutagenic activity was also tested against sodium azide
(1. Spg/100p1) in TAI00 and 2 aminofluorene (10 llg/lOOpl)requiring
S9 activation in TA98 and TA97a. Quercetin was only coincubated
with 2 aainofluorene, S9 and TA98 since it was shown to also require
S9 activation for mutagenicity and we wanted to see if such a
mutagenic flavonoid could be eff'ective in reducing the mutagenicity
of the standard mutagen.

4.2.2 statistical Treatment of lJ8ta

Analysis of variance (ANOVA) for antimutagenesia tests were
performed with the data derived from these experiments.



Table 4.1 Standard lIutagens a.nd the different bacterial stra.ias used to I!easure the

antimutagenic pot'ency of polypaenol-rich fractions frol sorghum graia SSK51 in the Allies assay.

Values lire those reported by Kamn and Ales (1983).

Mutagen llg/100111 S9 TA97 TA9S TA100

Sodium Azide
Daunomycin
2 Aminofluorene

1.5

6.0
10.0

3000

+ 1724

3123
6194



4.3 AMES ANrIMJI'AGENICITY TESTING - RESULTS

When it was observed that the sorghum phenolics produced no

mutagenic, and in some cases negative, responses, it was decided to

investigate the possibility that they could be antimutagenic, by

testing the effect of these phenols on the ability of the standard

mutagens to produce reversion ~n the Amestest. The mutagens used

included daunomycin, sodium azdde and 2-aminofluo:rene (requiring S9)

and were used at those ccncent rat ions which produced maximal

responses in the specific strains (Table 4.1). In using the diverse

mutagens, it was hoped to see some pattern emerge that would

indicate a plausible mechanism. Phenolics have been shownto act as

antimutagens (Fukuhara et a1., 1981; Kada et a1., 1985; Stich et

al., 1982; Shimoi et al., 1985 and Woodet al., 1982).

The work by van Rensburg et al. (1985) on the effect of different

grains on a subcutaneously administered oesophageal carcinogen, N-

nitrosomethylbenzylamine, provided further impetus to look at the

ant Imutageni.ci.tyof sorghumphenolics. The percentage of rats with

oesophageal tumours was not affected by a diet of wheat, commercial

bird-resistant sorghum (i. e. high tannin content) and polished rice

(i ;e , low in fibre). However, rats on a millet, red sorghum or

brown rice diet had a significantly lower incidence of tumours.

To see whether this effect could be achieved in the Amestest, the

phenols were extracted from Barnard Red sorghum, yieldit~ a very
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large F! fraction) a negligible quantity of F2 and no F3 (Fig. 2.9).

Several strains were incubated with those standard mutagens that

produced the highest reversion frequency in the particular strain,

and various levels of Fl from the red sorghum. The standards used

were sodium azide (15 llg!ml) for TAlOO,daunomycin (60 llg/ml) for

TA98and 2-aminofluorene (100 llg/ml), requiring S9 activation, for

both TA98and TA97a. By using these levels, it wouldbe possible to

see any significant reduction in their mutagenic potency. Levels of

Pi varied from 10 mg/m! to 0.1 llg/ml. The results of this are

depicted in Fig. 4.1.

4.3.1 SodiUlll AZide and TAIOO

The decrease in revertants in the presence of sodium azide was

significant (by ANOVA), with a 49%diminution at the 10 mg/ml level,

and 40%at the 0.1 pg/ml dose. By increasing the amounts of FI

incubated there appeared to be an increased suppression although the

effect levelled off (Fig. 4.1).

At pH7.4 (conditions of the Amesassay), sodium azide exhibits its

highest potency, although Kleinhof et 13.1. (1978) showed that

mutagenicity could be enhanced under acidic conditions, when the

predominant species would be expected to be the hydrazoic acid form,

N3H(PKa,= 4.8) In this neutral form it could penetrate the membrane

and once inside be converted into the reactive N3-form. With the pH

of 7.4, there would be large amounts of N3~present which could
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interact lonically with the phenols.

4.3.2 DaunOlllycin and 7;498

coincubation of dauno~vcin with Fl produced a significant reduction
in revertants, with 10 mg/ml suppressing mutagenicity by as much as
60%. 'I'hereis a dose related decrease in repression, with 0.1 pg/ml
causing a 15% decrease (Fig. 4.1).

4.3.3 2 Ariilinofluorene (2 AF), S9 and TA98./TA97a

2-AF is a more potent mutagen in TAS3 than in "'....97a wi th the number
of revertants scored for each being approximately 6000 and 1500,
respectively, TA97a showed a 20% reduction at 0.1 pg/ml and a very
large drop of 92% with 10 mg/mi. No toxic effects were seen. In
TA98 there was a similar decrease in mutagenicity. The decrease
rang~d from 9% at 1 pg/ml to 39% at 10 mg/ml (Fig. 4.1).

j This ability to effectively counter the effect of the mutagens is
not restricted to the polyphenols from Barnard Red; similar
reductions were noted using fractions from the other sorghum grain
cultivars. It was decided to focus attention on the cultivar SSK52
since it is a grain presently in use in South Africa.
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4.3.4 $$/(52 polyphenols, Daunomycin and TA9S

All three fractions were effective in reducing the mutagenic potency

of daunomycin in TA98, though there was a difference between the

fractions with the order of efficiency increasing with molecular

size viz. FI < F2 < F3 {Fig. 4.2). Based on these resul ts, it was

decided to investigate the mechanismof ant imutagenesis (see Chapter
"\ 5 - Binding Studies) using these poly-phenol fract ions. Weselected

daunomycin as the mutagen of interest because it can be obtained

conmerc.ia.lly as a .£'adioactively labelled molecule, making studies of

the antimutagenic behaviour feasible.

2~OO .
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Fig. 4.2



4.3.5 Quercetin, TA98 and 2-Aminofluorene (+89)

Quercetin has been reported to be mutagenic, as was confirmed in

this work (see Table 4.2), showing enhanced activity in the presence

of Sg (ogawa et al., 1985). when quercetin was coincubated with a

mutagen also requiring S9 activation such as 2-AF in TA98, a marked

reduction in reversion frequency in this strain was evident {Table

4.2). Thus a mutagenic polyphenol could act as an antimutagen and

hence could have a protective effect, a result also reported by

Kurzer (1993) and Kinsella et: el . (1993).

o

T,'de 1.2 rUe lutagenicity 8nd 8nti.utagenicitJ' of euetcetit: in strain TA981 both in tlu absence

/lnd presence of 99 sctirstie», The /llouat of 2-8'[i1O!llloreae {2~AFJ used '83 10 pg!pl/lte.

Quercetin Salmonella strain

(lJ.g/plate) TA98 TA98+ S9 TA98, S9 + 2-AF
Revertants/plate

o
0.1, 1
10

100
1000

34 ± 1
28 ± 4
36 ± 9
80 ± 16

313 ± 51
577 ± 162

50 ± 1
41 ± 6
60 ± 10

175 ± 31
593 ± 26
839 ± 42

5011 ± 444

3590 ± 270
3045 ± 147
2839 ± 325
2043 ± 788

I

i
;;J,



4.4 AMES ANTIMUI'AGENICITY TESTI}K; - DISCUSSION

There appears to be a general reduction in the mutagenicity of the

standard mutagens sodium aziue, daunomycin and 2AF (+S9).

4.4.1 SodiUllJ Azide and Polypbenol

From the work of Wyss et el . (1948) and Berger et el , (1953), it was

thought that sodium azide caused the accumulation of peroxide by the

inhibition of catalase and peroxide. Thus sodium azide mutagenesis

was brought about indirectly by peroxide accumulation. However,

this was shown not to be the mechanism by OWais et: ei; (1979 and

1988) and Kleinhofs et e.I, (1978). By test Ing other catalase

Inhi bi tors such as potassium and sodium cyanide and sodium arsenate

in the TA1530, a repair defiCient strain used in the Ames test, no

mutagenic response was observed (Kleinhof'a et al., 1918). By using

cell free extracts from this strain, it was shown that the active

mutagen could only be produced in the presence of o-ecetvl ser ine ,

~
\ ,

Heat treatment abolished the ability of the bacteria to produce the

metabolite (owais et el «, 1981). OWaisprovided evidence that azide

could substitute for sulphide, the natural substrate of o-acetvt-

serine(thiol)-lyase (Ee 4.2.99.8) due to the low specificity of the

enzymefor sulphide. thereby producing J3-azidoalanine. These resul ts

were supported by infra-red spectrophotometry which provided proof

j

~

of an organic azide moiety and the presence of an amino group.

Evidence for the carboxyl group was only confirmed latter (Chvaisand



Kle inhof s , 1988) by He-labelling. By chemically synthesizing the L-

and D-forms of I3-azidoalanine, the stereoselective mechanism of

mutagenesis was illustrated. The L-form was the most effect ive ,

although it is thought that this is still not the ultimate mutagen.

The metabolite is only active in repair deficient bacteria, hence it

waSpostulated that a lesion recognizable by the bacterial excision

repair enzymes must be formed. Mutagenesis must therefore take

place by a direct miarepa ir ing or mi.arepl icat ron route, simi Iar to

that of ethyl methanesul fona tie and N-methyl-N'-nitro-N-

nitrosoguanidine. In whole animal tests, azide was not biologically

actiYe (OWaisIlnd Kleinhors, 1988) because animal cells synthesize

L-cysteine from L-methionine rather than from inorganic sulphide.

Consequently animals do not possess O-acetylserine (thiol)-lyase.

PoIyphsno1 s could interact direct ly with sodium azide or its

metaboLite(s), or even interfere with the above-mentioned activation

processes. Inorganic sodiam azide is very reactive and can rp,act

with both electrophiles and nucleophi Ies , or by nitrogen evolution,

can becomean electron deficient species {Kleinhofs et al.., 1978}.

All these features make sodium azide ideally suited for interaction

with the po lyphenol.s, OUrobservation of a large initial drop in

sodiumazide induced mutagenici ty (Fig, 4.1) could either be due to

a chemical sequestration of the azide, or it could be due to the

inhibition of· the lyase The polyphenols could effectively have
'i,\

interacted with all the azide, making further titration ineffectual.
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Daunomycin and Poiyphenol

Daunomycin (Fig. 4.3) is a DNAintercclatcr and acts as a f'rame-

shift mutagen in TA9S, in its -CG- mutat iona.I iIot-spot. The drug

becomes inserted between adjacent base pairs, but this binding was

found to be stronger than could be accounted for by intercalat ion

alone. Subsequently, it has beea established that N-acetylation

decreases DNAaffinity, and it appears that the ~ of the sugar

moiety is involved in stabilising daunomycin. The binding increases

with the -CG- content of the DNAwhich accounts for the specificity

towards TA98. All three fractions decreased the mutagenic

efficiency of the drug in the order PI < F2 < F3' viz. in order of

increasing size. It could be J;<lstulated that with the larger

molecular mass fraction, the polyphenols take on a helical structure

and as such would resemble DNA,providing an alternative binding

Fig. {,J rhe strQctgre of the .atagem dlllOllcil. a DNA iltercal.tor.



site for daunomycin. The fact that all three showed antimutagenic
behaviour couId be explained by the fact each fraction has been
found to contain large po Iyphenols of overlapping molecular mass,
:hough the 73 fraction has by far the largest sizes (McGrath et al'j

1982)•

4.4.3 2-A6:inofluorene and Polyphenol

When 2AP and polyphenols were coincubated in TA97a and TA98 , there
appeared to be a more effective reduction in strain TA98 (Fig. 4.1).
similarly, when the same strain and mutagen were titrated with
quercetin, the same level of reduction was seen » 50% in both cases,
this despite the fact that FI was shown to be non-mutagenic and
quercetin mutagenic in the presence of S9 (Table 4.2). Monteith
(1990) found that coincubation of'catechin (identical to quercetin
except for a double bonded oxygen at position 4 in the C-ring) at
0.5 roM with 2-acetylaminofluorene (2-AAF) was mutagenic in the Ames
test, yet as the concentration increased up to 5 roM, the
mutagenicity of 2-AAF was abolished.

Steele et al (1985) showed that rats fed catechin yielded P450 with
a reduced ab il ity to activate 2-AF to an active mutagen. No such
effect was seen for the direct acting mutagens (requiring no P4S0
activation). . Catechin could also possibly effect metabolite

I
II;

formation. 2-At~ is N-hydroxylated, a rate limiting step in the
whole activation prOC8SS. The hydroxylated intermediate can become
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linked to sulphate via the act ion of su.Ifot ransf'erase to form a

sulphate ester, a direct acting mutagen (DeBrain et et., 1970 ;

Sakai et aI., 1978 and Weeks et aJ., 1978). Alternatively,

deacety lat ion follows hydroxylation; in this form it can be acted on
1\

by glucuronyl transferase to form a glucosiduronic acid, which has

been shown to react quite readily wittl DNAor RNA(Weisburger and

Weisburger, 1975). For 2AF, the route to mutagen formation is via

N-hydroxylation. Polyphenols could interact with the activating

enzymes or could scavenge the intermediates before they can interact

with the C-8 of the guanidine residue in the DNA. Interestingly, 2-

AAFwas found to produce the ,sOS response in bacteria whereas no

such response was seen for 2-AF administration (Bichara and Fuchs,

1985), implying that the former mutagen causes major st ructura l

changes to th~ DNA.

It would appear that the po lyphenol s could bring about

ant imutagenesis either by binding to the enzymes involved in mutagen

activation or by scavenging the mutagens and their metabolites. A

study on the mechanism of antimutagenesis using radfoact ive ly

labelled daunomycin and the polyphenols from SSK52forms the basis

of the work to be discussed in the following chapter.

/
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5 POLYPHENOL-BINDING STUDIES

5.1 BINDI/tKJ SWJ)IES - AN INIROlXJCJ.'ICN

In view of the findings (Grimmeret el«, 1992) that polyphenol rich

fractions f'romsorghumgrain are effective in reducing the mutagenic

potency of several mutagens such as daunomycin, sodium azide and 2-

aminofluorene (requi r ing S9 activation), it was decided to determine

howpolyphenols could be producing such an effect. To accomplish

this the study was :restricted to -desautegenesfe , and more

specifically to the conceivable binding of polyphenols to the

mutagen, daunomycin. Binding to the mutagen could occur (f )

external to the cell or (ii) within the cell cytoplasm thereby

preventing the mutagen from interacting with the DNA. Of the two

possibilities the former seems 1!10relikely becaus.: the polyphenols

maybe too large to enter the cell.

I::_I

5.2 11fEOREI'ICAL ASPECI'S OF BINDINl

Muchof the work in this area of research has cent.reu around the

binding of proteins to nuclei acids because such interactions have

important regulatory functions in the cell (Kowalczykowski et ,al.,

1986 and Bujalowski and Lohman. 1987). Halfman and Nishida (1: "72)

and Kronmanet el . (1981) carried out studies on the interact ion of
I,
-'

~
small molecules to proteins. Of specific interest to us was the

work by Plumbridge and Brown (1977), Winkle et al. (1982) and



Friedman and Manning (1984) on the binding of antibiotics to DNA and
will be elaborated on in more detail once the parameters for binding
as defined by Scatchard (1949) have been discussed.

No discussion of binding would be complete without mention of the
work by Scatchard (1949). This work laid the basis for determining
the thermodynamic parameters required to quantitate binding, There
are basically three parameters: n, the number of binding sites; K,

the intrinsic binding constant and 6), the binding cooperativity
parameter. In the discussion that follows it will be seen how
different techniques have been employed to arrive at meaningful
valuer "or these parameters. Furthermore, the conceptual problems
that arise from what appears to be a relatively easy means of
measurement will be mentioned. The shortcomings of the various
techniques especially when effects like ligand self-aggregation and
ionic strength are not taken into account will be disclosed.

When a macromolecule interacts with another molecule (the ligand»)
one needs to determine the strength of binding, the number of
binding sites present and the Inf luence 01 these sites upon each
other. If the various groups on the protein were to act
independently, Scatchard (1949) reasoned that one could apply the
law of mass action as though each group were on a separate molecule,
and that the strength of binding can be expressed as a constant for
each groUp. However, this type of model is ideal and often binding
at one site may enhance or inhibit the binding of a subsequent



ligand molecule to the protein. This gives rise to the concepts of

positive and negative cooperat.Ivi ty , which can be ascertained from

the Scatchard plots. The reaction mediummust also be considered

and its effect interpreted as an activity coefficient (Scatchard,

1949). Other factors such as electrostatic effects should be kept in

mind when interpreting data.

In general the binding (shown below) of a ligand (L] to a

macromolecul e [M]occurs at well defined sites on the macromolecule.

though binding to multiple si tes is possible depending on the nature

of the macromolecule.

M + n L .... MLn where n = 1, 2, 3, ..•

The equilibrium binding (association} constant (K) for this can be

written as:

K=
[M.LnJ
[M] Ii.l=

where n = number of binding sites.
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5.3 PRACTICAL MEASUREMENTSOF BINDINJ

A selected numberof methods used in measuring binding will be

mentioned. Although each differs in terms of the equipment used~

the methodsall aim to determine the saturat ion funct ion (V) of the

macromoleculeat numerousconcentrations of ligand. This saturation

function (V) can be defined as the ratio of the concentration of

bound ligand [L]b to concentration of total macromolecule [Mh

(Bohinski, 1987):

v [L]b
[M] t

Whenno ligand binds, Tf will be zero and when V = n at saturating

levels of ligand, the macromolecule is fully saturated. The

saturation constarrt (K) can be related to the ligand concentrat ion

by the following equation:

V= nK[L]C
l+K[L]

where the value of c is a measure of the interaction between the

sites. For values equal to unity, the sites are noncooperati~~; if

c > 1 there is positive cooperat ivf ty; and if c < 1 negative

cooperativity exists between the sites.

The methods to be described can either be used to measure the



concentration of the ligand or the macromolecule depending on the

method used. Two forms of spectroscopy, absorbance and

fluorescence, have been the most widely used especially in measuring

aromatic ligands which have very distinctive spectra (Blake and

Peacocke, 1969~Halfman and Nishida, 1972; Plumbridge and Brown,

1977; Kronmanet a1., 1981; Wi~ st a1., 1982 and Buia Iowski and

Lohman, 1987). Equilibrium dialysis (Colowick and Womack, 1969;

Revzin , 1990), sedimentat Ior, "ii.alysis, partition analysis (Blake and

Peacocke, 1969), gel permeat 1t,,,~chrc.jatograplty (Hummeland Dreyer,

1962) and gel electrophoresis (Revzin, 1990) have often provided

data which corroborates that obtained by the spectroscopic

techniques.

5.3.1 Spectrophotometry

5.3.1.1 Absorbance

The ligands that have been studied have usually been aromatic

antibiotics that bind to DNA. Whenthese aromatic coz, ~I .nds bind to

macromolecules, the result is usually a bathochromic and a

hypochromic (yielding an isobestic point) shift in absorbance

spectrophotometry. These features are very characteristic of DNA

intercalators (Blake and PCucocke, 1968; Plumbridge and Brown,

1977), It is imporfatrt that the concentrations used to determine the

monomeror unbound spectra must be relatively low because many of

these drugs have a tendency to self aggregate in solution. Even in
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the bound state this can become a factor, Init tally at low

concentrations the antibiotics intercalate via their aromatic rillgs

between the successive base pairs in the DNAhelix. As the

concentration used to titrate and obtain the isobest ic point

increases, the drug begins to bind via electrostatic interaction

mediated by the ~tionic groups present in the antibiotics to the

exterior of the helix by way of the phosphate backbone; A further

increase in drug concentration could cause stacking upon the

externally bound drug. Whent.hese compoundsare irradiated with

polarized light, the fluorescence polarisation decreases since the

rotational motion of the drub ,,'i11 decrease upon binding. To enable

one to calculate the concentration of the free and bound ligand

cer lin conditions have to be met. The nucleic .scid must be non-

absorbing at the \ax of the drug. Both the free and bound ligand

must adhere to de Beer's law over the entire concentration range

used which implies that the extinction coefficient of the bound (eb)

and the free (er) ligand must be constant. By implication the e~must

not vary as the ratio (r) of drug to macroaoIecul e changes.

Practically, one needs to work with concentrations of ligand which

obey this law. The bound ligand's extinction will vary

experimentally in some cases (Blake and Peacocke, 1969),

furthermore, there should only be one specie- of free, and simi lar ly

bound, ligand present in solution. If more than two species are

present the re-lative proportions should not change wi.th r, Clearly

once these conditions are mel: it 1:S possible to determine the

isobestic point from which the value of r can be calculated. The



isobestic point may not be achieved if there is significant self

aggregation. The extent to which all these conditions are satisfied

needs to be determined experimentally for each case under

investigation. The degree of deviation from the prerequisite

condition will need to be judged and a decision madeas to whether

this is significant experimentally or whether the deviation can be

ignored. often binding curves generated from such data will showup

deviations. Upwards tnf'Iect ions observed in specific areas of the

curves for proflavine and DNA Inter vet ions indicated a different,

maybe a weaker form of binding at specific r values (Blake and

Peacocke. 1968). A value of r S 0.3 appears to represent the true

monomer range as determined by the minimal shift seen upon

titration. The concentration ranges for ligand are usually in the

range, this depending on the part icular ligand under

investigation.

5.3.1.2 Fluorescence

The fluorescence peaks of many aromatic dyes are very distinctive

and, just as in absorbance spectrophotometry, binding to DNA results

in a decrease in the fluorescent signal emana.ting from the ligand.

The intensity of the signal is lower yet much more sensitive to

changes in nucleic acid concentrations because much lower levels of

the drug can be used, usually in the 10-1Mrange. Heterogeneity in

binding sites are thus more readi ly determined with this method

(Blake and Peacocke, 1969).

------------------. -,--~~------.-------.----



l'IlIJpbelld - Hindillg Stllm 111

Although the above discussion has centred on the signal arising from
binding of aromatic ligands to DNA. it has been shown that proteins
can also fluoresce when bound to nucleic acids. In studies
conducted by Bujalowski and Lohman (1987) on interactions between
single-strand binding proteins (the ligacd) and single-stranded
nucleic acids, the quenching of the intrinsic fluorescence of
tryptophan in these proteins was monitared. This property of
proteins was exploited by Kronman et a1. (1981) to monitor not the
ligand but the macromolecule, in this case bovine a-lactalbumin~ and
the binding of divalent metal ions (ligand) to it. Not only did the
change in fluorescence or absorbance indicate binding, but here it
was shown that removal of the tightly bound calcium ion from the a-
lactalbumin could be correlated to a conformational change in the
protein.

o

Thus signal changes of both the ligand and the macromolecule can be
monitored and with prior structural knowledge predictions can be
made as to the extent of and the effect of this binding on the
molecules involved.

5.3.2 £qui 1ibriusi 811d Rate Diffusion Analysis

There are two ways of measuring binding; equilibriwn dialysis or
rate of dialysis. In the first case, an unbound ligand is allowed
to diffuse through a membrane which is not permeable to the
complexed ligand. It is relatively easy to measure the
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concentration of the free diffused ligand in the appropriate
chamber. The apparatus consists of two chambers isolated from each
other by a dialysis membrane. Equi librium dialysis measures the
steady state concentrations of this diffusible ligand and as such
can be a very lengthy process; sometimes as long as 1-3 days. Such
a time span can be a disadvantage in measuring non-specific protein-
DNA interactions as these complexes are very labile (Revzin, 1990).
This is where measurement of the rate of dialysis is an advantage.
The technique was used by Colowick and Womack (1969) for measuring
the dissociation oonstant and the number of binding sites of an
enzyme-substrate complex, by monitoring the rate of diffusion of the
radioactively labelled substrate. Since the substrate equilibrates
with the enzyme, the rate of diffusion into the lower chamber is
indicative of the amount of unbound substrate in the upper chamber.
Vlhenthe rates of isotope entering and leaving the lower chamber are
equal (viz. steady state conditions), the concentration of unbound
IIgand can be determined. The method was also used by Rid lington and
Butler (1969) to measure the binding of phosphate to ribonuclease A.

The advantage was that the rapid equilibrium attained between the
phosphate and protein instead of that across the membrane could be
measured.

Equilibrium competition experiments can be carried out using
selective filt.ers. Studies on the lac repressor binding to non-
operator DNA were based on the fact that DNA bound to the labelled
repressor could not pass through the membrane, whereas free DNA



could (Jones and Berg, 1966; Riggs et el «, 1968; Lin and Riggs,

1Y72). Thus determining the amount of radioact ivi ty on the fi Her

gave an idea of the extent of binding.

Equilibrium dialysis although requiring lengthy periods can cover a

wider range of concentrations and hence greater r values can be

attained than in spectroscopy. Despite this the disadvantages of

long equilibration times ~nd possible bindi~ of the ligand to the

membrane,has meant that equilibrium dta lys rs has found very limited

application.

5.3.3 Centrii'ugdtion

This technique has found particular application in non-specific

1:'l'otein-DNAinteractions (Revz in , 1990). A solution is made up

containing both components which are allowed to equilibrate. Once

this has been attained the solution is subjected to very high

centrifugal forces, usually in an ultracentrifuge. At the start of

the spin, both DW, and protein are uniformly distributed throughout

the solution. The free protein, being small, will remain

distributed throughout the whole tube, whereas the DNA-protein

complex will move as a boundary. The distance travelled by this

boundary is dictated-by the force and time of the centrifugation.

The concentration of DNAand protein can be determined by monitoring

at the appropriate wavelengths and making minor corrections for

radial dilution. The absorption of Light above the sedimentation



boundary is due to free 1Igand only, whereas below the boundary the

absorbance wi11 be due to both bound and free 1igand (Blake and

Peacocke, 1968). Since one knows the total concentration of ligand

added, the free ligand concentration .can be calculated from the

piateau portion of the boundary. Most of these experiments are

carried "....t in either sucrose or glycerol gradients, the one

disadvantage being that large quantities of both components are

requi red, In a way, this method is similar to equilibrium dialysis,

in which the sedimentation boundary is analogous to the dialY8)s

membrane. The number and position of the sediner .at ion boundary

will depend on the association constant (Gilbert and Jenkins, 1959

and Revzin, 1990). If the DNAand protein interact on a 1:1 basis

and have a low association constant (they will move independently),

two boundaries will be evident. Conversely, if their affinity for

each other is high, then a single boundary will result. Although

concern has been expressed about the effect that the high

centrifugal forces could have on the complexes, affinity constants

established with this method are in good agreement with those found

using column chromatography, run at atmospheric pressure (Revzin,

1990), The limitations on the concentration of ligand used will

depend, at the lower limit, on the amount of binding, if any, that

may occur between the 1Igand and the centrifuge tube and at the

upper limit on the degree of se lf aggregation.

o



5.3.4 Partition Analysis

By using this technique it is possible to induce the partitioning of

the free from the bound ligand between an aqueous and a non-miscible

organic phase whose partition coefficient for the ligand with

respect to the water is known (Blake and Peacocke, 1968). Although

partltioning allows for a clean separation of the two species of

ligand, addition of the organic phase would change the dielectric

constant and would thus influence binding. This could explain why

this method has not been used extensively. The operat ive

concentration range is the same as for equilibrium dialysis, though
c i

the method is more rapid.

5.3.5 Column Chromatography

5.3.5.1 Blut ion voluue peteminet ion

This method was developed by de Baseth et e l, (1977) using DNA-

cellulose chromatography. In essence, the protein is loaded onto a

cellulose column saturated with DNAand eluted with a salt solution

at a fixed concentration. The volume of the salt solution required

to elute a given amount of protein can be related to the association

constant of the protein-DNA complex. The strength of binding is

jJ',,
directly related to the elution volume. When a plot of the

pl"~centage of total protein remaining on the columnwas madeagainst



the elution volume I). linear relationship was found. By predicting

certain models, de Hasezh et el, (1977) were able to relate the

association constant to the above mentioned parameters. The range

of affinity constants that could be determined were of the order 104

to 106 M-1,

Gel Bsclus.ion Chr'o1a!ttography

Just as equi Hbr iua dialysis or partition analysis measure the

distribution of the ligand across a membraneor in another phase,

respectively, gel permeation measures the distribution of the frea

1igand within a porous gel matrix. The most commonlyused supports

are poIydext rans , polyacrylamide or po lyagarose which act as

molecular sieves, and are selected to allow only the free ligand and

not the comprexed form to penetrate the matrix of the gel; the

macroeoIecu le is totally excluded. These supports are used since

they are relatively inert in buffers of moderate ionic strength so

that adsorptive interac I;ions do not interfere with the

o

determinations which can be in the pg/ml range. 'rhis technique was

established. by Hummeland Dreyer (1962) and has been used by Frankel

et eI, (l985).

In essence the Hummel-Dreyermethod involves equilibrating a

column with a solution containing the ligand at a particular

concentration. A prot e in solution containing a total ligand

concentration equal to that of the column saturating solution ~.s



then run through the column. If the protein binds the 1Igand, the

solvent of this sample will becomedepleted with respect to the

ligand. Thus when the column is run, the protein will be separated

from the 1igand depleted solvent. moving ahead with its bound

ligand. The result is an elution profile exhibiting a peak in

ligand concentration above the columnligand saturation baseline as

indicated in Fig. 5.1 •
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This peak would represent excess 1Igand bound. An analogous trough

will follow, this representing the depletion that resulted from the

bound ligand which is carried ahead with the protein (Fig. 5.1).

Theoreticar1y, the area of the peak and the trough will be equal.

The area of the trough is melsured since it is more reliable, and

knowing the amount of protein appl ied, the binding ratio is

determined at the particular column ligand saturating level.

5.3.6 Gel Electrophoresis

Electrophoresis has been popular as a means of studying specific

protein-DNAinteractions (Revzin, 1990), '£hegel support is usually

po lyacryl ami.de, agarose or a. mix of the two. In theory free DNA

will move more rapidly into the gei than the complexed DNAwhen

subjected to an electric current. This approach can be limiting if

the complexes dissociate during the run, although the low ionic salt

buffers used tend to favour protein-DNA interactions. Problems

might arise in DNA-antibiotic interactions where binding might not

involve covalent l inkages , The application of mobility shift gels to

quantitate nonspecific interactions has, however, been limited

because the dissociation of these complexes is so rapid upon onset

of electrophoresis. Knowledge of the amount of DNAloaded and

quant itat i.onof the bands allows for the computation of free DNA.



5.3.7 Other Techniques

The above discussion is by no means a comprehensive treatise of all
the methods available in this area of research. Only those which
could find application in the particular problem at hand have been
e Iaborat ed on. However , mention will still be made of a few more
modern techniques that have been used in this area of research.

Electron microscopy (EM) is not a true quantitative technique but
can nevertheless provide optical information especially in cases of
cooperative binding. This method was particularly useful in the
elucidation of the nucleosomal structure of chromatin. Delius et

el . (1972) used EM to visualise complexes of I;hegene 32 protein of
bacteriophage T4 to DNA. Regions of DNA containing the protein
appear thicker than those free nf the protein.

The last two methodologies to be mentioned are spectroscopic
techniques and include electron spin resonance (ESR) and optically
detected magnet ic resonance (ODMR). Bobst et s I, (1982) used ESR to
study gene 32 protein complexation to single stranded nucleic acid.
Using commercially available probes, spin labelled polynucleotides
were prepared. When non-specific binding occurs, the ESR spectrum
is modified. However, control experiments showed that the protein
had a slightly higher affinity for the labelled poly dT; despite
this the method can still be used to determine relative binding
affinities.
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The second method, ODMR,was utilised by Casa-Finet et e.l, (1987) to

&tudycomplexes of single-strand binding (SSB) proteins to poly dT.

In the N~terminal of the protein there are three tryptophan residues

which were found, by phosphorescence spectra 9Jld lifetimes, to

participate in stacking interactions with thymine residues in poly

d'I', ODMRalso revealed that there was a second trp binding site in

this particular protein from E. coli which was not present in other

SSBproteins studied. Thus a considerable degree of information can

be obtained at the molecular level from these te~hniques which in

future could be supplemented by information obtained from site

directed mutagenesis in proteins and nucleic acids.



5.4 BINDI}K; STUJ)IF,s - MATERIALS 1uVl) MEI'1iODS

5.4.1 tnetrusentat ion

5.4.1.1 $pectrophotometers

For absorbance measurements the dual beam UV-Visible UV-160A
Shimadzu and for fluorescence, the Hitachi Model 850 (with a 150W
Xenon lamp) were used. Both machines were checked on a regular

basis for accuracy using filters and standards provided by the

manufacturers.

5.4.1.2 Scintillation COunter

All isotope measurements were carried out in the LKB 1219 Rsckbete

(Wal1ac) liquid acint LlIat ion counter linked to a PC and printer.

srendardfsat Ion programs for single and dual isotope counting were

used to tailor these programs to the experimental conditions.

Channel spill-over in dual labelled samples was accounted for during

the standardisation procedures.

5.4.2 Source and Prep;:.ration of Radioisotopes

For all radioactive isotope counting the following scintillation

cocktail was ~sed: Toluene:Triton XIOO(2:1 v/v) containing 0.05
gil of 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP)and 4 gil of

2,5 diphenyloxazole (pro). The solvents used were analytical grade



and POPOPand PPOwere obtained from Sigma.
I]

The tritiated water (185 MEq/mmol)and [U- 14cJ sucrose (2,0 MBq/mll1ol)

were obtained fromAmershes:International, Buckinghamshi re , England.

(3H(G)] Daunomycin (59.2 G13q/mmol)dissolved in 100% ethanol was

purchased from DuPont, New En.;~landNuclear Division, Wilmington,

Detroit. The chemical purity of daunomycin was reported (by the

suppliers) to be 99.0% and was checked US ..~}g thin layer

chromatography Silica Gel. 'DIe solvent system in the first

direction was chloroform:methanol :water (13:6: 1 v/v) followed in the

second direction by n-propan.ol:water:acetic acid:pyridine (8:2:2~1

v/v). From this method the sample was found to be 95% pure and was

used without furtner purification.

5.4.3 Prepara.tion ot' E. coli for a.ll In Vivo Binding studies

Initial experiments were carried out using the Salmonella mutants

employed in the Ames test. However, the uptake of labelled

thymidine by these mutants was very small (2-4% depending on the

strain used) when compared to that which could be achieved with E.

coli. (30%). It is for this reason that all work described in this

section was carried 0~t using E. coli.

The cul turing .of E. coli it JMl01) was carr-ied out with stocks that

had been stored in 15%(v/v) glycerol at -70oC. The broth used to

grow the cultures to l~g phase contained Bacto-tryptone 10 gil,



Bacto-yeast extract 5 s/i , both from tiitco, Detroit, and NaCl at

10 gIl. This solut i()n was adjusted to pH 7.5 where necessary with

1 M NaOH and autoe laved at I2IoC for 20 minutes. Protein

concentrations were determtned with the Lowry method (Lowry et .81.,

1952) using bovine serum albumin as a standard.

5.4.4 TwoIII Vivo Binding Assays to Measurethe Effect of

Polyphenois 0(1 the Uptakeof JH-Da.unomycin:

(1) onto ~ ofE. coli and (2) into E. coli cells

To measure the effect of polypheno l s on the uptake of daunomycin two

methods were selected. The first method sought to measure changes

in the amount of daunomycin bound to bacterial DNA. To take into

acccunt any possible toxic effects due to the polyphenols and hence

any change in growth characteristics, the DNAwas l=be l Ied with 14c_

thymidine. A further advantage of this was that the amount of

daunomycin bound to the DNA could be expressed as a ratio of

labelled daunomycin to labelled DNA. Changes in this ratio

(assuming no toxic effects viz, 14c-thymidine constant) in the

presence of polyphenols would be indicative of changes in the amount

of daunomycin associated with the DNA. This methodology will be

discussed in Section 5.4.4.1.

A second method of measuring po lypheno 1 desmutageni cf ty was to

develop an experimental approach that would measure the amount of



daunomycinwithin the bacterial cell. This was done by using changes

in the internal volume of a cell as used by Rottenberg (1979) to

measure membrane potentials in cells. In this work 14C-lahelled

sucrose, 3H-labelled daunomycin and tritiated water were used in a

procedure detailed in Section 5.4.4.2.

5.4.4.1 Use of 14c-1'h,ymidinelabelled DNA to Measure Changes in

JlI-Daunomycin DNATargeting in the Presence of

Polyphenols

To carry out labelling of bacterial DNA,He-thymidine was added to

30 ml of sterilized rich medium(Bacto-tryptone 10 gil; Bacto yeast

extract 5 gil and NaCl 10 gil) at a specific activity of 206 ~ei/pg

thymidine and daunomycin at O.2 ~ei/llg. Both isotopes were made up

as one solution, to reduce variability in the ratio of the two, and

30 ul of this solution added to the broth. Radioactive counting was

carried out as before (see Sect ion 5.4. 1.. 2 and 5.4.2).

)
The broth was inoculated with E. coli and 30 p l of the daunomycin

and th~nidine mix, with subsequent addition of varying amounts of

the three fractions of sorghum polyphenols from SSKS2. A stock

solution of polyph9nols of 30 mg/ml was made up and different

amounts added to the broth so that the final concentrations in 30 ml

was 0.6 (maximumsolubility), 0.2, 0.1 and 0.01 mg/ml. For F2 and

F3, a few drops of methanol had to be added first to so lubi l ise the

)

..



weighed powder since straight addit ion of water fai led get the

po lyphenol s into solution. The cultures were grown on a rotary

shaker with a Scm orbit (120 rpm) at 37°C for 10 hours. The

cultures were then subjeci'ed to centrifugation at 10 OOOgfor 10

minutes and the resulting pellet resuspended in isotonic sal ine ,

washed and centrifuged at the same gravitational force as before.

The pellet was then resuspended in 5 reI of water and sonicated for

20 seconds, after which the so lut ions were centrifuged for 10 OOOg

for a further 20 minutes. A sample was taken from the pellet

(consisting of cell debris) and the supernatant (containing material

of interest) and the radioactive count determined. The supernatant

was concentrated by freeze-drying I after wnich it was reconstituted

in 200 mM phosphate buffer~ pH 7.5 and loaded onto a 1.0 X 15 em

Biogel A 5M(Biorad) column equilibrated in and eluted with the same

buffer. Bioge l A 5Mconsists of 6%agarose and has a fractionation

range from 10 000 to 5 000 000 Daltons. DNAfrom E. coli is

reported to have a molecular weight of 3.1 X 109 (Ausubel , 1988) and

was thus expected to elute in the excluded volume.

)

5.4.4.2 Indirect Measure of 3H-Da.unomycin-DNABinding Using

Changes in 3H-DaU11OlllYcin:14c-sucrose and Cell lfo.«Ji!JIe,as

Indicated by 3Hzo:14o"'Sucrose

The bacteria were gtown overnight to an absorbance of 0.6 at 540nm.

Once this growth had been achieved, the cul turcs were centr-Ifuged at



)1

10 OOOrpm (12 OOOg) in a sorvell S834 rotor head for 10 minutes
(Padan et el ., 1976). The pe llet was washed twice in 0 .1M phosphate
buffer, pH 7.2, and centrifuged at the same gravita.tional force.
The resulting pellet was resuspended in minimal volume of the buffer
and the prot~in content established, and then adjusted so that the
protein concentration in the assay would be 2 mg/mI. The assay was
carried out in sterile 1.5 rul eppendorf tubes containing 100 ~l of
buffer and varying amounts of polyphenol~ 50 ~l of a sucrose and
tritiated water mixture without or with daunomycin (made up so that
the counts were well wi t., in range of a calibration curve established
for the scintillation counter) and 100 ~l of bacter-ia, A stock
solution of Fl polypheno l was made up, diluted one hundred fold, and
various volumes (amounts of 200 ng to 1000 ng) were added to the
incubation mixture (with appropriate adjustments of assay volumes
with buffer), yielding concentrations of 0.8 to 411g/1l1 in the final
assay volume of 250 ul , compared to 1.2 ng/~l of daunomycin in the
mix. Once the assay had been carried out for 20 mj:nutes (the
optimum time determined experimentally), the eppendorf tubes were
centrifuged at 13 000 rpm in a Horeausbiofuge for 10 minutes. The
pellet was resuspended in 200 ~l of buffer of which 50 pI was added
to 4 ml of scintillation fluid and counted.

Bakker et el ; (1976) used the following equation to calculate the
internal volume (0.) of the cell as a perce::1tageof the total water
content of the pellet by using the tritium and I4e-Iabelled sucrose
in the pellets and supernatants (as indicated in the following



equation) .

(1
4C) pellet

(3H) x100%
(14 C) superna tan t
(3H)

A more reliable measure of the interne 1 volume (Vi) could be

achieved by using the equation (shown below) as df~'ived by

Rottenberg (1979).

where 31\ and 3Hs are the tritium counts in the pel !et and the

supernatant, respectively. similarly, 14c~ and 14Cs are the counts due

to 14C-sUC1'osein the pellet and supernatant, respectively. Vs is the

volume of the supernatant (Which can be measured}. The internal

volume is usually expressed relative to the protein content of the

pellet. The above equation was used in the present work.
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5.4.5 In Vitro Binding Assa.ys: Diffusion Ana..lysis,

Spectrophotometry and ColumnChromatography

5.4.5.1 BquiLibrium and Rate of Diffusion Analysis

Two thick (10mm) perspex plates (100 rum long) had four wells ground
out along the entire length of each plate. A Visking dialysis
membrane (or alternately millipore filters) was placed between two
such plates and clamped together th each plate providing half a
well on either side of this membrane. The dialysis membrane
(Medicell International Ltd.? London, Britain) is composed of
cellult3e with a pore size of approximately 2.4 nm and a molecular
weight cut off value of 12 000 - 14 000. Furthermore, because fine
holes were drilled into each well from the upper surface of the
plate. it was possible to withdraw samples from each well using a
microsyringe and to submit these to liquid scintillation counting
uSlng the $ame scintillation cocktail as before (See section 5.4.2).
The final vol~~e used in each well was 100 ~l. Experiments were
carded out in triplet or quadruplet.

)
The daunomycin (59.2 GBq/mmol) used here was identical to that
described in section 5.4.2 of this chapter. An initial thousand
fold dilution was carried out on a sample of this isotope, then an
equal volume of this was diluted with non-radioactive daunomycin to
give 50 ng/ml , 60 ng/ml and 500 ng/ml for the different experiments.
All assays were performed in 0.51 M 2[Tris(hydroxymethyl)methyl-



2-amino-ethanesulfonic acid (TES) (from Sigma) and NaOH buffer,
pH 7.2. TES has a pKa of 7.4 at 25 'c.

j,\4.5.2 Spectrophotometry

5.4.5.2.1 Absorbance

All assays were carr-Ied out at room temperature (20°C) in.a 10 ruM

potassium phosphate buffer (pH 7.4) containing 150 ruM NaCi and 1 ruM

ethylenediaminetetracetic acid (EDTA) (Xodo et ai., 1988).

Daunomycin (concentration range 5 to 50 pM - within the range used
by Xodo et ai. 1988) was titrated with varying amounts of DNA
(stock solution 4 pg/pl) and polyphenols. The absorbance at 480nm
was used to monitor any binding since at wavelengths in the UV
region daunomycin, DNA and the po lyphenols have s+rong and
overlapping spectra. All components have minimal absorbance except
daunomycin which has an E = 11 500 M-1 cm-!at 480nm (Chaires et eL-,

1982) which was useful in calculating the amount of free and bound
drug, using the de Beer-Lamber'ts law, which states that the
absorbance is linearly :related to the concentration and extinction
coefficient of a substance. To calculate the f'reeand bound drug
concentrations. the following calculat ions were carried out (Kodo et

el «, 1988),



where AO! "F and A are the absorbances of the drug (here daunomycin)

in the absence of DNA,in the presence of a large excess of DNAand

, a mixture of free and bound drug, respectively. Cr is the total

concentration of the drug in solution. The concentrations of bound

CGa) and free (Cp) drug needed for the parameters in the Scat chard

plot were calculated according to the following:

5.4.5.2.2 Fluorescence

The same buffer was used as for the absorbance measurements.

Daunomycincould be monitored at 1 pM levels with an excitation at

470 nm and an emission at 592.3 nm, wavelengths corresponding to

those reported by Xodo et till. (1988). To obtain the parameters for

the scat chard plot the following calculations were carried out.



where F and fo are the fluorescence intensities in the presence of
DNA and in the absence of DNA, respectively. The r~tio of the
fluorescence intensities of the free drug and fully saturated drug
is used to obtain a value for P. The bound (<;> drug concentration
can be determined from the total (Cor) and free (<;,> as shown below:

5.4.5.3 colosn Chromatography (HllIlSe]-Dreyer .Method)

Columns (lcm X 25 em) of Sephadex G-10 andG-50 were equilibrated in
0.9% (w/v) NaCl solution. A solution of daunomycin (10 reg/ml)was
loaded onto the column. The column was washed with increasing
concentrations of NaC! up to 1 M. However, when this failed to

J remove the daunomycin from the column, a me :lanol:w:atergradient was
applied, and at 20% (v/v) the daunomycin was eluted from the column.
Initial trials using plastic end parts for the column were found to
bind the daunomycin as it moved out of the column to the fraction
collector. These parts were replaced by glass wool which did not
bind the daunomycin.



5.5 BINDING S'IVDIES - RESULTS AND DISaJSSIal

•

several' of the convent ional methods used to study binding

interactions were employed to provide evidence of the ~~smutagenic

behaviour of polyphenol s , The two in vivo techniques used included

methods (i) to determine the amount of daunomycin associated with

the DNAby using column chromatography to isolate DNAfrom E. coli

grown in the presence of varying concentrations of Fi polyphenols and

{iI ) to monitor the uptake of daunomycin into e. col i as a funct ion

of cell volume (3~o:14c-sucrose) and 3H-elaunomycin:14C-sucroseratio

changes. The in vitro procedures included equilibrium and rate of

diffusion analysis, absorbance and fluorescence spectrophotometry

and column chromatography (HUmmel-Dreyermethod). Of all the

methods utilised, the extraction of the daunomycin:DNAcomplex from

E. coli was found to be the best and provided evidence for the

desmutagenic action of the polyphenols. The other assays were not

suitable fa:' the present study either due to the Inso lubt l ity of the

polyphenols or because of their binding to the equipment used in

these studies. All the above mentioned techniques wi 11 be detailed

in this chapter.

----~,----..



5.5.1 Polyphenol Effect on 3H-C;eWlOl1lycinand UC-1'hymidine Ratio

as a measure of DNATargeting in E., coli

To measure interaction of po Iypheno l s with daunomycin, it was

dec ided to quanti tate the binding of daunomycin to DNAin the

absence and presence of po lyphenoIs , If po lyphenoIs (maybe F2or FJ)

bind the daunomycinoutside the call or if po lyphenol s coat the ce i l

thereby preventing daunomycin entry into the cell, this would

effectively decrease the amount of daunomycin that could intGLClct

with the DNA. In the case where polyphenoIs (the small Fl fraction)

bind but can enter the cell, the daunomycin-polyphenol complex could

either remain in the cytoplasm or it could still bind to the DNAas

a daunomycin-polyphenol complex, in which case no difference in the

amount of drug bound would be seen. Thus if a negative result is

obtained i ;e, no change in the amount of daunomycin bound to DNA,

binding cannot be ruled out. It was with this in mind that the other

techniques mentioned were used to either provide supporting evidence

or to disprove these postulates •

.~

The three compoundsinvolved in the binding assays viz. daunomycin,

DNAand polyphenol all have overlapping UVspectra and since both

DNAand daunomycinneeded to be measured accurately, it was decided

to label the DNAwith 14C-thymidine. This would allow one to monitor

the DNAduring purification, as well as to indicate any changes in

growth of the bacteria in the presence of the polyphenols (allowing

one to monitor any toxic effects due to the polyphenols). Because



the antimutagenicity had been observed using s. typhimurium in the

Amestest~ these bacteria were used as the test model.

FAILURE OF SAIJ«)NELLA MUfANTS AS THE TEST ORGANISMS: E .coli is

preferred

The He-labelled thymidine was fed to the bacteria at various

concentrations to optimise uptake. It was found that when using the

Salmonella bacterial mutants, it ~~s not possible to get more than

2 to 4%uptake of the label, depending on the strains used. Even a

brief treatment with 1% (v!v) Tween (Billen and Olson, 1978) and

0.25 Msucrose failed to force the uptake of thymidine into the cell

by transient permeablisation. This could be due to the genetic

deletions that were made in these bacterial strains to increase

their sensitivity to mutagens in the Ames test (Maron and Ames,

1983), The uptake of mechanismof thymidine may have been impaired.

A change was made from s. typitimurium to E col i; , whereupona 20%

optimum uptake was recorded. Once this had been achieved,

daunomycinwas added and the DNAextracted. As was expect~d, using

the conventional DNAextraction procedure which involves sodium

dodecyl sulphate and salt treatment, followed by chloroform:isoaroYl

alcohol and tilen ethanol extraction, only 1%of the daunomycin

remained associated with the DNA.Most of the daunomycinwas in the

alcohol fractions. An alternative wayof breaking open the cell and

extracting the DNA, separating free from bound daunomycin, was

needed.

Sonication of the bacteria proved to be effective in breaking open

the cells. The sonicated cells were centrifuged to remove cell



debris, and the supernatant filtered by ce-:~.rifugation in a biofuge ,

using the po lysu lf'one (low drug binding) ultrafiltration tmits

recommended by Mi 11ipore, It was anticipated that the DNA-

daunomycin wou~d be reta. ..~~~by .he membrane, whereas the free

daunomycinwould .nove through due to the se-lected pore s Ize of the

membrane. However, using a solution of daunomycin only and

subjecting this sample to centrifugation, it. was found that the

daunomycin bound to the membrane. An alternative way of separating

the daunomycin-DNAcomplex from the rest of the cellular contents

Was column chromatography.

)

It was found that daunomycin had a strong affinity for sephadex

which is normally used in gel permeation (see Section 5.5.5 •.).

B'ioge l 5M proved to be a sai tab.le al ternat ive; close on a 100%

recovery of the daunomycin loaded onto such a column could be

achieved using a 200 mM potassium phosphate buffer (pH 7.5) as the

eluent, The next step involved the dual labelling experiment in

which E coli. was fed He-labelled thymidine and 3H-labelled

daunomycin and resulting DNA extracted from these cells. The

bacter ial cells were washed, sonicated and then centrifuged, and the

resulting pellet lt.aded onto a Biogel 5M column. Elution was

carried out as before. The results of this experiment are shown in

Fig. 5.2.

._----"----------
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The results obtained in Fig. 5.2 opened the way to study the effect

of polyphenols on daunomycin-DNAbinding. Escherichia coli was grown

in the presence of the three fractions and the results obtained

plotted (Fig. 5.3) as the ratio of 3H-daunomycin to He-thymidine

versus the amount (expressed as mg of polyphenol/ml of growth

medium) of phenolics added to the medium. All three f'ract ions from

SSK52 were effective in reducing the amount of daunomycin associated

with the DNA(thymidine content was constant}. There appeared to be

no significant difference between the three (except at the lower

concentrations) which was expected based on the ant imutagenfc ity

observed in the Ames test (Fig. 4.2) where the order of binding

efficiency increased with molecular size viz. FI < F2 < FJ in the

presence of daunomycin and S. typhimurium strain TA98. Thus it has

been demonstrated that in the case of daunomycin, the polyphenols

act as desmutagens since they reduce the effective concentration of

the mutagen associated with the DNA.



8

.~ 7J.....
S

~ 6o
~

4

:t
(f)

-- F1 -+- F2 -*, F3

o 0.4 O.S0.1 0.2 0.3

{Polyphenol! in Broth (mg/ml)

fig, 5.1 rhe decreue in the &lOUt'of lH-dlliOlldl Inociatlld viti 14c-tbli4Iae ldelled DfA

(1.8 .elured b, tbe chute ill Jo}4c ratio) frol E coli. ItOfl it tie ,rereice of

pol,pieloI: eltrlcted fro. 80r&bllgt.is 88152.

0.8



5.5.2 JH-Daun~cin Uptake into E. co~i Cells

a

To determine the uptake of da~nomycinand the effect of polyphenols

on this uptake into E col i», a method was required to measure any

deviations in cell density, and hence the resulting pellet size

containing the daunomycin marker. One way to achieve this was to

have one constant isotope (here I·e-sucrose) against which to measure

the relative change of the 3a-daunomycin, expressing change as a

ratio of these two isotopes. Another way of ensuring consistency in

the control, was to measure another parameter, namely that of cell

volume. Determdnat ions of cell volume have been used to measure the

uptake of compounds(used to calculate internal pH) into E coii. and

were particularly useful in the development of the chemiosmotic

theory (Padan et el . 1976; Mitchell, 1968 and Winkler et el , ~ 1966).

In attempting to measure cell volume, two labelled p1'Obes were

required, one which could diffuse throughout the whole system, and

another which would oc ly occupy the area external to the cell wall.

The two isotopes selected were tritiated water which measures both

interstitial space and internal cell volume, and 14c-sucrose which

will only occupy the interstitial space. By calculation (see Section

5.4.4.2), it was possible t.o get the value for the internal

volume, expressed as a volume per amount of protein. A value of.

2.68 111 ± 0.25 (SD)/ mg of protein (as determined by the Lowry

method (1951» which compares favourably with a value of 2.7 l11./mg

repor-ted by Winkler and Wilson (1966) for Bcco l i,



The next step was to carry out a titration (result shown in Fig.

5.4) of daunomycin to establish (i) if the drug was taken up into

the cell and (ii) over what concentration range there was a linear

relationship between uptake and the amount of daunomycin added to

.the medium (with simultaneous cell volume monitoring). Logically

the concentration to be selected for titration with the po lyphenols

(FI used) would have to be in the linear region, otherwise sna I l

chang ss in daunomycinuptake would not be registered. As an Ini t iat

probe into the system, it was decided to select 80ng (a fin~~l

concentrat ion of 1.6 llg/ml - see Fig. 5.4) of daunomycin agatnst

which to titrate po lyphenol s of the following concentrations 0.4,

0.8, 1.6, 3.2 and 4.0 pg/ml. Such low values were necessary 1;0

prevent prec ipi.tat Ion of the po lyphenol s , which could distort the

isotope ratio in the pellet. Data obtained in this experiment WilLS

used to calculate the internal cell volume (according to the method

of Rottenberg U~79) and the ratio of daunomycin to sucrose, the

results of which are presented in Table 5.1. Monitoring of the cell

volume using tritiated water and sucrose served as a control for any

variability in volume from one preparation to another, and in the

presence of polyphenols would indicate if these had moved into the

cell.
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Tlblr. S.l rhe effect of PI poIypbenols on the uptake of 3U-daunolyciu* (1.6pg/II) ioto B coli.

This was deter.illcd both as a change (1) in cell volule as leasu:ed by 3H2o;Uc-sucrose /lnd

,mtessed in pl/Ig protein and (ii) the ratio of 3H-da.unolycin:UC-mrose. For each 1m! of £1
tested, the lean of sir rcplicl!tes ras taken, and the standi:trd deviation of this lean shorn (1l=6j.

F Volumei
(llk/ml) (lll/mg protein)

'~Daunomycin:
Uptake (ng)

Daunomycin (ng)ii
Sucrose (llg)

0.0 2.68 ± 0.25
0.4 2.80 ± 0.10
0.8 2.50 ± 0.20
1.6 2.87 ± 0.18
3.2 2.67 ± 0.11
4.0 2.55 ± 0.22

61.3 ± 0.44
68.5 ± 0.80
64.7±0.14
59.3 ± 0.:21
72.4 ± 1.06
62.8 ± 0.50

0.95 ± 0.050
1.06 ± 0.001
1.00 ::':0.001
0.92 ± 0.002
1.12 ± 0.001
0.98 ± 0.001

As can be seen there was no difference in the amount of daunomycin

taken up into the cell in the absence or presence of various

concentrations of poiyphenols, which is particularly evident in the

daunomycin:sucrose ratio. This finding SeE)mSto contradict those

obtained from the previous experiment (Fig. 5.3) which showed that

the pclypheno l s reduced the amount of daunomycin associated with the

DNAviz, the amount of daunomycin taken up by the cell had

decreased. The amount of sucrose did not vary significantly over

t!'e whole series (64.4311g ± 7.59) of experiments since it might be

argued that the polyphenols could be displacing the sucrose. If this

were true and the amount of daunomycin had decreased due to

po lyphenol binding, a constant ratio of dauncmycin to sucrose would

have resul ted. However, the amount of daunomycin was constant.

FUrthermore, it can be seen that the volume recorded (calculated

using the J~o:14c-sucrose ratio - SE!eSection 5.4.4.2) was constant..



over the entire polyphenol titration range. This would seem to prove

that the po lyphenol s are not able to enter the cell, since none of

the water was displaced and hence the formation a polyphenol-

daunomycincomplex in the cell is ruled out. There appears to be no

evidence of binding from this method to support the antimutagenic

effect of"F1 JJndaunomycin as seen in tile Amestest (Fig 4.2) and Fig

5.3.

Only FJ polyphenols were used since it was predicted that they could

be carrying out their antimutagenic activity by preventing the entry

of daunomycin into the cell. The other two fractions would most

likely precipitate in the pellet due to the large amount of

bacterial protein present, and hence were not tested. It was

decided to se. ...an alternative method for measuring uptake into the

cell to corroborate the findings presented in Table 5.1.

5.5.3 Equilibrium and Rate Diffusion Analysis

To perform equilibrium and rate dialysis, a nitrocellulose dialysis

membranewas selected with a pore size of 2.4nm so that it was

impermeable to E coli. which has a diameter of 2.2 pm and a length

of 10 wn (Darnell, 1986).

In the absence of any other components other than daunomycin, it was

pred icted that an equilibrium would be esteb l isbed across the

dialysis membrane. If purified DNAor E coli. were placed together



with the daunomycin (it is knownthat DNAbinds the drug; the drug

ran also diffuse into the bacteria, whereupon it binds to the

bacterial DNA), the effective daunomycin concentration that could

diffuse across the dialysis membranewould be decreased. Samples

taken from the well on the other side of the membranewould showa

decrease in the amount of daunomycin that had diffused across the

dialysis membrane and since the concentration gradient is less

steep, the rate of diffusion would also be affected.

Ini tial experiments were aimed at determining how long it would take

to establish such an equilibrium. From Fig. 5.5, it can be seen

that even after ~:,8hours the ratio had not reached unity even when

the concentrat1.on was increased from 5011g/mlto 50011g/ml,although

the initial (over the first hour) rate of diffusion had increased by

about 1.5 times. Uponfurther analysis, it was found that up to 60%

of the daunomycinwas lost, presumably bound to the membrane. This

was confirmed by removing and count ing the membrane. Even on

changing the membraneto a specially treated low binding type (as

recommendedby Mil1ipore), binding still occurred. If daunomycin

binds to the membranes, it is likely (as has subsequently been found

in this laboratory) that the po lyphenols would also bind. This

would introduce another binding parameter into the whole study which

could not be quantitated for the polyphenols. Thus it was decided

not to investigate this method any further.
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5.5.4 spectrophotOMetry

5.5.4.1 Absorbance

Protein-polyphenol interactions have been monitored using UV

spect.raphotomet.ry (Takechi and Tanaka, 1987; Bergmann, 1986). The

extent of interaction can be quantified by monitoring the UV

spectrum of the polyphenol in the 210-280 run region (Czochanska,

1980). For example the polyphenol B-penta-G-galloly-D-glucopyranose

has absorbance maxima at 215nm and 280nm (Gray, 1978; Warminski,

1989). Proteins obscure readings in the lower region, and all

proteins except those rich in tyrosine and tryptophan show minimal

absorbance at 280nm; consequently the concentration of the

polyphenol in the presence of precipitating proteins can be

determined at the higher wavelength. It was observed that the

height and position (in some cases) of this peak varied when

proteins added to the po lypheno l caused precipitation. This peak

varied with the different amounts and types of precipitating

proteins added. I tried to set up a similar system using the

polyphenol and daunomycin spectra. However, as can be seen from the

spectra of these tw~ compounds (Fig. 5.6), both have very strong

absorbances in this region, making it impossible to monitor the two

compounds simultaneously. Besides. if DNAwere added, this would

have a very st rong absorbance in the UVregion. As can be seen from

Fig 5.6. daunomycin has a very distinctive peak at 480 run, a

wavelength at which both the DNAand polyphenol showed minimal

._-----------
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absorbances , and when DNAwas added to daunomycin there was a

decrease in the 480 nmpeak (Xodoet el «, 1988). Whendaunomycin (6
I,

ng!lll) was titrated with increasing amounts of DNA,it was possible

to bind almost 100%of the drug (Fig 5.7). Titration with a more

purified F3 fraction (Yg) using the same concentrations as for DNA,

produced no slgni f Icant decrease in absorbance of the daunomycin at

48vnm, suggesting limited interaction between the drug and tf.....,..

pofypheno l ,

l;)
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However, when M ng/p.1 (this was the rnaximumamount that coul-' be

added before precipitation was seen in the assay) of the Fg was added

prior to DNAtitration, this decreased the amount of daunomycin

bound at low concent.rat ions of DNA(Fig. 5.7), though at higher DNA

concentrat ions all the daunomycin was eventual ly bound. WhF.ltherthe

polyphenDls actua l ly bind to the daunomycin needed to be

established. Higher concentrations of po lypheno l s could not be used

as it was noted tha a fine precipi tate formed, which could have

reduced the amount of' light reaching the photomultiplier thereby

giving a falsl.~ Increase in absorbance,

This same apparent rrm-react ivi ty of daunomycin was: observed when

quercetin was used as a potential binding target. It was found that

quercetin on its ~wncaused quenching which was traced to the fine

precipitate that formed in the assay. Quercetin is only soluble in

alcohol and precipitated when added to the aqueous DNA-daunomycin

solution. Hence da'ta obtained from absorbance spectrophotometry

would not be a re l i.able means of calculating the amount of free and

bound daunomycin (required for Scat chard plotting). An attempt was

made to use fluorimetry since much lower concentrations of the drug

and hence of the other conponent s would be needed to produce any

change in the binding spectra, possibly eliminating the problem of

polyphenol precipitation.



5.5.4.2 Fluorescence

Just as absorbpnce of the drug decreases upon binding, it was found
that titration with ~NA brought about an analogous decrease in
emission at 592.3 nm when daunomycin was irradiated with light at
470nm. The amount of daunomycin was a thousand fold less than
required for absorbance spectrophotomet ry. When the percentage
decrease in fluorescence of various concentrations of daunomycin was
plotted versus the amount of DNA or polyphenol (Fig. 5.8 and 5.9),
a definite decrease in both cases was noted.
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Fora comparative study, the lowest level of daunomycin (4.11 pg/ul
- as used in Fig. 5.8 and Fig 5.9) was incubated with either DNA or
polyphenols (Fig. S.lO}, As can be seen DNA was far more efficient
on a weight for weight basis in producing a decrease in fluorescence
than the po lypheno ls, Although the po Iypheno ls brought about a
decrease in 592,3 nm emission it has not been proven as is the case
for DNA, that this represents binding of the polypheno l to the drug,
To prove actual binding to daunomycin, it was decided to use the
Hummel-Dreyer gel chromatography technique to determine the binding
constant of daunomycin for DNA and polyphenol.
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5.5.5 ColUl1J1i Chromatogra.phy - HUl1JlIle{-Dreyer Technique

This method depends on the fact that daunomycin but not the DNAor

po1ypheno1 is able to enter the pores of the gel from which it can

be eluted with solutions of mild ionic strength from the column.

Sephadex 0-10 was selected as the column support because of its

small pore size. Daunomycin was loaded onto the column in a

potassium phosphate buffer, pH 7.5, containing 15 mM NaCl, and

elution was attempted with increasing salt concentrations. Even a

1 Msalt solution failed to remove the daunomycin from the column.

The pore size was increased by using a Sephadex 0-50 since it was

thought that daunomycin could be binding in the small pore-sized

gel, yet the same effect was observed. A methanol gradient was

applied and at 20% (v/v) the daunomycin was eventually eluted. This

defeated the object of this mfthad which depends on selective

retardation of the ligand (here daunomycin), and since it was shown

that po Iyphenol s also show an affinity for the column packing

material, this procedure could not be appl ied to the current binding

studies.

)
Thus of all the methods appl ied , only fluorescence spectrophotometry

and extraction of the daunomycin-DNA complex by column

chromatography provided evidence of the desmutagenic activity of the

polyphenols.



Chapter 6.
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SUMMARY
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6 SUMMARY

Polyphenols were extracted from various sorghum grain cultivars and
were fractionated into the following three major groups on a
Sepharose CL-6B column: FI containing low molecular weight water
soluble phenolics, F2 with the lar jer sized aqueous methanol soluble
Polyphenols and F3 which possesses polyphenols soluble in aqueous
acetone. The F3 fraction contains polyphenols with molecular masses
of up to 50 000.

From the work conducted the following conclusions can be drawn about
the biological activity of the polyphenols.
(i) In chapter 3 the polyphenols from these various

cultivars were shown not to "3emutagenic at the
levels tested in both the Ames assay and Somatic
Mutation and Recombination Test.

(ii) In chapter 4 the polyphenol fractions FI, F2 and F3 from
sorghum grain variety SSK52 were coinc!lbated with the
standard mutagens sodium azide and TA100, daunomycin and
TA98 , 2-aminofluorene (rsquiring S9 activation) and both
TA98 and TA97a in the standard Ames test. These polyphenols
were shown to reduce the ability of these standard mutagens
to induce reversion in the appropriate strains. They
appeared to exhibit antimutagenic activity in the
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order F3 > F2 > Fl' Barnard Red F1 polypheno ls were also
found to be effective antimutagens, confirming the work
carried out by van Rensburg et a1. (1985) on the reduction
of experimentally induced oesophageal tumours in rats feed
a Barnard Red supplemented diet.

(iv) An interesting observation was made in chapter 4 about the
biological activity of quercetin. Quercetin is a known
mutagenic polyphenol in TA98 (especially in the presence of
S9), a finding confirmed by us. However, we have
subsequently shown that it can act as an antimutagen in the
presenCe of the mutagen 2-aminofluorene (requiring 89
activation) in TA9S. Thus although a compound may be an
antimutagen, it does not necessarily follow that it is not
mutagenic.

(v) In chapter 5 it Was concluded that the polyphenols act as
desmutagens because they were able to reduce the effective
concentration of the mutagen. This was shown by
fluorometric techniques and more directly and convincingly
by measuring the amount of radioactive mutagen

?(JH-daunomycin) actually taken up by E. coli and bound to
its DNA in the absence and presence of polyphenols. 1~e
effectiveness of the polyphenols in reducing the DNA-
daunomycin binding was in the same order of efficiency as
observed in the biological antimutagenic assays carried out
in Chapter 4. During the course of these binding studies,
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it was noted that uptake of labelled thymidine by the
Salmonella typhimuriUl11 mutants was very low (2-4%) when
compared to that in Escherichia coli (20%). The reason for
this was not investigated.

Future work would be directed at developing a :reliable method of
detecting mutagen-polyphenol binding as the techniques used in this
study were not satisfactory due to the strong binding (which could
not be quantitated accurately) of daunomycin and/or polyphenol to
the apparatus used in the binding studies. The polyphenols in the
three fractions would need to be deglycosylated and retested in the
two mutagen detecting assays to prove beyond doubt that polyphenols
in sorghum grain do not present a health hazard. Further separation
of the three complex fractions used in the present work could help
prove that what was observed is a general, non-specific binding of
polyphenols to the mutagens.

A complete change in direction might well look at the possibility of
the· po lyphenols acting as antioxidants and scavengers of free
radicals. This ability might well explain the mutagenic /
antimutagenic activity of the po lyphenols noted on p, 98 because
po lyphenols may be able to generate free radicals as we lI as
scavenge them.
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tdfe 1.1 Incaoati(Jl1 of 'I ilod '2 fro, s(JrglJllfl csltiui Jll222'ith fA91a alIt! fASS (St8lIrIm!
error of the ,ean indicated.

Sample Amount/ml TA97a TA98
Fl 1 rug 131 ± 3.5 34 ± 1.5

100 J.l.g 169 ± 18.5 23 ± 3.5
10 Ilg 186 ± 3.5 28 ± 0.5
1 j..lg 180 ± 13.0 22 ± O.S

F2 i mg 131 ± 4.0 29 ± S.O
100 j.I.g 180 ± 11.5 24 ± 4.0
10 ug 165 ± 20.0 27 ± O.~
1 Il& 156 ± 6.0 22 ± l.0

Daunomycin 60 J.l.g 173 ± 5.5 3121 ± 141
Blank - 127 ± 3.5 33 ± 0.5
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rlile 1. .2 fnCubatio,l/ qf sorghu" cultiw SNKJIU - f[and FJ sit] sl! four strains without (-9) and ,ita
(fSlJliet8bo/ic activation M /I (,llr) in the Alles test. (Stllndmi error of tlIe ieal1 iMicated) .

.:t<I-"

i)dple JAg./.l TA97a TA98 TAtOO r'Al02
-59 +59 -S9 +S9 -S9 -S9 +S9

20 163 :t 7.5 192 ± 7.5 23 ± fLO 27 ± 1.5 270 t 7.5 276 ± 17.0 299 1: 5.0

Fl 40 167 :t S.O 143 ± 3.0 24 :t 1.5 29 ± 1.0 229 :t 31. 5 290 ± 30.0 331 ± 6.0
100 143 :t 11.0 91 :t 4.5 18 :t 3.5 41 ± 1.S 150 ± 16.S 168 ± 9.0 117 t 13~'j

• 20 127 ± 14:,.,5 117 :t 4.S 1 " 2.S 21 :t 3.S 91 :t 3.0 109 ± 1.S 26O:t .a.o
FJ 40 43 :l: 5.S 95 :t 9.S 14 :t 4.5 40 :t 3.S 123 ± 18.5 98 ± 20.0 170 :t 0.0

!OO 31 :t 7.S 98 :t 13.5 U:t 3.0 24 ± 2.S 186 :t 1.0 103 ± 1.S 126 :t 5.5
Blank - 162 ± S.O 114:t 6.0 34 ± 1.0 42 ± 2.0 235 ± 31.0 322 ± 36.0 247 :t 4.5

MitOll)'cin C S 2894' :t 53.0
SodiWl Azide is 2837 :t 4.5
DaUllOllYcin 6Q 170 :t 24.0 2440 :J: 186.5

.~~nZ(lJ(a)pY!'ene 10
__ . _ ___.1._~._ '--_~~_~_____.__ 1~~ :t!_.__~ 311 ± 43.0-- ..-~ ------ -~ '---.
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rd[~1.1 F[Betioes l/, ft8ud f; Iter lrgnu, csltivsr SSKJOrete iecubated .,nt it! four 'Strains rSidllut

(~S9/ Inti rUlI (fS9/ ~etabo/ic activation It II (,Iv) il1 ti.e A.e$ (esc. (Sf,naud error of tie

seli cldiclted/.

SUple JiB/.) 1:1.97& TA98 TAtOO 'I'AI02 I
" -S9 ·..59 -59 +59 -89 +S9 -89 +59-

FI 1 161 ± O.S 1i6 :f: 24.0 22 ± 2.0 33 ± 4.5 296 ± 6.0 IS4 ± 6.0 273 ± 33.0 46 ± 4.5
, .

10 108 ± O.S 76 :t 24.0 21 ± 4.5 41 ± 5.0 265 :t 24.S 239 t 49.0 288 t 62.0 37 ± 1:3.5
100 81 ± 5.S lOS t 7.0 lOt 1.0 50 t 7.0 252 ± 4.0 . 252 ± .8.0 309 ± 41.0 109 :t 5.0

FI 1 150 i 36.0 96 :t 22.5 lOi 2.S 39 ± 4.0 324 :I: 10.0 185 f 15.0 277 :f: 13.0 155 ± 1.0

10 118 ± 17.5 87 :t O.S 26 ± 1.0 52 :I: 9.0 299 :f: 27.0 250 ± 25.0 aio ± 10.0 260 :f: 40.0

100 135 ± 7.0 96 t- 9.5 lOt 4.0 43 :I: 16.5 320 1: O.S 205 ± !.O 324 t 10.5 240 ± 60.0
Fl 1 96 ± 11.0 82 :J: 10.5 34± 1.5 34 ± 8.S 331 ± 15.0 268 ± 18.5 298 :t 34.5 268 ± 1.13.5

10 9& t 15.S 64i B.S lOt 8.5 41 ± 3.0 281 ± 29.0 159 :I: 1\.0 272 ± 8.0 159 ± 11.0

100 96 t 5.0 76 ± 2.0 22 ± 3.0 47 :t 3.5 266 ± 46.0 301 ± 51.0 330 ± 16.0 301 ± 51.0

Blank - 169 t 5.0 94 ± 10.0 24 ± 0.5 32 ± 0.5 230 ± 31.0 192 t 30.0 214 ± 36.0 200 ± 4.5
Daunoaycin 60 170 ± 24.0 2837 ± 142.0 286 ± 29.5 -
Nit~cin C S 3000 :I: 53.0 _ .. , ~

2-AIIinoflllOrene 100 1986 ~_~~'()_L~_. 2645 :t 96.0 520 t 17.5
--

i

-'D00



faole 1.1 Fractioq PI froM sotgbo, grain cultivar PHRaJ!! '2S inCuoBtea ,ith fA97a and TAgS,
(St4nOuo emu of tbe .ean jntficatedj.

Sample Amount/ml TA97a TA98
Fl Img 214 ± 10.5 22 ± 0.5

100 I.1g 226 ± 8.0 28 ± 3.0
10 ug 238 ± 0.5 35 ± 4.0
1 IJ.g 285 ± 5.0 23 ± 2.5

Daunomycin 60 J,lg 204 ± 17.0 31.:tl ± 141.0r------ .
Blank - 12{) ± 3.5 32 ± 0.5
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rllJle I.S Sorgbul grai!1 csltirst Baroaro Keo'/ Jutagcnicity testing ,itb TA98 8110TAIOO, Bnd then togetfler

,ith u8//ool1ycin at 60 PI/Ill (for TA!J8) 3nd sooiu. uide at IS pg/li (for TAlOO} in all

antilutag&nic 88$8y. {Stlodard effor of toe lean iGdic4ted}.

Sample Aaount/al TA98 TA100
-,

. Sample DatmollYcin + Sqple . Sample Sodium azide + Sample__j
Fl 1.0 sag 18 ± 0.5 1164± 99.5 139 ± 21.0 1426 ± 92.0

11m,g 22 t 1.S 1311 ± 6.0 190 ± 15.0 1504 ± 28.0 I
100 ~ 13 ± O.S 1412 ± 7.0 217 ± 11.0 1712 ± 9.0

I10 lJg 19 :t 2.0 1781 ± 63.5 240 ± 10.0 1613 ± 4.5
I

IIJ8 23 ± O.S 2094 ± 91.5 160 ± 12.0 1750± 9.5_j
1802 ± 42.5 •0.1 JIg 28 ± 0.5 2417 ± 61.5 228 ± 12.0

SOOiu." azide 15 JJg 2809 ± 4.5
I

w

oauno.ycin 60J1g 2838 ± O.S

alMk ... 27 :t ~.S . 120 :t 0.5-
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