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Polycyclic aromatic hydrocarbons and aromatic amines exercise a highly specific influence 
on the crystallization o f cholesterol. The strength o f these non-covalent, presumably epitaxial 
interactions correlates with the carcinogenic activity o f  these substances. The presented results 
are in support o f the assumption that a specific process o f adsorption and crystallization with 
cholesterol o f the plasma membrane takes place during the initial phase o f the carcinogenesis 
by aromatic compounds.

Introduction

Polycyclic arom atic hydrocarbons (PA H ) and 
arom atic  amines (AAM ) are the m ost thoroughly 
analyzed substances with carcinogenic features. It 
has generally been accepted for a long time, that 
these com pounds have to be metabolically activat­
ed to  highly reactive electrophilic interm ediate 
products, the “ultim ate carcinogens” .

Fig. 1. Examples o f the best-known carcinogenic aro­
matic compounds. PAH (above): benzo[a]pyrene,
3-methylcholanthrene, 7,12-dimethylbenz[a]anthracene. 
AAM  (below): 2-naphthylamine, N,N-dimethyl-
4-aminoazobenzene, 2-acetylaminofluorene.

In the cell the PA H  are metabolized for detoxifi­
cation to various different derivatives m ainly 
phenols, dihydrodiols, glutathione conjugates and 
m ost interestingly diolepoxides. Some o f the latter 
are highly reactive com pounds with covalent b ind­
ing to  the bases o f the D N A  [1-4].

Abbreviations: PAH, polycyclic aromatic hydrocarbons; 
A AM , aromatic amines.

Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen
0939-5075/91/0700-0663 $01.30/0

The initial step in the activation o f AA M  is their 
oxidation to N -hydroxy derivatives. The N-hy- 
droxy m etabolites can be activated to the electro­
philic “ultim ate carcinogens” by (i) p ro tonation  o f 
the nitrogen atom  o f the hydroxyam ine w ith sub­
sequent loss o f w ater to yield a nitrenium  ion,
(ii) oxidation o f N -acyl-N -hydroxy derivatives 
to free radicals and (iii) esterification o f the 
N -hydroxy group  generating reactive esters [4],

The electrophilicity o f “ultim ate carcinogens” 
results in reactions with nucleophilic sites within 
the eukaryotic cell. It is assum ed that covalent 
m odification o f a cellular inform ational m acro­
molecule, i.e. D N A , R N A  or protein, is a neces­
sary early event in the in itiation  phase o f the car­
cinogenic process.

This study describes an activity o f carcinogenic 
com pounds which has no t been properly evaluated 
to date in the published analysis o f carcinogenic 
m echanism s. In aqueous m edia carcinogenic a ro ­
m atic com pounds have only a limited solubility. In 
tissue this could probably  result in crystalline 
structures o f these com pounds playing an essential 
role during the initiation o f carcinogenesis. The 
crystalline structures could adsorb  biogenic mole­
cules in a structure-dependent very specific way 
due to the geom etry o f their m olecular arrange­
m ent. S tructure-dependent adsorption o f this kind 
has been described for the so-called “epitaxy” , an 
oriented crystal nucleation and crystal intergrow th
[5].

H. Seifert [6] has pu t special emphasis on the sig­
nificance o f structure-dependent adsorption  in 
biological systems. However, in the literature on 
cancer research only two studies have dealt with
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this aspect o f the question. H endry et al. [7] sug­
gested that the molecules o f the carcinogenic a ro ­
m atic com pounds could integrate into regular mi- 
cells and thus could specifically bind linear m acro­
molecules. D ruckrey and Schm ähl [8] referred to 
these ideas explaining the carcinogenic features of 
foreign-body im plants m ade o f  plastic m aterial or 
silicate. They assumed that linear cell proteins 
were very specifically bound by similar linear 
structures o f the plastics and  silicates initiating 
cellular degeneration.

In this study the question o f  the structure-de- 
pendent adsorption  was further analyzed to gain 
m ore inform ation with regard to the m echanism  of 
high specificity o f carcinogenic arom atic com ­
pounds.

The “Epitaxy”; a specific intermolecular interaction

Any structure-dependent in tergrow th (over­
growth) o f two chemical an d /o r structural differ­
ent crystalline or subcrystalline phases is called 
“epitaxy” [5].

An epitaxial system consists o f two partners: the 
host crystal (substrate) and the guest phase (depo­
sit). An oriented adsorption  and  crystal in ter­
grow th dem ands a contact interface o f bo th  phases 
corresponding with each other, i.e. molecules o f 
both phases come in contact on the surface in a p o ­
sition generating noncovalent binding forces be­
tween the phases in an orientating  way. A poly­
m er-analogous conform ity o f the m olecular 
distances is sufficient for orien tation , i.e. an 
elem entary period o f the substrate is in general 
only analogous to a small integral m ultiple o f the 
epitaxial intergrow th partner period (Fig. 2). Even 
though a one-dim ensional conform ity o f the m o­
lecular distances can be sufficient for an epitaxy, a 
tw o-dim ensional analogy would essentially be bet­
ter. The precision o f the analogy required for an 
epitaxy depends on the nature o f the intergrow th 
partners [9].

These studies are based on the w orking h ypo th ­
esis, that the carcinogenic arom atic com pounds 
form  a specific substrate by their crystal germs. An 
im portant com ponent o f the plasm a m em brane of 
a cell can be epitaxially adsorbed by this substrate. 
The basic idea is, that the geom etry o f the m ole­
cule arrangem ent could be decisive for the specific­
ity o f carcinogenic action.

/ / / / / / / / / /

d e p o s it

s u b s t r a te

Fig. 2. Example o f a one-dimensional structural analo­
gy. A polymer-analogous conformity o f the molecular 
distances is sufficient for the orientation o f the deposit 
on the substrate. In this example: 2 periods o f the depo­
sit are analogous to 3 periods o f the substrate.

If  the epitaxy is actually o f significance for the 
m ode o f action o f carcinogenic arom atic com ­
pounds, the crystal structures o f all carcinogenic 
arom atic com pounds should show one com m on 
feature, to which the orientation o f adsorbed bio­
genic molecules can direct itself. In fact, such a 
structural pattern  had previously been determ ined 
by m eans o f structural com parisons o f m ore than  
50 different PA H  [10].

The specific structural pattern  in the crystals o f 
the PA H  was assum ed to be present, if

a) a t least two o f the three lattice constants co r­
responded with the period n- 7.45 ±  0.55 Ä (n = 2 
or 3) or

b) one lattice constant corresponded with 
approx. 9.2 Ä and one further lattice constant cor­
responded with the period given in a).

Subsequently, knowledge o f these lattice p a ­
ram eters enabled the prom ising search for the 
m em brane com ponent, the structure o f which co r­
responds to this pattern  and which therefore 
comes into consideration as a deposit in the p u ta ­
tive epitaxy system. M oreover, the discovery was 
soon made, th a t only cholesterol met all require­
m ents which were expected o f a deposit in such an 
epitaxy system.

Assumed Epitaxy system: Aromatic compound/ 
cholesterol

Cholesterol (cholest-5-en-3 ß-ol) is an essential 
com ponent o f the plasm a m em brane o f each eu- 
caryotic cell, m ainly in the outer layer o f the phos­
pholipid bilayer. Both crystal structures o f choles­
terol -  “anhydrate” [11, 12] and “m onohydrate” 
[13, 14] -  contain lattice planes of molecules piled 
in parallel.



B. C ontag  • Specific C rystal Chem ical In teractions between Carcinogenic A rom ates Cholesterol 665

The crystal structures o f  cholesterol should be 
com pared w ith the structures o f the lattice planes 
in the crystals o f carcinogenic arom atic com­
pounds, providing the inform ation concerning the 
orientation o f a putative epitaxy arom atic com ­
pound/cholesterol.

Table I shows the corresponding lattice param e­
ters o f the putative epitaxy partners as well as the 
laws of orientation o f the possible crystal in ter­
growths. Only the energy-rich a-m odifications 
were taken into account from  am ong the polym or­
phous PAH, because only these corresponded to

Table I. Crystallographic data o f deposit and substrate [1 0 - 14, 28, 29]. The periods dx and dy in two orthogonal direc­
tions o f the matrices I and II are contrasted with the corresponding values d x and d2 o f the closest packed lattice plane 
(0 10) and/or (00 1) o f the deposit. Carcinogenicity: 0 = inactive to + + + = very active [30 -33 , 36].

Deposit
Unit cell parameter [Ä]
oa

Lattice plane (0 10)
d ,[A ] d2[k \

Lattice plane (001) 
d \[  A] d2[k]

I. Cholesterol, anhydrous 
14.172; 34.209; 10.481 
94.64°; 90.67°; 96.32°
II. Cholesterol, monohydrate 
12.39; 12.41; 34.36 
91.9°; 98.1°; 100.8° 
Pseudocell: [110] = a' = 7.92 

[110] = b' = 9.57 
Y  = 90.1°

c = 2 x 5 .2 4  a -  14.17

a' = 7.92 b' = 9.57

Substrate
Unit cell parameter [A] 
a b c ß

Matrix type I
dx [Ä] dy [Ä]

Matrix type II
dx [k \ dy [A]

Carcinogenic
activity

PAH with two-dimensional matrix 
1. Dibenzo[a,h]pyrene

15.07; 9.79; 10.71; 103.5° a = 2 x 7 .5 4 b = 9.79 + + +
2. Benzo[a]pyrene

7.59; 7.69; 22.38; 2b  = 3 x 5.13 2 a = 15.18 + + +
3. 3-Methylcholanthrene 

4.90; 11.36; 25.26; 95.3° b = 2 x  5.68 3 a=  14.70 2b  = 3 x 7.45 2 a = 9.80 + + +
4. 7,12-Dimethylbenz[a]anthracene

7.62; 8.62; 21.11; a = 7.62 b = 8.62 + + +
5. 7- Methylbenz[a]anthracene 

23.60; 5.77; 19.00; 97.5° a = 3 x 7.69 d  = 9.50 + + +
6. 12-Methylbenz[a]anthracene 

9.27; 7.44; 9.18; 91.8° b = 7.44 a = 9.27 + + +
7. Dibenz[a,h]anthracene 

6.59; 7.84; 14.17; 103.5° 2b  = 3 x 5.23 c = 14.17 + +
8. Benzo[g,h,i]perylene 

11.72; 11.88; 9.89; 98.5° 2b  = 3 x 7.92 c = 9.89 + +
9. Benzo[c]phenanthrene 

14.67; 14.16; 5.78; c = 5.78 b = 14.16 + +
10. Dibenzo[a,h]acridine 

12.87; 3.86; 13.91; 105.5° 4Z> = 3 x 5 .1 5 c = 13.91 + +
11. Dibenzo[a,j]acridine 

5.00; 18.10; 15.25; = 2 x 7.63 2 a = 10.00 +
12. Dibenz[a,c]anthracene 

15.67; 5.09; 18.33; 103.9° b = 5.09 a = 15.67 a = 2 x 7 .8 3 2b = 10.18 +
13. Coronene

16.10; 4.69; 10.15; 110.8° a = 3 x 5.37 3 b =  14.07 a = 2 x 8 .0 5 2b  = 9.38 0
14. Naphthalene

8.23; 6.00; 8.66; 122.9° Ab = 3 x 8.00 c = 8.66 0
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Table I (continued).

Substrate
U nit cell param eter [Ä]
a b c ß

M atrix type I 
dx [A] dy[k]

M atrix  type II 
dx [A] dy[A]

Carcinogenic
activity

PAH with one-dim ensional m atrix
15. Dibenzo[def,mno]chrysene

12.10; 10.34; 10.72; 92.2° b = 2 x 5.17 + +
16. Benz[a]anthracene

7.95; 6.50; 12.12; 100.5° 2a = 3 x 5.30 a =1 .95 +
17. Benzo[e]pyrene

11.85; 12.15; 18.67; 106.9° 2a = 3 x 7.90 +
18. Chrysene

8.34; 6.18; 25.0; 115.8° 2a =  3 x 5 .5 6 +
19. Pyrene

13.65; 9.26; 8.47; 108.5° 2c = 3 x 5.65 b = 9.26 0
20. Phenanthrene

8.46; 6.16; 9.47; 97.7° 2cr = 3 x 5.64 c = 9.47 0
21. Perylene

10.3; 10.8; 13.6; 126.5° a = 2 x 5 .1 5 0
22. A nthracene

8.56; 6.04; 11.16; 124.7° c = 2 x 5.58 2c = 3 x 7.44 0
23. Benzo[a]fluorene

8.41; 6.11; 23.36; - 2a = 3x5 .61 0
24. Benzo[c]acridine

12.27; 5.19; 18.52; — b = 5.19 36 = 2 x 7.89 0

the structures o f the crystal nuclei. These structur­
al com parisons suggested th a t an epitaxy between 
cholesterol and arom atic com pounds could be 
possible, if the arom atic com pound as a substrate 
could offer the cholesterol one o f the following 
“m atrices” for epitaxial adsorption:

a) M atrix-type I  (tw o-dim ensional)
(see Table I: Nos. 2; 3; 7; 9; 10; 12; 13)
In two orthogonal directions x and y, the spac­
ing intervals o f dx and dy am ount to:

dx = n- (5 . 10 to  5 .80Ä) w ith «  = 1, 2, 3 or 4; 
dy = 13.70 to  15.70 Ä.

The cholesterol could crystallize on this m atrix 
with the lattice plane (010) o f the anhydrous 
form  having

4 001] = 2 - 5 .2 4 Ä a n d J [100]= 14.17 Ä.

b) M atrix-Type  //(tw o-d im ensional)
(see Table I: Nos. 1; 3 -6 ;  8, 11-14)

dx = n- (7.05 to  8.20 Ä) w ith n = 1, 2 or 3; 
dy = 8.60 to 10.20 Ä.

The cholesterol could crystallize on this m atrix 
w ith the lattice plane (001) o f the hydrated form 
having

dj110] = 7.92 Ä and t/(1y01 = 9.57 Ä.

c) M atrices with low specificity  (one-dim ensional) 
(see Table I: Nos. 15-24)
The spacing intervals corresponded to one o f 
the values given under a) and b) for dx or dy.

Assay of crystal chemical interactions between cho­
lesterol and the carcinogenic aromatic compounds

Two phases, which can epitaxially intergrow  
with one another, are o f m utual influence w ith re­
gard to their m ode o f crystallization. This was the 
basis o f the experim ents described below q u an tita ­
tively measuring the influence o f the arom atic 
com pound on the crystallization o f the cholesterol. 
The cholesterol was spontaneously coprecipitated 
with the arom atic com pound in an  album in-con­
taining phosphat buffer. The strength o f the in ter­
action was m easured by means o f a turbidom etric 
assay.

It was indicated by the quan tity  o f album in 
needed to stabilize the resulting colloids. It was 
later realized tha t it was not the album in itself but 
the a-globulin still present in it in small quantities 
that was responsible for stabilizing the colloids. 
Very few of the com m ercially available types o f al­
bum in were therefore suitable for the tests de­
scribed below.
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It was possible to realize the experiments with 
a-globulins only; but the contam inated album in 
could be m easured out m ore accurately. The activ­
ity o f 24 mg album in (bovine; essentially fatty acid 
free; N o. A 6003, Sigma Chemical Co.) was equal 
to 1 mg globulins (bovine; C ohn Fraction  IV -1; 
predom inantly  a-globulins; No. G. 8512; Sigma 
Chemical Co.).

49 PAH as well as 26 arom atic amines were test­
ed. F o r the purpose o f com paring studies with a ro ­
m atic amines, the derivatives o f the azo dye “di­
m ethyl yellow” (N ,N -dim ethyl-4-am inoazoben- 
zene) appeared to be the m ost suitable, since they 
all have the same organotropy. They exclusively 
cause hepatom a in feed experiments with rats, and 
their carcinogenic efficiency has been analyzed 
quantitatively [17, 18].

Materials

Cholesterol cryst. pure (M erck, D arm stadt, 
F .R .G .): A lbum in, bovine, essentially fatty acid 
free, No. A-6003 (Sigma Chemie, Deisenhofen,
F .R .G .); A cetone, p.a.; E thanol, min. 99.5% ; 
Phosphate buffer, pH 7.2 (per liter: 2.49 g K H ^P 04 
and 8.62 g N a2H P 0 4 • 2 H 20 ) .

The applied PA H  are listed in Table II. Nos. 22 
and 23 were purchased from  EGA-Chemie, Stein- 
heim (F .R .G .); Nos. 6, 7, 10, 12, 14, 17, 19 from  
F luka A G , Buchs (Switzerland); Nos. 9, 16, 20, 21 
from  M erck-Schuchardt, H ohenbrunn (F.R .G .); 
all o ther PA H  were obtained from Dr. W. 
Schm idt, PA H  Research Institute, 8919 G reifen­
berg (F .R .G .).

The applied azo dyes are listed in Table III. 
Nos. 1 and 8 were purchased from Schuchardt, 
M ünchen (F .R .G .); No. 2 from  EGA-Chemie, 
Steinheim (F .R .G .). All o ther azo dyes were p ro ­
duced in our own laboratory  in accordance with 
bibliographic references [15, 16].

Solution A: 1.5 x 10~2 m o l l -1 cholesterol in 
ethanol.

Solution B,: 2.5 x 10“4 mol • F 1 PAH in ethanol/ 
acetone (1:1).

Solution B2: A z o  dye in ethanol/acetone (1:1).
2.5 x 10-5 mol azo dye in 50 ml o f a solution with 
the “basic concentration  C B” . Regarding the deter­
m ination o f C B: see m ethods.

Solution C: A lbum in in phosphate buffer, pH 
7.2. The solutions were freshly prepared each time

(in brow n glass bottles) in different concentrations 
between 1 and 50 mg album in in 20 ml buffer. 
Every charge was processed within 30 min.

Methods

All experim ents were carried ou t under weak 
yellow light. The tem perature was 23 ±  2 °C.

Relative solubility in aqueous medium

PAH.  2 parts by volum e o f solution B, were di­
luted with 1 part by volum e o f ethanol. 3 ml re­
spectively o f this solution were mixed with varying 
quantities o f w ater. A fter 5 min the extinction val­
ues o f these m ixtures were m easured against water 
in a 10 mm cuvette at 623 nm. Vw (see Table II) 
was used to designate th a t volume o f w ater at 
which the onset o f crystallization o f PAH can be 
observed through a weak turbid ity  or an extinc­
tion o f >  0.020 in the test m ixture.

Azo dyes

1 ml ethanol was mixed w ith 1 ml o f a solution 
o f the azo dye (different concentrations in ethanol/ 
acetone (1 :1)) in a 25 ml beaker. 20 ml o f an albu­
min solution (i.e. solution C with 20 mg album in in 
20 ml buffer) from  a second beaker were poured 
“in one go” into this m ixture. A fter 5 min the tu r­
bidity o f this m ixture, i.e. the extinction at 623 nm 
was m easured in a 10 mm cuvette.

A relative gauge o f the solubility o f the azo dyes 
in the test m ixture (see Table III) and sim ulta­
neously the “basic concentration  CB” for prepar­
ing solution B2 (see chapter: M aterials) is provided 
by the concentration o f the azo dye solution, 
which created a weak turbidity  or an extinction of 
0.020 in the text m ixture due to a crystallization 
beginning.

Crystal chemical interaction between aromatic com­
pounds and cholesterol

W ithin one series o f m easurem ents, precipita­
tion reactions were carried ou t w ith a constant 
concentration  o f arom atic com pound and choles­
terol, but with varying concentrations o f album in, 
and the rem aining colloid turbidity  after centrifug­
ing was m easured. The album in or the a-globulin 
still present in it in small quantities, served as a 
com peting adsorbate  and to stabilize the colloid.
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20 ml o f the solution C were given into a 50 ml 
beaker. A m ixture o f 1 ml o f the solution A and
2 ml o f the solution B, (PA H ) -  o r 1 ml o f the so­
lution B2 (azo dye) -  were injected into this stirred 
solution C by means o f a flask pipette. The suspen­
sion was centrifuged (~  1100 * g) im m ediately a ft­
erwards for 10 min and the turbidity , e.g. the ex­
tinction o f the colloid was m easured immediately 
against w ater in a 10 mm cuvette (623 nm).

Results

Plotting the m easured extinction values (tu rb id i­
ty) as a function o f the album in concentration  of 
the solution C one obtains a curve with a m axi­
m um  (Fig. 3) for each arom atic com pound.

1.0

p r e c i p i t a t i o n

1 //•

/•/•

// c o l l o i d

/*
/ cmax

y
2 4 6 10 20 40 60 100 

A L B U M I N  ( m g / 2 0  ml)

Fig. 3. The turbidity or the extinction o f  the colloid sys­
tem aromatic compound/cholesterol/albumin as a func­
tion o f the albumin concentration. Cmax is the albumin 
concentration o f solution C, by means o f  which -  under 
the experimental conditions described -  a maximum o f 
turbidity is produced. In this example: Cmax = 26 mg/ 
20 ml.

The album in concentration C max o f the solution 
C, which produced a m axim um  turbidity  under the 
experimental conditions described proved to  be 
characteristic o f the strength o f specific interaction 
between arom atic com pounds and cholesterol d u r­
ing the m utual crystallization.

The values determ ined by this m ethod for Cmax 
and for the relative solubility o f all 75 com pounds 
investigated are listed in Table II (PAH) and 
Table III (azo dyes).

creased nucleation took place and a colloidal sus­
pension o f finest crystallites developed.

The stronger the interactions between PA H  and 
cholesterol, the less album in -  o r a-globulin still 
present in it in small quantities -  was needed to 
stabilize the colloid. The m ost im portan t result o f 
these experiments is the finding th a t the strength of 
the crystal chemical interactions correlates with 
the carcinogenic activity o f PAH (Fig. 4). The so­
lubility o f PAH in aqueous media m ust also be 
taken into account, however, as a higher solubility 
weakens the nucleation.

Only seven o f the 49 PAH investigated (i.e. 
approx. 15%) form  an exception to the correlation 
(see Table II). Their behaviour can be designated 
false-positive, as their reactions with cholesterol 
are stronger in the tests than  the intensity o f their 
carcinogenic activity would suggest. The devia­
tions are particularly great in the non-carcinogenic 
com pounds triphenylene and 3,9-dimethylbenz[a]- 
anthracene and in the slightly carcinogenic
6-methylchrysene.

The existence o f such false-positive exceptions 
indicates tha t the interaction w ith the cholesterol 
can be only one o f a num ber o f significant stages in 
the process o f cell transform ation.

>H
□  >13 

Ü 10

0 o 0
3\

\ i 1
3 3 ' 1 '1 ^

3 3“'1„ 1 1i 1 X
3 K ° 0  03 3 \ 1 . 1  1

'5

’2'^
'2

10 20 30 40 50
.max

Fig. 4. Carcinogenic activity o f PAH as a function o f  the 
relative solubility in aqueous medium (see Vw in chapter 
Methods) and Cmax (see Fig. 3). Numbers are in accord­
ance with the carcinogenicity: 0 = inactive, 1 = slight, 
2 = moderate, 3 = strong. The broken lines indicate the 
fields o f equal activity. False-positives are not marked.

P A H

In the event o f a strong specific crystal chemical 
interaction between PA H  and cholesterol an  in-

Azo dyes

W hereas the specific crystal chemical in terac­
tions in the PAH/cholesterol system result in in-
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Table II. The results o f  the experiments with PAH. Vw = relative solubility in water; see 
chapter Methods. Cmax: see Fig. 3 (f.p.: “false positive”).

Compound K £max Carcinogenic 
activity [30 -33 , 36]

1. Dibenzo[a,e]pyrene 1.0 36 + + +
2. Dibenzo[a,h]pyrene i.i 36 + + +
3. Dibenzo[a,i]pyrene 1.6 19 + + +
4. Dibenzo[a,l]pyrene 3.5 12 + + +
5. Benzo[a]pyrene 4.0 21 + + +
6. 3-Methylcholanthrene 3.5 19 + + +
7. Dibenz[a,h]anthracene 1.2 40 + +
8. Dibenz[a,j]anthracene 3.5 8 f.p. (+ + +) + +
9. Benzo[c]phenanthren 8.5 6 f.p. ( + + +) + +

10. Benzo[g,h,i]perylene 1.5 38 + +
11. Anthanthrene 1.7 36 + +
12. Benz[a]anthracene 4.0 31 +
13. Chrysene 2.2 40 +
14. Dibenz[a,c]anthracene 3.2 26 +
15. Benzo[e]pyrene 3.4 31 +
16. Pyrene 8.0 12 f.p. (+ ) 0
17. Perylene 1.8 38 f.p. (+ ) 0
18. Triphenylene 4.0 17 f.p. (+  + +) 0
19. Phenanthrene >13 36 0
20. Anthracene 4.0 43 0
21. Naphthalene >13 45 0
22. Benzo[a]fluorene 4.5 36 0
23. Benzo[b]fluorene 4.0 38 0
24. 7H-Dibenzo[c,g]carbazole 11.5 5 + + +
25. 13 H-Dibenzo[a,i]carbazole 7.5 11 +
26. Dibenz[a,c]acridine 5.0 19 +
27. Dibenz[a,h]acridine 3.5 28 +
28. Dibenz[a,i]acridine 6.0 14 +
29. Dibenzfa,j]acridine 6.0 26 +
30. Benz[a]acridine >13 47 0
31. Benz[c]acridine >13 14 0
32. 9-Methylanthracene 8.5 21 0
33. 9,10-Dimethylanthracene 3.5 25 +
34. 1-Methylchrysene 2.5 36 +
35. 2-Methylchrysene 4.5 31 +
36. 3-Methylchrysene 5.5 21 +
37. 4-Methylchrysene 5.5 21 +
38. 5-Methylchrysene 7.0 10 + + +
39. 6-Methylchrysene 7.0 10f.p .(+  + +) +
40. 1-Methylbenz[a]anthracene 8.0 12 +
41. 5-Methylbenz[a]anthracene 4.5 19 + +
42. 6-Methylbenz[a]anthracene 7.0 4 + + +
43. 7-Methylbenz[a]anthracene 6.5 9 + + +
44. 8-Methylbenz[a]anthracene 4.5 16 + + +
45. 10-Methylbenz[a]anthracene 3.0 26 +
46. 11-Methylbenz[a]anthracene 5.5 15 +
47. 12-Methylbenz[a]anthracene 6.5 12 + + +
48. 3,9-Dimethylbenz[a]anthracene 2.5 21 f.p .(+  + +) 0
49. 7,12-Dimethylbenz[a]anthracene 5.5 5 + + +

Cholesterol (without PAH) - 50 -
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tensified colloid form ation, they are seen to result 
in weakened colloid form ation in the azo dye/cho­
lesterol system. The different polarity  o f these 
substances is certainly the cause o f these contrad ic­
tory reactions.

Reaction during PAH Azo dye
precipitation (non-polar) (polar)

Crystallization rate high low
of aromatic compound
Non-specific adsorption slight strong
of aromatic compound to
cholesterol

The non-polar PAH intensify the colloid form a­
tion by increased nucleus form ation due to epitac- 
tic interactions with the cholesterol. The polar m o­
lecules o f the azo dyes, on the o ther hand, are pre­
sumably adsorbed completely non-specifically 
onto the crystal nuclei o f the cholesterol, inh ib it­
ing their growth and enhancing colloid form ation. 
The epitactic, i.e. specific adsorp tion  th a t is o f spe­
cial interest to us competes with this non-specific 
adsorption, with the result tha t colloid form ation 
is prevented to the degree to which the specific 
crystalchemical interactions, i.e. the epitactic crys­
tallization o f the azo dyes with the cholesterol, are 
intensified. The nucleation o f the cholesterol is un-

Table III. The results o f the experiments with derivatives o f N ,N -
3' 2 ' 2 3

CHC
CH'

dimethyl-4-aminoazobenzene (D M AB) ^ = N ~^0^~ K
5* 6 ’ 6 5 '“ r ' 3

CB = relative solubility in albumin/buffer; see chapter Methods. 
Cmax: see Fig. 3.

Compound c B £max
Carcinogenic 
activity [17, 18, 23, 37]

1. DM AB 8 26 + + 6
2. 2-Methyl- 4 10 0 <1
3. 2'-Methyl- 7 17 + 2 - 3
4. 2.'-Trifluormethyl- - 1 0 14 0 0
5. 2'-Methoxy- 29 32 + 2
6. 2'-Fluoro- 11 28 + + 7
7. 2'-Chloro- 7 21 + 2
8. 3'-Methyl- 3 36 + + + 1 0 -12
9. 3'-Trifluormethyl- - 2 0 22 0 0

10. 3'-Methoxy- 10 32 + + + 10-12
11. 3'-Fluoro- 6 33 + + + 1 0 -12
12. 3'-Chloro- 7 26 + + 5 - 6
13. 4'-Methyl- 6 14 +/0 <1
14. 4'-Trifluormethyl- 41 45 0 0
15. 4'-Methoxy- 29 37 + 3
16. 4'-Fluoro- 3 46 + + + 1 0 -12
17. 4'-Chloro- - 2 0 28 + 1 -2
18. 4'-Ethyl- 1 47 + + + 10
19. 4'-Amino- 51 18 +/0 0
20. 2',4'-Dimethyl- 6 12 0 0
21. 2',4'-Difluoro- 4 37 + + + > 10
22. 2',5'-Dimethyl- 8 11 0 0
23. 2',5'-Difluoro- 4 38 + + + > 10
24. 2',5'-Dichloro- 18 12 0 0
25. 2',4',6'-Trifluoro- 7 35 + + + > 10
26. 2',4',6'-Trichloro- 15 15 0 0

Cholesterol - 50 - -

(without azo dye)
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likely to be influenced, as the po lar azo dyes crys­
tallize relatively slowly from the aqueous solution.

If  the solubility is taken into consideration there 
is an evident correlation between the carcinogenic 
potency and the m easured Cmax as shown in Fig. 5. 
The higher the solubility the m ore rapidly the car­
cinogenic potency o f azo dyes decreases. N either 
false-positive nor false-negative exceptions have 
been observed to date.

o

. - • 2  3

o X  1'2
0 /  ........

0 /  ' 7 10
°  .'2-3 2 ; 5% I 10 <1. ; 10

<1 ; : 10-10
10 10

10

0 10 20 30  40  50
n  max

Fig. 5. Carcinogenic activity of 26 azo dyes as a function 
o f the relative solubility in albumin/buffer (see Cb in 
chapter Methods) and the measured Cmax (see Fig. 3). 
Numbers are in accordance with the indices o f carcino­
genicity according to Miller [17, 18] for 26 dimethyl-yel­
low derivatives o f Table III. The broken lines indicate 
the fields o f equal activity.

Discussion

A lthough there is still a lack o f  inform ation on 
the structure and com position o f  the colloids, it is 
possible to state with certainty th a t specific in te r­
actions take place during the m utual precipitation 
or crystallization o f the cholesterol with the a ro ­
matic com pounds. The strength o f  these in terac­
tions correlates w ith the carcinogenicity of the a ro ­
matic com pounds involved (see Fig. 4 and  5). 
Since the m olar ratio  of crystallizing arom atic 
com pound to cholesterol was only 1:30 in all ex­
periments, one can speak o f a “catalytic po ten ­
tia l” , by means o f which the arom atic com pounds 
are able to influence the nucleation and crystalliza­
tion o f cholesterol and thus the developm ent o f 
colloids.

N one o f the previously known properties o f the 
parent arom atic com pounds correlates so strongly 
with the carcinogenic behavior as these crystal 
chemical interactions. Such interactions can there­
fore reasonably be assumed to play a significant 
role in the first step o f carcinogenesis. F or exam ­
ple, crystal nuclei o f a carcinogenic arom atic com ­
pound m ight form a specific substrate adsorbing 
cholesterol bonded to the plasm a m em brane o f a 
cell as directed by its structure. In this case, the 
m obile liquid-crystalline phase o f the m em bran- 
bonded cholesterol will be transform ed by being 
fixed to  the substrate into a crystalline immobile 
phase. The crystallization o f the cholesterol can re­
sult bo th  in the changing o f the conform ation and 
reactivity o f neighboring molecules as well as in 
the preventing o f lateral movement in o ther m em ­
brane com ponents [20].

Since the initiation takes place during the transi­
tion from  the G r  to the S-phase in the cell cycle 
[21, 22], exactly at the m om ent when the micro vis­
cosity o f  the cell m em brane lipid layer reaches a 
m inim um  [19], it can be supposed that at this time 
im portan t m em brane structures are usually dupli­
cated. The specific disturbance of the m em brane 
synthesis by the crystallization o f the cholesterol 
probably  results in the daughter cells inheriting an 
anom alous m em brane architecture. The highly in­
teresting observation m ade by Beisson and Sonne- 
born [24] tha t purely phenotypic features o f a cell 
m em brane can be inherited independently o f the 
genom  provided repeated impetus for the view 
that specific m em brane structures may act as their 
own tem plates in further m em brane synthesis [25 - 
27], A ltered structures would then be inherited in 
subsequent generations.

We are faced with the rem arkable fact tha t both  
the reactivities o f the m etabolites and crystal 
chemical activities o f the parent com pounds -  
which are completely independent o f the m etabo­
lism — correlate with the carcinogenic behavior. 
F rom  this known fact we can conjecture tha t two 
reactions in different locations are needed for the 
transform ation  o f a cell, one in the interior o f the 
cell and  one on the plasm a membrane.

The same conclusion was recently draw n by 
Y ano et al. [34, 35] when they found a positive co r­
relation between degree o f m em brane changes and 
tum origenic potencies while investigating the reac­
tion o f alkylating agents with m em brane com po-
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nents. Since carcinogenic chemicals are promoters 
as well as initiators, a tten tion  should be given to 
the possible prom oting activity of a changed mem­
brane architecture.

Fig. 6. Simplified scheme o f  possible interactions during 
carcinogenesis. It seems quite conceivable that irreversi­
ble alterations in two different locations are needed for 
the transformation o f a cell, one in the interior o f the cell 
(D N A ) and one in the plasma membrane.
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