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Carcinogenic non-aminoazo dye 1-phenylazo-2-hydroxynaphthalene (Sudan I) is oxidized by microsomal
cytochromes P-450 to reactive melabolite(s) binding to macromolecules (nucleic acids, proteins) in vitro.
The extent of binding to macromolecules proceeded in the order: protein > rRNA > tRNA > DNA. The
pattern of products formed from Sudan I and binding of the reactive metabolites of this compound 1o
macromolecules are dependent on the concentrations of Sudan |, NADPH and on the duration of the incu-
bation. The participation of the adducts formed with macromolecules in the initiation of chemical carci-
nogenesis is discussed.

The non-aminoazo compound Sudan I (1-phenylazo-2-hydroxynaphthalene) is a hepa-
tocarcinogen and a urinary bladder carcinogen in mice and rabbits»2, It was found
previously that microsomal enzymes of rat liver metabolized Sudan I mainly to C-
hydroxy derivatives and formation of the benzenediazonium ion was also detected. The
binding of Sudan I activated by the microsomal system, to DNA in vitro was also
ascertained. The benzenediazonium ion has been supposed to be the ultimate carci-
nogen responsible for the formation of DNA adducts®4,

The present paper continues our studics of Sudan I metabolism by microsomal enzy-
mes and it demonstrates the binding of the activated Sudan I not only to DNA, but also
to RNA and microsomal proteins.

EXPERIMENTAL

Chemicals

Sudan I (1-phenylazo-2-hydroxynaphthalene) (British Drug llouses), calf thymus DNA and NADPH
(Boehringer Mannheim, F. R. G.), 5,6-benzofllavone (Sigma, U. S. A.) and other chemicals (Lachema Brno,
Czechoslovakia) were of analytical grade. Ral liver tRNA was prepared as described by Rogg et al.’,

The labelled 1[U-"*C]phenylazo)-2-hydroxynaphthalene (4'C-Sudan 1, 20 MBq mmol™') was synthe-
sized as described in an carlicr paper® from [U-"Claniline (The Radiochemical Centre, Amersham,
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England) and B-naphthol, and purified by column chromatography on basic alumina and preparative thin-
layer chromatography (TLC) on silica gel. The labelled compound was stored in a methanol solution at -5 °C.

Subcellular Preparations

Male Sprague-Dawley rats (about 100 — 150 g) were injected i.p. with 0.4% 5,6-benzoflavone dissolved in
maize oil (60 mg kg™ body weight) once a day for 3 consceutive days. Animals were starved for 16 — 18 h
prior killing, and liver microsomes were prepared as deseribed by Kimura et al.” and stored at =70 °C.

Incubations

Unless stated otherwise, to 1.4 m! of the incubation mixture containing SOmM potassium phosphate buffer
(pH 7.7) and 2mm NADPH, 3.5 mg of microsomal proteins, 100 ! of 3mm C-Sudan [ dissolved in
methanol and 2 mg of DNA or tRNA were added. The mixtures were extracted aflter incubation (37 °C,
120 min) with ethyl acetate (2 x 2 ml). The amounts of reaction products and of the residual 1*C-Sudan [
were determined in ethyl acetate extracts as described previously>®, Microsomes were reisolated from the
residual aqueous phases by centrifugation (60 min at 105 000 g, 4 °C) and both, pellets and supernatants
were collected separately. The extraction of Sudan | metabolites by ethyl acetate does not change those
properties of microsomal proteins which are essential for their reisolation by centrifugation®®, Pellets of
microsomes were then resuspended in one ml of 50mm Tris-1ICl buffer, pH 7.5. One milliliter of 80%
phenol and 1 ml of chloroform were then added to the resuspended microsomes, mixtures were shaken
vigorously and centrifuged (10 min at 5 000 g, 20 °C). The aqueous phases were transferred into other test
tubes and the phenol-chloroform extraction procedure was repeated. Small volume (100 ul) of 3M sodium
acetate was added to the resulting aqucous phases. RNA (mainly rRNA), which is always present in the
microsomal fractions containing ribosomes’, was then precipitated from aqueous phases by ethanol (5 ml).
In experiments with added tRNA or DNA to the incubation mixtures, similar procedure was used. How-
ever, one milliliter of 80% phenol and 1 ml of chloroform were added 10 supernatants obtained after reiso-
lation of microsomes containing tRNA or DNA and the mixtures were shaken vigorously and centrifuged
as described above. Small volume (100 gil) of 3m sodium acelate was added to the aqueous phases. Then,
tRNA or DNA was precipitated by ethanol (5 ml).

Precipitates of nucleic acids were washed with eghanol, ethanol-diethyl ether (1: 1, v/v), diethyl ether
(2 x) and dried under a stream of nitrogen. DNA, (IRNA or rRNA were dissolved separately in 0.5 ml of
distilled water and dialyzed against distilled water for the removal of the impuritics (24 h). The C radio-
activity of nucleic acids was determined in 100 - 400 pl aliquols by means of liquid scintillation counting
(Packard Tri-Carb 2000 CA). The content of nucleic acids was measured specirophotometrically>?, Micro-
somal proteins were then recovered from the phenol-chloroform phases. Acctone (5 ml) was added to the
residual phenol-chloroform layer containing denatured microsomal proteins, Precipitated proteins were cen-
trifuged and washed by acetone (2 x), ethanol (2 x), ethanol—dicthyl ether (1 : 1), dicthyl ether (2 x) and
dried under a stream of nitrogen. Precipitates were dissolved in 1 ml of 0.1M NaOH (at 65 °C) and the '4C
radioactivity of proteins was determined in 100 pl aliquols by means of liquid scintillation counting. The
content of protein was measured by the method of Bradford'® with bovine serum albumin as a standard.

RESULTS AND DISCUSSION

Microsomal enzymes of rat livers containing cytochrome P-450 activate Sudan I to
form metabolites modifying nucleic acids and proteins in vitro. The extent of binding
to microsomal proteins was the highest and proceeded in the order: protein > tRNA >
tRNA > DNA in incubation mixtures containing only microsomes (with the rRNA
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present due to presence of ribosomes) or microsomes and DNA or microsomes and
tRNA. In the absence of microsomal enzymes, no binding was observed (Table I). The
binding to macromolecules is dependent on the concentration of NADPH in incubation
mixtures (Table II).

TaBLE |
Binding of 14C.Sudan I activated by microsomes to macromolecules in vitro. The values given are averages
of three parallel experiments together with standard deviations. For other conditions see Experimental

Binding to*
Reaction mixture

protein DNA tRNA fRNA
Complete 13.90 0.40 0.53 1.52

= 0.90 = 0.02 = 0.02 + 0.05
Without microsomes 0 0 0 0
Without NADPH 0.10 0.01 0.09 0.08

= 0.001 = 0.001 = 0.003 = 0.002

®In nmol mg.

TasLE [1
Effect of NADPLH! on the binding of 14C.Sudan I activated by microsomes to macromolecules. The values
given are averages of three parallel experiments and standard deviations. For other conditions see Expe-
rimental

Binding 10*

NADPH

mM protein DNA IRNA rRNA

0 0.10 0.01 0.09 0.08
= 0.001 + 0.001 = 0.003 = 0.002

0.5 3.50 0.15 0.25 0.70
= 0.01 + 0.009 = 0.009 = 0.002

1.0 8.23 0.30 0.40 1.10
= 0.20 = 0.01 = 0.01 = 0.03

1.5 13.00 0.38 0.50 1.45
=+ 0.90 = (.01 = 0.02 = 0.05

2.0 13.90 0.40 0.53 1.52
+ 0.90 = 0.02 + 0.02 = 0.05

“In nmot mg".
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Furthermore, binding of the activated *C-Sudan I metabolites to macromolecules is
dependent on the length of incubation (Table I1I) and on the amount of *C-Sudan I
present (Table IV). The highest level of binding is reached after 120 min.

Increasing concentrations of **C-Sudan I (up to 0.1 mmol I-!) enbances the binding
to macromolecules, however, under concentrations of *C-Sudan I higher than 0.1
mmol 1! the binding of *C-Sudan I metabolites is decreascd. These results obtained
seem to be rather surprising. The metabolism of *C-Sudan [ by microsomal enzymes
was, hence, studied in more detail. Different concentrations of 4C-Sudan I in the incu-
bation mixture at constant concentrations of microsomal enzymes and NADPH lead to
the formation of different pattern of products. At the concentrations of *C-Sudan 1
higher than 0.15 mmol 17}, major part of products formed are C-hydroxy derivatives of
Sudan I: 1-(4'-hydroxyphenylazo)-2-bydroxynaphthalene (VI) and 1-phenylazo-2,6-
dihydroxynaphthalene (V). Another product, which was detected as a benzenedia-
zonium ion (or the compound raised from this ion-product N*!1is, however, formed as

TapLe I
Dependence of the binding of MC.Sudan 1 metabolites to macromolecules afier aclivation with the micro-
somal system on incubation time. The means and standard deviations were obtained from triplicate determi-
nations. For other conditions see Experimental

Binding to*

Time
min protein DNA (RNA rRNA
0 0.01 0 0 0
= 0.001
10 3.80 0.10 0.18 0.40
= 0.01 = 0.008 = 0.005 = 0.001
20 6.25 0.14 0.25 0.65
+ 0.20 = 0.009 = 0.008 = 0.02
40 8.80 0.20 0.38 1.10
= 0.20 = (.01 = 0.0 = 0.03
60 10.80 0.28 0.48 1.45
+ 0.80 = 0.01 = 0.02 = 0.05
100 13.89 0.36 0.53 1.50
+ 0.90 = (.02 = 0.02 = 0.05
120 13.90 0.40 0.53 1.52
= 0.90 = 0.02 = 0.02 =+ 0.05

“1n nmol mg™",
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the minor portion of products. On the other hand, this product is formed as one of the
major products when concentrations of #C-Sudan I are lower then 0.1 mmol 171, Two
unknown products, I/ and IV, togcther with 1-(4'-hydroxyphenylazo)-2,6-dihydro-
xynaphthalene (/II) and Sudan I (VII) were also detected (Table V). As benze-
nediazonjum jon was determined previously as the ultimate carcinogenic metabolite of
Sudan I which binds to DNA (ref.%), results presented in this paper confirmed the
earlier determinations. If the benzenediazonium jon is formed as onc of the predo-
minant products of Sudan [ metabolism by microsomal enzymes, the labelling of DNA
(RNA or protein) by **C-Sudan I metabolites is very cffective, too.

The formation of benzenediazonium jon from Sudan I by microsomal enzymes is
strictly time-dependent, being formed predominantly at the beginning of incubation
(Table VI). With the increasing duration of incubations, no further formation of this
product is observed, the Sudan I metabolism is changed with respect to production of
C-hydroxy derivatives of Sudan L.

It could be suggested from these findings that reactions leading to oxidative splitting
of azo group of Sudan [ (in other words, to the [ormation of the benzenediazonium ion)
are the first reactions of Sudan I metabolism, carbon atoms of aromatic rings being the
second targets for oxidation (hydroxylation) (Scheme 1). The reaction leading to the

TaBLE IV
Effect of concentration of "*C-Sudan I on the binding of metabolites 10 macromolecules. The means and
standard deviations were obtained from triplicate determinations. For other conditions see Experimental

Binding t0*
1C.Sudan | ¢

mM protein DNA (RNA rRNA
0 0] 0 [¢] 0
0.05 12.83 041 0.61 1.38
= 0.80 + 0.02 = 0.02 + 0.04
0.10 17.31 0.48 0.66 1.53
+ 0.90 = 0.03 + 0.03 = 0.06
0.20 13.90 0.40 0.53 1.52
= 0.90 = 0.02 + 0.02 = 0.05
0.30 12.80 0.36 0.27 0.69
= 0.90 = 0.02 = 0.02 = 0.02
0.40 12.02 0.36 0.24 0.48
= 0.80 = 0.02 = (.02 = 0.02

°In nmo! mg™!,
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SCHEME 1
Producis of oxidation of !*C-Sudan by the microsomal system

Collect. Czech. Chem. Commun. (Vol. 57) (1992)



Carcinogenic Non-Aminoazo Dye Sudan [ 1543

formation of benzencdiazonium jon is apparently rapid (as it possibly may be repre-
sented at the beginning as a pscudomonomolecular reaction, i.c. cleavage of the mole-
cule); the mechanism of reactions leading to C-hydroxylated products may be more
complicated (the insertion of oxygen atom). Hence, when Sudan I is present in the
incubation mixture at low concentrations and the whole amount of Sudan [ is converted
rapidly, this compound could be oxidized mainly to benzenediazonjum ion which is the
reactive ultimate carcinogen.

Formation of differcnt Sudan I products in the dependence on the length of incu-
bation (or on the Sudan I concentrations) could also be explained in another manner.
Microsomal enzymes (cytochromes P-450), which were used in the experiments were
induced by 5,6-benzoflavone. That mcans that the microsomal preparations were rich in

TABLE V
Effect of of 1*C-Sudan | concentration on the proportion of products formed from this compound by the
microsomal system expressed in relative radioselectivity? (%). Incubation mixture without addition of
nucleic acids. For other conditions sce Experimental

Product? Concentration, mmol 17!
0.05 0.10 0.16 0.20 0.30 0.40 0.50
b 78.7 38.5 16.5 12.5 4.1 33 23
+ 0.7 + 0.3 = 0.1 + 0.1 = 0.04 + 0.03 + 0.02
1 33 11.1 6.6 53 14 1.1 1.2
+ 0.03 = 0.1 = 0.6 =+ 0.05 = 0.1 + 0.1 + 0.1
1 55 27.2 19.1 13.3 32 2.3 2.0
+ 05 + 0.3 + 0.2 = 0.1 + (L03 = 0.02 = 0.02
v 24 0.9 0.6 03 0.2 0.2 0.2
+ 0.2 + 0.1 + 0.05 + 0.03 + 0.02 + 0.01 = 0.02
1% 2.0 24 17.0 16.3 21.3 18.7 16.4
+ 0.1 = 0.2 = 0.9 = 0.7 + 1.2 + 03 = 1.0
Vi 42 16.8 36.5 41.4 34.1 26.7 244
+ 0.01 + 1.2 = 0.66 = 0.8 + 0.9 + 2.1 + 1.9
vl 39 3.1 3.7 10.9 35.7 47.4 53.5
+ 0.5 = 0.09 = 0.9 = 1.0 z 31 = 1.9 + 0.8

% Mean and standard deviation; total radioactivity was 217.57, 535.64, 1 017.41, 1 210.34, 2 568.01, 3 146.87
and 4 985.32 Bq for 0.05, 0.10, 0.16, 0.20, 0.30, 0.40 and 0.50 mM MC Sudan 1, respectively, bCompounds
separated by TLC (diethyl cther—petroleum ether 3 : 1) after extraction by cthyl acctate (see Experimental).
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cytochrome P-448 (ref.”). The presence of other isoenzymes of cylochrome P-450 (in
minority) could not, however, be excluded. Cytochrome P-448 present in the micro-
somes in the majority may prefer mainly such an oricntation of substrates which is
more appropriate for the oxidative splitting of Sudan I than for C-hydroxylation. On the
other hand, minor isocnzymes of cytochrome P-450 can prefer C-hydroxylation of
Sudan 1. The products of reactions catalyzed by these minor isoenzymes (because of
their low concentrations) may contribute to the detection of C-hydroxy derivatives, but
only after a prolonged time of incubation (or at higher Sudan I concentrations).
Interaction of chemical carcinogens or their metabolites with macromolecules in the
target cell scems to be an essential event in chemical carcinogenesis in the case of the

. . 2
so called genotoxic carcinogens'? .

TaBLE VI
The time-dependence 1¢C.Sudan I conversion by the microsomal system expressed in relative radioactivity?
{%). Incubation mixture containing 0.16mMm 14¢.Sudan 1 and without addition of nucleic acids. For other
conditions see Experimental

Product® Incubation time, min
0 15 30 60 120
I 0.2 37.5 28.7 16.4 16.5
= 0.01 + 1.8 = 0.9 + 08 = 08
n 0 6.1 9.8 11.7 6.6
= 0.5 + 09 = 0.7 + 04
7/ 0 10.0 10.9 20.0 19.1
= 1.2 + 1.1 + 0.7 = 0.7
v 0 14 1.3 1.2 0.6
= 0.1 = 0.1 + 011 = 0.04
1% 0 9.5 13.1 16.9 17.0
= 0.7 + 08 = 1.0 = 09
vi 0 26.3 30.3 30.2 36.5
+ 1.0 + 18 = 1.3 = 09
v 99.8 9.2 5.9 3.6 3.7
+ 2.5 + 0.9 + 0.4 + 0.2 = 0.2

“Mean and standard deviation: total radioactivity was 1 025.53, 1 047.06, 999.88, 1 001.48 and 1 017.41 Bq
for 0, 15, 30, 60 and 120 min, respectively. b Compounds separated by TLC (dicthyl ether—petroleum ether
3 : 1) after extraction by ethyl acetate (sce Experimental).
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The in vivo binding of C-Sudan I metabolites to nucleic acids of rat livers was
detected previously!® and a predominant interaction with the rat liver RNAs was found.
The results obtained in the in vitro experiments previously!® and in this paper are in
good correlation with the in vivo studics, as in all the cases the preferencial binding of
Sudan I metabolites to the RNA was found. Because of the important role of RNAs in
the translation of the genctic message!’, an evidence has been presented that changes in
the structure of these nucleic acids (caused also by the binding of carcinogens) are
associated with alterations in the metabolites regulation, cellular differentiation and
neoplastic transformation, and of ccli growlh‘sv”’ . Thus, the cffective modification of
RNAs by activated Sudan [ (besides the DNA) could also be implicated into the
neoplastic processes due to this carcinogen. It was described earlier'® that modification
of tRNA by activated Sudan I increases the acceptor activity of tIRNA for L-methionine,
This modification may be important in the modulation of further processes of protein
synthesis (increased protein formation) or in changing the regulatory processes (leading
e.g. to the synthesis of aberrant proteins with modificd biological functions)!4, How-
ever, further extensive studies must be carried out 1o resolve these questions.,

Microsomal proteins are the major targets for the binding of activated Sudan I, as the
binding to these macromolecules is higher than to RNA or DNA when these nucleic
acids are present in the reaction mixture, These proteins are, however, the most readily
available macromolccules for modification in the cell, because of their locations.
Hence, microsomal proteins (similarly as other proteins) which are present in the
wmembrane of endoplasmic reticulum (cytochrome P-450) or in the cytoplasm (other
proteins) can protect nucleic acids against the modification. The study of changes in the
physiological functions of microsomal enzymes resulting (rom their modification with
metabolites of Sudan I will be performed in order to gain results which could enlight
the problems (i) how the modification of microsomal proteins can alter the cellular
processes and (ii) whether it could be implicated in chemical carcinogenesis.

We wish to express our gratitude to the late Professor D. Schmiihl and to Dr E. Frei and Professor
M. Wiessler from the Institute of Toxicology and Chemotherapy of the German Cancer Research Centrum in
Heidelberg (F.R.G.) for the possibility to perform some experiments its laboratories and for the helpful scienti-
fic discussion.
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