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Heterocyclic aromatic amines (HAs) represent a class of
potent bacterial mutagens and rodent carcinogens which
gain their biological activity upon metabolic conversion by
phase | and phase Il enzymes. Subsequent to cytochrome
P450 (CYP)-dependent hydroxylation, mainly catalyzed
by CYP1A2, acetylation mediated by the activity of
N-acetyltransferase, NAT2, produces the ultimate electro-
philic product that may react with DNA. In addition to
point mutations observed in HA-exposed cells as genotoxic
endpointin vitro, loss of heterozygosity (LOH) has often been
identified in HA-related rodent tumors as another endpoint
in vivo. LOH may reflect a chromosomal deletion, a chromo-
some loss or a previous mitotic recombination event and it
represents a prominent mechanism for the inactivation of
tumor suppressor alleles. In this study we have investigated
whether LOH observed in several HA-induced rodent
tumors is related to a recombinogenic activity of HA com-
pounds, and to address this question we have studied the
genotoxic activity of several HAs in metabolically competent
Saccharomyces cerevisiagrains. For this purpose expres-
sion vectors have been constructed providing simultaneous
expression of three human enzymes, CYP1A2, NADPH-
cytochrome P450 oxidoreductase and NAT2 in different
genotoxicity tester strains. Evidence for functional expres-
sion of all three enzymes has been obtained. One strain
allowed us to monitor HA-induced gene conversion, another
one HA-induced chromosomal translocation. A third strain
allowed us to study HA-induced forward mutations in the
endogenousJRA3gene. Itwas found that 2-amino-3-methyl-
imidazo-[4,5-fl]quinoline and 2-amino-3,8-dimethylimidazo-
[4,5-fl]quinoxaline produced a strong recombinogenic
response in either recombination tester strain. The recom-
binogenic activity was comparable with the mutagenic
activity of the compounds. The other HAs, 2-amino-3,
4-dimethyl-imidazo-[4,5-flquinoline, 2-amino-6-methyldi-
pyrido-[1,2-a:3',2'-d]imidazole, 2-aminodipyrido-[1,2-a:3,
2'-d]limidazole, 3-amino-1-methyl-5H pyrido-[4,3-b]indole
and 2-amino-1-methyl-6-phenyl-imidazo-[4,5-b]pyridine,

Abbreviations: CYP, cytochrome P450; 5-FOA, 5-fluoro-orotic acid; Glu-P-
1, 2-amino-6-methyldipyrido-[1,2-a:2’'-d]imidazole; Glu-P-2, 2-amino-
dipyrido-[1,2-a:3,2'-d]imidazole; HA, heterocyclic aromatic amine; hOR,

produced weak or no increases in the genotoxic endpoints of
interest. The described strains may provide a suitable tool
to characterize the genotoxic potential of HAs in more detail.

Introduction

A large number of heterocyclic aromatic amines (HAs) have
been identified in cooked, broiled and fried meat and fish over
the past years (1,2; reviewed in refs 3,4). Several of these
compounds have been classified as potent mutagens in the
Ames assay usin§almonella typhimuriur(i,5) and have also
been shown to act as carcinogens in rodents and monkeys,
inducing tumors predominantly in the liver as well as in other
organs and tissues (6; reviewed in refs 7-10).

HAs require metabolic activation by drug metabolizing-
enzymes to exert their mutagenic and carcinogenic effects
(11). The initial step involvesN-hydroxylation catalyzed
mainly by cytochrome P450 (CYP)1A2 (12-14), followed by
O-acetylation catalyzed bi,0-acetyltransferase, NAT2 (15—
17) or O-sulfonation catalyzed by sulfotransferase (18). The
resultingN-acetoxyesters d¥-sulfoxyesters readily react with
protein and DNA via formation of arylnitrenium ions (11).

The major DNA adducts formed by activated HAsvitro
andin vivo have been identified aN-(deoxyguanosin-8-yl)-
HA adducts (19,20) and to a lesser extent, 5-(deoxyguanosin-
N2-yl)-HA adducts (21,22), premutagenic lesions which give
rise to various types of molecular alterationsSityphimurium
HAs preferentially induce frameshift mutations, primarily CG
deletions detected as reversion of thisD3052 allele (23,24).

At higher concentrations, base substitutions, predominantly
GC- TA transversions, and to some extent, also GAT
transitions have also been detected in hies46allele when
revertants were analyzed by hybridization with mutation-
specific oligonucleotides (25). Similarly, using a set of mutant
lacZ alleles located on 'Fepisomes inEscherichia coli
Watanabe and Ohta (26) showed th&€19.5% of HA-induced
mutations were —2 frameshift mutations, whereas only a small
amount were GG, TA transversions. Recently, Broschaatdhal.

(27) characterized 2-amino-3-methylimidazo-[4,5-fl]quinoline
(IQ)-induced forward mutations in the yeaktRA3 gene

as target located on a ColEl-derived plasmid. The system
comprisedn vitro mutagenesis of the plasmid with chemically
activated 1Q followed by transformation inti.coli. It was
found that the specific nature of genetic alteration depended
on the extent of base modification: at low ratios of 1Q adducts/
plasmid base substitutions, mostly G@T transitions (~70%)
predominated, whereas at higher plasmid modification levels,
complex DNA rearrangements were induced preferentially.

In mammalian cell systems HAs predominantly induce base

human NADPH-cytochrome P450 oxidoreductase; 1Q, 2-amino-3-methyl-substitutions. Forward mutations selected in the bactsujpF

imidazo-[4,5-flquinoline; LOH, loss of heterozygosity; MelQ; 2-amino-3,4-

dimethyl-imidazo-[4,5-flquinoline; MelQx, 2-amino-3,8-dimethylimidazo-
[4,5-flquinoxaline; NAT,N-acetyltransferase; OAD-acetyltransferase; PhiIP,

target gene present in shuttle vector pSP189 that had replicated
in HA exposed human fibroblasts revealed a high fraction (85—

2-amino-1-methyl-6-phenyl-imidazo-[4,5-b]pyridine; SMZz, sulfamethazine; 93%) of base substitutions, predominantly GTA transver-

Trp-P-2, 3-amino-1-methyl-5H pyrido-[4,3-b]indole.

© Oxford University Press

sions (28). In addition to other base substitutions, such-G&
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transversions were also the major alterations observed &pd acetylCoA were purchased from Sigma (Buchs, Switzerland), amino
the hprt locus of V79 Chinese hamster cells or humanacids Ade and Ura from Merck (Dietikon, Switzerland), yeast nitrogen base

. . - "and bacto agar from Difco (Chemie Brunschwig, Basel), 4-dimethylamino-
Iymphoblast0|d TK6 cells eXposed to the mEtabo“C""”y aCtlv'benzaldehyde from Fluka (Buchs, Switzerland) and 5-fluoro-orotic acid

ated HA-compound 2-amino-1-methyl-6-phenyl-imidazo-[4,5-(5-FoA) from PCR Inc. (Gainesville, FL). DNA modifying enzymes aFe
b]pyridine (PhIP; 29,30). Apart from base substitutions,DNA polymerase were obtained from Boehringer Mannheim (Mannheim,
frameshift mutations involving the loss of a single GC pair Germany). Thermostable DNA polymerase frimermococcus litoraligvent
have been found. Interestingly, analysis of PhIP- and |Q_DNA polymerase) was obtained from New England Biolabs (Beverly, MA).
induced colon tumors in male rats revealed that four out oftrains and media
eight had an identical —1 frameshift mutation resulting in aveast transformants were grown on YM medium (0.67% yeast nitrogen base
GC base pair deletion in @ 85GGA-3 sequence of thépc without amino acids, 2% glucose) containing, if required, the following
tumor suppressor gene, whereas in 13 1Q-induced tumors On@applements: Ade, Ura, Trp and His at 20 mg/l, lle and Leu at 30 _mg/l and
base substitutions were found (31). al at 150 mg/l. Ura mutants were selected on 5-FOA plates consisting of
. . . ... 6.7 g/l nitrogen base, 20 g/l bacto agar, 20 g/l glucose, 1 g/l FOA, 35 mg/|
Although point mutations have been repeatedly identifieyra, 20 mg/l Ade, His and Trp, 30 mg/l Leu and lle, and 150 mg/l Val. YPD
in cancer-related genes, such asasd- p53 and Apc (32—34)  contained 1% yeast extract, 2% bacto tryptone and 2% gluésgherichia
from HA-induced experimental tumors, still other geneticcoli transform_apt_s were selected on LB or M9 medium (46) containing
alterations have emerged. These comprised the destabilizatidA® mg/l ampicilin (Sigma).
of microsatellite sequences as well as loss of heterozygosityeast strains
(LOH), reflected by the complete loss of specific allelesstrain YHE2 MATali, ade2-4Gade2-119 ilv1-92/ilv1-92, trp5-12trp5-27,
(32,34_36)_ ura3A5/ura3A5) (40) was used to monitor allelic gene conversion between

The major consequence of LOH is the loss of heterozygou e heteroallelic trp5 genes by selection for Trpubclones. Strain YB110

A MATa/, ade2-101ade2-101 ura3-52ura3-52 his3-A200his3A200, leu2

alleles, and by loss of the wild-type allele of a gene a g ;" ca| 1 his3a5/GALL trpl-his3A3/ipl-Al, LYSZlys2-80) (41)

previously masked mutant a"e_le may be uncov_ered. AParfas used to quantitate chromosomal translocation by selection for. His

from chromosomal non-disjunction and large deletion, mitoticMonitoring of mutations ifURA3was performed with strain YGP1BvWATa,

recombination has been suggested as an important underlyimg3-1115, ts1). This strain was obtained upon a tetrad dissection of a diploid

mechanism Ieading to LOH (37; reviewed in ref. 38). |ndeed,strain that resulted from the crossing of YSIEATa, hisS—lJ,lS, leu2-3

a mitotic recombination event occurring in, @hase of the 112 urads) (47) to strain D7-5DsINIATa, ade2-4Q trp5-12, ilv1-92, ts1)

I le b h | h il lead (48) which was a generous gift of Prof. P.Venkov (Bulgarian Academy of
cell cycle between homologous chromosomes will lea tcSciences, Sofia, Bulgaria) and contains the ts1 mutation which has been shown

homozygosity of all markers distal from the crossing-over siteo increase the permeability of the cells towards various toxic compounds.
in 50% of the mitotic divisions. Thus, any activity of a given g ierial strains

chemical to induce mitotic recombination may contribute toEscherichia colistrain DHEF' [F', endAl hsdR17 SUpE44 thi-1, recAl

LOH and thereby lead to allelic loss, e.g. of heterozygousgy agg rela1, g80dlaczaM15, A(lacZYA argh U169] was used for plasmid
tumor suppressor genes. Since a considerable fraction of HAwonstructions and transformation experiments. Strain MC1G6aD{139
induced rodent tumors exhibited LOH we addressed the(ara, leu)7697 lacAX74 galU, galK, hsdR2 strA, merA mcrB] (49) or
guestion of whether a recombinogenic activity of HA com- strain KC8 bisdR leuB60Q pyrF::Tn5, hisB463 lacAX74, strA, galU, K) (50)
pounds could be detected apart from their mutagenic activity/as used for plasmid rescue from yeast.
and how the two activities compared with each other quantitPlasmid constructions
atively. DNA manipulations were performed according to standard protocols (46).
Xenobiotic-induced mitotic recombination can be easilyPCR amplifi}ffi/ﬁon gfflfDN/?Nfraggenlts VC\’/aBS Olloge) inz g\oﬁbreﬁctiondvolumle
H i H Tl containin ent buffer (New Englan lolabs), n asmid template,
identified in the lower eukaryot&accharomyces cerevisiae (970%R3.F S > o N o8 N Taq and 095 U vent DNA
Various strains are available to mP”'tor distinct recomblnath olymerase. PCR was performed in a thermal cycler from HYBAID (Model
related events like gene conversion (39,40) and translocatiofo. HB-TR1) and the reaction mix was overlaid with two droplets of mineral
(41). Moreover, various human cDNAs coding for drug oil (Sigma). Cycling comprised 29 cycles of 60 s at 94°C, 30 s at 54°C, 60 s
metabolizing enzymes that are required for the activation ofit 72°C and a single final elongation step of 120 s at 72°C. The PCR products
polycyclic aromatic compounds have been expressed in thedr® grelc'rﬁ’]ﬁtg%ﬂ;‘ ethanol and dissolved in('E Buffer (10 mM Tris
strains (40,42-45). This strategy solved the problem of specifit ;2 PBSSK-hNAT2 (51) containing the wild-type hunMAT2cDNA,
metabolic incompetence of tt&cerevisiaestrains. Moreover, e the NAT24 allele (52-54), was a generous gift of Prof. Dr U.Meyer
the expression of human enzymes in the genotoxicity testqUniversity of Basel, Switzerland). ABcaRl site was introduced 10 bp %o
strains ensured the occurrence of human-specific metabolistme initiation codon of theNAT2 gene in pBSSK-hNAT2 by site-directed

of the compounds of interest, thus overcoming problems relatefutagenesis using single-stranded DNA isolated fiGroli transformants
to species specificity upon infection with helper phage R408 (Stratagene, La Jolla, CA) and a

. . . .. 29 bp oligonucleotide (STTTTATGTTTTGGAATTCTTAGGGG-3, where

In this paper we describe the construction@iterevisiae jjered bases are indicated in bold and the rEseRI site in italic). The
strains actively co-expressing the cDNAs for hun@YiP1A2  resulting 1.1 kbEcoRI fragment was subsequently isolated from an agarose
NADPH-cytochrome P450 oxidoreductadeOR) and NAT2 gel and cloned in th&caRl site of the centromeric yeast expression vector
necessary for the activation of HAs to Carcinogens_ Wé)HE46.(42). These manipulatiqns_resulted in plasmid pGP10, whei¢An2
observed that several HAs, upon metabolism to reaCtivéDNA is flanked by the constitutive promoter of the yeast glyceraldehyde-

. - o . . . osphate-dehydrogenase ge@APDH) and the terminator of the yeast acid
products in yeast, induced mitotic recombination either detecteﬂiosphatase genBIOS), respectively. In order to clone AT 2expression

as gene conversion or chromosomal translocation as well agssette into a high copy vector, the 1.9 Xhd—Sad fragment was first
forward mutations. Our newly established strains may represenrtibcloned into theXno-Sad-digested pCENEX645 (55) so that tieAT2

avaluable tool to study HA metabolism and further characteriz&xpression cassette, now flanked Nyt sites, could be inserted into the

; unique Notl site of 2 u vector pNW144 (56), resulting in vector pGP90
the genetic consequences of HA exposure. (Figure 1). To construct plasmid pGP100 the 5.74ia fragment of plasmid

: pCS316 (43) containing the sequences for replication and selectigredat,
Materials and methods the URA3gene for selection in yeast and part of the equence was isolated
Chemicals (Fig. 2). Self ligation of this fragment resulted in plasmid pMini harboring a
The HA compounds were purchased from Toronto Research Chemicalsingle Sph site between théJRA3 gene and the partial B sequence. The
(Ontario, Canada) and dissolved in dimethyl sulfoxide. Sulfamethazine (SMZNotl fragment isolated from pGP90 was made blunt using Klenow polymerase
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Xba | Xba |

Sph |
Scal Scal
CS316
P URA3 ori
17.2kb hOR CYP1A2 2p URA3 Amp S31
316
Not| Not! P pun 5

PGP0 2 micron
13.7kb NAT2 2u URA3  Amp

Sphl Sphl Sca | Xba |
pGP100 Sea!
19.1kb  por cYPIAZ2 2p NAT2 URA3 Amp

; URA3 ori
sk Y o 20 hss  Amp - PMInINAT :3:
Sac |

pGP110

194k 0 Cypras 21 NATZ his5  Amp Sac!
Fig. 1. Schematic representation of relevant yeast expression vectors. Fig. 2. Scheme describing the construction of vector pGP100. In a first step,
CYP1A2 hORand selection markers are denoted as open arrows. The ~ Plasmid pMini was constructed by selfligating the sméil fragment of
hNAT2expression cassette is depicted as black arrows andigbenarker pCS316. Subsequently, tNAT2 expression cassette (black arrow) was

as shaded arrows. Thel@sequences necessary for replication in yeast are inserted into the uniqu8pti site of pMini to give pMiniNAT. The resulting

depicted as open boxes. Only relevant restriction sites are shown and the Plasmid was linearized &ad and cotransformed into yeast with the large
map is drawn to scale. Scd fragment from pCS316 to give pGP100 upmnvivo recombination.

Expression cassettes for hum@yP1A2(open arrow) andhOR (shaded
arrow) are depicted. The black bars represens@quences. The used

and phosphorylate8pH linkers (New England Biolabs) were added by ligase restriction sites are indicated by small arrows. Plasmids are not drawn to
treatment. After heat inactivation of ligase, the fragment was first cleavedscgle.
with SpH and then, after purification by gel electrophoresis, ligated in the
unique SpH site of pMini, resulting in vector pMini-NAT.

pMini-NAT was linearized bySad digestion and isolated from an agarose
gel. Plasmid pCS316 was digested w&hd and the fragment containing the
CYP1A2andhORexpression cassettes as well as the entisesBquence was
isolated. Aliquots of 0.fig of both linear DNA fragments were co-transformed
into yeast strain YS18 according to the protocol described by Kethal
(57). After selection of transformants on YM His, Leu plates, plasmids were
rescued from yeast. For this purpose genomic yeast DNA was isolated by tl
method of Hoffmann and Winston (58) from 4 ml YM His, Leu cultures.
After further phenol purification and ethanol precipitation 25-50% of the
yeast DNA was used to transform chemically competent MC1061 accordin ] . o
to the protocol described by Hanahan (59). The rescued plasmids Wegglmunologlcal detection of human proteins in yeast extracts
characterized by restriction analysis and the resulting plasmid pGP100 was For immunological detection of NAT2, supernatants from the yeast crude
transformed into yeast strains YB110 and YHE2. A crude description of thesextracts described above were further purified by additional centrifugation at
plasmid construction without any details has recently been presented in the 10@ 0 60 min at 4°C. The proteins in the supernatant were
form of a congress report (60). separated by SDS—PAGE as described by Laemmli (62) and transferred onto

Expression vectors pGP105 and pGP110 containingStierevisiae HIS3  nitrocellulose membranes (Hybond ECL from Amersham). Blotting was
homologuehis5 from Schizosaccharomyces pomivere constructed as fol- performed in blotting buffer (25 mM Tris pH 8.3, 192 mM lycine, 20%
lows: Thehis5gene ofS.pombdocated on vector pFA6a-HIS3MX6 (61) was MeOH) for 80 min at 100 V using the Mini Trans-Blot Transfer cell from
amplified by PCR using primer S1 '(FAATCTCCGAACAGAAGGAA- Bio Rad (Glattbrugg, Switzerland). For immunological detection the membrane
GAACGAAGGAAGGAGCACAGCGTACGCTGCAGGTCGAC-3 and S2 was first blocked overnight with 5% low-fat milk in TBST [5 mM Tris pH 7.6,
(5'-CAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAATC- 150 mM NaCl, 0.1% Tween-20 (v/v)] and then incubated for 3 h with a
GATGAATTCGAGCTCG-3) exhibiting 18—19 nucleotides homology (under- 1:1000 dilution of a rabbit polyclonal antiserum raised against human NAT
lined) to the pFA-HIS3MX6 multicloning site. The’ fextensions of these (a generous gift from Dr D.Grant, Hospital for Sick Children, Ontario,
primers contain 40 nucleotides which are homologous to the region immedi- Canada). To suppress non-specific binding of the rabbit serum, 8.8 ml protei
ately downstream of the start codon and to that upstream of the stop codaxtract (7.2 mg/ml) prepared from the parental strain YB110 was added to
of the S.cerevisiae URA8ene on pCS316, respectively. Aliquots of 500 ng 10 ml of the diluted antiserum. After washing the membranes once for 15 min
of the resulting 2 kb PCR product and 500 ng of undigested pCS316 omnd twice for 5 min with TBST, a 1:3000 dilution of the secondary peroxidase-
pGP100 were used to transform YS18. After 3 days selection on minimal labelled antibody (purified goat anti-rabbit IgG; Bio-Rad) was added in 10 ml
plates containing Leu and Ura the colonies were streaked out on 5-FOA platéEBST, 5% (w/v) low-fat milk. After 1 h incubation with the secondary
to eliminate clones that retained th¢RA3 plasmids pCS316 or pGP100. antibody, the membrane was washed with TBST as described before and
Plasmids were rescued as described previously and transformed i K6I8 peroxidase activity was detected using luminol as substrate (SuperSignal;
cells. Escherichia colitransformants were first selected on LB Amp plates Pierce, Rockford, IL) and exposing the blot to X-ray film (X-OMAT; Kodak,
for 1 day at 37°C and then replicated otaoli M9 minimal plates containing  Rochester, NY) for 5-10 min.
100 mg/l Leu, 20 mg/l Trp, 20 mg/I Ura and 100 mg/lI ampicillin but lacking Immunological detection of hOR and CYP1A2 in crude extracts was
His to select for vectors which had replaced tWRA3 gene with thehis5 performed similarly, except that the blots were probed with a 1:1000 dilution
gene ofS.pombePlasmids of such transformants were isolated and analyzed. of arabbit antiserum directed against rat oxidoreductase commercially obtained
The resulting vectors pGP105 (expressing hun@¥P1A2and hOR and from Oxygene (Dallas, TX), or a 1:1000 dilution of a rabbit antiserum against
pGP110 (expressing hum&@yYP1A2 hORandNAT2 were used to transform mouse CYP1A enzymes (a gift of Prof. U.A.Meyer).

the his3 strain YGP1B. Determination of NAT2 activity

Preparation of yeast protein extracts from S.cerevisiae cells Enzymatic activities of yeast extracts were measured essentially as described
Protein extracts were prepared from cells growing exponentially at 30°Chy Andreset al. (63). An aliquot of 50ul yeast crude extract (5-10 mg
Cells from a 100 ml culture were harvested by centrifugation and resuspended protein/ml) was added to a final reaction-voluhmnfedding 0.1 mM

at 2x10° cells/ml in disruption buffer [0.1 M Tris pH 7.5, 1 mM EDTA, SMZ and 0.5 mM acetylCoA. The reaction was stopped by addingl 25%
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1 mM DTT, 10% (v/v) glycerol) containing proteinase inhibitors (Complete
Protease Inhibitor Cocktail; Boehringer Mannheim) after washing the cells
twice in ice-cold disruption buffer. Subsequent to the addition of 2 vol chilled
glass beads (0.45-0.55 mm), the cells were broken by heavy vortexing five
times for 60 s. The efficiency of cell breakage was inspected under a
microscope followed by recovery of the extract by use of a drawn out Pasteur

ipette. The glass beads were washed once with 1 vol disruption buffer
ontaining proteinase inhibitors. Cell debris was removed from the pooled
extracts by a centrifugation step for 20 min at 15 @0and the supernatant
was recovered.
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(wiv) TCA after an incubation for 30 min at 37°C, and 7fD5% (w/v)  brief the NAT2 expression cassette was subcloned into pMini
4-dimethylamino-benzaldehyde dissolved in acetonitrile was added to dete({hat contained partial homology to plasmid pCS316 (Figure
unreacted substrate by measuring absorbance at 450 nm. 2). Linearized pMini and digested pCS316 were then co-
Recombination tests transformed into theira3 strain YS18. Self-ligation of either

The recombination tests with strain YHE2 or YB110 were carried out as, : : :
described previously (64). In brief, exponentially growing cells in supple-plasmld fragment alone would not result in a functional

mented minimal medium (YM Ade, lle, Trp, Leu, Val for YHE2 and YM repllcatlng yeast vector because only .the fragment from pMini
Ade, His, Trp for YB110) were collected by centrifugation and resuspendedcontained theURA3 gene for selection whereas only the
in 0.1 M sodium phosphate buffer (pH 7.5) to a cell density of ¢élls/ml  pCS316 fragment contained the entirquXequence for the

for strain YHE2, or X 10° cells/ml for strain YB110, respectively. Aliquots replication in yeast (Figure 2)_ Yeast transformants were plated
of 1 ml of the cells were exposed to different concentrations of HAs for 4 h . 2 . - -
at 30°C in a rotary shaker. After exposure, the cells were collected b;P” u_raC||'deﬂC|em meqlu_m and pl_asmlds were rescue_d _'n
centrifugation, washed once and resuspended in supplemented minimhi.COli. Subsequent restriction analysis showed that the majority
medium at a density of 810° for YHE2 or 8x10° cells/ml for YB110,  (eight of nine) of the transformants contained the correct

respective_ly. Sample of 1Q(D| of the _ceIIs were plated _directly on plates for plasmid with all three expression cassettes, arguing that the
the selection of Trp or His" recombinants. To determine survivors the cells g,] Vivo recombination was very efficient

were appropriately diluted and spread on YPD plates. The plates wer . .
incubated at 30°C for 4 or 2 days, respectively. The expression vectors described above carry WRA3

Mutation assays gene as yeast select_lon marker. To further prpwdg fche p055|b|l|ty
YGP1B transformants were grown in YM and exposed to mutagens at &0 us_e the genon_n_dJRAa gene for the identification of
density of 13 cells per ml in 0.1 M sodium phosphate buffer (pH 7.5). After mutations, an addltl_onal set of expression vectors was con-
4 h the cells were washed with YPD and the survivors were titrated on YPDstructed carrying thaisSgene ofS.pombes selection marker.
P'atgs- To a“fiW eXpression of th; Urﬂge“%type’ 0-2hm' of the Ce“ShWI?S For this purpose thdis5 gene was first amplified in a PCR
used to inoculate 10 ml YPD and incubated overnight in a rotary shaker ; ; T

30°C to allow growth for six to seven generations. The cells were resuspend?aeacnon using vector pFA§a His3MX6 as template and the
to a density of 18 cells per ml and 10Qul aliquots were plated on YM His, ~PrMers S1 and 52 (Materials a_nd methods). The product of
Leu, Ura plates supplemented with 5-FOA for the selectionraB mutants. ~ this PCR resulted in a completés5 gene flanked by 40 bp

To quantitate survivors, 100l aliquots of a 10° dilution were plated on sequences that are homologous to nucleotides —149 to —110
YPD. Plates were incubated at 30°C and scored after 2 days for survivorapstream and 146-185 downstream of URZ‘ABOpen reading

and after 3 days foura3 mutants. -

o } frame on pCS316 or pGP100. Each circular vector and the
Statistical analysis _ _ o PCR product were co-transformed in strain YS18 followed by
Recombination and mutation frequencies were analyzed statistically by Pelascue inE.coli as described in Materials and methods. Since
forming a Student’s-test on the data. ’ . . s . L

the vectors contained no suitable restriction sites near or within
theURA3gene, linearization was not possible, an experimental
detail leading to a dramatic decrease in the formation of the

Extracellular activation of HAs may pose problems with yeasdesired recombination product. To overcome this problem and

In the standard Ames test (65), the inability®typhimurium 0 eliminate non-recombinant plasmids, the;HlEansformants
cells to metabolize promutagens is solved by inclusion of rayvéré further selected on 5-FOA-containing plates prior to
liver S9 extract in the incubation mixture. Although this systemrScue of the vectors ig.coli KC8. The S.pombe hisgene
works well with bacteria, we found that such extracellularcomplemented thiisD mutation in KC8 allowing for selection
metabolic activation of HA compounds was inefficient with Of hisS-containing transformants on M9 minimal plates
yeast as the indicator organism. Compared with intracellulafMaterials and methods). Plasmid pGP105 and pGP110, which
activation of HAs in yeast (see below), the incubation of HAsresuIt.ed from this selection procedure, were tr.ansformed. in
with S9 gave rise to only a marginal increase in translocatiorin€ his3 strain YGP1B, upon a careful restriction analysis
frequency, the genetic endpoint detected with strain yB11dVhich revealed their correct structure (data not shown).

(data not shown). This was not surprising taking into accountmmunological detection of human NAT2, CYP1A2 and hOR
the low acetylation activity detected with benzidine as substratgrotein

in S9 extract (66). For this reason we decided to EXpress th?o see whether the different human cDNAs were expressed
necessary enzymes in our genotoxicity tester strains. to stable proteins in yeast harboring the newly constructed
Construction of vectors for the expression of human NAT2 irplasmids, crude extracts of such transformants were prepared.
S.cerevisiae For the detection of NAT2 protein, the extracts were further
With the objective to obtain arS.cerevisiaestrain able to purified by a high-spin centrifugation as described in Materials
metabolize HAs to the respective genotoxic products, a set gind methods, and NAT2 protein was detected in a western
new vectors has been constructed for the expression of tHgot using a polyclonal rabbit antiserum raised against human
wild-type humanNAT2 alone or in combination with human NAT. As shown in Figure 3, the specific NAT2 band was
CYP1A2andhORas described in Materials and methods andonly present in extracts prepared from pGP90 or pGP100
Figure 1. In brief, theNAT24 cDNA was manipulated transformants, but not in extracts prepared from pNW144 or
by site-directed mutagenesis and cloned between expressipCS316 carrying strains. The size of the detected band (31—
signals in a low copy yeast vector (Materials and methods)32 kDa) was in good agreement with the calculated molecular
From there the expression cassette was recovered and insertedss (33.5 kDa) of human NATZ'he weak bands visible
into vector pNW144 to give pGP90 which replicates at highdirectly below theNAT2 band are non-specific, since they
copy number in yeast. Plasmid pGP100 for co-expression aippeared also in the control extracts prepared from pNW144
humanNAT2 CYP1A2and hOR was constructed bin vivo  and pCS316 transformants. Nevertheless, the western blot
recombination because vector pCS316, which was the bastonfirmed that human NAT2 protein was successfully
for pGP100, was considerably large (17.2 kb) and containeéxpressed in yeast into a stable protein.

no single restriction sites for cloning of a further cassette. In CYP1A2 and hOR were also detected in the transformants,
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Fig. 3. Western blot analysis of human proteins expressed in yeast. High spin supernatants from crude extragt9(d@in/lane) of yeast strain YB110
transformed with the indicated plasmids (left blot) were electrophoresed on a 10% SDS—polyacrylamide gel, transferred to nitrocellulose arehatethun

with a polyclonal rabbit antiserum raised against human NAT. The upper and lower blots on the right derived from 7.5% SDS—polyacrylamide gels and each
contained 5Qug protein per lane prepared from the indicated transformants. The blots were probed with an antiserum directed against rat NADPH-
cytochrome P450 reductase (upper blot) or mouse CYP1A enzymes (lower blot). The arrows point to the specific bands on the blot. Size markers are
indicated.

except in those transformed with vector pNW144 or in non-
transformed YGP1B. In the case of hOR, clean specific bands
were seen with some degradation products in strain YGP1B.  yyespcsate
Loading of equivalent amounts (509 protein per lane) was

verified by staining the blots with Ponceau S (not shown) YHE2 pGPS0
prior to probing with antisera, allowing a semi-quantitative

evaluation of the expression level. In the case of CYP1A2,  vue2parico
the antiserum detected for unknown reason some non-specific

bands in addition to the indicated specific band. A comparison ya11o pNw144
of band intensities argued for a somewhat higlafP1A2

expression level or protein stability in YHE2 transformants  ys11o pcsate
compared with YB110 and YGP1B transformants.

NAT2 activity in yeast YB110 pGP90

In order to test whether NAT2 activity was present in yeast,
the same crude extracts that have been used for western blot
analysis were subjected to a photospectrometric assay using
SMZ as specific NAT2 substrate.

The results shown in Figure 4 clearly argued that human
NAT2 was expressed in yeast to an enzymatically active form
because only strains transformed with pGP90, pGP100 or ... bGP110
pGP110 exhibited substantial NAT2 activity, whereas the I ) ) , ) ) '
strains transformed with either vector pNW144, pGP105 or 000 200 400 600 800 1000 12.00
plasmid pCS316 showed no detectable NAT2 activity. The
fact that no NAT2-related activity was present in vector-
transformed strains provided us with the opportunity to Study:ig- 4. Enzyme activity of the expressed NAT2 protein from crude extracts
the human enzyme in a clean background. of yeast cells using SMZ as substrate. Fifty microliters of crude extracts,

. . prepared from YHE2, YB110 or YGP1B transformants carrying the
_ Successful expression of th&RcDNA on plasmid pGP100  ingicated plasmids were used for the assay. Values are represented as the
into functional enzyme was ('j(?mO_nStl'a'[E'd by determination oheans of three independent determinations. Standard deviations are
cytochromec reductase activity in crude extract (data notrepresented by bars.

shown). Evidence for expression 6Y¥P1A2into a functional

enzyme was obtained indirectly (see below). logous chromosomes resulting in a functiord$3gene. Both
Activation of HAs to recombinogenic products in yeast recombination events provide an easily selectable phenotype
Having obtained evidence for faithful expression of the threeand occur spontaneously at frequencies of 1439.4X107°

human cDNAs into catalytically active enzymes in yeast, we  andx1d.9x107, respectively, where means and standard
investigated whether metabolically activated HAs would inducedeviations were determined from 28 values. These frequencies
mitotic recombination in this organism. To address this question were well in line with previous data determined with the two
the S.cerevisiaestrains YB110 and YHE2 transformed with strains (44,64), thus the expression of the human enzymes
pGP100 or other plasmids were exposed to HAs. Strain YHE2  apparently had no influence on the occurrence of spontaneous
allows monitoring of gene conversion between two defectivaecombination.

trp5 alleles which reconstitutes a functiondlRP5 gene, The yeast cells were exposed for 4 h to different concentra-
whereas strain YB110 detects chromosomal translocatiorntsons of HAs and recombinants were scored as described in
between two truncatehlis3 fragments located on non-homo- Materials and methods. When the cells were exposed to 1Q,
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Fig. 5. HA-induced gene conversion, translocation and point mutation in yeast. The different genotoxic endpoints detected with the respective strains are
depicted above each panel of graphs. Chromosomes are numbered with roman numerals. Mutations responsible for gene inactivation are depicted as fille
circles. Strain YHE2A), YB110 B) or YGP1B () expressingCYP1A2andhOR (white columns) oiICYP1A2 hORandNAT2 (black columns) were

exposed to HAs as described in Materials and methods. The means and standard deviations (bars) were determined from three independent edperiments in
experiments except those with Trp-P-2 where only two experiments were performed. Note the different scale in (B) for the compound 1Q.

dose-dependent increases in gene conversion and translocation Subsequent experiments were performed where the met
frequencies were found. At the highest concentration testetolically competent tester strains were exposed to additional

this HA compound elevated the gene conversion frequency = HA compounds. These experiments revealed that 2-amino-3,4-
in strain YHE2 ~23-fold over the background and that ofdimethyl-imidazo-[4,5-flquinoline (MelQ) induced a maximal
chromosomal translocation ~80-fold in strain YB110 (Figure  4-fold increase in gene conversion and translocation, again
5A and B). In contrast both pCS316-transformed strains, whiclonly in the presence of CYP1A2 and NAT2. However, this

did not express humaNAT2 showed no significant increase  increase was statistically not significant. With the other com-

in mitotic recombination frequency, thus indicating that thepounds, 2-amino-6-methyldipyrido-[1,2-4:3-d]imidazole
activation of 1Q to recombinogenic products was absolutely  (Glu-P-1), 2-aminodipyrido-[1,2*aBmidazole (Glu-P-
dependent on the presence of NAT2. Similarly, no induction?), 2-amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine (PhIP)

of either recombination event was observed with the yeast and 3-amino-1-methyl-5H-pyrido-[4,3-blindole (Trp-P-2) the
strain carrying the parental vector pNW144, expressing neithesbserved genotoxic response was too weak to be scored as
CYP1A2nor NAT2or pGP90 expressingAT2alone (data not  positive. The weak albeit non-significant increase in recombin-
shown). The HA compound 2-amino-3,8-dimethylimidazo-ation seen with PhIP (not shown) and Trp-P-2 (Figure 5A and
[4,5-flquinoxaline (MelQx) elevated the gene conversion and B) appeared to be independekiDfin all experiments,
translocation frequency ~10- and 6-fold, respectively, over thexcept those with Trp-P-2, the exposure of the tester strains
background (Figure 5A and B). Again the genotoxic response  to the different HA compounds was paralleled by only a
was only seen in the presence of NAT2, whereas no or onlyveak cytotoxicity. At the highest dose applied20% of the

an insignificant increase was detected in gene conversion and cells were killed (data not shown). Since Trp-P-2 exerted a
translocation frequencies, respectively, of pCS316 transstrong cytotoxic response, the highest dose was limited to
formed strains. 1Qug/ml.
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Mutagenic activity of HAs in yeast satellite markers were investigated, whereas no LOH was

Since HA compounds are known as potent bacterial mutagerfeund in controls. Ushijimaet al. (32) reported on genetic
(10), we were interested to compare this activity to thatthanges in th@53gene of MelQ-induced forestomach tumors
detected in yeast. To this end forward mutations in theahd tumor-derived cell lines of mice which were polymorphic
endogenousURA3 gene were monitored by selection with at the p53 locus. By use of single strand conformation
5-FOA. This compound is converted to a toxic product inPolymorphism analysis and sequencing of PCR products, two
URA3 wild-type cells, whereasura3 mutants survive the Of four tumors were found to carry single base substitutions
selection. Mutations were studied in a haploid strain to ensurt#) P53 exons, one of which showed, in addition, LOH of
that a singleURA3 allele was present which could not be the wild-type allele, whereas two tumors had no detectable
inactivated by a recombination-mediated process betweedlterations ofp53 Analysis of tumor cell lines revealed that
homologues. Strain YGP1B was transformed with plasmidwo of four had a base substitution and LOH, and the
pGP110 expressingYP1A2 hOR and NAT2 from a vector ~ Other two had double mutations (base substitutions and short
carrying his5 as selection marker. In parallel, YGP1B was deletK_)ns). Further analysis of the clones conta_lnlng_double
transformed with control plasmid pGP105, lacking thaT2  mutations revealgd that four types of alleles coexisted in these
expression cassette. Both strains were grown to exponentif0 cell lines which apparently resulted from recombination
phase and exposed to IQ followed by selection for FOA€vents within thep53 gene. Oshimaet al. (35) investigated
mutants as described in Materials and methods. Mutatiofn€ effects of PhIP on the intestinal polyp development in
frequencies were expressed as F@AItants/survivors. Apc*’'® mice heterozygous for a mutaipc gene. At low

A mean and standard deviation of 7#82.3x10°6 for the  doses of PhIP, a shift to larger sized polyps was observed and
frequency of spontaneous forward mutationsURA3 were ~ at higher doses, the number of polyps increased significantly.
determined from 28 values. Upon exposure to IQ a 15-foldnterestingly, the increment was, in most cases, not paralleled
increase in the frequency of FOAnmutants was observed by new mutations in theApc gene, but by LOH leading
(Figure 5C). The strain containing the control plasmid pGP1040 loss of the functionalApc allele, possibly by mitotic
showed a 3-fold increase in the mutation frequency. Howevef€combination. _ _ _
a similarly weak increase was seen in the untransformed strain All these observations prompted us to investigate the re-
(data not shown), suggesting the presence of a minor impuritgombinogenic potential of HAs, and for this purpose new
in the compound used rather than a CYP1A2-independertectors have been constructed providing simultaneous expres-
activation by NAT2. A 9-fold NAT2-dependent increase in Sion of humanCYP1A2hORandNATZ2in yeast, an organism
mutation frequency occurred upon exposure to MelQx (Figurévhich allows us to quantify not only xenobiotic-induced
5C), whereas Glu-P-1 gave rise to a 4.5-fold increase of th&utations but also recombinations. Using this system we have
mutation frequency at 3fg/ml (data not shown). MelQ and found that several HAs were efficiently activated to products
Trp-P-2 induced only a small but non-significant increase irthat induced both genetic endpoints, and unlike other systems,
the mutation frequency, the latter even in the absence of NATRUr tester organism potentially allows us to discriminate
(Figure 5C) or the absence of either enzyme (data not shownpetween HA-induced genotoxic insults that either lead to

No response was seen with PhIP and Glu-P-2 (data not showrjiutations or recombinations. . _ .
IQ exerted the strongest recombinogenic and mutagenic

activity in our tester strains and the genotoxic response was
absolutely dependent on the heterologously expressed enzymes.
This study describes a new experimental system, based dvelQx was also efficiently activated by CYP1A2 and NAT2
metabolically competer.cerevisiastrains able to metabolize ~ and a clear induction of recombination and mutation has been
several HA compounds intracellularly, to study the genotoxicobserved. With several other HAs, i.e. MelQ, Glu-P-1, Glu-
activity of HAs. Similar yeast strains expressing different  P-2, Trp-P-2 and PhIP, weak but non-significant inductions of
human phase | enzymes have proven valuable tools to assesither genotoxic response were detected. The weak increases
the genotoxic activity of environmental carcinogens (64,67). in PhIP and Trp-P-2 mediated mutation and recombination
In this study we have concentrated on HAs, comparing theifrequencies were NAT2 independent, a fact which is in
recombinogenic and mutagenic activity. accordance with data reported in earlier studies (69-71).
Since HA-induced recombinational events may be one of Below we will review other expression systems based on
the causes that lead to LOH of cancer-related genes as well bacterial strains and mammalian cell lines that have beer
as to microsatellite instability observed in many tumors, wedeveloped to study the genotoxic activity of HAs and compare
were interested to investigate their potential recombinogenic  them to the yeast system. The major aim of these experimental
activity in yeast. Multiple indications for a possible recombino- systems was to replace S9 as an activating system, since the
genic activity of HAs are present in the literature. For example,  enzymatic activities of S9 extracts are difficult to control or,
Kitazawaet al. (68) identified PhIP-induced alterations of the in the case of certain phase Il reactions, not sufficient.
two hypervariable minisatellites Pc-1 and Pc-2 in two mouse  Additionally, by expressing human enzymes the problem of
tumor cell lines by DNA fingerprinting, suggesting that PhIP species specificity is solved and the metabolism inside the
induced recombinational mutations. Similarly, Toyatal. cell guarantees that the reactive metabolites are produced in
(36) reported microsatellite instability (MI) and LOH in PhIP- proximity to the genetic target.
induced rat mammary tumors. Examination of 62 microsatellite Josephy (72) constructed a nes.typhimuriumstrain
loci revealed Ml in nine of 15 PhIP-induced mammary tumors.co-expressing huma@YP1A2and Salmonella Gacetyltrans-
Five of these nine MI-positive tumors had mutations in more ferase (OAT). Although several aromatic amines were moder-
than one microsatellite locus. Moreover, four of these 15 PhlPately activated intracellularly to reactive mutagens, detected
induced tumors revealed LOH of polymorphic loci located on by reversion ofhibB®3052allele, extracellular activation
chromosome 10 detected when different informative micro-by S9 extract was much more effective. The reason for this
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considerably higher activity was probably the lack of NADPH- ~ compared with S9-activated PhIP in CHO-UV5 cells. The
cytochrome P450 oxidoreductase in their heterologous expresesults were confirmed by Waet al. (77) by determining 1Q

sion system, and the problem was recently solved by Suzuki and PhIP induced cytotexiditjputations, chromosomal

et al. (73) who constructed th8.typhimuriunstrain TA1538/  aberrations and sister chromatid exchanges in the same cell
ARO expressing huma@YP1A2 hOR and SalmonellaOAT. line. 1Q induced the strongest responses in metabolically
This new strain was highly susceptible to several HAs. Thecompetent CHO cells as well as in our competent yeast cells,
strongest response was observed with MelQ, an observation  followed by MelQx. Apart from PhIP, little is known about
which differs from ours where 1Q gave the strongest responsdhe genotoxic activity of other HA compounds in CHO cells

The authors also demonstrated the implication of intracellular ~ expressing NAT. This question is of special interest since PhIP
metabolism: the response of strain TA1538/ARO towards 1Qand MelQx are by far the most abundant HA products present
was considerably higher than that of parental strain TA1535 in cooked meats (1,8,78) and are thus more relevant with
exposed to 1Q that was preincubated with a combination ofespect to human exposure.

the cytosolic and microsomal fractions prepared from TA1538/ Yanagaiwal. (79) examined the genotoxic effects of
ARO. Recently, Joseplst al.(74) also described the construc- MelQx and IQ in Chinese hamster lung (CHL) cells expressing

tion of an E.coli strain able to bioactivate HA compounds. hum@P1A2 NAT1 or NAT2 and guinea pig NADPH-

Strain DJ4309 express&almonellaOAT from one plasmid cytochrome P450 oxidoreductase. A 370- and 100-fold increase
and humanCYP1A2and hOR from a second plasmid, and it in the cytotoxicity of IQ and MelQx, respectively, was detected
carries a mutantacZ gene on an Fepisome which reverts to in the CHL cells expressinGYP1A2 ORandNAT2compared

lacZ* by a specific frameshift mutation. However, despite the  with the parental cells. Moreover, in the metabolically com-
presence of hOR in the cells, a 10 times stronger mutagenigetent cell line the mutagenicity of 1Q was 2.5-fold higher
response occurred, when IQ or MelQ were activated extracellu-  than that of MelQx, an observation which is very similar to
larly by S9 mix and it was argued that other CYP enzymeurs with yeast.

present in S9 and different from CYP1A2 might also be These and the other similarities with the Chinese hamster
involved in the metabolism of the two HA compounds. In cell system let us conclude that the yeast system better reflects
contrast, a stronger mutagenic response was detected when  the mammalian than the bacterial system. Nevertheless, maji
the arylamine compound 2-aminoanthracene was metabolizadifferences exist between the mammalian and yeast systems.
intracellularly, a discrepancy which remained elusive. After  First of all the concentrations required to cause significant
intracellular activation of 1Q and MelQ by CYP1A2, hOR and genotoxic response in yeast were ~100-1000-fold higher than
OAT, a 5-fold increase ofacZ revertants was found. The fact in CHO or CHL cells and several reasons may exist for this:
that no clear response was seen with the same compounds (il our strains do not harbor any mutations in DNA repair

the strain expressinGYP1A2andNAT2alone underlined the  genes as does the CHO-UV5 cell lines. Thomesai.
importance of P450 reductase as electron dond.aoli. The  (75,76,80) have demonstrated that introduction of a mutant
IQ-induced increases tdcZ revertants found by Josepkyal.  NER gene resulted in a 15-fold increase in HA-sensitivity.

are comparable with our results in yeast with the minor(ii) The yeast cell wall may pose a problem in the uptake of
difference that MelQ gave only rise to a marginal increase in exogenous compounds and the low cytotoxicity (10-20% cell
the mutation frequency detected in our system. Nevertheleskilling) seen upon HA exposure supports this assumption.
compared with theSsalmonellasystem, the responses of HAs (iif) Other processes including detoxification reactions may
in E.coli and yeast are weak. An analysis of the mutation datanodulate the genotoxic reactions.

determined with thésalmonellasystem (8,17,73,75) revealed All these new cell systems constitute sensitive tools for
MelQ as the most potent mutagenic HA compound, followedassessing the genotoxicity of compounds requiring metabolic
by 1Q and MelQx which are ~5-10-fold less mutagenic. activation as well as for studying the molecular processes

Thompsoret al. (75) compared the mutagenic potencies ofby which DNA damage can lead to mutation and cancer.
S9 activated HAs detected with the Am®Balmonellaeversion  Nevertheless, little has been known about the potency of HA
assay with those detected at thert locus in nucleotide repair to induce mitotic recombination in eukaryotic cells. Here we
deficient Chinese hamster ovary cells (CHO). The mutagenic  have shown that the recombinogenic activity of HAs is at least
potency of MelQ in the CHO-UV5 cell line was very weak as pronounced as the mutagenic activity. Thus, as has been
compared with that found irSalmonella PhIP produced discussed recently for the mycotoxin aflatoxin B1 (38,64), the
the strongest responses concernimgt mutation induction, combination of mutagenic and recombinogenic activity may
cytotoxicity and sister chromatid exchanges, whereas this be responsible for the carcinogenic activity of HA compounds.
compound is weakly mutagenic in the Ames assay. None of
the 1Q-type compounds, which are potS&aimonellanutagens, Acknowledgements
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