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Abstract

Yeast strains transformed with high copy number plasmids carrying the gene encoding a green fluorescent protein
optimised for yeast (yEGFP3) under the control of the RAD54 or RNR2 promoter were used to investigate the activity of
potentially DNA-damaging substances. The assays were performed on 96-well microtitre plates in the presence of different
concentrations of the test substances. The synthesis of GFP protein was measured through the fluorescence signal and cell
growth was monitored by absorption. Here, we demonstrate that this system can be used as a biosensor to assess the
genotoxic potential of drugs and other chemical substances. The use of microtitre plates will enable full automation of the
system and allows the inclusion of interna reference standards in each assay. © 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The Science Research Development Programme
on Environment and Climate of the European Com-
munity (1994-1998) emphasised the need for the
development of novel biosensors capable of measur-
ing new parameters of relevance to the environment.
It also stressed the importance of improving assess-
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ment methods. In this regard, the development of a
genotoxicity test which can detect critical levels of
different DNA-damaging substances in environmen-
tal samples, e.g., water, is of great importance. At
present, genotoxicity is usualy assessed using the
Ames Test [1,2]. In the Ames Test, specificaly
developed strains of the bacterium Salmonella ty-
phimurium are exposed to chemicals and then plated
out on selective growth media. Colony counts of the
different strains growing on the selective media are
used as a measure for the frequency of different
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types of genetic damage. The Ames Test does not
lend itself to automation as a continuous monitoring
system. Moreover, the positive results are interpreted
as an indicator of potential carcinogenic activity
which could be mideading since bacteria (pro-
karyotes) are sufficiently different from humans
(eukaryotes). To which extent biosensor data are a
reliable source for risk assessment is an ongoing
debate [3,4]. These differences are associated with
the efficiency of repair and with variations in
metabolism of compounds in different cell types
[5,6]. The most recent advance in genotoxicity mea-
surement has been the * SOS' chromotest [7]. Thisis
also a bacterial assay, but it gives attention to the
SOS-repair response using an enzyme linked reporter
system. It has been used in a semiautomatic mi-
crotitre plate batch assay [8,9].

Although lacking many metabolic pathways found
in animals and humans, basic repair mechanisms as a
response to genetic damage are more similar be-
tween yeast and mammals [10,11]. There are many
different yeast genes whose transcription is induced
upon exposure to DNA-damaging agents [12,13].
The promoters of two such damage-inducible genes,
RAD54 and RNR2, were used in the construction of
““reporter plasmids'’, such that they control the ex-
pression of the green fluorescent protein (GFP) gene.
Thus, cells containing the *‘ reporter plasmid’’, when
exposed to DNA-damaging chemicals, induce GFP
expression and consequently emit green fluorescent
light [14,15]. This system was further optimised by
substituting the original wild type GFP gene, with
the yEGFP mutant derivative, which is both brighter
and faster forming [16]. RAD54 is a DNA-damage-
induced gene in Saccharomyces cerevisiae [17,18].
The RAD54-yEGFP reporter’ s activity correlateswith
increasing concentrations of the alkylating agent
methyl methane sulphonate (MMS) [16]. The re-
porter does not respond to chemicals that delay
mitosis, e.g., nocodazol, and responds appropriately
to the genetic regulation of DNA repair. As an
extension of this system, the RAD54 promoter was
replaced with the promoter of the RNR2 gene, which
is also up-regulated in response to DNA-damage
[19-21]. In the present report, we used these two
reporter systems to assess their sensitivity towards a
range of substances to get a broader view of the
general applicability of the system. Thus, a basis for

further development of a highly sensitive assay that
can be used in toxicology and environmental moni-
toring is provided.

2. Materials and methods
2.1. Srains and growth conditions

The yeast strains used in this study are listed in
Table 1. Yeast cells (FF 18984 with and without
pWDH444 or pUMGP5 plasmids) were grown on F1
medium: per | of final solution: 2 g (NH,),SO,; 3 g
KH,PO,; 0.55 g MgSO,7H,0; 0.06 g CaCl ,; 0.1 g
NaCl; 1 mg H;BO;; 1 mg CaSO, 5H,0; 1 mgKl; 5
mg FeCl; 6H,0; 7 mg ZnSO, 7H,0; 20 mg leucine;
20 mg histidine; 30 mg lysine; 62 p.g inosital; 14 n.g
thiamine HCI; 4 g pyridoxine; 4 g pantothanate;
0.3 g biotin; 20 g glucose [22]. All components of
the medium had the quality ‘cell culture tested’ or
‘insect cell culture tested” and were received from
Sigma.

2.2. Fluorescence assays

In al tests we used two types of 96-well mi-
crotitre plates. For the measurement of fluorescence:
black plates (Nunc ‘immuno-module F16'; Cat.#:
475515); for the measurement of cell density by
absorption: transparent plates (Greiner; Cat.#: 655
101). In some experiments we used plates with black
walls and transparent bottoms (Dunn; Cat.#: 215003)
to measure fluorescence and absorption in the same
plate. MMS, camptothecin, aphidicolin, cis-plati-
num(ll)diamine-dichloride, N-nitroso-N-methylurea
and ethidium bromide were obtained from Sigma

Table 1

Yeast strain used

Strain Plasmid Relevant genotype

Host strain

FF 18984 MATa leu2-3,112 ura3-52, lys2-1,

his7-1

Transformed reporter strains

FF18984 pWDH444  as FF 18984 and RAD54-GFP,
KanMX3, URA3

as FF 18984 and RNR2-GFP,
KanMX3, URA3

FF18984  PUMGP5
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(Cat.#: M-4016, C-9911, A-0781, P-4394, N-1517,
E-8751), Psoralen from Molecular Probes (Cat.#
P-96045), Mitomycin C, Chlorambucil, Streptoni-
grin, Phleomycin, Actinomycin D and Chromomycin
A ; from Fluka (Cat.#: 69824, 23125, 85885, 79305,
01817, 27100). All other substances were obtained
from the natural product chemistry department of the
Hans Kndll Ingtitute (Dr. Dornberger, HKI).

Single colonies of yeast strains, grown on selec-
tive medium, were used to inoculate F1 medium (5
ml) and grown to mid log phase (0.3-0.4 AU at 600
nm). Cells were collected by centrifugation and re-
suspended in fresh medium to a final concentration
of 0.1 AU. Solutions of MMS or test substances (20
wl per well) were distributed in parallel in two plates
(black and transparent) to measure fluorescence and
growth. We used eight wells (one-microtitre plate
column) for each concentration of MMS or test
substance. In the first column we added only 20 pl
of water or diluent as zero concentration reference.
In each well, 80 wl of cell suspension were added
and fluorescence (on black plate; ext. = 485,/10 nm
and em. = 520,10 nm) and absorption (on transpar-
ent plate 670 nm) values were measured (biolumin™
960, Molecular Dynamics). This measurement was
taken as time 0. For incubation, plates were sealed
with adhesive film (Nunc, Cat.#: 236366), and incu-
bated at 30°C with shaking. The measurements were
repeated at the time points indicated. When black
plates with transparent bottom were used al mea
surements were made on a single plate.

2.3. Calculation and graphical representation

For each column of eight wells, that is for each
set of replicate concentrations, the mean value was
caculated and the fluorescence values were nor-
malised by the absorption values for each well. The

Table 2

normalised fluorescence values were plotted against
the substance concentration and incubation time. Er-
ror bars show the standard deviation of the nor-
malised fluorescence signals (fluorescence/ absorp-
tion) for each column (eight wells). All calculations
and plots were made with KaleidaGraph™ software
and MS Excel™ 4.0.

2.4. Congtruction of a multicopy plasmid, containing
GFP under the transcriptional control of the RNR2
promoter

The RNR2 promoter has not been fully charac-
terised, so all the DNA upstream of the transcrip-
tional start ATG codon to the next open reading
frame (ORF) was amplified by PCR. The primers
used to generate the 1568 bp fragment incorporated
flanking restriction sites, allowing direct replacement
of the RAD54 promoter (Pacl and BamHI). The
PCR product was ligated into the Smal site of pUC19
to produce pUC-RNR2. This plasmid was then di-
gested with Pacl and BamHI to remove the RNR2
promoter, and the fragment ligated into the corre-
sponding sites of pwWD444 to produce pUMGP5.
Primer sequences are shown in Table 2.

2.5. Western blot analysis of yEGFP expression

Célls were grown in F1 medium (2 ml) and
treated with different concentrations of MMS as
indicated. Cell density at start of incubation was (0.1
AUgy). After 16 h of incubation under continuous
agitation at 30°C cells were collected and washed
twice in PBS and resuspended in 1 ml PBS. Optical
density was measured at 600 nm for relative quanti-
tation of cells in each sample. Cell extracts were
prepared as described [23]. Extracts were loaded on
SDS-PAGE and transferred to a nitrocellulose mem-

Primers used in the construction of the RNR2-yEGFP promoter—reporter plasmid

RNR2BAM

5-CCT CCG GAT CCC GTA CCT TCCAGCATT GTCC-3

Amplifiesthe RNR2 promoter, incorporating a BamHI restriction site (bold) into its 5 end

RNR2PAC

5-CCT CCG TTA ATT AAC ATG GTA ATT GGA CAA ATA AAT ACG-3

Amplifies the RNR2 promoter, incorporating a Pacl restriction site (bold) into its 3' end
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brane after electrophoretic separation. YEGFP was
visualised using a GFP specific antibody (Molecular
Probes A-6455) and horse radish peroxidase conju-
gated secondary antibody with the ECL system
(Amersham).

3. Results

3.1. Sensitivity of the RAD54-yEGFP reporter sys
tem to different MMS concentrations and incubation
time in the microtitre plate assay format

It was shown previoudly that the brightness of the
fluorescence signal obtained from yeast strains carry-
ing the RAD54-yEGFP promoter—reporter construct
on the pWDH444 plasmid correlates with exposure
to increasing concentrations of MMS [16]. MMS is
an akylating agent that can act on DNA leading to
damage and mutagenesis. MMS is regularly used as
a reference substance for assessing the mutagenic
and DNA-damaging potential of uncharacterised
chemicals [24]. Using an online sampling device, it
could be clearly demonstrated that the MM S-induced
strength of the fluorescence signal increased with
incubation time in a yeast culture transformed with
the RAD54-yEGFP construct [25]. To study if a
comparable sensitivity could be obtained in smaller
sample volumes, such as the microtitre plate format
routinely used in pharmaceutical companies, we dis-
tributed equal volumes of a culture of yeast cells

containing the RADS54-yEGFP construct in mi-
crotitre plates and treated the cells with various
concentrations of MMS (1.6 X 107%% to 1.7 X
107%2% f.c; 1% of MMS=0.12 mol/I or 13
mg,/ml). Fluorescence was then measured at differ-
ent times during the incubation. In Fig. 1(A and B),
the fluorescence at 520 nm normalised by absorption
at 670 nm is displayed for four time points at 0, 4,
16 and 20 h in response to MMS concentration. All
values are the mean value of 8-microtitre plate wells
(independent samples) and the standard deviations
are indicated. The minimal concentration of MMS to
which cells start to respond was 2 X 10™3% after 4
h, and 1x 107 3% after 16 h. A maximum of the
fluorescence signa is reached after approximately
14-16 h incubation. After 4 h only a weak increase
in fluorescence could be observed with the RAD54-
GFP reporter construct (Fig. 1B).

As an alternate sensor system, the RAD54 pro-
moter was replaced with the promoter of the RNR2
gene. RNR2, a small subunit of the ribonucleoside
diphosphate reductase, is essential for the synthesis
of nucleotide precursors and was shown to be in-
duced by MMS treatment [21,26]. As described
above, we performed fluorescence measurements in
response to MMS treatment with yeast cell cultures
carrying the RNR2-yEGFP construct. The strength of
the fluorescence signal obtained with the RNR2 pro-
moter is much stronger than with the RAD54 pro-
moter (Fig. 1B and C).
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6105 610° 6105 ﬂ
5105 5105 510%

410° 410° 410°

310° 3105 310°%

2105 2105 2105

1105 1105 1105 a0k nan TN i

0 FITTATITRTL. FCTAITEDNEY . oo, vt o 0 |
oh 4h 16h 20h Oh 16h 20h 16h 20h

LE] 00% 0B 1610%% @O 33105% 0O 6510°% MW 1310+% [0 2610+% [0 5104% B 110 @ 210°% B 4102% 0 810°% O 0.017%

Fig. 1. Comparison of MM S-dependent fluorescence in untransformed yeast (A), and in yeast transformed with RAD54-GFP (B) or in yeast
with RNR2-GFP (C) promoter—reporter constructs. Intensity of the fluorescence signal is dependent on incubation time (0, 4, 16, 20 h) and
MMS concentration (0.0-0.017%) as indicated. The fluorescence signal displayed is normalized for cell density. The values presented were
obtained dividing the value of the fluorescence measurement through the value of the absorption as described in Section 2.
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Fig. 2. Dependence of fluorescence signal on cell density in untransformed yeast (A), and in yeast transformed with RNR2-GFP (B) and
with RAD54-GFP (C) promoter—reporter constructs. In samples A1, B.1, C.1 a starting cell density of 0.21 AUy, and in samples A.2, B.2,
C.2 of 0.42 AUg;, was used. The fluorescence values displayed are normalised for cell density (fluor. 520 nm /abs. 670 nm). Fluorescence
signals were measured at the time indicated. Increasing concentrations of MMS are indicated.

For both reporter systems, the cell density used in
each well directly affected the strength of the fluo-
rescence signa obtained (Fig. 2). This significant
change in induced fluorescence is critical for the
sensitivity of the assay. It can be seen in Fig. 2C
with RNR2-GFP that after 16 h in the presence of
5x 1073%, MMS fluorescence was induced by 3-
fold at a cell density of 0.21 AUg,, but only 2-fold
when the cell density was doubled (0.42 AUgy).
Similar in Fig. 2B with RAD54-GFP signas were
higher when the lower cell density was used.
Throughout our experiments, an even lower initial
density of 3 x 10° cells/ml (0.1 AUg,,) was used
that gave detectable fluorescence signals already af-
ter 4 h of incubation (Fig. 1).

To ensure that the fluorescence readout observed
isindeed the result of an induction of yEGFP synthe-
sis, we performed experiments with the RAD54-GFP
and the RNR2-GFP systems and measured the
amount of yEGFP at the protein level. After 16 h of
incubation, cells were lysed and protein extracts
were prepared. Aliquots of the extracts, based on the
cell number after incubation, were analysed by West-
ern blot with a GFP specific antibody. The results

are displayed in Fig. 3. In both yeast strains, a
significant amount of GFP is made without MMS
induction, and as expected from the fluorescence
data the amount of GFP is much lower with the
RAD54 promoter construct (Fig. 3A,B, lane 1).
Treatment with MMS resulted in a significant in-

-
Y
A__,H.LJ.- <— GFP
-
.'Qe..“ > 8 -— <« GFP
B~ = e <— GFP*

Fig. 3. Western blot analysis of GFP induction in yeast strains
transformed with RAD54-GFP (A) or RNR2-GFP (B). Cells were
grown for 16 h in the presence of MMS: 0.0% (1), 0.00313% (2),
0.00625% (3), 0.0125% (4), 0.025% (5), 0.05% (6), 0.1% (7). The
position of the band representing the green fluorescent protein is
marked with GFP. GFP* indicates degradation products of GFP
that are visible at very high expression levels.
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crease in GFP protein per cell in both cases. The
faster migrating bands in Fig. 3B, from yesast cells
with the RNR2-GFP construct, are degradation prod-
ucts only visible at higher protein concentrations or
perhaps the result of increased degradation due to the
high protein concentration. These results correlate
well with the fluorescence signal obtained after MMS
treatment, demonstrating that the change in fluores-
cence observed with MMS is the result of increased
YEGFP synthesis. Here in Fig. 3 as well asin Fig. 2
at higher concentrations of MMS a lack of induction
of GFP and consequently fluorescence is observed.
An explanation for this observation is that at high
concentrations of MMS protein synthesis is immedi-
ately inhibited upon treatment preventing GFP syn-
thesis in response to DNA damage as well.

Table 3

3.2. Substances with different properties induce the
fluorescence signal

We selected a set of substances that are known to
have a potential for DNA or RNA interaction. We
also included substances that have other known sites
of action. All substances used are listed and cate-
gorised in Table 3. The substances include DNA-
binding, -modifying and -cleaving molecules as well
as topoisomerase and polymerase inhibitors. We also
used substances that are primarily active on other
macromolecules within the cell. If more than one
mode of activity is known, only one well-established
activity is listed. In general, we anticipate that most
substances will be active on more than one molecu-
lar target. Substances known to react with nucleic

Substances used and short description of known and assumed functional mechanisms

DNA intercalation

Actinomycin D
Ethidium bromide

Non-intercalative DNA binding
Chromomycin

Inhibition of RNA and DNA synthesis [Pincus and Rekosh, BBRC 121 (1984) 1031-1041]
Selective effect on mitochondria described [Hayakawa et ., J. Biol. Chem. 273 (1998) 20,300—20,307]

[Gao and Patel, Biochemistry 28 (1989) 751-762; Simon et al., FEBS Lett. 353 (1994) 79-83]

Netropsin Minor groove binding (cleavage) [Portugal and Waring, Eur. J. Biochem. 167 (1987) 281-289]
Psoralen [Ussery et al., Methods Enzymol. 212 (1992) 242—-253]

Alkylation of DNA

MMS [G.S-F. Leeetd., J. Mol. Biol. 223 (1992) 617-626]

Mitomycin C [Galloway et al., Mutat. Res. 400 (1998) 169-186]

N-nitroso-N-methylurea [A.l. Gorin et ., Biull. Eksp. Biol. 81(8) (1976) 674—677]
Chlorambucil [Kundu et a., Pharmacol. Biochem. Behav. 49 (1994) 621-624]
Cleavage of DNA

Bleomycin [Gavin et a., Andl. Biochem. 263 (1998) 26-30]

Phleomycin [Bennett, Mol. Cell Biol. 19 (1999) 1800-1809]

cis-Platinum(l1) (G.L. Cohen et al., Science 203 (1979) 1014—1019]
diamine-dichloride

Daunomycin (Daunorubycin) [Gerwitz, Biochem. Pharmacol. 57 (1999) 727-741]
Streptonigrin

Inhibitors of polymerases or topoisomerases
Aphidicalin
Camptothecin

Other biochemical activities
Antimycin A
Colchicine

(1993) 23-28]
Tetracycline

Topoisomerase |1 dependent cleavage (Y amashita et al., Cancer Res. 50 (1990) 5841-5844]

Inhibitor of DNA polymerase a and d [Ikegami et al., Nature 275 (1978) 458—-459]
Inhibitor of topoisomerase | [Kjeldsen et d., J. Mol. Biol. 228 (1992) 1025-1030]

Inhibitor of mitochondrial energy production [Guidarelli et al., Biochem. J. 328 (1997) 801-806]
Interferes with microtubule organisation in higher eukaryotes, but not in yeast [Parry, Mutat. Res. 287

Inhibitor of protein synthesisin prokaryotes (interaction with 30 S subunit) [Hlavka and Boothe (Eds.),
The Tetracyclines, Springer, Berlin, 1985]
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Fig. 4. Selection of fluorescence response profiles after treatment with increasing concentration of selected chemicals. Representative results
obtained with the chemical substances indicated. Diagrams show the dose response of fluorescence after incubation with cisplatin,
camptothecin, actinomycin D, phleomycin and streptonigrin for 16 h. Results with the yeast strain containing the prRAD54-yEGFP are
shown on the left panels and results with the yeast strain containing prRNR2-yEGFP on the right panels.
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acids will also react with proteins, and substances
known to be active at a protein target will aso
interact with nucleic acids. For most substances
tested, we observed comparable positive or negative
results with both the RAD54-GFP reporter and the
RNR2-GFP reporter. As with MMS, a wide concen-
tration range was used for each test substance. Ex-
amples of concentration dependent fluorescence sig-
nals obtained with both reporter systems and control
experiments with the untransformed parent yeast
strain are presented in Fig. 4. It can be seen that both
reporter systems responded to cisplatin, a strong
DNA-cleaving agent, to camptothecin, an inhibitor
of topoisomerase |, to aphidicolin, an inhibitor of
DNA polymerases o and 3, and to actinomycin D,
an intercalator that inhibits mainly transcription but
to some extent also replication. It is interesting to
note, that in the case of actinomycin D, after a slight
increase at a medium concentration, no further in-
crease is vishle — most likely due to the strong
inhibitory effect on transcription, a prerequisite for

Table 4
Summary of results obtained with various chemical substances

GFP synthesis. At higher concentration of several
test substances a lack of GFP induction is observed
(Fig. 4). As mentioned before this is most likely
inhibition of protein synthesis. However, the range
of concentration, in which actinomycin D induces
fluorescence, as well as the signal (value) were much
smaller compared with other substances. Some sub-
stances, known to have mutagenic or DNA-damag-
ing potential, like psoralen or benz-pyrene, did not
induce activity in our system under the conditions
used. All results obtained are summarised in Table 4.
For comparison, published results of the Ames Test
or the SOS Test are included (from the Genotoxicity
Database at http: / /www.pasteur.fr /units/pmtg /
sommaireuk.html [27]).

It can be seen that the results obtained in our
study correlate well in the case of the strong alkylat-
ing and DNA-cleavage inducing agents: MMS, cis-
platin, N-nitroso-N-methylurea. In the case of actino-
mycin D, the positive result seen in our assay may be
the result of replication inhibition at lower concentra:

Substance Concentration RAD54pr. RNR2pr. Ames test SOS test
Actinomycin D 37.4ng/ml-38.3 ng/ml + + — —
Bleomycin 36 ng/ml-36,6 n.g/ml - not tested + +
Daunomycin 15.6 ng/mi-16 n.g/ml -/? - not found not found
Ethidium bromide 81 ng/ml—83.3 ng,/ml ? ? + —
Mitomycin C 33ng/ml-33 png/ml — = not found +
Antimycine 46 ng/ml—46.6 n.g/ml + not tested not found not found
MMS 0.2 pg/ml-1.3 mg/ml ++++ ++++ + +
Cisplatin 0.22 p.g/ml-230 n.g/ml ++++ ++++ + +
Streptonigrin 1.6 ng/ml-1667 ng/ml ++ ++++ not found +
Tetracycline 54.7 ng/ml-56 n.g/ml - — not found —
Colchicine 15 ng/ml-15.4 ng/ml - - not found not found
Camptothecin 33ng/ml-35 pwg,/ml + + ++++ not found not found
Netropsin 36 ng/ml-36.6 ng/ml - not tested not found not found
Phleomycin 0.18 pg/mi-182 p.g/ml + + not found +
Aphidicalin 17.76 ng/ml—-18.2 pg/ml ++++ +++ not found not found
Chlorambucil 0.10 pg/mi-109 pg/ml + — not found not found
Psoralen 40 ng/ml—40 pn.g/ml — = not found +
Chromomycin A3 18 ng/ml-18.2 n.g/ml - - /? not found —
N-nitroso-N-methylurea 1.5 pg,/ml—1650 p.g,/ml ++++ ++++ + +

Name of substances and range of concentrations used are indicated.

+ = Indicates induction of the yEGFP reporter and cumulation indicates increased signal strength. ‘?" = Indicates unclear interpretation.
— = No effect observed. — /?= Unclear interpretation due to fluorescence of substance that most likely can be interpreted as negative.
The Ames and SOS test results are taken form the Genotoxicity Database: http: / /www.pasteur.fr /units/pmtg /sommaireuk.html [27], and

no indication of significance is made.
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tions, leading to fluorescence induction, before inhi-
bition of transcription at higher concentrations pre-
vents GFP synthesis. As such it may represent an
important class of genotoxins that to date have es-
caped current tests. The negative result seen with
bleomycin, mitomycin C and psoraen, all active in
either the Ames or SOS tests, could be due to
enzymatic inactivation, lack of cell penetration,
detoxification or other properties specific to yeast.

4. Discussion

The monitoring of the DNA-damage potential of
chemical substances, is a central task in understand-
ing the risk that can be derived from an enrichment
of these substances in the environment. Moreover,
understanding the mechanisms that are responsible
for the detrimental effects of these substances can
help to find countermeasures if severe contamination
occurs. To assess the activity of a large number of
substances, measurements of toxicity are required
that can be fully automated and reliable on large
scale.

The induction of a fluorescence signal driven by
promoters that respond to DNA-damage in the yeast
S cerevisiae provides a simple system to monitor
the activity of substances that could posses muta-
genic potential at low concentrations. The microtitre
plate format used for incubation and measurement
allows simple automation with well established mi-
crotitre plate handling systems used in high through-
put screening.

We have shown that the small reaction volumes
available in the wells of a standard microtitre plate
are fully sufficient to obtain and measure the induc-
tion of GFP fluorescence driven by the RAD54
promoter upon treatment with low levels of MMS.
We found that the sensitivity to low concentrations
of MMS is not only proportional to MMS concentra-
tion, but also to the ratio of MMS to cell mass. To
obtain reproducible sensitivity, the cell concentration
used at the start of incubation must be egual in each
assay. For good sensitivity a starting cell density at
0.1 AUgy, was used. Using the promoter of the
RNR2 gene (whose product is required in the biosyn-
thesis of nucleotides), an even greater sensitivity to
MMS was found. Independent of the promoter used,

only small variations were found between the data
points of individual wells, as indicated by the stan-
dard deviation given in the figures. This clearly
shows that under standard conditions a high repro-
ducibility can be obtained for each analysis.

The higher activity of the RNR2 promoter is
consistent with the recent data presented by Jelinsky
and Samson [12]. In this work the change in tran-
scription of all yeast genes was measured in response
to 0.1% MMS. Although the concentration of MMS
was relatively high in comparison to our study, they
describe a 3.9-fold increase in mRNA level for
RNR2 and only a 2.8-fold increase for RAD54.
However, Jelinsky and Samson also report several
genes whose transcription is up regulated to an even
greater extent than RNR2 in response to DNA dam-
aging agents. The promoters of these genes may
alow the construction of even more sensitive re-
porter systems for potential genotoxins.

As expected from the results with MMS, other
substances that modify bases in DNA, such as N-
nitroso-N-methylurea and cisplatin, show comparable
induction of the fluorescence reporter system. Chlo-
rambucil, that is also described as an akylating
substance is significantly less active. The larger
molecule mitomycin C, which also possesses alkylat-
ing and cytotoxic activity [28], was not found to
activate RAD54 promoter driven GFP expression.
One explanation could be that the intracellular con-
centration obtained in the yeast was not sufficient for
activity, or that reduction, a step most likely required
for activation, is not efficient in yeast.

From the two related antitumor substances
bleomycin and phleomycin, a clear effect was only
found with phleomycin. Although, the somewhat
lower concentrations used in the assay with
bleomycin could have been below the active concen-
tration, it is aso possible that bleomycin was inacti-
vated by the yeast cysteine proteinase (Ycpl, Gal6).
Overexpression of this proteinase increases the resis-
tance to bleomycin [29]. Recently it was shown that
yeast carrying the metabolising system of cy-
tochrome P450 showed enhanced gene conversion
by bleomycin [30] suggesting that metabolic
bleomycin modification could also lead to an activity
in our system.

The lack of effect seen with the DNA cleaving
drug daunomycin could also be due to a lack of



306 V. Afanassiev et al. / Mutation Research 464 (2000) 297—-308

accumulation of molecules in the yeast cell, because
of permeability barriers or detoxification mecha
nisms.

Of al the other substances known to have a
potential for direct interaction with DNA, psoraen
(with UV light and without), chromomycin,
netropsin, ethidium bromide and actinomycin D, only
ethidium bromide and actinomycin D were found to
lead to fluorescence. The unclear result indicated for
ethidium bromide (indicated ‘?), is due to the high
fluorescence induction by this chemical even in the
wt yeast cells without the reporter system after incu-
bation. It is unclear whether this is the result of
intercalation into mitochondrial DNA, or the forma
tion of highly fluorescence adducts. Western blot
analysis of GFP after ethidium bromide treatment
only resulted in a slight increase of GFP production
(data not shown). The lack of induction by psoralen
well known to damage DNA by forming UV-in-
duced photoadducts [31,32] was at first quite surpris-
ing. It was shown previously that a wide range of
psoralen derivatives could activate (B-galactosidase
under the control of the RAD54 or RNR2 in yeast
[26]. The absence of fluorescence in response to
unsubstituted psoralen, a good crosslinker in vitro,
used in our study therefore must be attributed to a
lack of penetration into the yeast cell. It is planed to
include other derivatives that show better cell pene-
tration, e.g., trimethylpsoralen, in future studies.

In the case of these well-known DNA-damaging
substances, a limitation of our present system be-
comes clear. Although our reporters clearly respond
to DNA damage, detoxifying mechanisms of the
yeast cell prevent access to the site of action, the
DNA, and thus no activation of damage response can
be observed. This limitation can be overcome by
following predictable routes that make yeast more
sensitive to chemicals. These include enhanced per-
meability of the yeast cells [33,34] and inhibition of
efficient detoxification by drug resistance mecha
nisms [35].

Treatment with drugs that do not interfere with
RNA polymerase but block topoisomerase | or DNA
polymerases o« and & gave a strong induction of
fluorescence, comparable to the signal obtained with
the akylating / cleaving reagents MM, cisplatin and
nitrosourea. Further investigation should reveal
whether this responseis mediated by secondary strand

breaks, changes in negative supercoiling or stabilisa
tion of single stranded DNA.

Drugs acting on particular targets that are not
present in yeast, colchicine and tetracycline, did not
show any activity. Interestingly, the inhibitor of the
electron transfer in the respiratory chain, antimycin,
clearly activated the fluorescence of the RAD54
promoter—reporter system. A possible mechanism
could be DNA damage by free radicals [36]. In this
context it is noteworthy that UV-irradiation and
treatment with small akylating substances induces
congtitutive expression of acohol dehydrogenase
genes (ADH2, ADH4) that also provide resistance
to antimycin [37].

5. Per spective

Induction of GFP expression by the promoters of
two DNA-damage repair genes occurred in response
to various substances that can lead to significant
levels of DNA damage. The presence of biologicaly
active amounts of genotoxic substances in the envi-
ronment poses a significant risk to public health and
this yeast based system, that analysis the toxic poten-
tial of isolated substances, could provide a very
robust system for large scale analysis of environmen-
tal samples. Using yeast instead of mammalian cell
culture and animal tests helps to reduce the need for
experiments on animals and avoids the time consum-
ing and expensive set up for mammalian tissue cul-
ture.

In contrast to the established Ames and the SOS
tests [1,2,7], which are bacterially based, our yeast
system provides all the typical features of eukaryotic
cell architecture and metabolism. For example, yeast
possess mitochondria and a cell nucleus, into which
the chromosomal DNA is packaged in a highly
structured form, analogous to that found in mam-
malian cells. Bacteria share none of these important
features. Furthermore, the DNA repair mechanisms
of yeasts and humans are strikingly similar. A lack
of sensitivity, due to differences in metabolism and
drug uptake could be overcome by expressing the
respective mammalian enzyme in the yeast reporter
strain. For example the expression of mammalian
cytochrome P450 enzymes with their corresponding
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oxido-reductase recycling enzymes, has been shown
to promote DNA damage by aflotoxins in yeast [38].
Complemented by knock out of yeast genes that
provide efficient detoxification [35], we should be
able to develop a reliable assay system for induced
DNA damage.

A number of mutant yeast strains now exist with
atered phenotypes, including more permeable cell
walls, or impaired export-pumps (that otherwise con-
fer drug resistance on the cells). A screen of such
mutants is now underway, and it is hoped that strains
with enhanced genotoxin sensitivity will be identi-
fied, thus improving upon the present ‘‘limits of
detection” (LOD) for those chemicals known to
activate the reporter. Similarly, *‘ export-pump’’ mu-
tants may be found that show responses to a broader
class of mutagens than the strain currently employed
in our tests.
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