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a b s t r a c t

Eukaryotic yeast-based DNA damage cellular sensors offer many advantages to traditional prokaryotic-
based mutagenicity assays. The HUG1P-GFP promoter-reporter construct has proven to be an effective
method to selectively screen for multiple types of DNA damage. To enhance the sensitivity and selectivity
of the system to different types of DNA damage, two genes involved in distinct DNA damage responses
were deleted. Deletion of MAG1, a gene encoding a DNA glycosylase and member of the base excision
repair (BER) pathway, increased the biosensor’s sensitivity to the alkylating agents methyl methanesul-
fonate (MMS) (lowering the sensitivity threshold to 0.0001% (v/v)) and ethyl methanesulfonate (EMS).
Deletion of MRE11, part of the highly conserved RMX complex that aids in sensing and repairing double
NA damage
enotoxicity
NA repair
utagenesis

strand breaks in budding yeasts, enhanced sensitivity to gamma radiation (�-ray) (detection threshold
of 50 Gy) and camptothecin. The mre11� phenotype dominated in mag1� mre11� strains. Through the
deletions, we were able to engineer increased selectivity to alkylating agents, �-ray, and camptothecin,
since increased sensitivity to one type of damage did not alter the quantitative response to other geno-
toxins. The enhancements to the HUG1P-GFP system did not affect its ability to detect several other DNA
damaging agents, including 1,2-dimethyl hydrazine (SDMH), phleomycin, and hydroxyurea (HU), or affect
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. Introduction

Because of the high correlation between a compound’s abil-
ty to damage DNA and its ability to induce cancer, determining
he genotoxicity of environmental contaminants and newly syn-
hesized chemicals is critical to protect human health. Traditional
ell-based mutagenic assays, such as the Ames test (Ames et al.,
973), umu-test (Oda et al., 1985), and SOS-chromotest (Quillardet
t al., 1982), rely on prokaryotic subjects, so their results may
ot always be directly applicable to higher eukaryotic organisms,

ncluding humans. Yeast-based genotoxicity assays have emerged
s alternative mutagenic assays, often showing better results than
raditional prokaryotic tests (Averbeck and Averbeck, 1994; Cole
t al., 1987; Elledge and Davis, 1989; Ichikawa and Eki, 2006; Jia

t al., 2002; Lichtenberg-Frate et al., 2003; Walmsley et al., 1997).
hese cell-based assays typically contain a DNA cassette encoding
readily detectable reporter gene under the control of a promoter

ensitive to DNA damage. The cassette is either transformed into

∗ Corresponding author. Current address: Cain Department of Chemical Engineer-
ng, Louisiana State University, 110 Jesse Coates Hall, Baton Rouge, LA 70803, United
tates. Tel.: +1 225 578 3056; fax: +1 225 578 1476.

E-mail address: benton@lsu.edu (M.G. Benton).
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tially non-genotoxic carcinogen formaldehyde.
© 2008 Elsevier B.V. All rights reserved.

yeast cell via a self-replicating plasmid or incorporated into the
ost genome at a targeted locus. Because yeasts are eukaryotic, the
ene regulation and biochemical pathways involved in the DNA
amage response are similar to, although simpler than, those in
umans, potentially making the results of these yeast-based assays
ore relevant to human cancer susceptibility than those of the

rokaryotic-based methods.
We recently reported the creation of HUG1P-GFP promoter-

eporter construct, which proved to be effective in detecting
ultiple types of genotoxicity (Benton et al., 2007). While the exact

iological function of HUG1 remains a mystery, it is known to be
nvolved in the Mec1p kinase pathway (Basrai et al., 1999), a cru-
ial pathway for signal transduction after DNA damage in yeast
Gasch et al., 2001). HUG1 is induced in response to multiple types
f DNA damage (Basrai et al., 1999), and exhibits a dose dependent
ranscriptional response to DNA alkylation and to gamma radiation
�-ray) (Benton et al., 2006). This induction pattern makes the HUG1
romoter region an excellent choice for regulating reporter gene
xpression in response to DNA damage; however, optimal geno-

oxicity detection requires enhancing the strain’s sensitivity and
electivity to specific types of DNA damage.

Due to the robustness of yeasts, the minimum detection thresh-
ld of the HUG1P-GFP biosensor strains to some mutagens is
bove concentrations that may be harmful to humans over the

http://www.sciencedirect.com/science/journal/09565663
mailto:benton@lsu.edu
dx.doi.org/10.1016/j.bios.2008.06.033


nd Bioelectronics 24 (2008) 736–741 737

l
c
c
(
p

(
p
G
h
c
s
(
e
a
r

i
2
M
w
n
a
r
m
a
a
i
i
o
o
R
a
M
t

s
i
h
r
n
s
1
d
l
b
t
s

e
c
b
t
c
g
s
t

2

2

T
c

Table 1
Yeast strains used in this study

Name Genotype Source

SPY810 W303 MATa leu2-3,112 trp1-1 can1-100
ura3-1 ade2-1 his3-11,15

Collection

SPY1101 SPY810 with hug1�::GFP-HIS3 Benton et al. (2007)
SPY1102 SPY1101 with mag1�:: kanr This study
SPY1103 SPY1101 with mre11�:: kanr This study
SPY823 W303 MAT ˛ ura3-1 his3::hisG Collection
SPY1104 SPY823 with mre11�::kanr This study
SPY1105 SPY1101 with mag1�::kanr This study
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ong term. The sensitivity of yeast-based biosensors to genotoxi-
ity has been improved by using host strains with compromised
ell wall integrity (Walsh et al., 2005), disabled efflux transporters
Lichtenberg-Frate et al., 2003), and defective DNA damage repair
athways (Jia and Xiao, 2003).

In this study, the gene encoding the DNA glycosylase Mag1p
Chen et al., 1989), a crucial member of the base excision repair
athway (BER), was deleted to enhance sensitivity of the HUG1P-
FP biosensor strain to DNA alkylating agents. Previous studies
ave shown mag1� strains to be more sensitive than wild type
ells to killing by DNA alkylating agents such as methyl methane-
ulfonate (MMS), dimethyl sulfate (DMS), N-methyl-N-nitrosourea
MNU), and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) (Chen
t al., 1989; Chen et al., 1990). Other genotoxins such as UV radi-
tion, 4-nitroquinoline-1-oxide, and �-ray produced similar death
ates in wt and mag1� cells (Chen et al., 1989, 1990).

mag1� cells accumulate spontaneous mutations at a rate sim-
lar to that of wild type cells (Maclean et al., 2003; Xiao et al.,
001). Interestingly, when exposed to alkylating agents such as
MS, mag1� strains often exhibit lower mutation frequency than
t strains (Chen et al., 1990; Xiao et al., 2001). One possible expla-
ation is that Mag1p activity increases mutagenicity by removing
lkylated bases and creating AP sites, leading to base misincorpo-
ation by DNA polymerases (Chen et al., 1990; Xiao et al., 2001).
ag1� strains treated with MMS accumulate methylated bases

t a greater rate than wt strains treated with MMS. This presum-
bly leads to increased replication fork stalling and cell cycle arrest,
nducing the Mec1p pathway at lower alkylating agent doses than
n wt cells. This induction should lead to increased transcription
f HUG1 and other members of the Mec1p pathway at lower doses
f MMS. This hypothesis is consistent with the observation that
NR3 is induced at lower doses in mag1� cells than wt cells (Jia
nd Xiao, 2003). Therefore, we tested the hypothesis that deleting
AG1 from a HUG1P-GFP biosensor strain will enhance sensitivity

o DNA alkylating agents such as MMS.
MRE11 was deleted in an attempt to enhance HUG1P-GFP biosen-

or sensitivity to double strand breaks (Ajimura et al., 1993). Mre11p
s a member of the RMX complex (Rad50p, Mre11p, and Xrs2p), a
ighly conserved region that functions in sensing DNA damage and
epairing double strand breaks by homologous recombination and
on-homologous end joining. mre11� strains are extremely sen-
itive to ionizing radiation, but not to UV radiation (Bressan et al.,
998; Nisson and Lawrence, 1986). mre11� cells are deficient in
ouble strand break repair and grow more slowly than wt cells. The

ack of sensitivity to UV radiation and deficiency in double strand
reak repair suggest an mre11� mutant will specifically increase
he sensitivity of the HUG1P-GFP construct to double strand breaks
uch as those caused by �-ray.

In this work, we have engineered novel yeast strains with
nhanced sensitivity to multiple types of DNA damage. Specifi-
ally, we have improved the detection threshold of the HUG1P-GFP
iosensor construct to alkylation and �-ray through selective dele-
ion of genes involved in repair of these types of DNA damage. By
arefully selecting target genes for deletion, we have created a novel
enotoxin detection strain which outperforms our previous ver-
ions. Furthermore, the methods utilized in this study will be used
o engineer further improvement in subsequent sensor organisms.

. Materials and methods
.1. Yeast strains

Table 1 lists the yeast strains used in this study. Supplemental
able 1 lists all primers used. SPY1102, SPY1103, and SPY1104 were
reated as previously described (Benton et al., 2007).

2

c

mre11�::kanr

KY2164 MAT a ura4 Collection
KY2165 MAT ˛ ura4 Collection

SPY1105 was derived from a cross of SPY1102 and SPY1104.
PY1102 and SPY1104 were mated on GNA medium (5% glucose,
% Difco nutrient broth, 1% yeast extract, 2% agar). Successfully
ated cells were selected on synthetic complete (SC) medium lack-

ng histidine and leucine, grown again on GNA medium, and then
porulated on NGS medium (1% potassium acetate, amino acids, 2%
gar) for 7 days to induce them back to the haploid state. Individual
aploid cells were isolated by random spore analysis. The result-

ng strains were screened on SC medium lacking histidine and on
PD medium (1% yeast extract, 2% bactopeptone, 2% dextrose) con-
aining G418 antibiotic. Strains that passed both screenings were
nalyzed by PCR for MAG1 and MRE11 deletions as described above.
LEU2 deletion was verified by observing no growth on SC medium

acking leucine. Mating type and ploidy were verified by a mating
ross with SKY2164 (MAT a ura4-52) and SKY2165 (MAT ˛ ura4-52)
n SC medium lacking uracil.

.2. DNA damage exposure

DNA damage was induced as previously described (Benton et
l., 2007). Two hours after exposure began, 1 mL of each culture
as removed and the OD600 was recorded in order to monitor cell
roliferation. The cells were then washed in PBS, resuspended in
resh PBS to an OD600 of 0.2, and placed in the dark on ice until flow
ytometry analysis. This process was repeated after 4 h, 6 h, and 8 h
ad passed since the initial DNA damage exposure.

.3. Colony forming unit assays

All colony forming unit assays (CFU) consisted of a minimum of
hree independent trials. Cells were grown in liquid YPD at 30 ◦C
nd 250 rpm to mid log phase and then diluted to an OD600 of 0.1.
ultures were then treated with either MMS or �-ray and returned
o 30 ◦C incubation. After 4 h of continuous MMS exposure or 4 h
fter �-ray exposure, cells were diluted and sonicated. The cells
ere divided into 3 groups of approximately 100 cells each and each

roup of 100 was plated on a different YPD plate. The procedure
as repeated 4 h later, after 8 h of continuous MMS exposure or 8 h

fter �-ray exposure. The plates were incubated at 30 ◦C for 72 h,
nd then colonies were counted. The number of colonies on the
hree plates from the same culture was averaged, and the average
f each of the three cultures was averaged to determine the number
f viable colonies for a given condition. The number of colonies on
ach plate was normalized with the number of colonies on control
lates not treated with any DNA damaging agent.
.4. Growth rate analysis

To determine the effect of DNA damaging agent exposure on
ell proliferation and doubling time, culture OD600 was monitored
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Fig. 1. GFP induction in SPY1101, SPY1102 (mag1�), SPY1103 (mre11�), and SPY1105
(mag1� mre11�) by (A) MMS and (B) �-ray. Cells were grown to log phase in rich
medium, and then treated with the indicated genotoxin. After 8 h of continuous
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s a function of exposure time. Two hours after exposure began,
mL of each culture was removed and the OD600 was recorded. The
D600 was converted to cell titer using a standard curve constructed
y measuring the OD600 of samples whose cell concentration was
etermined by counting cells on a hemocytometer. Culture dou-
ling time was calculated using the following equation:

= 2t/td N0

here N is the number of cells at time t, N0 is the initial number of
ells, and td is the average doubling time.

.5. Flow cytometry

For each replicate, at least 10,000 cells were analyzed for flu-
rescence following protocols previously described (Benton et al.,
007).

. Results and discussion

.1. mag1� strains show enhanced sensitivity to genotoxicity
aused by MMS

We have previously described a yeast-based biosensor which
electively senses and reports DNA damage through GFP expression
Benton et al., 2007). This strain contains a GFP encoding region reg-
lated by a HUG1 promoter, leading to GFP expression in response
o many types of genotoxicity. In the current work, we sought to
ncrease the sensitivity of our original strain (SPY1101) to lower
oses of DNA damage through the deletion of genes involved in the
ellular DNA damage response, thereby enhancing the utility of the
ensor.

Strain SPY1102 was created by deleting MAG1 from the origi-
al HUG1P-GFP strain, SPY1101. Mag1p is a DNA glycosylase that
emoves alkylated bases from the DNA backbone, creating AP sites
hich are later cleaved by endonucleases. The deletion of MAG1

reated cells which were more susceptible to death than the wild
ype and SPY1101 strains upon exposure to the alkylating agent

MS. SPY1102 was no more susceptible to death after exposure to
-ray than wild type and SPY1101 cells (data not shown).

SPY1102 (mag1�) was exposed to multiple doses of MMS and
-ray (Fig. 1). Fig. 1A shows the difference in relative fluorescence

evels caused by the MAG1 deletion after 8 h of exposure (8 h is the
ime point at which GFP fluorescence was the maximum). The MMS
ose-dependent responses of SPY1101 and SPY1102 (mag1�) show
he enhanced sensitivity acquired through the MAG1 deletion. The
ag1� strain had a peak relative fluorescence of 154-fold at 0.005%
MS, whereas the optimum relative fluorescence of SPY1101 peak
as 148-fold at 0.01%. At 0.005% MMS, SPY 1101 fluorescence was
p-regulated 97-fold, indicating the MAG1 deletion caused a 1.5-
old increase in relative GFP fluorescence at that dose. The MAG1
eletion had a more profound effect at the low MMS doses. SPY1101
ad a relative fluorescence of 4 at 0.0005% MMS, whereas SPY1102
mag1�) had a relative fluorescence of 34, an improvement of more
han 8-fold. The lowest detectable dose of MMS by the HUG1P-GFP
ystem was lowered through the MAG1 deletion, while the kinet-
cs of the response was basically unchanged (see Supplemental
nformation).

The increase in HUG1P-GFP sensitivity upon MAG1 deletion
robably results from the accumulation of methyl groups on the

NA backbone. These alkylations cause the replication fork to

tall during DNA synthesis, activating the Mec1p kinase pathway
Pasero et al., 2003), of which Hug1p is a member. The lack of
unctional Mag1p presumably causes higher levels of alkylation
t lower doses of MMS, inducing HUG1 at lower doses than in

3
i

H

xposure to MMS or 8 h after exposure to �-ray, GFP expression relative to untreated
ontrol cells of the same strain was quantified by flow cytometry. Results are the
verage of at least three independent experiments, and error bars represent standard
eviation. (©) SPY1101, (�) SPY1102, (♦) SPY1103, and (�) SPY1105.

PY1101 cells. This notion is consistent with the dose-responses
or both strains, SPY1101 (MAG1) and SPY1102 (mag1�), having the
ame response pattern but with the optimum fluorescence shifted
oward lower MMS doses for SPY1102 (mag1�). MAG1 deletion
herefore reduces the detection threshold of the HUG1P-GFP strain
or MMS.

To ensure that MAG1 deletion selectively enhanced sensitivity
o MMS, SPY1102 (mag1�) was exposed to multiple doses of �-ray,
hose most lethal effects are the result of double strand breaks

Friedl et al., 1993). The responses of SPY1101 (MAG1) and SPY1102
mag1�) were indistinguishable at every dose tested (Fig. 1B). This
esult shows that the sensitivity to specific types of DNA damage
an be increased, without changing the response to other types
f damage, by disabling or weakening a specific DNA repair path-
ay.
.2. mre11� strains show enhanced sensitivity to genotoxicity
nduced by �-ray

Strain SPY1103 was created by deleting MRE11 from the original
UG1P-GFP strain, SPY1101. Mre11p is crucial for sensing double
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trand breaks and recruits other proteins to aid in their repair. To
ssess whether SPY1103 (mre11�) was selectively sensitized to �-
ay, cells were exposed to multiple doses of �-ray and MMS (Fig. 1).
ig. 1B shows the sensitivity of SPY1103 (mre11�) was greater than
hat of SPY1101 (MRE11) in response to �-ray 8 h after exposure,
he time point that resulted in the highest fluorescence induction
data not shown). The minimum detection threshold of SPY1101
MRE11) was 200 Gy, with a relative fluorescence of 2.7. The same
ose of �-ray induced a relative fluorescence of 14.7 in SPY1103
mre11�), more than a 5-fold increase in signal over SPY1101. Mean-
hile, SPY1103 (mre11�) was able to detect 50 Gy, with an 8-fold

nduction of fluorescence.
Fig. 1A shows a decrease in relative fluorescence of SPY1103

mre11�) cells exposed to MMS for 8 h, the time point that yielded
aximum GFP induction (data not shown). 0.01% MMS produced

he maximum fluorescence for both strains: a 148-fold increase
ver control cells for SPY1101 (MRE11) and a 49-fold increase for
PY1103 (mre11�), about a 3-fold decrease in relative fluorescence
s a result of the deletion. The dose dependent response of SPY1103
mre11�) did not show an increase or decrease in sensitivity to

MS over SPY1101; the fluorescent response was simply attenu-
ted. The decrease in relative fluorescence in the mre11� strain
s likely due to a slight increase in basal GFP expression level.

RE11 null mutants accumulate DNA damage in the absence of
xogenous genotoxins (Grenon et al., 2001). Basal GFP fluores-
ence in SPY1103 (mre11�) is about 2.7-fold higher than that of
PY1101 (MRE11) cells when measured after culturing cells for 6 h
ith no genotoxin present (data not shown). The lowest detectable
ose of �-ray by the HUG1P-GFP system did not change signifi-
antly through the MRE11 deletion, while the time necessary for
positive response increased slightly (see Supplemental Informa-

ion).
These results show that MRE11 deletion increases peak fluores-

ence and sensitivity to �-ray in a HUG1P-GFP biosensor, without
ffecting the sensitivity to MMS. This increase is likely due to an
ccumulation of double strand breaks in the mre11� strain, which
hen induces HUG1 promoter activity. MRE11 mutants have been
hown to be sensitive to MMS (Ajimura et al., 1993). It is interesting
o note that although mre11� strains exhibited reduced viability in
esponse to MMS (data not shown), the HUG1P-GFP did not show
n enhanced sensitivity for MMS upon MRE11 deletion. This seems
o indicate that HUG1 and MRE11 are not regulated by the same
ellular checkpoints. Both are involved in the response to MMS, but
hey do not appear to have an epistatic relationship.

In budding yeast, the RMX complex, consisting of Rad50p,
re11p, and Xrs2p, has multiple functions including roles in
NA damage repair through homologous recombination and non-
omologous end joining, meiotic recombination, and telomere
aintenance (reviewed in D’Amours and Jackson (2002)). Addi-

ionally, the RMX complex activates the Mec1p signaling pathway
n response to double strand breaks (Nakada et al., 2004). It is pos-
ible that the deletion of MRE11 actually lowered sensitivity to low
oses of �-ray by limiting the cells’ ability to initiate key portions
f the DNA damage response.

.3. mre11� phenotype dominates in mag1� mre11� cells

A mag1� mre11� HUG1P-GFP biosensor strain, SPY1105, was
reated to determine the synergistic or antagonistic effect of MAG1
nd MRE11 deletion on biosensor detection of MMS and �-ray.

hen exposed to MMS, strain SPY1105 (mag1� mre11�) displayed

n mre11� phenotype (Fig. 1A). The sensitivity to MMS was similar
o that of SPY1102 (mag1�) with the peak fluorescence induction at
.005%, but the relative fluorescence at each dose was lower than
hat in SPY1102 (mag1�). The relative fluorescence induction at
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.005% MMS was 49-fold for SPY 1105, identical to the fluorescence
nduction of SPY1103 (mre11�) at its peak fluorescence. This induc-
ion was about 3-fold lower than the relative fluorescence induction
f SPY1102 (mag1�), likely due to the elevated background GFP
xpression resulting from mre11� deletion. Basal GFP expression
n SPY1105 (mag1� mre11�) was about 2.6-fold higher than that
f SPY1101 cells when measured after culturing cells for 6 h with
o genotoxin present (data not shown).

When SPY1105 (mag1� mre11�) cells were exposed to �-
ay, the MRE11 deletion dominated (Fig. 1B). Peak fluorescence
or SPY1103 (mre11�) and SPY1105 (mag1� mre11�) occurred at
00 Gy, and the values were not statistically different. In SPY1102
mag1�) the MAG1 deletion had no effect on sensitivity to �-ray,
nd the same appeared to be true for SPY1105 (mag1� mre11�).

MAG1 and MRE11 deletion both affected GFP expression in the
UG1P-GFP biosensor performance. This is a promising result from

he perspective of biosensor design as it suggests multiple genes
an be deleted, yielding viable cells that have increased sensitivity
or specific types of damage without compromising the responses
o other types of damage. With proper deletion choices, it should
e possible to increase the sensitivity of HUG1P-GFP biosensor to
ther types of DNA damage besides alkylation and double strand
reaks.

.4. MAG1 deletion enhanced HUG1P-GFP sensitivity to
enotoxins other than MMS

All four HUG1-GFP strains were exposed to multiple types of
NA damaging agents, to assess how the deletions of MAG1 and
RE11 affect the strain’s sensitivity and selectivity in detecting

ifferent genotoxins. SPY1102 (mag1�) exhibited enhanced sen-
itivity to ethyl methanesulfonate (EMS) (Fig. 2A), a DNA alkylating
gent, as would be expected given the response to MMS (Fig. 1A).
his decrease in the dose that elicits the peak GFP response peak
ose in a mag1� strain is consistent with previous observations (Jia
nd Xiao, 2003).

More interestingly, SPY1102 (mag1�) showed increased sen-
itivity over SPY1101 to 4-nitroquinoline-1-oxide (4-NQO), a UV
imetic agent that causes single strand adducts (Fig. 2B). The low-

st detectable dose of 4-NQO was 0.05 �g/mL for SPY1101, while
PY1102 (mag1�) was able to detect 0.01 �g/mL. Furthermore, at
ll doses of 4-NQO above 0.05 �g/mL, SPY1102 (mag1�) exhibited a
-fold or more increase in GFP fluorescence compared to SPY1101.
ag1p is a member of the BER, which removes individual bases

n response to damage such as alkylation. Damage caused by 4-
QO induces the nucleotide excision repair (NER) pathway, which

emoves multiple nucleotides around a damaged site (Friedberg et
l., 1995). The observed increase in sensitivity suggests some syn-
rgy between the NER and BER in a hug1� mag1� null mutant.
ome models suggest that the RMX complex could play a role in
he response to DNA damage that triggers the NER (Nakada et al.,
004).

.5. MRE11 deletion enhanced HUG1P-GFP sensitivity to
amptothecin

Camptothecin is a topoisomerase I inhibitor, which allows topoi-
omerase I to cleave a strand of DNA, but prohibits its religation,
ffectively creating single strand breaks in the DNA backbone.

hese single-strand breaks are often converted to double strand
reaks by the cell during DNA replication (Ferrara and Kmiec,
004). SPY1103 (mre11�) and SPY1105 (mag1� mre11�) cells
ere more sensitive to DNA damage caused by camptothecin than

PY1101 cells (Fig. 2C). Both mre11� strains were able to detect
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ig. 2. GFP induction in SPY1101, SPY1102 (mag1�), SPY1103 (mre11�), and SPY110
ich medium, and then treated with the indicated genotoxin for 6 h (A, B, D, and E)
as measured by flow cytometry. Results are the average of at least three independ
♦) SPY1103, and (�) SPY1105.

amptothecin doses of 0.5 �g/mL, whereas SPY1101 had a detection
imit of 5 �g/mL. GFP fluorescence increased in the mre11� strains
or all doses of camptothecin tested above 0.5 �g/mL. Camptothecin
nduces both homologous recombination and non-homologous end
oining repair pathways. As seen earlier with �-ray, the improved
ensitivity to camptothecin is likely due to an accumulation of dou-
le strand breaks in the mre11� strain, which then induces HUG1
romoter activity.

.6. MAG1 and MRE11 deletions increase selectivity of
UG1P-GFP for specific genotoxins
The HUG1P-GFP strains were exposed to four additional geno-
oxins to determine if selectivity for specific genotoxins was
onferred by MAG1 and MRE11 deletions (Fig. 2D–G). None of the
trains were able to improve upon SPY1101’s ability to detect 1,2-
imethyl hydrazine (SDMH), a carcinogenic DNA alkylating agent

t
t
n
e
t

g1� mre11�) by multiple DNA damaging agents. Cells were grown to log phase in
(C, F, and G). GFP expression relative to untreated control cells of the same strain

periments, and error bars represent standard deviation. (©) SPY1101, (�) SPY1102,

Fig. 2D). The lack of improvement by SPY1102 (mag1�) was sur-
rising given its ability to detect lower doses of the other alkylating
gents tested, MMS and EMS.

SPY1101 outperformed the mag1� and mre11� deletion strains
n the detection of hydroxyurea (HU) and phleomycin (Fig. 2E
nd F). Hydroxyurea is a ribonucleotide reductase inhibitor, which
auses stalled replication forks that can eventually lead to double
trand break formation (Diffley et al., 2000; Shechter et al., 2004).
hleomycin is an antibiotic that induces double strand breaks in
east (Moore, 1988). One might have expected HUG1P-GFP mre11�
ull mutants to show enhanced sensitivity to hydroxyurea and
hleomcycin as they did for �-ray and camptothecin. The reduc-

ion in signal may be due to decreased ability of the mre11� cells
o recognize double strand breaks, as previously discussed. Finally,
o variations of the HUG1P-GFP strains were able to detect the pres-
nce of formaldehyde, a putative carcinogen which many consider
o be “non-genotoxic” (Fig. 2G).
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. Conclusions

The HUG1P-GFP promoter-reporter construct has demonstrated
he ability to detect a wide variety of DNA damaging agents with-
ut responding to general cell stresses (Benton et al., 2007). In this
tudy we enhanced the utility of the cellular biosensor through the
ystematic deletion of genes involved in the DNA damage response.
y deleting MAG1, a DNA glycosylase and member of the BER path-
ay, the HUG1P-GFP sensitivity to the alkylating agents MMS and

MS was greatly enhanced. Deletion of MRE11, part of the highly
onserved RMX complex that aids in sensing and repairing double
trand breaks in budding yeasts, enhanced sensitivity to �-ray and
amptothecin. The effects of a double deletion of MAG1 and MRE11
ere additive.

We were able to engineer increased selectivity through deletion
f components of the DNA damage repair pathway, since increased
ensitivity to one type of damage did not alter sensitivity to other
enotoxins. The enhancements to the HUG1P-GFP system did not
mprove its ability to detect several other DNA damaging agents,
ncluding SDMH, phleomycin, and HU, or its ability to detect the car-
inogen formaldehyde. Based on the results of this study, it seems
ikely that the directed deletion of genes in DNA damage repair
athways can enhance sensitivity to those and other genotoxins.
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