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anti-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene; TH
A new method was developed to determine the mutagenic efficacy of a suspected mutagen by employing
green fluorescent protein (GFP) as a direct biosensor for mutation detection. Alterations in target
gene (AcGFP1) expression after mutagen [(±)-7p,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydro-
benzo[a]pyrene (BPDE)] treatment were measured to detect the mutagenic efficacy of the carcinogen.
In contrast to mutagen treatment of the entire plasmid or cell culture, the target AcGFP1gene devoid
of the plasmid backbone was exposed to BPDE (10–500 lM) to eliminate the need for an additional fusion
gene. Shuttle vectors (pAcGFP-N1) were religated to the AcGFP1 gene with BPDE adducts (0–8.59 lM)
and replicated in the eukaryotic host. This approach eliminated false-negative errors in target gene
expression that arose from BPDE adduct formation in the residual plasmid backbone rather than in the
AcGFP1 gene. Determination of the BPDE–AcGFP1 adducts allowed the quantitative mutagenic effect of
the BPDE adducts on AcGFP1 gene expression to be monitored. The results obtained with flow cytometry
and confocal microscopy validate our method and demonstrate efficient and direct use of GFP as a bio-
sensor for mutation detection.

� 2008 Elsevier Inc. All rights reserved.
Various biosensors have been developed to investigate the
mutagenic potential of carcinogens based on either altered nucle-
otide sequence or protein expression. Methods based on an altered
DNA profile [1,2] are limited when determining the active sites of
the mutated gene sequence and its impact on altered protein
expression, especially when adduct-forming mutagens are exam-
ined. In this context, the study available reported [3] that mutation
hotspots do not correlate with hotspots of damage. To discern the
fidelity of target gene expression while determining the mutagenic
potential of carcinogens, several complicated vector constructs
(GFP1 reporter systems) with fusion genes have been used. Recently,
specially constructed fusion vector systems [4,5] in combination
with an appropriate reporter gene like sup F [6] have been used to
detect mutations in mammalian cells, both in vivo and in vitro. How-
ever, these systems require several days or weeks to enumerate and
characterize the mutants. The other important aspect of predicting
the mutagenic efficacy of carcinogens on target genes is the mutagen
treatment strategy. When the entire plasmid [7] or entire cell culture
[8,9] is treated with mutagen, the mutagen may form adducts with
the reporter gene, the plasmid backbone, or other cellular entities,
ll rights reserved.

PDE, (±)-trans-7,8-dihydroxy-
F, tetrahydrofuran.
as well as with the target gene, leading to erroneous results. When
such strategies are used, mutagen treatment of GFP fusion vectors
[9,10] may result in adverse mutagenic effects on the GFP reporter,
as mutations in GFP reportedly alter its fluorescence [11,12]. Thus,
visualization of altered gene expression in mammalian cells is highly
desirable.

To eliminate the need for complicated vector constructs, we
developed a method in which the native fluorescence of muta-
gen-treated GFP is monitored at the mammalian single-cell level
without a fusion gene insert to detect mutations. GFP is one of
the most common reporter domains used to detect mutations
[13] as it does not require any substrates or cofactors [14]. More-
over, GFP is nontoxic to mammalian cells and its measurement is
simple and reagent-free. Rather than treating the entire plasmid,
we treated a restriction endonuclease-digested AcGFP1 fragment
from the pAcGFP1-N1 vector with (±)-trans-7,8-dihydroxy-anti-
9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), a highly
reactive electrophilic metabolite of benzo[a]pyrene reported to
cause cytotoxicity and point mutations [15] in both prokaryotic
and eukaryotic cells [16]. Elimination of false-negative errors in
target gene expression, along with early adduct determination,
adds an extra dimension and increases accuracy in determining
the mutagenic concentrations responsible for altered expression
of a targeted biomolecule. The data presented here demonstrate
excellent utilization of GFP as a direct biosensor for mutation
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detection and a new method to fortify biosensor technology. Ana-
lyzing GFP expression through flow cytometry is an excellent
choice for detection at the level of single mammalian cells.
Materials and methods

Cells and plasmids

Human embryonic kidney cells (HEK 293) were cultured in Dul-
becco’s modified Eagle’s medium. Cultures were supplemented
with 10% (v/v) fetal bovine serum (16000-044, Gibco), 60 lg/ml
penicillin, and 100 lg/ml streptomycin (P0781, Sigma) and main-
tained in 25-cm2 cell culture flasks (Nunclon) at 37 �C under 5%
CO2. A 4700-bp shuttle vector, pAcGFP1-N1, encoding GFP was ob-
tained from Clontech (Palo Alto, CA, USA) (Fig. 1).

Transformation and amplification of target genes

Competent Escherichia coli DH5a cells were subjected to chem-
ical transformation as suggested by the manufacturer (Invitrogen,
Carlsbad, CA, USA). The transformants were selected on Luria broth
agar plates supplemented with kanamycin (30 lg/ml). Plasmids
from resistant colonies were isolated using a Plasmid Midi Kit (Qia-
gen, Valencia, CA, USA). AcGFP1 fragments were then subjected to
restriction endonuclease digestion (EcoRI/NotI) amplification with
specific primers, AcGFP1 (50-GCTTCGAATTCTGCAGTCGACGG) and
AcGFP2 (50-AGTCGCGGCCGCTCACTTGTACA), according to the fol-
lowing temperature profile: 94 �C for 5 min, 30 cycles of 94 �C for
30 s, 55 �C for 30 s, 72 �C for 30 s, and a final extension at 72 �C
for 5 min. PCR amplification was confirmed by analyzing the
amplified 766-bp AcGFP1 fragment on 1% agarose gel with stan-
dard molecular weight markers.

BPDE adducts on AcGFP1 gene fragment

Before BPDE treatment, the amplified AcGFP1 DNA was dis-
solved in 5 mM sodium cacodylate buffer solution supplemented
with 0.1 M NaCl and 3 mM EDTA. Metal ions and other impurities
were removed by dialysis against 5 mM sodium cacodylate buffer
(1395)
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Fig. 1. Schematic representation of pAcGFP1-N1 shuttle vector and mutagen treatment s
then treated with BPDE. Different concentrations of BPDE–AcGFP1 adducts were religate
constructs were then transfected into HEK 293 cells.
to prevent possible interference [17] with the fluorescence proper-
ties of GFP. Aliquots of solid racemic BPDE (NCI Chemical Carcino-
gen Repository, Midwest Research Institute, Kansas City, MO, USA)
were prepared in a small volume of anhydrous tetrahydrofuran
(THF). BPDE adducts on the AcGFP1 gene fragment were desig-
nated G1. DNA (AcGFP1) solutions (5 � 10�7 M) were incubated
at room temperature in the dark with various BPDE concentrations
at specific time intervals—1 � 10�5 M (12 h), 1 � 10�5 M (48 h),
1 � 10�4 M (24 h), and 5 � 10�4 M BPDE (48 h)—to yield the first,
second, third, and fourth BPDE–AcGFP1, adducts, respectively
(Fig. 2a). The final THF concentration in all reaction mixtures was
below 1%. Repeated ether extractions, followed by ethyl alcohol
precipitation, were performed to remove the tetrasol produced
by the hydrolysis of BPDE. Finally, the DNA was dissolved in
5 mM sodium cacodylate buffer solution For early adduct determi-
nation, the number of moles of BPDE bound per mole of DNA
was determined by absorption at 346 nm (extinction coeffi-
cient = 29,000 M�1 cm�1) within the total spectral range
300–370 nm. BPDE–AcGFP1 adducts (G1) were confirmed by UV
spectroscopy and, along with the untreated AcGFP1, were ligated
as suggested by the manufacturer (Clontech). DNA samples treated
under identical conditions but without BPDE were used as the con-
trol. The BPDE-treated AcGFP1 DNA and the pAcGFP-N1 vector
with BPDE–AcGFP1 adducts were analyzed for altered mobility
shift on 1% agarose gel (Fig. 2b).

Transfections

The recircularized plasmids (G1) were transfected (in triplicate)
into HEK 293 cells under the appropriate culture conditions. On the
following day, the cells were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

DNA sequencing and multiple sequence alignment

DNA sequence analysis of the AcGFP1 gene (with BPDE adducts)
was performed 48 h after transfection (Fig. 3a). Plasmids were pre-
pared using a slight modification of the standard QIAprep Spin
Miniprep method. Plasmid sequencing was carried out using
AcGFP1 (50-GCTTCGAATTCTGCAGTCGACGG) and AcGFP2 (50-
3.934Kbp3.934Kbp
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trategy. AcGFP1 gene (766 bp) was restriction digested from the shuttle vector and
d into the pAcGFP1-N1 vector, as was the control (BPDE–untreated AcGFP1). These
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Fig. 2. Formation of BPDE–AcGFP1 adducts after BPDE treatment. (a) UV spectra illustrate a linear increase in absorbance (spectral range 300–370 nm) with increasing
concentration of BPDE–AcGFP1 adducts at different time intervals (absorption maximum = 346 nm). Inset: spectrum representing the lowest (G1a) BPDE–DNA adduct
concentration on a smaller absorbance scale. (b) Gel image (1% agarose) of the 766-bp AcGFP1 DNA (lanes 1–5) and the religated pAcGFP1-N1 vector (lanes 6–11). Lane 1
represents AcGFP1 DNA (BPDE untreated) and lanes 2–5 represent the first, second, third, and fourth BPDE–AcGFP1 adducts. Similarly, lanes 6 and 7 represent untreated
pAcGFP1-N1 vector. Lanes 8–11 represent the pAcGFP1-N1 vector religated with G1a, G1b, G1c, and G1d adducts.
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AGTCGCGGCCGCTCACTTGTACA) primers and 500 ng plasmid DNA.
The resulting sequences were analyzed with MultAlin multiple se-
quence alignment software (Fig. 3b).

Confocal microscopy and flow cytometry of fluorescent cells

Flow cytometric analysis (Fig. 4a) and confocal microscopy
(Fig. 4a, inset) of HEK 293 cells (in triplicate) were performed
48 h after transfection. Confocal micrographs were obtained with
an inverted confocal microscope (Olympus Model IX71) and ana-
lyzed with Meta Imaging Series 6.3 software (Molecular Devices,
Downingtown, PA, USA). Alterations in GFP fluorescence measured
via flow cytometric analysis (Fig. 4b1) and confocal microscopy
(Fig. 4b2) were plotted as a function of BPDE–AcGFP1 adduct
concentrations.

BPDE adduct on pAcGFP1-N1 plasmid backbone devoid of AcGFP1 gene

BPDE adducts on plasmid backbone (3934 bp) devoid of AcGFP1
gene fragment were designated P1. Adducts (adducts 1, 2, 3, and 4)
were ligated to non-BPDE-treated AcGFP1 genes. Except for the
DNA (P1 instead of G1), all other experimental conditions for liga-
tion and transfection were similar to those described above. Alter-
ations in GFP fluorescence observed by flow cytometric analysis
were plotted as a function of BPDE-plasmid backbone adduct con-
centration (Fig. 5).

BPDE adduct on whole plasmid

BPDE adducts on whole plasmids with AcGFP1 gene fragments
were designated PG1. Plasmid (pAcGFP1-N1) solutions (1.45 lg/ll
in 150 ll) were incubated at room temperature in the dark with
various concentrations of BPDE at specific time intervals:
1 � 10�5 M (12 h), 1 � 10�5 M (48 h), 1 � 10�4 M (24 h) and
5 � 10�4 M (48 h) BPDE. Other experimental conditions were sim-
ilar to those mentioned above. Plasmids were further digested
with EcoRI–NotI restriction enzymes to yield the 3934-bp plas-
mid backbone and the 766-bp AcGFP1 gene fragment. Plots of
absorption spectra of BPDE–DNA adducts formed on the 3934-
bp plasmid backbone against increasing BPDE concentration/time
are labeled adduct 1, adduct 2, adduct 3, and adduct 4, whereas
plots of adducts formed on the 766-bp AcGFP1 gene are labeled
adduct 1a, adduct 2a, adduct 3a, and adduct 4a (Fig. 6a). The
number of moles of BPDE residues bound per mole of DNA was
determined from the absorption at 346 nm, as described above.
The concentrations of BPDE adducts formed on the 766-bp
AcGFP1 gene were compared from the absorption spectra follow-
ing treatment of the entire plasmid or only the AcGFP1 gene with
BPDE (Fig. 6b).

Results

BPDE–AcGFP1 adducts in the pAcGFP1-N1 vector

The pAcGFP1-N1 shuttle vector (Fig. 1) encoding the AcGFP1
gene was used to monitor the mutagenic potency of BPDE. In this
approach, the AcGFP1 gene was intentionally restriction digested
from the shuttle vector to yield different concentrations of
BPDE–AcGFP1 adducts (G1). As shown in Fig. 1, BPDE–AcGFP1 ad-
ducts were then religated into the shuttle vector (pAcGFP1-N1).

Characterization of the BPDE-treated AcGFP1 gene

BPDE-treated AcGFP1 DNA was assayed to determine the moles
of BPDE residues bound per mole of DNA. Over the range 300–
370 nm (Fig. 2a), the absorption spectra of BPDE-treated DNA dis-
played a linear relationship with respect to BPDE concentration
and incubation time. The molar BPDE–adduct concentrations cal-
culated were 4 � 10�7, 2.24 � 10�6, 4.1 � 10�6, and
8.59 � 10�6 M and designated as G1a, G1b, G1c, and G1d BPDE–
AcGFP1 adducts, respectively. BPDE–AcGFP1 adducts displayed
an intact band at the same position (766 bp) as the control
(BPDE–untreated). The religated pAcGFP-N1 vector containing
the BPDE–AcGFP1 adducts also generated the desired 4.7-kb band
on 1% agarose gel (Fig. 2b), similar to the commercially available
pAcGFP-N1 vector.
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Effect of BPDE–AcGFP1 adducts (G1) on DNA sequencing

The control (not treated with BPDE) exhibited high nucleotide
signal intensity throughout the chromatogram with minimum sig-
nal-to-noise ratio (Fig. 3). This illustrates that almost equal copy
numbers of each DNA fragment were formed during the cycle
sequencing PCR. In contrast, a gradual decrease (red arrow) in
nucleotide signal intensity (after �250 bp) was observed in
BPDE-treated samples (Fig. 3a). Indeed, nucleotide signal intensity
was inversely proportional to BPDE–AcGFP1 adduct concentration.
Multiple sequence alignment with hierarchical clustering of BPDE-
treated DNA with control revealed interesting results. Initial nucle-
otide sequences at both the 50 and 30 ends were heterogeneous
(suspected BPDE–nucleotide adducts), and the sequences were
misaligned up to 75 bp. This may be due to BPDE adduct formation
on residual dideoxynucleotides in the cycle sequencing PCR. Later
sequences (after 75 bp) were in better homology. This indicates
that BPDE–DNA adduct formation interfered considerably with
the polymerization DNA template in cycle sequencing PCR, result-
ing in the formation of low-molecular-weight fragments with mis-
incorporated nucleotide bases. The later (after 80 bp) homologous
DNA strands appeared to be in low copy number in the chromato-
gram. This may be the outcome of sequencing using a template
DNA (plasmid) without BPDE–DNA adducts (even after BPDE treat-
ment). Considering the ineffectiveness of DNA sequencing in deter-
mining mutations (especially in adduct-forming mutagens),
expression analysis was carried out via flow cytometry and confo-
cal microscopy.

Localization and quantitation of subcellular fluorescent protein

The progenies of the BPDE–AcGFP1 adduct (G1)- and BPDE–
plasmid backbone (3934 bp) adduct (P1)-containing plasmids
were monitored by flow cytometric analysis to determine the
mutagenic potency of BPDE in the expression of GFP. Four different
BPDE–AcGFP1 adducts were religated into the pAcGFP1-N1 plas-
mid backbone (without BPDE treatment) and transfected into the
eukaryotic host (HEK 293 cells). Similarly, BPDE–plasmid backbone
adducts were religated with the untreated AcGFP1 fragment and
transfected into HEK 293 cells. Considering the doubling time
(�10 h) of HEK cells, GFP expression was monitored by flow
cytometry 48 h after transfection to allow more than four cycles
of plasmid replication in the eukaryotic environment. Fig. 4a
comprises the histograms for the control and four different
BPDE–AcGFP1 adducts obtained by flow cytometry. The molar
BPDE concentrations of BPDE–AcGFP1 adducts G1a, G1b, G1c,
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and G1d were 4.00 � 10�7, 2.24 � 10�6, 4.10 � 10�6, and
8.59 � 10�6 M, respectively. The inset (micrograph) represents
the alteration in GFP expression at the corresponding BPDE con-
centration. Data clearly revealed a reduction in GFP expression
(M2 region) with increasing concentration of BPDE adducts. More
statistical information was obtained from a scatter graph. As
shown in Fig. 4b1, the differences (compared with control) in the
percentage GFP expression according to quantitative flow cytomet-
ric analysis were 2.47, 11.19, 16.49, and 23.71 for the G1a, G1b,
G1c, and G1d BPDE-AcGFP1 adduct concentrations, respectively.
The linear regression coefficient (R2) was 0.9918. In Fig. 4a (inset)
are confocal micrographs taken in fluorescence mode. To obtain
better insight, average fluorescence intensity of the confocal
micrographs was plotted against BPDE–AcGFP1 adduct concentra-
tion (Fig. 4b2). The average signal intensities of the confocal micro-
graphs were 40.83, 33.62, 25, 22.33, and 20 for the control, G1a,
G1b, G1c, and G1d BPDE–AcGFP1 adducts, respectively. The linear
regression coefficient (R2) was 0.9324. These results clearly dem-
onstrated a substantial effect of BPDE on GPF expression. Fig. 5 dis-
plays the differences (versus control) in percentage GFP
expression, as measured by flow cytometric analysis, of four P1 ad-
ducts. Differences in percentage GFP fluorescence were plotted
against BPDE–plasmid backbone adduct (P1) concentration, that
is, 3.55 � 10�5, 1.00 � 10�6, 1.58 � 10�6, and 3.11 � 10�6 M (repre-
sented as 1, 2, 3, and 4 on the X axis, respectively). The differences
in percentage GFP expression were 4.77, 10.34, 14.44, and 20.74 for
the first, second, third, and fourth BPDE–plasmid backbone adduct
(P1) concentrations, respectively. The linear regression coefficient
(R2) was 0.9941. Thus, increasing concentrations of BPDE–plasmid
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backbone adducts resulted in proportional decreases in target gene
(AcGFP1 gene) expression. This is clear evidence demonstrating the
lacunas inherent in mutagen treatment of the whole plasmid.
Hence it can be inferred that alterations in the plasmid backbone
can considerably hamper target gene expression.

Mutagen treatment of target gene versus plasmid backbone

To fix the concentration of suspected mutagen with respect to a
particular gene target, only the gene itself should be exposed to the
mutagen and not the entire plasmid surrounding the target gene.
To demonstrate this, equal numbers of copies of the AcGFP1 gene
with and without plasmid backbone were used. Plasmid
(4700 bp) concentration was 6.136 times higher than the concen-
tration of target gene sequence, AcGFP1 (766 bp), considering the
relative nucleotide lengths. Both demarcated forms (G1 and PG1)
of DNA were exposed to various BPDE concentrations (see Materi-
als and methods for details). PG1 was further restricted to yield P1
adducts 1, 2, 3, and 4 and H1 adducts 1a, 2a, 3a, and 4a (Fig. 6a). In
the inset are the spectra of adducts 1 and 1a. Molar BPDE–DNA ad-
duct concentrations were calculated as described and were
2.96 � 10�6, 8.54 � 10�6, 1.18 � 10�6, 3.07 � 10�5, 3.55 � 10�7,
1.00 � 10�6, 1.58 � 10�6, and 3.11 � 10�6 M for adducts 1, 2, 3, 4,
1a, 2a, 3a, and 4a, respectively. Thus, adduct formation was propor-
tional to BPDE concentration, and the majority of adducts formed
on the plasmid backbone and not on the target gene. These results
favor our proposed methodology and also call into question the
strategy of treating the entire plasmid with mutagen. We also com-



Green fluorescent protein as a direct biosensor for mutation detection / Y.K. Tak et al. / Anal. Biochem. 380 (2008) 91–98 97
pared adducts 1a, 2a, 3a, and 4a (AcGFP 1 gene restricted after
treatment of entire plasmid treatment) with adducts G1a, G1b,
G1c, and G1d (only AcGFP 1 gene treated with BPDE) (Fig. 6b). It
should be noted that DNA copy numbers were similar. In the inset
are the spectra of adducts G1a and 1a. Comparing the number of
BPDE–AcGFP1 adducts formed on the target gene (AcGFP1) se-
quence with the number formed on the entire plasmid clearly
demonstrated that more BPDE–DNA formed when only the target
sequence, instead of the entire plasmid, was treated with BPDE.
The probability of BPDE binding to the target gene decreased, as
the plasmid backbone could also bind to BPDE.

Discussion

To develop selective measurement techniques, researchers are
exploring biomolecules as direct sensors for diagnostics, toxicity
assessment, and drug research. We have developed a method for
determining the mutagenic efficacy of a suspected mutagen using
GFP as a direct biosensor for mutation detection. Among the sev-
eral approaches to detecting mutations, sensors based on altered
DNA profiles are time consuming and cannot explain the effect
on protein expression, especially when an adduct-forming muta-
gen (BPDE) is analyzed. Our results revealed misaligned sequences
along with the suspected BPDE–nucleotide adducts at both the 50

and 30 ends of the AcGFP1 gene, in support of this hypothesis.
These 50 and 30 modifications may cause truncated DNA fragments
that terminate in the vicinity of the damaged site. However, the
possibility of formation of BPDE adducts on residual dideoxynucle-
otides in the cycle sequencing PCR cannot be ruled out. In this con-
text, a report illustrating the uneven distribution of BPDE-induced
mutation hotspots (GC ? TA transversions) suggests an ambiguity
in base pair alterations with respect to gene expression. Indeed, the
available literature suggests that BPDE interacts stereospecifically
with prokaryotic and eukaryotic polymerases in vivo and that the
conformational alterations caused by DNA polymerase–BPDE ad-
duct interaction can alter the site of termination of DNA synthesis,
which could be unique to individual polymerases [18]. Thus, muta-
tions should be judged by actual alterations in nucleotide bases
and not by the misincorporation of nucleotides by polymerases.
The results obtained clearly indicate that treatment of the entire
plasmid with mutagen may provide misleading data, as changes
in target gene expression may result from dysfunction of the plas-
mid backbone and not from dysfunction of the target gene.

Because of the importance of expression analysis in mutation
detection, several complicated vector constructs with fusion
genes (e.g., GFP reporter systems) have been used as biosensors
for mutation detection. GFP reporter systems have also been used
as genotoxicity biosensors to screen genes involved in DNA repair
[19]. However, reports elucidating the possible effects of muta-
gens on a target fusion genes based on GFP fusion vectors do
not account for the adverse effect of the mutagen on GFP fluores-
cence. Even though GFP is stable in a variety of buffers and tem-
peratures [10], there are reports that suggest a possible effect of
mutations on GFP fluorescence [11,12]. Therefore, the possible ef-
fect of mutagens on GFP fluorescence, along with effects on the
target fusion gene, may not be predictable. Moreover, mutagen
treatment of the entire plasmid containing the target gene or of
the entire cell culture can also damage residual plasmid DNA or
other cellular entities, resulting in altered target gene expression,
even without mutation. The plasmid backbone contains several
important sequences that are directly or indirectly related to tar-
get gene expression. Moreover, the length of the plasmid back-
bone varies depending on the type of vector used in the
experiment. Thus, the possibility of adduct formation to a tar-
geted site (DNA) decreases when the entire plasmid, including
the target gene, is treated as a whole. As a consequence, most ad-
ducts form on the plasmid backbone and, hence, the results may
be misleading.

We developed an approach in which the target gene (AcGFP1) is
exposed to BPDE to explore the possibilities of using GFP (without
a fusion gene) as a direct biosensor for mutation detection. This ap-
proach eliminated the false-negative errors in target gene expres-
sion that arise from BPDE adduct formation in the residual
plasmid backbone rather than in the AcGFP1 gene. Determination
of the BPDE–AcGFP1 adduct through UV spectroscopy and valida-
tion of its effect on GFP expression in the eukaryotic environment
practically obviated the need for further verification of the results
obtained on altered gene expression.

New approaches for screening possible mutagens should be ra-
pid, direct, and simple. However, systems that entail the enumer-
ation and characterization of mutants are time consuming.
Furthermore, these systems cannot determine whether mutations
occur in the target gene or in the bacterial cells used to detect mu-
tant genes [4]. In this study, confocal microscopy allowed visuali-
zation of subcellular GFP expression, whereas flow cytometric
analysis provided quantitative GFP expression profiling. As shown
in Fig. 4, GFP expression decreased linearly with increasing BPDE–
AcGFP1 adduct concentration. This suggests a possible role for
BPDE in altered GFP expression. BPDE adducts on various target
genes have already been reported to cause point mutations [20–
23], and we found that BPDE adducts interfere with GFP expression
in HEK 293 cells. Thus, validation through confocal microscopy and
flow cytometry supports this approach of employing GFP as a di-
rect biosensor in determining the mutagenic potency of a mutagen.

In the approach developed here, the target gene (AcGFP1) was
directly treated with a mutagen (BPDE) and then religated into
the pAcGFP-N1 vector. However, this approach poses two interest-
ing questions. First, apart from adduct formation, can BPDE also in-
duce DNA cleavage? Second, does the BPDE–AcGFP1 adduct affect
the efficiency of religation of AcGFP1 into the pAcGFP-N1 vector?
DNA gel electrophoresis (Fig. 2b) revealed an intact band of
BPDE–AcGFP1 adducts (766 bp) similar to the control on 1% aga-
rose gel. This suggests that BPDE contributes only to adduct forma-
tion and not to DNA cleavage. Similarly, the religated pAcGFP-N1
vector containing the BPDE–AcGFP1 adducts was also the desired
4.7-kb size (Fig. 2b), identical to the commercially available pAc-
GFP-N1 vector. Thus, the vector was properly religated with the
AcGFP1 target gene containing BPDE adducts, and adduct forma-
tion did not affect the efficiency of religation of the pAcGFP-N1
vector. Pommier and co-workers [24] have demonstrated that
the inhibition of religation by carcinogenic adducts is predomi-
nantly responsible for the increase in top1 (DNA topoisomerase
I)-mediated cleavage complexes, similar to top1 poisons like cam-
ptothecin [25–27]. BaPDE-2 (benzo[a]pyrene diol epoxide) adducts
primarily enhanced the formation of topl cleavage complexes
while exerting minimal effects on religation. As explained above,
we did not observe cleavage of the AcGFP1 gene after BPDE adduct
formation. This suggests that the effects of carcinogens on the
cleavage complexes vary with the target DNA sequence. Thus,
the minimal effect of BaPDE-2 adducts on religation reported by
Pommier and co-workers [24] supports our findings.

The data obtained suggest that treatment of AcGFP1 with BPDE,
followed by its religation into the pAcGFP-N1 vector and replica-
tion in human cells, subsequently reduces GFP expression and in-
creases the concentration of BPDE adduct. Mukhopadhyay et al.
[9] reported that the diffuse distribution of GFP in nuclear and
cytoplasmic compartments of HEK 293 cells remained unchanged
by BPDE treatment. However, the final concentrations of BPDE
(0–0.2 lM) and the mutagen treatment strategy (entire culture)
used in their study may explain this discrepancy. Mutagen treat-
ment of the entire culture can result in reduced adduct formation
on the target gene, as most of the BPDE molecules are engaged
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with other cellular entities. In contrast, in the present study, the re-
stricted AcGFP1 DNA was treated with higher BPDE concentrations
(10–500 lM). Subsequently, BPDE–AcGFP1 adducts (0–8.59 lM),
after religation and transfection, resulted in altered GFP expression
in human cells.

Conclusion

We have described a method for the efficient use of GFP for
mutation detection that eliminates false-negative errors. In con-
trast, the approach developed allows rapid early determination of
BPDE adduct formation per mole of AcGFP1 DNA through UV spec-
troscopy before the religation step. In elucidating the mutagenic
efficacy of a suspected mutagen, this approach allows selection
of the initial concentration of adduct formed per mole of DNA.
The data presented here demonstrate the employment of our
method to strengthen biosensor technology by using GFP as a di-
rect biosensor for mutation detection. This method nullifies false-
negative errors and facilitates screening and determination of
accurate mutagen concentration through early DNA–adduct
determination.
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