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Abstract

AtRAD51 gene encodes an Arabidopsis homologue ofE, coli RecA protein that catalyzes homologous
recombination and repair of chromosomal DNA. The AtRAD51 mRNA expression is regulated by DNA
damage afld cell cycle, but the mechanisms and signal transduction pathway involved in the AtRAD51
transcriptional regulation are largely unknown. In order to investigate regulatory mechanisms of DNA
damage induced gene expression in plants, we carried out functional analysis of the AtRAD51 gene
promoter. A 0.7 kb fragment of the 5' - upstream region of AtRAD51 genomic DNA was fused to the
firefly luciferase reporter gene and introduced into tobacco cells by microprojectile bombardment and

Agrobacterium mediated transformation. Induction experiment using bleomycin indicated that the

AtRAD51 promoter is able to direct gene expression in tobacco cells in response to DNA damage.
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Abbreviations

CAB, chlorophyll a/b-binding protein; CaMV,
cauliflower mosaic virus; DLRA, dualluciferase
reporter assay; Fluc, firefly luciferase; GUS, ~
glucuronidase; Rluc, Renilla luciferase; RTPCR,
reverse transcription- polymerase chain reaction.

Introduction

All living cells respond to genotoxic stresses by
expressing a set of genes under the control of an
inducible promoter that respond to signals generated

by DNA damage. Such cellular responses are essen-
tial for normal cell cycle progression and mainte-

nance of genome integrity. One example is the

RAD51 gene that shows structural similarity to a
DNA recombination protein RecA from E. coli
(Shinohara and Ogawa, 1999). In Saccharomyces
cerevisiae, a series of mutants sensitive to DNA
damaging agents have been isolated and charac-
terized (Game, 1993). Plants respond to various
environmental stresses such as light, temperature,

drought and pathogen attack by expressing genes

under the control of inducible promoters that re-
spond to particular regulatory signals. Because of

being constantly exposed to DNAdamaging UV
light irradiation, plants have developed protection

mechanisms against DNA-damaging agents (Britt
et al., 1996; Jansen et al., 1998). Plant cell responds

to DNA damage in many aspects of physiological
processes including expression of a set of genes that

involved in DNA repair. Recent studies on Arabi-
dopsis genes demonstrated that many genes are up
regulated by the treatment with DNAdamaging
agents (Chen et al., 2003). Although factors that

control sensing and signal transduction of DNA
damage have been identified in Arabidopsis, the
regulatory mechanisms involved in gene expression
in response to DNA damage are not clear (Garcia et
al., 2003). Moreover, the promoter sequences that

direct gene expression in response to DNA damage
have ilot been analyzed in plants.

Previous studies demonstrated the existence of

multiple genes encoding RecAlike proteins in
Arabidopsis. TheAtRAD51 gene was identified as a
RecAlike gene that shows high similarity to the
yeast RAD51 gene and has shown to be induced by
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DNA damage (Klimyuk and Jones, 1997; Doutriaux
et al., 1998; Osakabe et al., 2002). In order to
investigate the mechanisms involved in regulated
expression of genes in response to DNA damage,
we chose the AtRAD51, because of the availability
of the expression profiles against DNA damaging
agents and the genomic DNA sequence information
(Urban et al., 1996). Moreover, recent studies of

genes responding to genotoxic stress demonstrated

that the induction level of AtRAD51 gene is one of
the best among the upregulated genes that respond
to DNA damage (Chen et al., 2003).
We conducted this study as a part of our efforts to
uncover the mechanisms involved in the response to

DNA damage in higher plants. As a first step
towards understanding the specific regulation of

gene expression by DNA damage, we analyzed the
gene regulation in response to DNA damage. Using
a transient assay and transgenic plants, we charac-
terized the regulated expression of the AtRAD51
gene and demonstrated that the AtRAD51 promoter
is able to direct gene expression in response to DNA
damage.

Materials and methods

Construction ofplasmids

The sequence of AtRAD51 promoter region was
amplified from the genomic DNA of Arabidopsis
thaliana (ColO) by PCR with primers; AtRAD51
U; 5' - GGAAGCTTCACCGGTTTGj~CCCGGTT
AG 3' and AIRAD51 D; 5' GGCCATGGTCGTC
ATTTCTCTCAATCAGAG 3'. The amplified
fragment was digested with HindIII and Ncol and
inserted into the HindIIINcol site of pB1221 Iuc+
(Matsuo et al., 2001).

ArLIM15::Fluc was constructed by excising the

ArLIM15 promoter fragrnent from the plasmid

pARLE3 that contains a 2.5 kb genomic DNA
fragment of ArLIM15 gene (Sato et al., 1995) by
digesting with HindIII and Xbal, blunted, and in-

serted into the HindIII-blunt site of pB1221luc+
The pB1221CABI ::Fluc was constructed as de-
scribed previously (Matsuo et al., 2001). The binary

vector constructs were made by joining HindIII-
Pvull digested promoterFluc fragments and the

HindIII -ECORI blunt digested binary vector
pB1121 LUC.

Microprojectile bombardment and transformation
ofplant cells

A transient expression assay by microprojectile
bombardment was conducted as described pre-
viously (Matsuo et al., 2001). Transformation and
selection of tobacco and BY- 2cells usingAgrobac-

terium tumefacience strain LBA4404 were carried
out as described previously (Matsuoka and Naka-

mura, 1991).

Luclferase assay
Transient assay of luciferase reporter genes was
conducted by the DLRA system as described pre-
viously (Matsuo et al., 2001). Spatiotemporal
detection of luciferase activity was carried out by
the in vivo imaging system as described previously

(Millar et al., 1992; Watakabe et al., 2001).

Results

Transient expression in tobacco BY2 cells by
microprojectile bombardment

To confirm the promoter activity directed by the

DNA fragment inserted upstream of the luciferase
reporter gene, we performed transient expression

assay by microprojectile bombardment using tobac-

co BY2 cells followed by DLRA. As a DNA
damaging agent, we used a radiomimetic agent,
bleomycin, because of its specificity for DNA
damage (Menke et al., 2001). The 5'-upstream
region ofAtRAD51 amplified from the Arabidopsis
genomic DNA was fused to the firefly luciferase
gene and introduced into BY 2 cells together with
the plasmid for internal reference, CaMV35S::Rluc.

PromoterFluc fusion constructs containing pro-
moter fragments from ArLIM15 gene that encodes a
meiosisassociated RecA-1ike protein (Sato et al.,

1995) and the light-inducible gene, CABI (Matsuo
et al., 2001), were also tested for their response to

bleomycin treatment (Fig. 1).

As shown in Fig. 2, AtRAD51::Fluc exhibited an
elevated expression levels upon bleomycin treat-

ment. Although significantly high expression levels

were also observed without the treatment, induction

of the promoter activity was detected under the
experimental condition exploited in this study

(Matsuo et al.. 2001). On the other hand. CABI ::
Fluc construct showed a reduced level of expression

upon bleomycin treatment. ArLIM15 and CaMV35S
promoter - Fluc constructs showed no significant

changes in promoter activities by the identical

treatment.

Induction of AtRAD51 promoter activity in trans-
genic tobaccoBY2cells
We previously described an in vivo biolumines-
cence detection system using transgenic BY - 2 cells
harboring luciferasc reporter gene for the detection

of gene induction by treatment with chemicals

(Watakabe et al., 2001; Watakabe et al., sub-
mitted).1 To characterize the promoter response
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Fig. I Schematic representation of reporter and
reference plasmid constructs used in this study.

pAtRAD5 1, a O.7 kb fragment of the AtRAD51
gene promoter; p35S, A O.9 kb CaMV35S
promoter sequence from the pB1221 vector;

pCAB1, a 1.5 kb CABI promoter sequence;
pArLIM15, a 1.3 kb fragment of the ArLIM15

gene promoter sequence; NOS, nos - terminator

sequence from the pB1221 vector; Fluc, modified
firefly luciferase gene; Rluc, Renilla luciferase

gene.
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Fig. 2 Transient expression analysis of bleomycin
treatment induced expression of various promot-

ers in tobacco BY - 2cells.
Transient expression analysis of various pro-

moters in tobacco BY 2 cells. Test plasmids
were co bombarded with an equal amount of

reference plasmid followed by the bleomycin

treatment (50 mg l~~ final conc.). DLRA was
conducted 24 h postbombardment. Relative
activity represents the Fluc/Rluc ratio for each

promoter normalized to the non treatment sam-
ple. Values are the means of three independently

bombarded samples with error bars representing

standard deviation (SD).

with this system, we generated transgenic BY2
cells by Agrobacterium mediated transformation.

As shown in Fig. 3, we could successfully obtain
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Firefly luciferase activities in transgenic tobac-

co BY 2cells harboring AtRAD51 ::Fluc.
Transformed BY - 2Iiquid culture cells (100 fl l)
were transferred to a plastic test tube and mixed
gently with an equal volume of indicated concen-
trations of bleomycin aqueous solution con-
taining 0.1 mM Iuciferin. Detection of luciferase
activity at each time point was carried out using a
luminometer.

expression profiles for AtRAD51::Fluc upon treat-

ment at various concentrations of bleomycin. Fluc
activity measurement demonstrated that the

AtRAD51 promoter was induced as early as 3h after
bleomycin treatment. The promoter activity reached
its maximal level in 6 to 12 h after the induction
treatment and gradually decreased over 24 to 48 h.

Data obtained in this assay also demonstrated that

the induction level of the AtRAD51 promoter is
dependent on the concentration of bleomycin
(Fig. 3). Transgenic BY2 cells harboring
CaMV35S::Fluc did not show any induction of
luciferase activity by bleomycin (data not shown).

Induction of AtRAD51 promoter activity in trans-
genic tobacco

To test the AtRAD51 promoter inducibility in
transgenic plants, we generated transgenic tobacco
plants harboring AtRAD51 ::Fluc. In order to select
transgenic lincs with bettcr AtRAD51 promoter
inducibility, we tested four randomly selected T2
transgenic tobacco lines for bleomycin treatment.

Five-dayold transgenic tobacco seedlings were
treated with 50 mg l-1 bleomycin aqueous solution
in a test tube and the entire light emission was
monitored in the luminometer. Induction of lucif-

erase activity was observed in all four lines tested
(data not shown).

The bleomycin treatment was conducted by ap-
plying a drop of bleomycin solution on the surface

of a detached mature leaf. As shown in Fig. 4,

strong induction of the AtRAD51 promotcr activity
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Fig. 4 Induction ofAtRAD51 promoter activity in transgenic tobacco leaf.
Light emission from AtRAD51 promoter::Fluc transgenic tobacco leaf was monitored by
low Iight video image analysis following treatment with 2 /11of various concentrations of
bleomycin in aqueous solution. (A) Bright field image. (B) Luciferase bioluminescence

from the bleomycin treated leaf. (C) Time course measurements of luciferase biolumines-

cence from different concentrations of bleomycin treated area by photon counting.

Luminescence image from the leaf was taken at 12 h after bleomycin application. The
sample was sprayed once with O.1 mM Iuciferin and the image was obtained after Ih of
photon collection.

was detected as a discrete emission of light from the
surface of the bleomycin treated leaf. No systemic DrscusSron
induction of AtRAD51 promoter activity was ob-
served in this assay system; the expression of the

AtRAD51::Fluc was confined to the bleomycin
treated area. The bleomycin dependent induction of

promoter activity was not observed with this treat-

ment on transgenic tobacco plants harboring pro-
moter=1uciferase gene fusion of the salicylic acid

inducible pathogenesisrelated protein la gene
(Watakabc et al., 2001), CABI ::Fluc and CaMV35S::
Fluc (data not shown).

Luciferase activity measurement revealed that the
induction of the AtRAD51 promoter activity by the
bleomycin treatment was detectable within 3 h. The
promoter activity reached its maximal level in 12 h
after the induction treatment and gradually de-

creased over 24 to 48 h(Fig. 4).

Recent studies on DNA damageresponsive gen-
es in plants revealed the existence of a set of genes
induced by genotoxic stress treatment with DNA
damaging agents. Searches for cisregulatory ele-

ments within the putative promoter region of several

genotoxic stress responsive genes revealed some
putative consensus sequences. However, no func-
tional studies of the DNA damage responsive pro-
moter have been conducted (Chen et al., 2003).

To identify the DNA damage responsive promoter
from higher plants, we tested transient expression of
the AtRAD51 promoter by microprojectile bombard-
ment. Data obtained in this study suggest that the

AtRAD51 promoter is functional in tobacco BY2
cells, induced upon bleomycin treatment, and there-
fore the promoter is DNA damage responsive. The
ArLIM15 gene encodes a RecA Iike protein closely
related to RAD51 protein and its expression has
been shown to be meiosisassociated (Sato et al.,



1995; Klimyuk and Jones, 1997). In this study,

ArLIM15::Fluc was not induced by the bleomycin
treatment. This observation is consistent with the

results of previous studies (Doutriaux et al., 1998;

Osakabe et al., 2002). On the other hand, the
expression level of CAB1::Fluc was downregu-
lated upon bleomycin treatment. Although molec-
ular basis for this downregulation of gene
expression in response to DNA damage is unknown,
these results suggest the existence of a complex
signaling network in which bleomycininduced
cellular responses are involved.

A previous study using Arabidopsis tissue culture
cells indicated that the AtRAD51 expression is cell
cycle dependent and induced during G1/S phase
transition (Doutriaux et al., 1998). On the other
hand, the AtRAD51::Fluc expression levels in trans-
genic BY2 cells obtained in this study were rela-
tively low. These results suggest that the cell cycle
dependent regulatory mechanism of the AtRAD51
promoter is not fully functional in transgenic tobac-

co cells. However, the induction by bleomycin

treatment revealed that the AtRAD51 promoter re-
sponds highly to DNA damage in transgenic BY-2
cells. This result indicates a possibility that distinct

regulatory mechanisms; cell cycledependent and

DNA damage responsive pathways are involved in
AtRAD51 transcriptional regulation. The findings
obtained on the Arabidopsis ATM gene, the gene
that is mutated in the human disease ataxiatelangi-
ectasia (AT), also support this possibility; the atm
mutation resulted in reduced induction levels

of genes responding DNA damage including
AtRAD51, while their non- induced expression lev-
els are unaffected (Garcia et al., 2003).

Using tobacco mature leaves, we could observe
discrete induction of AtRAD51 ::Fluc activity upon
bleomycin treatment. Interestingly, the induced
cells were restricted to the bleomycin-treated area.
This suggests that the induction mechanism is ccll

autonomous and no systemic induction system is

involved in this regulated gene expression.

In this study, we tested only bleomycin as a
DNA-damaging agent. Previous studies on the
induction of RAD51 gene expression have been
done using gammaray irradiation treatment
(Klimyuk and Jones, 1997; Doutriaux et al., 1998).

In the present study, the AtRAD51 promoter activity

was maximal about 6 to 12 h after bleomycin
treatment, while the induction of the AtRAD51

mRNA accumulation was reportedly maximal with-
in 30 to 60 min after the gamma-ray irradiation
(Garcia et al., 2003). It is possible that the differ-

ence in the mode of DNA damage may result in
different regulation pattems. Alternatively, the dif-
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ference in temporal expression pattern may simply
be explained by the difference between tobacco and
Arabidopsis system. Further studies are necessary to

highlight the similarity and differences of these two
systems. In addition, we should be careful when
comparing the mode of induction of DNA damage
in response to different genotoxic treatments.

Previous studies on reporter gene technology for

monitoring DNA damage or genotoxic stress mainly
depended on a homologous recombination system
based on the reporter gene reconstitution (Swoboda
et al., 1994; Puchta et al., 1995; Kovalchnk et al.,

2000). Only one example of functional promoter-

GUS fusion of a DNA damageresponsive gene in
higher plants has been described so far (Deveaux et
al., 2000). To our knowledge, this is the first report

on real - time monitoring system of the responses to

DNA damage in higher plants. Although further
studies are necessary, this DNAdamage reporter
system will bc useful for investigating the regu-
latory mechanisms and signaling pathways in which
genotoxic stress-inducible cellular responses are
involved. Moreover, by further improving the pro-

moter responsiveness and specificity against geno-
toxic substances, we hope to develop a novel
sensing system for the detection and monitoring the

environmental DNA damaging agents.
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