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Abstract 

An Arabidopsis thaliana cDNA was isolated by complementation of the Escherichia coli mutant strain BW535 
(xth, nfo, nth), which is defective in DNA base excision repair pathways. This cDNA partially complements 
the methyl methane sulfonate (MMS) sensitive phenotype of BW535. It also partially corrects the UV-sensitive 
phenotype of E. coli AB 1886 (uvrA) and restores its ability to reactivate UV-irradiated A phage. It has an insert 
of ca. 1.3 kb with an open reading frame of 1047 bp (predicting a protein with a molecular mass of 36 kDa). 
This cDNA presents a high homology to a stress related gene from two species of Fusarium (sti35) and to genes 
whose products participate in the thiamine biosynthesis pathway, THI4, from Saccharomyces cerevisiae and nmt2 
from Schizosaccharomycespombe. The Arabidopsis predicted polypeptide has homology to several protein motifs: 
amino-terminal chloroplast transit peptide, dinucleotide binding site, DNA binding and bacterial DNA polymerases. 
The auxotrophy for thiamine in the yeast thi4:: URA3 disruption strain is complemented by the Arabidopsis gene. 
Thus, the cloned gene, named thil, is likely to function in the biosynthesis of thiamine in plants. The data presented 
in this work indicate that thil may also be involved in DNA damage tolerance in plant cells. 

Introduction 

Evolution has produced several systems to protect 
the genetic material from damage by environmental 
agents or from by-products of normal cell metabolism. 
These systems, which are DNA repair and lesion tol- 
erance mechanisms, exist in all living organisms and 
the recent characterization of several related genes has 
revealed an important degree of homology and analo- 
gy even in phylogenetically unrelated species [ 18, 19]. 
In plants, studies of these mechanisms are far behind 
the present knowledge of bacterial and mammalian 
systems [41], although these organisms are directly 
exposed to the environment, particularly ultraviolet 

The nucleotide sequence data reported will appear in the EMBL, 
GenBank and DDBJ Nucleotide Sequence Databases under the 
accession number U 17589. 

(UV) light from the solar spectrum and soil contam- 
inants, and also accumulate highly reactive oxygen 
species as by-products of normal metabolism. 

There is physiological evidence for the existence of 
DNA excision repair mechanisms in plants in response 
to chemical agents, UV light and ionizing radiation 
[45, 18, 19]. An efficient system for photoreactiva- 
tion of UV damage was found in Arabidopsis thaliana 
[30]. At least one UV-sensitive mutant of Arabidopsis 
was isolated, which is deficient in dark DNA repair 
of pyrimidine-pyrimidinone (6-4) lesions [5]. At the 
molecular level, several plant genes related to DNA 
repair have been isolated. Homologues of the yeast 
RAD6 gene have been rescued from A. thaliana and 
wheat by their ability to conjugate ubiquitin to other 
cellular proteins [42, 43]. On the basis of the high con- 
servation of DNA repair mechanisms, some genes were 
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isolated via homologies at the nucleotide and amino 
acid levels. This is the case for the Arabidopsis topoi- 
somerase I [22]; a chloroplast homologue of the E. coli 
recA gene from Arabidopsis and Pisium sativum [6]; 
and an apurinic/apyrimidinic (AP) endonuclease, that 
also has redox activity, and which displays homologies 
to animal and bacterial enzymes [2]. 

Several other plant genes were identified by com- 
plementation assays in bacteria deficient in DNA 
repair. They were isolated from E. coli mutant cells 
transformed with a plant cDNA expression library by 
virtue of their ability to restore, at least partially, the 
resistance of the mutants to treatment with DNA dam- 
aging agents. Pang and colleagues [31, 28, 29] have 
employed this technique to obtain clones which com- 
plement E. coli strains either recA-, uvr- , phr- (genes 
related to DNA repair) or ruvC-; recG- (whose prod- 
ucts act on DNA recombination processes). One of the 
isolated cDNAs partially complements recombination 
related (RecA-) phenotypes. Another 5 cDNAs also 
afforded partial correction of the E. coli mutant pheno- 
types, but their molecular roles were not clearly iden- 
tified. Interestingly, most of these cDNAs are appar- 
ently targeted to chloroplasts. More recently, Santerre 
and Britt [38], using a similar strategy, reported the 
cloning of an Arabidopsis thaliana cDNA that com- 
plements the MMS-sensitive phenotype of the E. coli 
tagA, alkA, a double mutant deficient in the two 3- 
methyladenine glycosylases. The product of this cDNA 
has a 3-methyladenine glycolylase activity and its pre- 
dicted amino acid sequence is homologous to other 
eukaryotic enzymes with similar activity. 

In this work, we intended to isolate DNA repair 
related genes from Arabidopsis thaliana by using 
complementation screening in bacteria defective in 
enzymes that participate in the initial steps of base 
excision repair. The E. coli strain employed was the 
triple mutant BW535 (xth, nfo, nth), defective for the 
DNA repair endonucleases: exonuclease III, endonu- 
clease IV and endonuclease III. These enzymes partic- 
ipate in the first steps of base excision repair of DNA 
lesions normally mediated by oxidative and alkylation 
products [ 12]. The mutant strain presents a hypersensi- 
tive phenotype to agents that produce oxygen radicals, 
such as hydrogen peroxide, and to alkylating agents, 
such as MMS [10]. The screening was performed by 
transfecting a cDNA library from A rabidopsis thaliana 
into BW535 and selecting clones that had increased 
resistance to MMS. One clone was isolated and charac- 
terized. Its predicted polypeptide sequence has strong 
homology with that of a thiamine biosynthetic gene 

from S. cerevisiae and S. pombe, as well as with a 
stress-inducible gene from two Fusarium species. The 
function of the Arabidopsis gene was tested by com- 
plementation of a S. cerevisiae strain disrupted for the 
homologous gene. The plant cDNA restores the yeast 
mutant to thiamine prototrophy, and it is most likely a 
thiamine biosynthetic gene also in Arabidopsis. There- 
fore, this gene was named thil. The data presented, 
however, suggest that thil may also have a function in 
DNA repair in plants, and that it may therefore encode 
a bi-functional protein. 

Materials and methods 

Bacterial strains, bacteriophage and media 

Most of the strains employed were DNA repair mutant 
derivatives of the E. coli K12 strain AB1157 (F- thil 
his4 A(gpt-proA) argE3 thrl leuB6 ara 14 lacY1 galK2 
xyl5 mtll tsc33 supE44 rpsL31), which is wild type for 
DNA repair functions [3]. The isogenic mutant strains 
were BW535, nfo::kan nth 1 ::kan A(xth-pncA)90 [ 10]; 
BW9109, A(xth-pncA)90 [47] and AB1886, uvrA6 
[3]. BNN132 strain, employed to convert the A YES 
cDNA library to a plasmid library, was a AKC (kan, 
cre) lysogen of JM107 [13]. Wild-type A phage were 
employed for host reactivation essays. The cells were 
routinely grown in LB broth liquid medium or plates 
(containing 1.5% agar). When necessary for plasmid 
selection, ampicillin (Ap, 50 #g/ml) was added to the 
medium [36]. 

cDNA library in plasmid expression vector 

The Arabidopsis thaliana cDNA expression library 
was contained in a A expression vector system, AYES 
[13], kindly given by Dr R.W. Davis, Stanford Uni- 
versity, CA. The phage bears the 7.8 kb yeast-E, coli 
shuttle plasmid pSE936 between two P1 phage lox 
sites, which allows conversion from phage A to plas- 
mid clones by using the AKC lysogen BNN132. In the 
expression library the cDNAs were cloned into XhoI 
restriction site flanked by two EcoRI sites. The bacteria 
were infected with the AYES library and plated onto 
LB plus ampicillin. Plasmid DNA was purified from 
the pooled colonies (a total of ca. 7.2 × 105). 



Screening clones for MMS resistance 

The cDNA plasmid expression library was transfect- 
ed into the E. coli BW535 by the method of Hanahan 
[15]. Five independent transfections were performed 
(300 ng DNA per transfection) yielding a total of ca. 
1.2x 105 colonies. These were plated directly onto Ap 
plates containing MMS (5 mM) and incubated for 18 h 
at 37 °C. Fifty clones (ten per transfection, from a total 
of ca. 103 ) were chosen among the largest colonies (it 
was assumed that these showed better growth in selec- 
tive conditions) and restreaked on selective medium (5 
and 10 mM MMS). Only seventeen clones survived. 
From these, the six largest colonies were assayed for 
resistance to 1 mM MMS. Two of these isolates showed 
increased survival in comparison to the parental strain. 
Plasmid characterization by restriction mapping and 
5' DNA sequence indicated that both contained iden- 
tical cDNAs. One of them, designated pYXN3, was 
chosen for further studies. 

Survival measurement 

MMS in agar plates 
Mid log-phase cells (OD = 0.4 at 580 rim) were diluted 
and plated in LB-Ap plates supplemented with 1 mM of 
MMS. After incubation for 18 h at 37 °C, the colonies 
were counted to measure cell survival. 

MMS in liquid medium and UV irradiation 
The cells were grown to OD = 0.4 at 580 nm, pellet- 
ed and resuspended in the original volume of 10 mM 
MgSO4. Cell suspensions were irradiated with UV 
light (254 nm) or treated with MMS, as indicated, 
spread on duplicate LB plates, and incubated overnight 
at 37 °C. 

Phage reactivation 
Suspensions of A phage (in 10 mM MgSO4) were 
UV-irradiated a different doses, diluted, infected into 
overnight grown bacterial cultures and plated on agar 
plates. After 18 h of incubation at 37 °C, the number 
of plaque-forming units (pfu) was scored [46]. 

Determination and analysis of DNA sequence 

The nucleotide sequence was determined by using 
the dideoxynucleotide-mediated chain termination 
method [37]. Primers complementary to sequences 
flanking cDNA inserts in the pSE939 were firstly 
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employed [13]. The insert from the pYXN3 was sub- 
cloned into (EcoRI site) pBluescript KS-  (pBSKS-, 
Stratagene), producing the plasmid pBXN3, with the 
Arabidopsis cDNA in the correct orientation concern- 
ing the lacZ' promoter. The insert was progressively 
resected with exonuclease III, from both extremities, 
using the technique described by Henikoff [ 16]. These 
exonuclease III products were sequenced using T3 
and T7 primers. The whole original insert was entire- 
ly sequenced on both strands. All ambiguities were 
resolved. The GenBank [1] database was searched for 
homologous genes and SBASE [32] was searched for 
homologous motifs. 

Expression of the cloned cDNA in a yeast thi4 mutant 
strain. 

The cloned cDNA was excised with XhoI from pYXN3 
and subcloned into the SalI site of the yeast expression 
vector pG 1 in both orientations. A similar vector, pG3, 
without the thil cDNA, was employed in control exper- 
iments [39]. The recombinant vector (pGl-thil) was 
transfected into the S. cerevisiae thi4: : URA3 disruption 
strain [33]. The genotype of this strain is MATa, Leu2- 
3, ade2-1, trpl-1, his3-11, ura3, thi4::URA3. Mini- 
mal medium was prepared as described [48] with the 
omission of thiamine and tryptophane unless indicat- 
ed otherwise. Transformants were recovered at 30 °C 
on medium lacking tryptophan, but with thiamine, for 
vector selection. 

Hybridization analysis 

DNA and RNA were isolated from whole Arabidop- 
sis thaliana (ecotype Columbia) plants as described 
[14]. DNA was digested by restriction nucleases and 
analyzed by Southern blot following standard pro- 
cedures [36]. Northern blotting was performed as 
described [44]. Hybridization was performed using the 
pBXN3 insert as probe, 32p-labelled by the random 
primer DNA labelling kit (Gibco/BRL), according to 
the manufacturer's instructions. 

Results 

Screening the Arabidopsis cDNA library 

We have employed the Arabidopsis thaliana cDNA 
library prepared by Davis and co-workers [13] in the 
AYES phage. This multifunctional phage library was 
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converted into a plasmid (pSE936) library by using 
the cre-lox site-specific recombination system. The 
pSE936 is an expression vector in E. coli, so this 
cDNA Arabidopsis library was transformed into the 
E. coli strain BW535, a triple mutant defective for 
the genes xth, nfo, nth, which encode exonuclease III, 
endonuclease IV and endonuclease III, respectively. 
The transformed bacteria were plated on LB agar with 
antibiotic and the selective agent MMS. The surviv- 
ing clones were restreaked in MMS-containing medi- 
um; these two selection steps yielded 6 clones. These 
were individually retested for MMS resistance, which 
was only confirmed for two clones. Analysis of these 
two clones revealed that they contain plasmids that 
have inserts with similar sizes and identical 5 t and 3 ~ 
sequence. One of the plasmids was named pYXN3 and 
used in subsequent investigations. The pYXN3 was 
retransfected into BW535 to avoid possible revertant 
phenotype due to bacterial modifications and not really 
carried by the plasmid. The transformed bacteria were 
plated in medium without MMS selection and inde- 
pendent clones were tested. The data confirmed that 
the plasmid carries a heritable MMS-resistant factor. 

Complementation of sensitive phenotypes 

The degree of complementation of the E. coli MMS- 
sensitive phenotype by the plant gene was tested in sev- 
eral independent experiments (summarized in Table 1). 
The colony forming ability was evaluated in MMS con- 
taining media, and compared to wild-type and untrans- 
formed mutant cells. It can be seen that the presence of 
pYXN3, containing the Arabidopsis cDNA, increas- 
es at least 30-fold the MMS resistance of the triple 
mutant, although it was not able to restore complete- 
ly to the wild-type phenotype. This plasmid (pYXN3) 
also conferred a partial MMS resistant phenotype on 
the E. coli strain BW9109, single mutant for the xth 
gene (exonuclease III), in comparison to bacteria carry- 
ing the plasmid without any insert (pSE936). In order 
to confirm these data, the cDNA carried by pYXN3 
was subcloned into a commercial vector (pBSKS-), 
resulting in a plasmid named pBXN3, in which the 
Arabidopsis cDNA is under the control of the lacZ 
promoter. The new plasmid also partially corrected 
the MMS-sensitive phenotype of the BW9109 mutant 
(Table 1) and it was able to restore MMS resistance 
of the BW535 mutant when treatment was performed 
in liquid medium (Fig. 1A). The results confirm that 
the cloned Arabidopsis cDNA helps E. coli mutant 
strains to repair and/or tolerate the action of MMS, 

Table 1. Complementation of the MMS-sensitive 
phenotype of E. coli mutants by the Arabidopsis 
thil gene. 

E. coli strain Plasmid Survival (%)* 

AB 1157 none 51.0 

BW535 none 0.6 -+- 0.4 

BW535 pYXN3 19.0 ± 16 

BW9109 pSE936 0.26 + 0.28 

BW9109 pYXN3 20.5 4- 13.2 

BW9109 pBSKS- 0.72 + 0.23 

BW9109 pBXN3 8.2 4- 1.8 

*Treatment was performed in LB agar plates 
supplemented with 1 mM MMS during 18 h, 
at 37 °C. The numbers indicate the average of, 
at least, 3 different experiments. 

a DNA damaging agent. The cDNA was also tested 
for survival complementation of the AB 1886 mutant 
strain (uvrA6), which is UV-sensitive, as it is unable 
to accomplish nucleotide excision repair. Significant 
complementation was observed in the uvrA-deficient 
strain (Fig. 1B). The presence of pBXN3 did not alter 
the UV survival levels of wild-type (AB 1157) bacteri- 
al cells (Fig. IB). Higher UV doses (yielding ca. 10% 
survival) were also employed for AB1157 cells with 
similar results (not shown). 

To determine whether the Arabidopsis gene product 
acts by repairing DNA lesions rather than preventing 
them, we analysed its ability in recovering lesions in 
exogenous DNA. Infection of a uvrA-deficient strain 
with UV-irradiated DNA phage yielded a lower number 
of pfu relative to infection of wild-type bacteria. The 
mutant strain bearing a plasmid with the Arabidopsis 
cDNA recovered the ability to reactivate the damaged 
phage almost to wild-type levels (Fig. 2). These data 
confirm that the product of this cDNA is involved in 
repair mechanisms of DNA damage. 

DNA sequence analysis 

The sequence of the cDNA was determined after pro- 
gressive digestion with exonuclease III and S 1 nuclease 
[ 16] of pBXN3. Both strands were sequenced and all 
possible ambiguities were eliminated. DNA sequence 
for this cDNA is available via GENBANK, access 
number U17589. Analysis of the sequence reveals one 
single open reading frame (ORF) of 1047 bp starting 
at an ATG 22 bases from the 5' end of the cDNA. 
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Figure 1. Survival after MMS and UV treatments of bacteria con- 
taining thil. A. Cells were treated with MMS (10 minutes in liquid 
suspension, with the indicated doses): E. coil wild-type ABl157 
(©) and BW535 (xth, nfo, nth) ([]); BW535 with pBSKS- (A); 
BW535 with pBXN3, containing the thil cDNA ( I ) .  B. Cells were 
UV-irradiated: E. coli wild-type AB 1157 (O); AB 1157 with pBXN3 
(O); AB1886(uvrA)(O); AB1886withpBSKS- (+); AB1886with 
pBXN3 (thil) (~). Each value correspond to the average of at least 
4 different experiments. 
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Figure 2. Reactivation of UV irradiated .X phage when infected into 
E. coli wild-type and uvrA mutant. A phage was UV-irradiated before 
infection into AB 1157 (wt) (~), AB 1886 (uvrA) (1-I), AB 1886 with 
pBSKS- (A) and AB 1886 with pBXN3 ( I ) .  Each value correponds 
to the average of 8 different experiments. 

A stop codon is found 178 bases 5' from a small (9 
bases) poly(A) tail. The bases bordering the first ATG 
codon of  this ORF ( A A A A A U G G C )  are good match 
to the plant translational initiation consensus sequence 
[25]. The predicted protein is 349 amino acids in 
length (Fig. 3), with a molecular  mass of  ca. 36 kDa 
and positive charge. Screening the database for relat- 
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Figure 3. Amino acid sequence comparison of the predicted product 
of the thil gene from Arabidopsis (P), sti35 from Fusarium oxys- 
porum (F), thi4 from S. cerevisiae (Sc) and nmt2 from S. pombe 
(Sp). The alignment was obtained by using the FASTA program. 
Trace marks ( - )  denote identical residues, aminoacids in upper 
caps denote functionally similar residues, points (.) denote deletions 
and lower caps denote no similarity, always in relation to the plant 
gene. The indicated regions correspond to amino acid sequences 
with significant homology with (I) chloroplast transite peptides, (II) 
dinucleotide-binding site consensus (III). DNA-binding motif con- 
sensus and (IVa and IVb) bacterial DNA polymerases. 

ed sequences revealed a high homology between the 
plant gene and three fungal proteins. Two of  these are 
stress-inducible proteins from two species of Fusar ium 

(57.8% identity and 71.2% similarity, excluding the 55 
amino acids at the N-terminus of  thi l ,  which have no 
homology to the other gene products, see below) [7]. 
The other two are genes required for thiamine biosyn- 
thesis: the THI4 protein from S. cerevisiae (51.7% 
identity and 65.4% similarity) [33, 34], and the nmt2 

gene product from S. p o m b e  (55.1% identity and 67.8% 
similarity) [26] both of  which have been shown to be 
required for the biosynthesis of  the thiazole precursor 
of  thiamine. The alignment of  the four polypeptides is 
shown in Fig. 3. On the basis of this strong homolo- 
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gy to the yeast sequence, the Arabidopsis cDNA was 
designated thi l. 

The N-terminal portion of the predicted polypep- 
tide is rich in the hydroxylated amino acids serine and 
threonine and the hydrophobic amino acids alanine 
and valine. It has a net positive charge. These features 
are common to transit peptides targeted to chloroplasts 
[21 ], suggesting that the gene product may be locat- 
ed in the chloroplast. Moreover, comparison of the 
THI1 predicted protein to motifs in the data base indi- 
cates the presence of at least three other interesting 
regions, which match a dinucleotide-binding site [27], 
a DNA-binding motif [17] and two sites homologous 
to bacterial DNA polymerases [23]. 

Arabidopsis thi 1 complements a yeast strain 
disrupted for the homologous gene 

Because of the high homology of the plant cDNA 
to yeast genes involved in the synthesis of thiamine, 
the thil cDNA was tested for complementation of 
yeast mutant strain. It was subcloned into a S. cere- 
visiae expression vector, under the control of the 
glyceraldehyde-3-phosphate dehydrogenase promoter, 
and then transformed into a thi4:: URA3 deletion strain. 
This strain is unable to synthesize the thiazole pre- 
cursor of thiamine and is, therefore, thiamine aux- 
otroph [33]. Transformants, selected for tryptophane 
prototrophy, were tested for growth in medium lacking 
thiamine. The results of this complementation test are 
shown in Fig. 4. Cells containing vectors with the plant 
cDNA inserted in the sense or antisense orientation 
grow well in thiamine-supplemented medium. In the 
absence of thiamine only cells bearing the thil gene 
in the correct orientation for expression could grow. 
These results confirm that the cloned cDNA encodes a 
functional homologue of the yeast THI4 gene. 

Arabidopsis genome and RNA analysis of the thi 1 
gene. 

Figure 5 shows a Southern blot of the Arabidop- 
sis thaliana genome digested with several restriction 
enzymes and hybridized with the entire 32p-labelled 
thil cDNA. Only one band is observed in lanes 1 and 
2, for enzymes that do not cleave the cDNA. The BgllI 
digest (lane 2) yields a small fragment, indicating that 
the whole coding sequence may be contained in a small 
region of the genome (at most 4.3 kb). However, the 
HpalI digestion pattern (lane 3), which cleaves the 
cDNA twice with an internal fragment of 152 bp, show 

Figure 4. Functional complementation of an S. cerevisiae thi4 dis- 
ruption strain by the Arabidopsis thil cDNA. The yeast wild-type 
and thi4::URA3 disruption strain were transformed with yeast epi- 
somal expression vectors: pG3, pGl-thil ,  containing the thil gene 
(Ara thil) in the sense or antisense orientation, and pG 1-Thi4, con- 
taining the yeast gene. The resulting clones were streaked on agar 
plates supplemented with (A) or lacking thiamine (B). The plates 
were incubated at 30 °C for 3 days. 

three different bands, the smaller corresponding to ca. 
0.7 kb. This result reveals the presence of at least one 
intron. The band intensities, relative to self hybridized 
DNA (data not shown), indicate that the thil gene is 
present in a single copy perArabidopsis genome. This 
observation implies that thil is a nuclear gene, since 
organellar genomes are normally observed in several 
hundred copies per cell [35]. 

RNA extracted from whole plants was also anal- 
ysed by northern blot and the data are shown in Fig. 6. 
A single RNA band with an approximate size of 1.3 kb 
hybridizes with the thil probe. It should be noted that 
overloaded lanes are provided to show that only one 
RNA message is observed in the plant cells. 



Figure 5. Genome analysis of the thil gene. Southern blot using the 
thil cDNA as a 32p-labelled probe. The different lanes represent ca. 
3 #g  of Arabidopsis thaliana DNA digested with (1) BamHI, (2) 
BgllI and (3) HpalI. Numbers on the left indicate DNA sizes (kb). 

Figure 6. thil RNA expression in whole plants. Northern blot of 
Arabidopsis thaliana RNA: 1.5 #g; 2.15 #g; 3.30 ~g; probed with 
32p-labelled thil cDNA. Numbers on the right indicate RNA sizes 
(kb). 

Discussion 

We isolated one Arabidopsis cDNA which partially 
corrects the E. coli strain BW535 MMS-sensitive phe- 
notype. This strain lacks three endonucleases (exonu- 
clease III, endonuclease IV and endonuclease III) that 
play important roles in the excision of modified bases in 
DNA [ 11]. This Arabidopsis cDNA also confers MMS 
resistance to E. coli strain BW9109, which is defective 
only in the product of the xth gene (exonuclease III) 
and it is also able to enhance the survival after UV irra- 
diation of the UV sensitive uvrA E. coli strain AB 1886, 
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defective in nucleotide excision repair. The presence 
of a plasmid expressing this cDNA also restores the 
ability of the uvrA bacterial mutant to reactivate UV 
damaged A phage. Surprisingly, this cDNA was found 
to be homologue of yeast thiamine biosynthesic genes, 
THI4 from S. cerevisiae and nmt2 from S. pombe, that 
are involved in the formation of the thiazole precursor 
of thiamine. The ability of the Arabidopsis gene, thil, 
to functionally complement the yeast thi4 disruption 
strain suggests that it has a similar role in thiamine 
biosynthesis of plants. 

The mechanism by which Arabidopsis thil is able 
to enhance the survival of E. coli mutants is not clear. 
The data indicate that it is not a trivial effect of intra- 
cellular thiamine acting as scavenger of DNA damag- 
ing agents: the phage reactivation experiments clearly 
show that damaged DNA is recovered efficiently in 
mutants carrying the thil gene. Also, wild-type strain 
survival was not affected by the expression of this gene 
implying that thil is not simply inducing a general 
enhancement of bacterial resistance to these damag- 
ing agents. The E. coli strains employed in this work 
require thiamine for their growth, but this requirement 
is not complemented by expression of the thil gene 
(data not shown). In addition, the whole selection strat- 
egy and survival experiments were performed in the 
rich LB broth media and the correction of the sensitive 
phenotypes was also observed in experiments carried 
out with excess thiamine (5 mM). These observations, 
together with the phage reactivation data, make very 
unlikely the possibility that any effect on direct thi- 
amine synthesis per se by thil would affect cell resis- 
tance. Therefore, dual independent functions for the 
thil gene product, that is, thiamine biosynthesis and 
DNA damage tolerance, may occur within the cells. 

The sequence analysis of the thil cDNA reveals that 
it has no significant homology to the AP endonuclease 
recently isolated from A. thaliana that displays partial 
similarity to several known endonucleases, including 
the E. coli exonuclease III [2]. However, the different 
consensus motifs for DNA binding [17] and bacterial 
DNA polymerases [23] found in the thil polypeptide 
sequence are consistent with a role of this protein in 
the metabolism of damaged DNA. Additionally, the 
homologue of Arabidopsis thil in two species of the 
phytopathogenic fungus Fusarium, sti35, is inducible 
by various stresses including heat shock, ethanol and 
phytoalexins [7]. Its predicted polypeptide sequence 
suggests that it is likely to function also in thiamine 
biosynthesis, however, inducibility by various stress- 
es, which is commonly observed for DNA repair genes, 
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would support a dual function of this group of proteins 
in thiamine biosynthesis and DNA repair. It will be 
interesting to determine whether Arabidopsis thil is 
induced by environmental stress, particularly UV radi- 
ation and heat shock. 

The biosynthesis of the thiazole precursor of  thi- 
amine has previously been reported to occur in the 
chloroplasts of  plants [20] and the presence of an N- 
terminal sequence with characteristics of a chloroplast 
targeting signal predicts that the thil protein of  Ara- 
bidopsis is translocated to the chloroplasts. In the case 
of  yeast, the structure of  the N-terminal coding region 
of THI4 predicts that this protein is located in the mito- 
chondria, suggesting that complementation of the thi4 
disruption strain with the plant genes was dependent 
on targeting to this organelle. Although most chloro- 
plast targeting signals are specific for chloroplasts, 
dual targeting to both chloroplasts and mitochondria 
was recently reported for pea glutathione reductase, 
an enzyme with important function in the protection 
of chloroplasts and mitochondria from oxidative dam- 
age and encoded by a single gene [9]. We are currently 
investigating the subcellular location of the yeast THI4 
protein and of the Arabidopsis thil gene product in the 
yeast thi4 disruption strain. 

Considering the role of  the Arabidopsis thil gene 
in DNA damage tolerance, it is interesting that many 
plant genes cloned by functional complementation of 
E. coli DNA repair mutants encode plastid proteins 
[31, 28, 29]. The preferential selection in bacteria of  
plant genes whose products function in the chloroplast 
may be accounted for by the likely prokaryotic ori- 
gin of chloroplasts. However, it also points to very 
active DNA damage tolerance mechanisms present in 
plant chloroplasts, which have to cope with constant 
exposure to oxidizing agents produced by the photo- 
synthetic electron transport chain. 

Recently, two other plant genes homologous to thil 
were cloned: from maize [4] and from Alnus glutinosa 
(Ribeiro and Pawlowski, personal communication). In 
maize, two different cDNA copies were cloned sug- 
gesting its duplication, and it was shown that one 
of them also complements the yeast thi4 mutant. By 
immunoblot analysis, this gene product was found to 
be located in the plastid cell fraction confirming that it 
is targeted to cell organelles. Expression of the maize 
gene was highest in developing embryos and in green 
leaves. The Alnus gene was found to be expressed 
at high levels in nodules and shoot tips. Both pat- 
terns of  expression are consistent with a role of these 
homologous genes in thiamine synthesis, but highly 

replicating tissues would also need protection against 
DNA lesions, particularly those related to oxidative 
metabolism. 

Mutation analysis in Arabidopsis and yeast has 
so far defined only a single locus affecting thiazole 
biosynthesis [24], and experiments are underway to 
test whether the Arabidopsis tz locus and thil are allel- 
ic. If  so, these tz mutants will be very interesting to 
study with respect to increased sensitivity to UV irra- 
diation. Together with biochemical investigations of  
the catalytic function of the thiazole biosynthetic pro- 
tein, studies of  the plant mutant and of the yeast thi4 
disruption strain will shed some light on the nature of 
the dual function of this protein. 
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