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INTRODUCTION

Excision repair of ultraviolet light (UV) damaged
DNA in eukaryotes is a complex process involving a
large number of genes. In the yeast Saccharomyces
cerevisiae, six genes, RADI, RAD2, RAD3, RADA,
RADI0, and RAD 14, are known to be required for the
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incision step in excision repair of UV damaged DNA
(Reynolds et al., 1987; Choi et al., 1990; Choi, 2003),
whereas several others, RAD7, RADI6, RAD23, and
MMS 19, affect the proficiency of excision repair. In
human, seven xeroderma pigmentosum (XP) comple-
mentation groups, XPA through XPG, have been
identified. XP cells are defective in the incision of
UV damaged DNA and as a consequence, XP patients
are highly sensitive to sun light and suffer from a
high incidence of skin cancers. Eight complementa-
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tion groups have been identified among UV -sensi-
tive rodent cell lines and mutants from five of these
groups are defective in incision. Three human exci-
sion repair genes, ERCCI, ERCC2, and ERCC3, have
been cloned by complementing the UV sensitivity of
rodent cell lines, and all three genes show homology
to S. cerevisiae genes. ERCCI is homologous to
RADI0, and ERCC2 is a homolog of RAD3. The
ERCC3 gene complements the excision repair defect
in XP-B mutant cells, and a homolog of this gene
has been identified in S. cerevisiae. The conservation
of excision repair genes between yeast and human
implies that information gleaned from the yeast sys-
tem would be applicable to higher eukaryotes, includ-
ing humans (Kim et al., 1990; Miller et la., 1982;
Naumovski and Friedberg, 1982).

The RAD3 gene is required at an early stage in the
excision repair of UV damage. Analysis of the rad3
mutant has indicated that the gene product is required
for nicking of DNA containing pyrimidine dimers.
The gene encodes a single stranded DNA ~dependent
nucleotide triphosphatase with DNA helicase and
DNA/RNA helicase activities (Boothmann et al.,
1993; Choi er al., 1993). As well as its role in exci-
sion repair, the RAD3 protein has an essential func-
tion for cell proliferation, and mutational analysis has
revealed that different regions of the protein are
involved in the repair and essential functions (Fleer et
al., 1987; Tompson et al., 1988; Weber et al., 1990).

Complementation of the radiation-sensitive phe-
notypes has been used to isolated DNA repair genes
from yeast and mammalian cells, and this has led to
the identification of members of an excision repair
pathway which are conserved between S. cerevisiae
and human. The S. cerevisiae genes RAD3 and RAD10
are homologues of the human ERCC2 and ERCCI
genes, respectively (Friedberg 1988; Fenech er al.,
1991; Jin et al., 1998). Reports to date on the cloning
of DNA repair genes from S. pombe have not revealed
homologies to any previously identified DNA repair
genes. It was therefore of interest to determine whe-
ther Schizosaccharomyces pombe (S. pombe) does
contain pathways conserved in other eukaryotes or
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whether the processes are different in this yeast.

To gain insight into the extent of conservation in
the structure and function of S. cerevisiae RAD3
gene, we have isolated the HRD3 gene in S. pombe
resembles higher eukaryotes more closely than does
S. cerevisiae. Here, we report a new gene from S.
pombe which is an important model system for the
study of basic processes in eukaryotes.

MATERIALS AND METHODS

Strains and Plasmids

The haploid S. pombe strain, JY741 (h- ade6-
M210 leul-32 ura4-D18) was used for this study
and grown in YE (2% glucose, 0.5% yeast extract)
medium supplemented with appropriate amino acids.
Complete and minimal growth media for fission yeast
and chemical reagents were purchased from Difco
and Sigma Aldrich. Plasmids were constructed by
standard techniques (Sambrook and Russell, 2001).

Plasmid DNA from E. coli was isolated by the alka-
line lysis using manufacturer’s protocol (Qiagen).
Transformation of yeast was carried out by treatment
of lithium (Ito et al., 1983), and that of E. coli was
carried out according to the calcium chloride/rubidium
chloride method. Chromosomal DNA from S. pombe
was prepared according to the methods of Cryer et
al. (1975).

Construction of Plasmid for Expression of HRD3

To overproduce HRD3 protein in E. coli, the 2.0 kb
fragment of HRD3 gene was introduced into overex-
pression vector pET3a, which contains the @10
promoter for TTRNA polymerase (Rosengerb ez al.,
1987). Tow plasmids (pHRD3 -1 and pHRD3-2)
were constructed to place the insert in opposite orien-
tations relative to the @10 promoter. E. coli BL21/
DE3 cells, which provide inducible T7 RNA poly-
merase under the control of the lac/UVS5 promoter,
were transformed with these recombinant plasmids.
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Electrophoresis of Protein

The transformed cells were grown in M9 medium
containing 100 pg/ml ampicillin at 37°C. HRD3 pro-
tein synthesis was induced in the presence of 0.5 mM
IPTG. The addition of IPTG induces the lacUVS5 pro-
moter to produce T7 RNA polymerase, which in turn
initiates the high—level expression of target gene in
the plasmid (Studier and Moffatt, 1986). The cells
were suspended in 2% sodium dodecyle sulfate (SDS)
buffer by heating in the water bath at 100°C for 2
min and the products were separated on SDS-poly-
acrylamide gels using 6~ 14% discontinuous buffer
system (Laemmli, 1970; O’Farrall, 1975; Fasullo et
al., 1998). The protein band were visualized by Coo-
massie blue staining.

Measutrment of Growth Kinetics

The transformed cells containing pET3a, pHRD3~
1, and pHRD3~2 plasmids were grown overnight.
The cultures were diluted 1 :200 in M9 medium and
incubated in the presence or absence of 0.5 mM IPTG.
Samples were removed at various time intervals, and
the growth kinetics were monitored by measuring the
optical density at 600 nm.

Construction of Fusion Protein

The recombinant plasmid HRD3 was cleaved into
three fragments: the N-terminal domain, the middle
domain, and the C-terminal domain. Each DNA

RAD3

fragment was then partially digested with Sau3Al
and inserted into the BamHI site of pGE374 plasmid
containing the recA promoter and lac’Z gene to form
an out~frame fusion. After transformation with these
plasmids, blue colonies were isolated on X-gal pla-
tes. The transformants were cultured in LB and mito-
mycin C (1 g/ml) was included to induce HRD3 -~
gal fusion proteins for | h. Crude extracts were pre-
pared and subjected to 10% SDS-polyacrylamide
gels.

Immunoblotting

The crude extracts of E. coli cells transformed with
various plasmids carrying HRD3-/ac’Z fusion genes
were prepared and subjected to electrophoresis on
10% SDS~PAGE. The proteins were transferred onto
nitrocellulose filters, and reacted with antibodies
against - gal protein.

RESULTS AND DISCUSSION

Overexpression of HRD3 Gene

The previously isolated HRD3 gene reveals a high
homology to the product of the yeast DNA repair
RAD3 gene (Fig. 1). The high levels of sequence
homology suggests that the S. pombe HRD3 gene is
also likely to encode an ATP-dependent DNA heli-
case [4]. This result suggests that HRD3 contains
DNA helicase motifs. To overproduce the HRD3

50
HRD3 >0
RAD3 Eﬂf EYPNKPHIVRFLIKMFHPNVYADGECLDILQNR- - ———~——--~~ 95
HRD T FOEE Y PNKP PHMKE LSEMFH PNV Y ANGHIT CLDTLONS- — - - — = == ~ = — 95
RAD3 SPTYD ILTSIQS{;?E‘NPNSP %m m 152
HRD3 TYDVASILTSIQS PNHASPAN XD RVKE 152

Fig. 1. Sequence homologies between yeast RAD3 and HRD3 gene products. The amino acid sequences are numbered on the
right side. Identical amino acids occuring in two sequences at the same alignment position are boxed.
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Fig. 2. Vector construction for the determination of the HRD3 gene function. A 2.0kb Bg/II fragment from the pHRD3 was
introduced into BamH1 site of the high expression vector pET3a. Two different constructions of insert DNA were
designated as pHRD3~1 (forward orientation) and pHRD3 -2 (reverse orientation).

protein in E. coli, DNA fragment containing the entire
HRD3 gene was introduced into the overexpression
vector pET3a, which contains a strong ®10 promoter
and the T® transcription terminator for T7 RNA
polymerase (Rosenberg et al., 1987). The two plas-
mids were constructed by inserting the fragment in
opposite orientation, and designated as pHRD3-1
(HRD3 gene in the same orientation as the promoter).
These recombinant plasmids (Fig. 2) were used to
transform E. coli BL21/DE3 cells carrying the T7
RNA polymerase gene whose expression is controlled

under inducible lac/UVS5 promoter to produce T7
RNA polymerase, which in turn initiates the high—
level expression of the HRD3 gene in the plasmid.
The HRD3 gene transcript in E. coli cells was exam-
ined by RNA dot blot analysis. As expected, the cells
carrying pHRD3 -1 expressed a high-level of tran-
scripts.

Growth Kinetics of E. coli Containing HRD3
Protein

To investigate the effect of high expression of
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Fig. 3. Growth kinetic of the host E. coli cells transformed with pET3a, pHRD3~1, or pHRD3-2 plasmids. The cells were
grown, induced by a 0.5 mM IPTG. These samples were incubated for various time interval and their optical densities
determined at 600 nm. Symbols: o, BL21/DE3; ¢, pET3a; 0, pHRD3-1; A, pHRD3-2.
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Fig. 4. Construction of plasmid for the HRD3-lac’Z fusion gene containing various deleted HRD3 DNA fragments. The
HRD3 gene was divided into three parts and each DNA fragment partially digested with Sau3AI The fragments were
inserted into BamH1 site of pGE374 containing lac’Z gene. The vectors were then transformed into E. coli and scre-
ened on X—gal plates. the fusion plasmids were induced with mitomycin C. The closed box indicated recA promoter.
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HRD3 gene in E. coli, the growth rates of E. coli host
cells BL21/DE3 transformed with pHRD3 -1, pHRD3
-2 or pET3a were determined by measuring optical
density of the cultures. Under uninduced conditions,
the cells transformed with pHRD3 -1 or pHRD3-2
grew at a somewhat slower rate than the cells with
pET3a or without any plasmid, but no significant
delays were detected. In contrast, following the induc-
tion with IPTG, E. coli BL21/DE3 cells containing
pHRD3-1 showed a remarkable delay in their growth
rate (Fig. 3). However, such reduction was not found
in cells with pET3a or host cells even in the presence
of IPTG. These results suggest that overproduction
of HRD?3 protein may suppress the normal growth of
E. coli cells. This suggests that the overexpressed
HRD3 protein may inhibit synthesis or cause degra-
dation of other proteins and thus result in toxicity to
the host E. coli cells. These are consistent with the
intolerance of HRD3 gene in E. coli might be the
result of HRD?3 protein toxicity. The molecular basis
for such toxicity remains to be elucidated.
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Determination of Toxic Region

In order to identify the region of HRD3 protein
responsible for its toxicity in E. coli, several combi-
nations of HRD3~/ac’Z fusion plasmids were con-
structed (Fig. 4). The HRD3 gene was cleaved into
three fragments; N -terminal domain, central domain,
and C-terminal domain. Each DNA fragment was
then partially digested with Sau3AI and the resulting
fragments were inserted into BamHI site of the plas-
mid pGE374 containing recA promoter and lac’Z
gene. Thus three groups of fusion genes were con-
structed; HRD3-N-/lac’Z containing the N—-terminal
domain, HRD3-M-lac’Z containing the central
domain, and HRD3~C-lac’Z containing the C-
terminal part of HRD3 gene.

After induction with mitomycin C for 1 h, the over-
expressed HRD3-B-gal fusion proteins were detect-
ed only in the transformants containing N-terminal
HRD3-lac’Z DNA (Fig. 5A). However, the extracts
prepared from the central and C-terminal DNA fused

Fig. 5. SDS-PAGE (A) and immunoblotting (B) of the HRD3 proteins using antibodies to f—galactosidase. Blue colored
colonies from X—gal plates were cultured and mitomycin C was added to induce HRD3/B-gal fusion protein. E. coli
transformed with pGE374 and HRD3 genes was grown in the presence of mitomycin C. Crude extracts were
prepared and subjected to 10% SDS~PAGE. The proteins were transferred onto nitrocellulose filters, reacted with
antibodies against $-gal protein. Lanes 1, pGE372 plasmid whose reA and lac’Z sequences are in frame; lane 2,
HRD3-N-lac’Z: lane 3. HRD3-C~lac’Z: lane 4. HRD3-M-lac’Z.
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with lac’Z gene did not show any increase in size of
the fusion protein. These results were confirmed by
immunoblotting using antibodies against J-galac-
tosidase protein (Fig. 5B). The immunoblot analysis
showed that the only N-terminal HRD3 DNA fused
lac’Z gene normally expressed HRD3-B-gal fusion
protein in E. coli. To know whether the HRD3 gene
was expressed in the HRD3-M-lac’Z and HRD3-
C-lac’Z containing cells, RNA blotting was per-
formed. The HRD3-M-lac’Z and HRD3-C-lac’Z
series produced a large amount of HRD3 mRNA but
little B—gal mRNA. In contrast, RNA isolated from
the HRD3-N-lac’Z showed weak signals against the
HRD?3 probe, but strong signals against the -gal
probe. From these results, it is predicted that the C—
terminal part of HRD3 protein may play an important
role in causing the toxic effect on E. coli cells. This
result indicates that the protein overexpressed the C-
terminal part of the HRD3 gene might inhibit the
expression of other genes in E. coli by taking over
the protein synthesis machinary or reducing the sta-
bility of their transcripts.

The specific role of the HRD3 protein in nucleotide
excision repair in S. pombe as well as toxicity in E.
coli cells awaits purification and characterization of
this protein from E. coli or yeast cells in which the
cloned gene is overexpressed. The transcriptional and
translational analysis in the present study may pro-
vide opportunities for informative structure—function
correlations between HRD3 gene and its gene pro-
duct.
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