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ABSTRACT: The yeast recombination and repair proteins Radl  and RadlO associate with a 1 : 1 stoichiometry 
to form a stable complex with a relative molecular mass of 190 kDa. This complex, which has previously 
been shown to degrade single-stranded DNA endonucleolytically, also cleaves supercoiled duplex DNA 
molecules. In this reaction, supercoiled (form I) molecules are rapidly converted to nicked, relaxed (form 
11) molecules, presumably as a result of nicking at  transient single-stranded regions in the supercoiled DNA. 
At high enzyme concentrations, there is a slow conversion of the form I1 molecules to linear (form 111) 
molecules. The Radl  /Rad10 endonuclease does not preferentially cleave UV-irradiated DNA and has no 
detectable exonuclease activity. The nuclease activity of the Radl/RadlO complex is consistent with the 
predicted roles of the R A D l  and RADl 0 genes of Saccharomyces cerevisiae in both the incision events of 
nucleotide excision repair and the removal of nonhomologous 3' single strands during intrachromosomal 
recombination between repeated sequences. In these pathways, the specificity and reactivity of the Radl  / 
RadlO endonuclease will probably be modulated by further protein-protein interactions. 

The RADl and RADlO genes of the yeast Saccharomyces 
cerevisiae are required both for nucleotide excision repair 
(NER)' of DNA and for specialized forms of mitotic 
recombination (Aguilera & Klein, 1989; Higgins et al., 1983; 
Reynolds et al., 1985, 1987; Schiestl & Prakash, 1989, 1990; 
Thomas & Rothstein, 1989). Mutational inactivation of either 
gene results in a phenotype of severe sensitivity to UV' 
radiation and defective incision of DNA in UV-irradiated 
cells (Prakash, 1977; Reynolds & Friedberg, 1981; Unrau et 
al., 1971). These observations have led to the suggestion that 
the Rad 1 and Rad 10 proteins participate in the specific incision 
of damaged DNA during NER. 

The RADl and RADlO genes encode polypeptides with 
predicted molecular weights of 126 200 and 24 300, respec- 
tively (Reynolds et al., 1985, 1987). Recent studies using 
both in vitro (Bailly et al., 1992; Bardwell et al., 1992) and 
in uivo (Bardwell et al., 1993) systems have demonstrated 
that these polypeptides form a stable and specific complex in 
the absence of DNA. Additionally, we recently reported that 
the incubation of single-stranded circular DNA with a mixture 
of purified Radl and RadlO proteins, but not either protein 
alone, results in endonucleolytic degradation of the DNA 
(Tomkinson et al., 1993). This observation provides support 
for the postulated role of these proteins in DNA incision during 
NER. The ability to degrade single-stranded DNA is also 
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consistent with the postulated role of the RADZ (Fishman- 
Lobell & Haber, 1992) (and presumably the RADlO) gene 
in recombinational events between repeated sequences. 

The purification of Rad 10 protein to apparent physical 
homogeneity has been previously documented (Bardwell et 
al., 1990; Sung et al., 1992). In the present studies, we report 
the purification of Radl protein to >90% homogeneity 
following overexpression of this protein in yeast cells, and 
present a strategy that significantly improves the yield of 
purified RadlO protein. We also show that Radl and RadlO 
proteins form a complex with 1:l stoichiometry, and that in 
addition to single-stranded DNA, this complex nicks super- 
coiled DNA, presumably at single-stranded regions in such 
molecules. 

EXPERIMENTAL PROCEDURES 
Overexpression of Radl  Protein in E .  coli. A BamHI 

fragment containing the S. cerevisiae R A D l  gene (Yang, 
1987) was subcloned in the BamHI site of the Escherichia 
coli expression vector pDR450 (Pharmacia) to generate the 
plasmid ptacRAD1. After induction of RADl expression with 
IPTG,' cells were harvested and lysed prior to extraction of 
Radl from the insoluble fraction with 1% sarkosyl/25 mM 
sodium phosphate (pH 7.5). After separation by SDSl- 
polyacrylamide gel electrophoresis (Laemmli, 1970) and 
Coomassie blue staining, Radl protein was identified as a 
polypeptide with a relative molecular mass of 150 kDa in 
lysates of cells overexpressing ptacRADl, but not in com- 
parable lysates from cells carrying pDR540. 

Production and Affinity Purification of Radl  Antisera. 
Rabbit polyclonal antiserum was raised against Radl protein 
overexpressed in E .  coli and affinity-purified by essentially 
the same procedure previously reported for the production of 
RadlO-specific antibodies (Bardwell et al., 1990). 

Growth of Yeast Strains for  Protein Purification. RadlO 
protein was purified from the S .  cerevisiae strain SF657-2D 
( M A T a  pep4-3 leu2-3,112 his4 ura3-52 ga12), transformed 
with plasmid pG12-RADIO (Bardwell et al., 1990). This strain 
was grown in a 60-L New Brunswick fermentor at 30 "C, pH 
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5 .5 ,  in yeast minimal medium (1.7 g/L yeast nitrogen base, 
20 g/L sucrose, and 5 g/L ammonium sulfate) supplemented 
with histidine (20 mg/L) and uracil (20 mg/L). Cells were 
harvested by centrifugation at OD600 = 1.2. Approximately 
200 g (wet weight) of cells was obtained from a 60-L culture. 

Radl protein was purified from the S. cereuisiae strain 
BJ2168ARADIO (Weiss & Friedberg, 1985), transformed 
with plasmid pG12-RADI. This strain was grown in yeast 
minimal medium supplemented with tryptophan (20 mg/L) 
and uracil (20 mg/L). After growth in a 60-L New Brunswick 
fermentor at 30 OC, pH 5 . 5 ,  cells were harvested at OD600 = 
0.9. Approximately 200 g (wet weight) of cells was obtained 
from a 60-L culture. In contrast to the overexpression of 
RadlO protein, overexpression of Radl protein from the 
plasmid pG12-RAD1 was variable in both RADIO deletion 
and wild-type genetic backgrounds. Cells freshly transformed 
with plasmid DNA, i.e., not stored or frozen, gave the best 
levels of Radl overexpression. 

Purification of Radl 0 Protein. A lysate was prepared from 
a frozen cell pellet (1 20 g) as described previously (Tomkinson 
et al. ,  1992). Protein concentrations were estimated by the 
method of Bradford (1976). RadlO protein in the cleared 
lysate (7.2 g of protein in 450 mL) was precipitated with 
ammonium sulfate (Sung et al., 1992) and resuspended in 50 
mM Tris-HC1 (pH 7 . 9 ,  1 mM EDTA, 50 mM NaC1, 10 
mM 0-mercaptoethanol, 10% glycerol, 1 mM PMSF,' 1 mM 
benzamidine hydrochloride, 0.5 pg/mL chymostatin and 
leupeptin, 0.7 pg/mL pepstatin, and 0.4 pg/mL aprotinin 
(buffer A). The suspension was dialyzed against 2 L of buffer 
A for 2 h and then against 4 L of the buffer overnight. 

After centrifugation to remove insolubledebris, thedialysate 
(3 g of protein in 300 mL) was applied to a 5 X 20 cm DEAE- 
cellulose (Whatman) column preequilibrated with buffer A. 
Pass-through fractions (1.6 g of protein in 450 mL) were 
applied to a 2.6 X 35 cm phophocellulose (Whatman) column 
preequilibrated with buffer A. Bound proteins were eluted 
with a l-L gradient from 50 mM to 0.5 M NaCl in buffer A. 
Radl O-containing fractions were detected by immunoblotting, 
pooled (50 mg of protein in 130 mL), and further purified by 
Blue Sepharose (Pharmacia) column chromatography (Bard- 
well et al., 1990). Fractions containing RadlO protein were 
pooled (12 mg of protein in 60 mL) and dialyzed against 25 
mM Hepesl-NaOH (pH 7.6), 50 mM NaCl, 1 mM EDTA, 
0.5 mM DTT,l and 10% glycerol (buffer B). The dialysate 
was divided in half and further purified separately (the protein 
yields represent the sum of the two identical fractionations). 

Dialysates were applied to an FPLCl Mono S HR 5 / 5  
column (Pharmacia). Bound proteins were eluted with a 20- 
mL gradient from 50 mM to 0.5 M NaCl in buffer B. Radl 0- 
containing fractions that eluted at -240 mM NaCl were 
pooled (4 mg of protein in 5 mL) and applied to a HiLoad 
1.6 X 60 cm Superdex 75 column preequilibrated with buffer 
B containing 0.5 M NaCl. Fractions containing Rad 10 protein 
were pooled (2.5 mg of protein in 16 mL), dialyzed against 
buffer C (buffer B at pH 7.8), and applied to an FPLC Mono 
S HR 5 / 5  column. Proteins were eluted with a 20-mL gradient 
from 50 mM to 0.5 M NaCl in buffer C. The peak fractions 
of RadlO protein (2 mg of protein in 2 mL) were >90% 
homogeneous as judged by denaturing PAGE.' RadlO protein 
has been stored on ice for 4 weeks and for 6 months at -80 
OC without significant loss of activity. 

Purification of Radl Protein. A cleared lysate (2.8 g of 
protein in 410 mL) was prepared from the cell pellet (1 10 g), 
and proteins were fractionated with ammonium sulfate as 
described above. The ammonium sulfate pellet was resus- 
pended in buffer A, and insoluble material was removed by 
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centrifugation after dialysis against buffer A. The cleared 
dialysate (1.3 g in 200 mL) was applied to a DEAE-cellulose 
column (2.6 X 30 cm). After the column was washed with 
buffer A, bound protein was eluted with a l-L salt gradient 
(50 mM-1 M NaCl) in buffer A. Fractions containing Radl 
protein eluted at -275 mM NaCl and were detected by 
immunoblotting (Tomkinson et al., 1993). These fractions 
(125 mg of protein in 140 mL) were pooled, dialyzed against 
buffer A, and applied to a heparinSepharose (Pharmacia) 
column (2.6 X 8 cm). Bound proteins were eluted with a 
400-mL gradient (50-750 mM NaCl) in buffer A. Radl 
fractions which eluted at about 0.55 M NaCl were pooled (14 
mg of protein in 65 mL) and dialyzed against 50 mM Tris- 
HC1 (pH 7 . 3 ,  1 mM EDTA, 50 mM NaCl, 0.5 mM DTT, 
and 10% glycerol (buffer D). The dialysate was divided in 
half and further purified separately. (The protein yields 
represent the sum of the two identical fractionations). Proteins 
were applied to an FPLC Mono Q HR 5 / 5  column (Phar- 
macia). Bound proteins were eluted with a 20-mL gradient 
(50-750 mM NaCl) in buffer D. Fractions containing Radl 
protein eluted at about 0.4 M NaCl and were pooled ( 5  mg 
of protein in 4 mL) and applied to a HiLoad 1.6 X 60 cm 
Superdex 200 column preequilibrated with buffer D containing 
0.75 M NaCl. Radl-containing fractions (3 mg, 14 mL) 
were dialyzed against buffer D and concentrated on the FPLC 
Mono Q column as described above. The peak fractions of 
Radl (1.2 mg of protein in 2.4 mL) were >90% homogeneous 
as judged by denaturing gel electrophoresis. Radl protein 
has been stored at -80 OC for 6 months without significant 
loss of activity. 

Immunoblotting. Proteins were separated by SDS-PAGE 
(Laemmli, 1970) and transferred to nitrocellulose membranes. 
Antibody-antigen complexes were detected by enhanced 
chemiluminescence (Amersham). 

PolynucleotideSubstrates. PM2 phage DNA was prepared 
as described by Espejo and Canelo (1968) as modified by 
Kuhnlein et al. (1976). Supercoiled DNA was converted to 
the relaxed closed circular form with wheat germ topo- 
isomerase I (Promega) or to the linear duplex form with MspI 
restriction enzyme (Promega). Phage fd [3H] thymidine- 
labeled DNA (26 000 cpm/nmol of nucleotide) was prepared 
as previously described (Goldmark & Linn, 1970). E .  coli 
[3H] thymidine-labeled DNA ( 5  100 cpm/nmol of nucleotide) 
was prepared as described by Lehman (1960). 4x174 R F  
DNA was purchased from Gibco/BRL. All polynucleotide 
concentrations are expressed as nucleotide residues. 

Alkaline Sucrose Gradients. Reaction mixtures (50 pL) 
were mixed with 5 pL of 0.5 M EDTA and then with 50 pL 
of 500 mM NaOH, 1.8 M NaC1, and 10 mM EDTA. The 
samples were then layered onto a 5-mL 5-25% linear sucrose 
gradient containing 250 mM NaOH, 900 mM NaCl, and 5 
mM EDTA. Gradients were centrifuged at 40 000 rpm for 
4 h in a Beckman SW50.1 rotor at 4 OC. After sedimentation, 
fractions were collected from the bottom of the tube. 
Sedimentation of poly(dA) (average length 540 nucleotides, 
Pharmacia) was detected by the absorbancy at 260 nm. 
Fractions from gradients containing radioactivity were neu- 
tralized by the addition of 100 mM Tris-HC1 (pH 8.0)/0.17 
M HC1 prior to liquid scintillation counting. 
RESULTS 

Purification of Radl 0 Protein. We have modified previ- 
ously published protocols (Bardwell et al., 1990; Sung et al., 
1992) for the purification of RadlO protein (seeExperimenta1 
Procedures), thereby generating a procedure that reproducibly 
results in an -20% yield of RadlO protein that is >90% 
homogeneous (Figure 1). RadlO protein purified by this 
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FIGURE 1 : Size of purified Rad 10 and Rad 1 proteins as measured 
by SDS-polyacrylamide gel electrophoresis. Rad 10 and Rad 1 
proteins were purified as described under Experimental Procedures. 
The purified fractions were electrophoresed through a denaturing 
6 2 0 %  polyacrylamide gradient gel (BioRad), and proteins were 
detected by staining with Coomassie blue. Lane 1, low-range 
molecular mass standards (BioRad); lane 2,630 ng of Rad 10 protein; 
lane 3, 420 ng of Rad 10 protein; lane 4, 2 10 ng of Rad 10 protein; 
lane 5,585 ng of Radl protein; lane 6,390 ng of Radl protein; lane 
7,195 ngof Rad 1 protein; lane 8, high-range molecular mass standards 
(BioRad). 

scheme catalyzes the annealing of homologous DNA single 
strands (data not shown) as described previously (Sung et al., 
1992). The scheme used by Sung et al. (1 992) resulted in the 
purification of RadlO protein with a yield similar to that 
observed in the present study, but in significantly lower 
amounts per gram of starting material (1.3 pg/g compared 
to 17 pg/g). This difference suggests that the level of RadlO 
is at least 10-fold greater in strain SF657-2D transformed 
with plasmid pG12-RADIO than in strain CMY135 trans- 
formed with plasmid pSUC8 (Sung et al., 1992). 

Purification of Radl Protein. The observation that the 
Rad 1 and Rad 10 proteins form a specific and stable complex 
(Bardwell et al., 1992) suggested the possibility of purifying 
Rad 1 protein by affinity chromatography using immobilized 
RadlO protein. In initial experiments, we examined the 
specific binding of radiolabeled in uitro-translated Rad 1 
protein (Bardwell et al., 1992) to RadlO protein that was 
covalently attached to an inert matrix. Full-length (but not 
truncated) Rad 1 protein did indeed bind to Rad 1 0-Affigel 
beads and not to similarly prepared BSA beads (data not 
shown). The failure of the RadlO beads to bind truncated 
forms of Radl is consistent with the demonstration that the 
C-terminal portion of Radl is required for the interaction 
with Rad 10 (Bardwell et al., 1992,1993). Bound Rad 1 protein 
could only be recovered following elution of the beads in the 
presence of 1% SDS at 70 "C. The harsh conditions required 
to dissociate the Radl/RadlO complex precluded the use of 
this affinity strategy to purify biochemically active Rad 1 
protein. 

In subsequent experiments, Rad 1 protein was overproduced 
in a yeast strain that was deleted of the RadlO gene. The 
rationale for this approach was to eliminate endogenous Rad 10 
protein, which could potentially complex with Rad 1 protein 
and thereby substantially reduce or even eliminate its yield. 
The purification of Rad 1 (see Experimental Procedures) was 
monitored by an immunoblotting assay using affinity-purified 
polyclonal antiserum raised against Rad 1 protein overex- 
pressed in E .  coli. Radl protein purified by this scheme was 
>90% homogeneous as judged by denaturing gel electro- 
phoresis (Figure 1). 

Purified Radl Protein Complexes with Radl  0 Protein. 
The purification of Radl protein using the immunoblotting 
assay described above provides no indication about the 
functional integrity of the protein. In order to evaluate this 
parameter, we examined several known biological attributes 
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Purified Rad 1 protein directs the coimmunoprecipitation 
of in uitro-translated Rad 10 protein. A side fraction containing Radl 
protein (-20 pg) from the gel filtration step (Experimental 
Procedures) was applied to an FPLC 5/5 Mono Q column, which 
was eluted with a 30-mL NaCl gradient (50-750 mM). Elution of 
Rad 1 protein was detected by monitoring the absorbancy at  280 nm. 
(A) Aliquots ( 10 pL) of consecutive fractionscontaining Radl protein 
were electrophoresed through a 7.5% denaturing polyacrylamide gel, 
and protein was detected by silver staining (lanes 1-10). Molecular 
mass standards are shown on the left. (B)  Rad 10 and Fos proteins 
were independently translated in vitro in the presence of [3sS]- 
methionine as described (Bardwell et al., 1992). Labeled polypeptides 
were detected by autoradiography after separation through a 15% 
denaturing polyacrylamide gel (lane 11). The labeled proteins (26 
ng of RadlO and 33 ng of Fos) were incubated with the Mono Q 
fractions containing Radl protein (2 pL) shown in (A). Following 
immunoprecipitation with anti-Rad 1 antibodies as described (Bard- 
well et a]., 1992), the labeled polypeptides were resolved by denaturing 
gel electrophoresis and detected by autoradiography (lanes 1-1 0). 
Molecular mass standards are shown on the left. 

of Radl protein. In Figure 2, we show that the 150-kDa 
polypeptide, previously identified as Rad 1 protein by immu- 
noblotting (Tomkinson et al., 1993), interacts specifically with 
labeled Rad 10 protein. In this experiment, partially purified 
Rad 1 protein was eluted from an FPLC Mono Q column and 
was detected by monitoring the absorbancy at 280 nm and by 
silver staining after denaturing gel electrophoresis (Figure 
2A). Fractions from the gradient were incubated with 
radiolabeled in uitro-translated Radl 0 and Fos proteins 
(Bardwell et al., 1992). Following incubation, anti-Rad 1 
antibody was added, and immunoprecipitates were harvested, 
subjected to denaturing gel electrophoresis, and analyzed by 
autoradiography. Immunoprecipitation of each of the frac- 
tions containing Radl protein resulted in the exclusive 
coimmunoprecipitation of Rad 10 protein and not Fos protein 
(Figure 2B). Hence, Rad 1 protein purified by the procedure 
described here is able to bind specifically to RadlO protein. 

In order to determine the stoichiometry of this binding, we 
examined the gel filtration behavior of Radl protein, RadlO 
protein, and mixtures of the two preincubated under conditions 
known to result in complex formation. When purified Radl 
protein was subjected to gel filtration, a single protein peak 
(detected by the absorbancy at 280 nm) eluted with a relative 
molecular mass of 160 kDa (Figure 3A). After denaturing 
gel electrophoresis, we detected a 150-kDa polypeptide by 
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FIGURE 3: Relative molecular mass of Rad 1 protein, Rad 10 protein, 
and the Radl/RadlO complex as measured by gel filtration. (A) 
Purified Rad 1 protein (30 pg, 240 pmol) was loaded in a final volume 
of 100 pL onto a FPLC Superose 12 gel filtration column that had 
been preequilibrated with 50 mM Tris-HC1 (pH 7 3 , 2 0 0  mM NaCI, 
1 mM EDTA, 0.5 mM DTT, and 10% glycerol. The sample was 
then eluted with the above buffer at a flow rate of 0.3 mL/min. The 
protein elution profile detected by monitoring the absorbancy at 280 
nm is shown. Molecular mass standards (thyroglobulin, 670 kDa; 
y-globulin, 158 kDa; ovalbumin, 44 kDa; and myoglobin, 17.5 kDa; 
from BioRad) were separated under identical conditions, and their 
elution positions are indicated. (B) Radl protein (28 pg, 221 pmol) 
and RadlO protein (8.7 pg, 355 pmol) were mixed and preincubated 
at 30 OC for 15 min in a final volume of 100 pL. After being loaded 
onto the gel filtration column, proteins were eluted as described above. 
The protein elution profile shown was detected by monitoring the 
absorbancy at 280 nm. Fractions (300 pL, 1-8) from the column 
eluate corresponding to the part of the elution profile indicated by 
the line above the peak were further analyzed. (C) Proteins were 
separated through a 7.5% denaturing polyacrylamide gel and 
transferred to nitrocellulose. After incubation of the membrane with 
Rad 1 antibody, Rad 1 protein wasquantitatively detected by enhanced 
chemiluminescence. (D) Proteins were separated through a 15% 
denaturing polyacrylamide gel and transferred to nitrocellulose. After 
incubation of the membrane with RadlO antibody, RadlO protein 
was quantitatively detected by enhanced chemiluminescence. 

staining and by immunoblotting with Radl antibody that 
coeluted with the single peak shown in Figure 3A (data not 

shown). The relative molecular mass of 160 kDa is signifi- 
cantly greater than the molecular weight of 126 200 predicted 
from the RADI open reading frame (Reynolds et al., 1987), 
suggesting that Rad 1 protein has an asymmetric shape which 
leads to anomalous behavior during gel filtration. In similar 
gel filtration experiments, homogeneous Rad 10 protein eluted 
with a relative molecular mass of 25 kDa (data not shown), 
consistent with thecalculated molecular weight of this protein 
(Reynolds et al., 1985). 

When purified Rad 1 and Rad 10 proteins were preincubated 
at a molar ratio of 1 : 1.6 and then subjected to gel filtration, 
the molecular mass of the peak shifted to 190 kDa (Figure 
4B), consistent with the formation of Rad 1 /Rad10 complexes 
with 1:l stoichiometry. In support of this conclusion, the 
coelution of Rad 1 (Figure 3C) and Rad 10 (Figure 3D) in the 
190-kDa peak was confirmed by immunoblotting. As an- 
ticipated, we detected a second peak (Figure 3B) that eluted 
with the expected relative molecular mass of homogeneous 
RadlO protein. This peak was approximately 40% the area 
of the peak observed when the same quantity of RadlO alone 
was analyzed by gel filtration in the absence of Radl protein 
(data not shown). From these results, we estimate that >90% 
of the Rad 1 molecules formed stable 1 : 1 complexes with Rad 10 
molecules. 

Radl /RadI 0 Complexes Have DNA Endonuclease Activ- 
ity. In addition to its ability to complex with purified RadlO 
protein, purified Rad 1 protein supports the endonucleolytic 
degradation of single-stranded DNA (Tomkinson et al., 1993) 
and the nicking of supercoiled duplex molecules (see later), 
when complexed with RadlO protein. When fractions from 
the more rapidly eluting gel filtration peak (Figure 3B) were 
incubated with supercoiled PM2 DNA, weobserved conversion 
of the supercoiled material to the nicked form, indicative of 
endonuclease activity (data not shown, see Figure 5A for 
analogous data). No endonuclease activity was observed in 
similar assays with fractions containing Rad 1 protein alone 
(data not shown). Hence, Radl protein purified by the 
procedure described here is also able to support endonuclease 
activity. 

Polynucleotide Substrate Specificity of the Radl / Radl 0 
Endonuclease. We previously reported that the Rad 1 /Rad 10 
endonuclease degrades single-stranded circular DNA by an 
endonucleolytic mechanism (Tomkinson et al., 1993). In 
Figure 4, we show the degradation of 3H-labeled fd phage 
DNA as a function of the concentration of Radl/RadlO 
endonuclease. The products of this reaction were analyzed 
by agarose gel electrohoresis (Figure 4A) and by sedimentation 
in alkali sucrosegradients (Figure4B). As reported previously, 
no degradation of the DNA was detected by either Radl or 
RadlO protein alone (Figure 4A). Under conditions that 
approached complete digestion, oligonucleotides ranging from 
100 to 500 nucleotides in length were produced. Assuming 
an average oligonucleotide size of 300 bases, we estimate that 
the overall rate of cleavage was 0.05 nick complex-I min-I. 
The absence of significant amounts of radioactivity at the top 
of the gradients indicates that there is no detectable exonu- 
clease activity associated with the Rad 1 /Rad 10 complex. 
Consistent with thisconclusion, incubation of theenzyme with 
3H-labeled native or heat-denatured E.  coli chromosomal 
DNA did not result in the formation of acid-soluble radio- 
activity (data not shown). 

Single-stranded DNA endonucleases are able to nick 
supercoiled DNA because of the partial single-stranded 
character of such molecules (Kato et al., 1973). The Radl/  
Rad 10 endonuclease nicked positively supercoiled PM2 DNA, 
whereas neither Rad 1 nor Rad 10 protein alone had nuclease 
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FIGURE 4: Degradation of single-stranded circular DNA by the 
Radl /Rad10 complex. (A) Reaction mixtures (20 pL) containing 
50 mM Tris-HC1 (pH 8 . 5 ) ,  5 mM MgC12, and 81 ng of [3H]DNA 
from bacteriophage fd were incubated for 15 min at 37 OC with the 
following: lane 1, 0.131 pmol of Radl protein and 0.122 pmol of 
Rad 10 protein; lane 2,0.262 pmol of Rad 1 protein and 0.244 pmol 
of Radl 0 protein; lane 3,0.525 pmol of Radl protein and 0.488 pmol 
of Rad 10 protein; lane 4, 1.05 pmol of Rad 1 protein and 0.975 pmol 
of Rad 10 protein; lane 5, 2.1 pmol of Rad 1 protein and 1.95 pmol 
of RadlO protein; lane 6, 1.95 pmol of RadlO protein; lane 7, 2.1 
pmol of Radl protein; lane 8, no addition. After incubation, samples 
were heated at  90 "C for 2 min and electrophoresed through a 0.8% 
agarose gel. DNA was detected by staining with ethidium bromide. 
The positions of molecular mass standards (A-Hind111 digest, 
Pharmacia) are indicated on the right. (B) Similar reactions 
containing 405 ng of [3H]DNA from bacteriophage fd were carried 
out in a final volumeof 50 pL. These reactions contained no addition 
(M), 2.9 pmol of Rad 10 protein and 3.15 pmol of Rad 1 protein (O), 
and 5.8 pmol of RadlO protein and 6.3 pmol of Radl protein (A). 
Reactions were terminated by the addition of 5 pL of 0.5 M EDTA 
and then analyzed by alkaline sucrose gradient sedimentation as 
described under Experimental Procedures. The position of a 
molecular mass standard [ poly(dA) (- 540 nucleotides, Pharmacia)], 
sedimented in a separate gradient under identical conditions, is 
indicated . 
activity against this substrate (Figure 5A). We obtained 
similar results with negatively supercoiled 4x174 RF  DNA 
(Figure 5B). The rate of conversion of supercoiled form I 
DNA to nicked form I1 DNA was quantitated by scanning 
densitometry of a photographic negative of the ethidium 
bromide stained gel arld was found to be proportional to the 
amount of Radl/RadlO complex added. Assuming 1 nick 
per DNA molecule, we estimate the rate of cleavage to be 
0.01 nick complex-' min-*. Although the Radl/RadlO 
endonuclease is less active on supercoiled DNA than single- 
stranded DNA, it is easier to detect and quantitate form I1 
DNA generated by nicking of supercoiled DNA than the 

A 

Form I I  

Form I 

B 

Form II 

Form I - 
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FIGURE 5: Endonucleolytic cleavage of positively and negatively 
supercoiled DNA by the Rad 1 /Rad 10 complex. (A) Reaction 
mixtures (20pL) containing 50 mM Tris-HCI (pH 8.5),  5 mM MgC12, 
and 120 ng of bacteriophage PM2 DNA were incubated for 15 min 
at  37 "C with the following: lane 1 ,  no addition; lane 2,0.066 pmol 
of Rad 1 /Rad 10 complex; lane 3,O. 1 3 1 pmol of Rad 1 /Rad 10 complex; 
lane 4,0.203 pmol of Radl/RadlO complex; lane 5, 0.525 pmol of 
Rad 1 /Rad 10 complex; lane 6, 1.05 pmol of Rad 1 /Rad 10 complex; 
lane 7,2.1 pmol of Rad 1 /Rad 10 complex; lane 8,3.9 pmol of Rad 10 
protein alone; lane 9, 2.1 pmol of Radl protein alone. After 
incubation, samples were placed on ice to stop the reaction and then 
separated through a 0.8% agarose gel containing ethidium bromide. 
The positions of molecular mass standards (A-Hind111 digest, 
Pharmacia) are indicated on the right, and the positions of supercoiled 
(form 1) and nicked (form 11) PM2 DNA are indicated on the left. 
The quantity of the Rad 1 /Rad 10 complex assumes complete 
efficiency of complex formation. These reactions contained a 1.8 
molar excessof Rad 10. Similar results wereobtained withequimolar 
mixturesof these proteins. (B) Reaction mixtures (20 pL) containing 
50 mM Tris-HC1 (pH 8.5), 5 mM MgClz, and 120 ng of bacteriophage 
4x174 R F  form I DNA were incubated for 15 min at  37 "C with 
the following: lane 1,0.066 pmol of Radl/RadlO complex; lane 2, 
0.13 1 pmol of Rad 1 /Rad 10 complex; lane 3,0.203 pmol of Rad 1 / 
Rad 10 complex; lane 4,0.525 pmol of Rad 1 /Rad 10 complex; lane 
5, 1.05 pmol of Radl/RadlO complex; lane 6, 2.1 pmol of Radl /  
RadlO complex; lane 7,3.9 pmol of Rad 10 protein alone; lane 8,2.1 
pmol of Radl protein alone, and lane 9, no addition. After incubation, 
the samples were placed on ice to stop the reaction and then separated 
through a 0.8% agarose gel containing ethidium bromide. The 
positionsof molecular mass standards (A-Hind111 digest, Pharmacia) 
are indicated on the right, and the positions of the supercoiled (form 
I) and nicked (form 11) 4x174 are indicated on the left. 

heterogeneous population of oligonucleotides generated by 
degradation of single-stranded DNA circles, which manifest 
as a smear in electrophoretic gels. Irradiation of supercoiled 
PM2 DNA with 400 J/m2 of 254-nm UV light prior to 
incubation with the Radl /Rad10 complex neither detectably 
enhanced nor inhibited the endonuclease activity (data not 
shown). Not surprisingly, preincubation of negatively or 
positively supercoiled DNA with DNA topoisomerase I to 
relax the extent of supercoiling reduced the extent of cleavage 
by the Radl/RadlO endonuclease by ---fold (data not 
shown). 
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1 2 3 4 5 6 7 8 9  

FIGURE 6:  Time course of degradation of supercoiled PM2 DNA. 
Reaction mixtures (20 pL) containing 50 mM Tris-HCI (pH 8 .5 ) ,  
5 mM MgC12, and 120 ng of PM2 DNA were incubated at  37 "C 
for 40 min with the following: lane 1,0.7 pmol of Rad 1 protein; lane 
2, 1.0 pmol of RadlO protein; and lane 9, no addition. Aliquots (20 
pL) were taken from a reaction mixture (1 20 pL) containing 50 mM 
Tris-HCI (pH 8 .5 ) ,  5 mM MgC12, 720 ng of PM2 DNA, and 4.2 
pmol of Radl/RadlO complex after incubation at  37 "C for the 
following: lane 3, 0 min; lane 4, 5 min; lane 5, 10 min; lane 6 ,  20 
min; lane 7 , 3 0  min; and lane 8,40 min. Reactions were terminated 
by placing on ice, and then samples were electrophoresed through a 
0.8% agarose gel containing ethidium bromide. The positions of 
molecular mass standards (A-Hind111 digest, Pharmacia) areindicated 
on the right, and the positions of the supercoiled (form I) ,  nicked 
(form 11), and linear (form 111) PM2 DNAs are indicated on the left. 

At high Radl/RadlO concentrations, a small amount of 
linear DNA PM2 was observed (Figure 6). Examination of 
the kinetics of product formation demonstrated that the 
conversion of supercoiled (form I) to nicked (form 11) molecules 
is a relatively rapid reaction compared to the slow accumulation 
of linear (form 111) molecules. This suggests that following 
the rapid nicking of supercoiled molecules, the Rad 1 /Rad I O  
endonuclease cleaves transient single-stranded regions opposite 
nicks at a significantly reduced rate. The Radl/RadlO 
endonuclease did not degrade linear duplex substrates such 
as E.  coli DNA (measured by the release of acid-soluble 
radioactivity) or full-length linear PM2 DNA (measured by 
agarose gel electrophoresis). 
DISCUSSION 

We previously reported that a complex of Rad 1 and Rad 10 
proteins degrades single-stranded DNA by an endonucleolytic 
mechanism (Tomkinson et al., 1993). In the present study, 
we have described the purification of Rad 1 protein to apparent 
physical homogeneity. Additionally, we have developed an 
improved purification scheme for RadlO protein, and have 
further characterized the physical and catalytic properties of 
the Rad 1 /Rad 10 endonuclease complex. 

The observation that stable Rad 1 /Rad10 complexes are 
generated in the absence of DNA both in vitro (Bailly et al., 
1992; Bardwell et al., 1992) and in vivo (Bardwell et al., 1993) 
suggests that such complexes are constitutively present in cells. 
Studies on the level of expression of the RAD1 and RADZO 
genes in untransformed yeast cells suggest that Rad 10 protein 
is present in molar excess (Bardwell et al., 1990; Weiss & 
Friedberg, 1985; Yang, 1987). Hence, excess Rad 10 protein 
that is synthesized following the transformation of cells with 
expression plasmids is not expected tocomplex with constitutive 
Radl protein, and is potentially available for purification as 
a single polypeptide. In contrast, the purification of free Radl 
protein would presumably require its expression at levels 
significantly greater than the constitutive level of free RadlO 
protein in cells. We overcame this potential problem by 
overexpressing Radl protein in a yeast strain deleted of the 
RadlO gene. 

The predicted molecular weight of Radl protein is 126 200 
(Reynolds et al., 1987). The protein exhibits anomalous 
behavior in several different techniques used for estimating 
relative molecular mass. During denaturing gel electrophore- 
sis, in vitro-translated Radl protein (Bardwell et al., 1992) 

and that overexpressed in either yeast or E.  coli have a relative 
molecular mass of 150 kDa. Hence, this discrepancy is 
probably not the result of posttranslational modification and 
may reflect the acidic nature of this protein (Reynolds et al., 
1987). In addition, Rad 1 protein elutes during gel filtration 
with a relative molecular mass of 160 kDa, suggesting that 
this protein also has an asymmetric shape. 

Complex formation between Rad 1 and Rad 10 proteins in 
vitro was previously investigated by immunoprecipitation 
(Bailly et al., 1992; Bardwell et al., 1992, 1993) and by the 
binding of Rad 1 to Rad 10 protein convalently attached to an 
inert matrix (Tomkinson et al., 1993). These experiments 
did not directly address the stoichiometry of complex forma- 
tion. We have now shown that the Radl/RadlO complex has 
a relative molecular mass of 190 kDa determined by gel 
filtration. This value is almost precisely that expected from 
a complex of one molecule of Rad 1 protein (relative molecular 
mass = 160 kDa) and one molecule of Rad 10 protein (relative 
molecular mass = 25 kDa). Futhermore, the Radl/RadlO 
complex purified by gel filtration is active as an endonuclease, 
confirming that the two proteins function as subunits of this 
endonuclease. 

The following properties of the Rad 1 /Rad 10 complex 
indicate that it is a single-strand-specific endonuclease: (i) 
the enzyme degrades single-stranded DNA circles by an 
endonucleolytic mechanism; (ii) the enzyme nicks supercoiled 
DNA; (iii) relaxation of the supercoiling by topoisomerase I 
reduces the endonuclease activity; (iv) the enzyme does not 
cleave linear duplex molecules; (v) the enzyme does not possess 
exonuclease activity. 

The specific activity of the Rad 1 /Rad 10 endonuclease is 
low compared with other single-strand-specific endonucleases, 
such as that purified from mammalian mitochonidria (Tomkin- 
son & Linn, 1986), and this enzyme does not preferentially 
cleave UV-irradiated DNA. These observations may reflect 
the fact that in vivo the enzyme reacts with a particular DNA 
structure generated by the action of other proteins, and/or 
the specificity and reactivity of the enzyme are modulated by 
other protein-protein interactions. During NER in E.  coli, 
UvrC protein in isolation has a weak endonuclease activity 
with no specificity for DNA damage. However, in combination 
with UvrA and UvrB proteins, DNA damage-specific incisions 
occur at a significantly higher rate (Caron & Grossman, 1988). 
Alternatively, oneof the purified Rad proteins may be inactive. 
This is a relevant concern since both proteins were purified 
by nonfunctional immunoblotting assays. However, inde- 
pendent experiments have demonstrated that both purified 
Rad 1 and Rad 10 proteins restore DNA damage-dependent 
repair synthesis in cell-free extracts prepared from the 
respectiveradl and radZO mutant strains (Wanget al., 1993). 
The question of whether the specific activity of the in uitro- 
constituted Radl /Rad 10 endonuclease accurately reflects the 
activity of the in vivo complex can be definitively addressed 
by overexpressing both proteins in the same cell and then 
isolating and characterizing the complex. 

Of the multiple yeast genes required for the recognition of 
base damage and specific incision of DNA at or near such 
lesions, the RADZ and RADZO genes are unique in that they 
are also involved in a specialized mitotic intrachromosomal 
recombination pathway (Friedberg et al., 1991). A com- 
parison of the recombination intermediates generated in wild- 
type and rad1 mutant strains led to the suggestion that the 
product of the RADZ gene removes 3' nonhomologous DNA 
single strands by an endonucleolytic mechanism (Fishman- 
Lobell & Haber, 1992). Hence, the endonuclease activity 
associated with the Radl /Rad10 complex is consistent with 
the predicted roles of these proteins in mitotic recombination. 
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In the E.  coli NER pathway, the DNA incisions on either 
side of sites of base damage are catalyzed by different proteins 
in a nonconcerted reaction. The 3’ incision is catalyzed by 
UvrB protein at the fifth phosphodiester bond 3’ to the site 
of base damage, following which the 5’ incision is catalyzed 
by UvrC protein at the eighth phosphodiester bond 5’ to the 
site of base damage. These reactions generate an oligonucle- 
otide 13 nucleotides in length that is excised from the DNA 
(Lin et al., 1992; Lin & Sancar, 1992). NER supported by 
human and Xenopus laeuis cell-free extracts is associated with 
the generation of excision products that are 27-32 nucleotides 
in length, with the 3’ incision at the 5th phosphodiester bond 
3‘to the lesion and the 5‘ incision at the 22-24th phosphodiester 
bond 5’ to the lesion (Huang et al., 1992; Svodoba et al., 
1993). The apparent evolutionary conservation of many yeast 
and human NER genes suggests that the bimodal incision 
process observed in human cell-free extracts is likely conserved 
in yeast (Friedberg, 1992). 

Since the Radl/RadlO complex in isolation is a weak 
endonuclease with no apparent DNA damage specificity, we 
predict that this enzyme is targeted to DNA lesions by specific 
protein-protein interactions that facilitate its role in the process 
of DNA incision during NER. Assuming that in S. cerevisiae 
damage-specific incision is first catalyzed 3’ to the site of 
DNA damage (as is apparently the case in E .  coli) by an 
endonuclease other than the Radl/RadlO complex, the 
displacement of a single-stranded tail containing the base 
damage (perhaps by a DNA helicase) could generate a 3’ 
single-stranded structure resembling the recombinational 
intermediate discussed above (Fishman-Lobe11 & Haber, 
1992). Cleavage of this structure by the Radl/RadlO 
endonuclease would then generate the 5’ nick. Such an 
unconcerted reaction mode predicts that damage-specific DNA 
strand breaks should be detectable in rad1 or rad10 mutants. 
However, previous studies have shown that mutant strains 
that are also defective in DNA ligase activity do not accumulate 
detectable single-strand breaks in vivo after exposure to UV 
radiation (Wilcox & Prakash, 198 1). Hence, it is possible that 
the Radl/RadlO endonuclease catalyzes both the 3’ and 5’ 
incisions. Alternatively, the incisions may be made by two 
different nucleases (one of which is the Radl /Rad10 complex) 
in a reaction mechanism that requires both to be present at 
the 3’ and 5‘ incision sites before cleavage can occur. 

The purification of Radl and Rad10 proteins and the 
characterization of the Radl /Rad1 0 endonuclease will permit 
the use of this enzyme as a reagent in further studies on the 
molecular mechanisms of intrachromosomal mitotic recom- 
bination and NER in eukaryotes. The homology between 
repair genes from S .  cerevisiae and humans in general, and 
that between the S.  cerevisiae RADIO and human ERCCl 
genes in particular (van Duin et al., 1986), suggests that there 
is a human enzyme that is functionally homologous with the 
Radl /Rad10 endonuclease. We anticipate that this enzyme 
consists of Erccl protein complexed to a protein that is encoded 
by an as yet unidentified human gene homologous to the S. 
cerevisiae RAD1 gene. The recent observations that Erccl 
protein specifically associates with other mammalian NER 
proteins (Biggerstaff et al., 1993; van Vuuren et al., 1993) are 
consistent with this model. 
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