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Characterization of the Escherichia coli X-ray Endonuclease, Endonuclease 

Harold L. Katchert and Susan S. Wallace* 

ABSTRACT: The X-ray endonuclease endonuclease I11 of Es- 
cherichia coli has been purified to apparent homogeneity by 
using the criterion of sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis. The most purified fraction shows endo- 
nucleolytic activity against apurinic and apyrimidinic (AP) 
sites and a dose-dependent response to DNA that has been 
X irradiated, UV irradiated, or treated with Os04. The en- 
donuclease also nicks Os0,-treated DNA that has been sub- 
sequently treated with alkali to produce fragmented thymine 
residues and DNA treated with potassium permanganate. The 

Ionizing radiation produces a variety of damages in DNA 
including single- and double-strand breaks, alkali-labile dam- 
ages, and both DNA-DNA and DNA-protein cross-links [see 
Ward (1975) for review]. The primary criterion for estab- 
lishing these categories is the particular measurement used 
to quantitate the damage. Base damages are the preponderant 
lesion produced (Cerutti, 1975a,b) and are included in all of 
these categories. However, the quantitation and characteri- 
zation of base damages are difficult because small numbers 
of each particular type of damage are present in irradiated 
DNA, and the instability of some of these damages precludes 
their measurement by chemical means. 

At present, one class of base lesions can be quantitated 
(Hariharan, 1980), the common radiolysis product of thymine 
(Scholes & Weiss, 1960), moieties of the 5,6-dihydroxydi- 
hydrothymine type (thymine glycols). Thymine glycols have 
been shown to be lethal lesions in both single-stranded 
(Hariharan et al., 1977) and double-stranded (Moran et al., 
1980) phage transfecting DNAs. Further, Micrococcus ra- 
diodurans have been shown to specifically release this product 
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enzyme does not incise the alkali-labile sites present in DNA 
X irradiated in vitro in the presence of hydroxyl radical sca- 
vengers. The most purified fractions exhibit two distinct ac- 
tivities, an AP endonuclease that cleaves on the 3‘side of the 
damage leaving a 3’-OH and a 5’-Po4 and a DNA N- 
glycosylase that recognizes at least two substrates, thymine 
glycol residues and urea residues. The glycosylase activity is 
sensitive to N-ethylmaleimide while the AP endonuclease is 
not. 

into the medium following y irradiation (Hariharan & Cerutti, 
1972). Also, crude extracts of Escherichia coli remove thy- 
mine glycols from y-irradiated or Os04-treated DNA (Har- 
iharan & Cerutti, 1974). Thus, it is likely that an excision 
type repair mechanism might function in cells to remove 
X-ray-induced base damage from DNA. 

A number of years ago this laboratory reported that partially 
purified extracts of E.  coli were capable of specifically nicking 
X-irradiated (Strniste & Wallace, 1975) and Os0,-treated 
(Armel et al., 1977) DNA; this activity was called the X-ray 
endonuclease. Subsequently, Radman (1 976) reported the 
purification of an endonuclease from E.  coli, endonuclease 111, 
that recognized minor photoproducts of UV irradiation, and 
a similar activity was reported by Gates & Linn (1977b) to 
nick DNA that was heavily UV irradiated, X irradiated, Os04 
treated, or depurinated by heatlacid treatment. This latter 
activity, believed to be endonuclease 111, was a byproduct of 
the purification of endonuclease V (Gates & Linn, 1977a). 
It has been reported recently (Demple & Linn, 1980) that the 
enzyme isolated by Gates and Linn has an associated DNA 
glycosylase specific for thymine glycol residues. Another DNA 
glycosylase, specific for urea residues in DNA, has been found 
in 10-fold purified extracts of E.  coli by Breimer & Lindahl 
(1 980); such urea residues are known products of the radiolysis 
of thymine residues in DNA (Tdoule et al., 1977). 

In this paper we report purification of the X-ray endo- 
nuclease and show these highly purified preparations to contain 
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all the activities ascribed to endonuclease I11 and the urea 
N-glycosylase. The X-ray endonuclease appears to be a dimer 
that has both an AP endonuclease activity and a DNA N-  
glycosylase that recognizes at least two different damaged 
DNA substrates. 

Experimental Procedures 
Bacteria and Bacteriophage. Escherichia coli AB3027, 

thr-I, leuB6, thi-I, proA2, argE3, his-4, xthA14, polA20, 
lacY1, galK2, mtl-I, xyl-5, ara-14, rha-6, strA31, tsx-33, A-, 
supE44, obtained from the E. coli Genetic Stock Center, Yale, 
was used for all enzyme preparations. The bacteria were 
grown in a fermentor in modified Zubay's medium (Zubay 
et al., 1970), supplemented with casamino acids and strepto- 
mycin sulfate (50 pg/mL), to late log phase, collected by 
centrifugation, and stored at -20 OC. PM2 bacteriophage and 
host Alteromonas espejiana were grown as previously de- 
scribed (Wallace et al., 1981). 

Enzymes. DNA polymerase I (E .  coli) was purified by the 
method of Jovins et al. (1969) through fraction VII. Exo- 
nuclease I11 (E. coli) was purchased from Miles Laboratories; 
phosphodiesterase I1 (bovine spleen) and alkaline phosphatase 
(E. coli) were purchased from P-L Biochemicals. Uracil- 
DNA N-glycosylase was generously supplied by E. Friedberg. 

Nucleic Acids and Deriuatiues. 3H-Labeled PM2 DNA was 
prepared as previously described (Wallace et al., 1981); the 
specific activity was 30 000-120 000 cpm/pg. [2-14C]Poly- 
[dT(Na)], (2.75 Ci/mmol), was purchased from P-L Bio- 
chemicals as was poly(dA). [methyL3H]dTTP (58 Ci/mmol) 
was purchased from Schwarz/Mann. [me~hyl-~H]dT (63 
Ci/mmol) was bought from ICN Pharmaceuticals. E. coli 
tRNA was obtained from Boehringer Mannheim. Thymine 
glycol and thymidine glycol monophosphate, prepared by the 
method of Baudisch & Davidson (1925), were gifts of B. 
Erlanger, and cis-thymine glycol was a gift of J. Cadet. 

Other Reagents. Agarose, type A, and streptomycin sulfate, 
grade b, were purchased from Calbiochem-Behring. Acryl- 
amide and N,N'-bis(acrylamide), TEMED,'  and 2- 
mercaptoethanol were purchased from Sigma Chemical Co. 
Dithiothreitol and N-ethylmaleimide are products of Eastman 
Kodak Co.; phosphocellulose (P-1 l), DEAE-cellulose (DE52), 
and 3MM chromatography paper are produced by Whatman 
Ltd. Polygram Cel 300 PEI/UV,,, and Polygram Cell 
300/UV,,, M N  were purchased from Brinkmann Instruments, 
Inc. Sephadex G-75 and G-100, CM-Sephadex, and DEAE- 
Sephadex were bought from Pharmacia Fine Chemicals. AG 
50W-X8 cation-exchange resin and AG 1-X8 anion-exchange 
resin as well as hydroxylapatite (BieGel HTP) and the protein 
molecular weight standards (Low Molecular Weight Gel 
Filtration Kit) were purchased from Bio-Rad. 

Preparation of Substrates. For X-irradiated DNA, small 
volumes (33-83 pL) of 3H-labeled PM2 DNA (approximately 
10 pg/mL) in 10 mM Tris, pH 8.0, and 50 mM KI were 
irradiated by a Philips X-ray source with a Machlett tube 
(beryllium window) at 60 kVp and 2.5 mA. The dose rate 
was 27.5 krd/min as determined by the inactivation of coli- 
phage T4. 

For Os0,-treated DNA, a solution of [ m e t h ~ l - ~ H ]  thymi- 
dine-labeled PM2 DNA (5-50 pg/mL, 50 000 cpm/pg) was 

I Abbreviations: NaDodS04, sodium dodecyl sulfate; AP, apurinic/ 
apyrimidinic; NEM, N-ethylmaleimide; PEI, poly(ethy1enimine); 
TEMED, N,N,N',N'-tetramethylethylenediamine; TLC, thin-layer 
chromatography; Hepes, 4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic 
acid; DTT, dithiothreitol; EtSH, 2-mercaptoethanol; Cl,CCOOH, tri- 
chloroacetic acid; Tris, tris(hydroxymethy1)aminomethane; EDTA, eth- 
ylenediaminetetraacetic acid. 
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preheated to 70 OC for 2 min, brought to 0.02% OsO, from 
a 4% stock solution, and incubated for 5 min. Following 
incubation the tube was cooled to room temperature and ex- 
tracted with 2 volumes of diethyl ether 3 times. The solution 
was then extensively dialyzed against 10 mM Tris and 1 mM 
EDTA. This treatment results in one to three enzyme sensitive 
sites per molecule. For determination of the DNA glycosylase 
activity, 3H-labeled PM2 DNA (10 pg/mL, 500000 cpm/pg) 
was preheated to 82 "C for 2 min and enough 4% OsO, added 
to bring the OsO, concentration to 0.2%. Incubation was 
continued for about 15 min or until the solution developed a 
light amber color. This procedure results in the oxidation of 
5 3 0 %  of the thymine residues present. 

For ultraviolet-irradiated DNA, a solution of 3H-labeled 
PM2 DNA (100 pL at 10 pg/mL) was placed in a watch glass 
about 15 cm from a General Electric germicidal lamp, with 
a UV flux of about 4 J rn-, and irradiated from 0 to 10 min. 
The UV-irradiated DNA was used immediately. 

Apurinic DNA was prepared according to the procedure 
of Lindahl & Anderson (1972). ,H-Labeled PM2 DNA was 
dialyzed against a solution of 0.1 M NaCl, 10 mM Tris-HC1, 
and 10 mM sodium citrate, pH 5.2, and then heated at 70 OC 
for 10 min to produce one to two apurinic sites per molecule. 
The reaction was stopped by placing the solution on ice and 
adding enough 1 M Tris, pH 7.5, to bring the final Tris 
concentration to 50 mM. AP sites were quantified by com- 
paring the number of strand breaks present in a preparation 
of DNA analyzed by neutral sucrose gradient sedimentation 
to the number present when analyzed by alkaline sucrose 
gradient sedimentation following incubation of the samples 
with an equal volume of 1 M glycine-KOH, pH 13.0, for at 
least 4 h. 

For uracil-containing DNA, 1 volume of 2.0 M NaHSO,, 
1.0 M Na2S2OS, and 0.5 M sodium acetate, adjusted to pH 
5.9 with NaOH, was added to an equal volume of PM2 DNA 
(16 pg/mL) and incubated at 37 "C for 9 h. The DNA was 
dialyzed overnight against 50 mM Hepes, pH 8.0, and 1 mM 
EDTA. This preparation was assayed for the number of uracil 
residues present by treatment with a saturating amount of 
uracil-DNA glycosylase and assaying for AP sites. 

For apyrimidinic DNA, uracil-containing DNA (above) was 
treated with saturating amounts of uracil-DNA glycosylase 
for 1 h at 37 OC. This DNA was then assayed for AP sites. 
All substrates, with the exception of UV-irradiated DNA, were 
quick frozen in dry ice-acetone and stored at -70 "C up to 
several months without breakdown. 

Os0,-treated poly(dT) was prepared by bringing a solution 
of 1 pCi/mL [2-14C]po1y(dT) (2.75 mCi/mmol) to 0.4% 
OsO,, incubating it at 55 OC for 20 min, and ether extracting 
4 times with 2 volumes of diethyl ether. 

Poly(dT) containing fragmented thymine residues was 
prepared by taking Os0,-treated poly(dT), bringing it to 0.3 
M sodium acetate, and then adding 3 volumes of punctilious 
alcohol. The reaction tube was left on ice for 30 min and then 
spun for 10 min at 10000 rpm in an SS34 rotor. The su- 
pernatant was discarded and the centrifuge tube washed once 
with cold ethanol and dried under vacuum. The precipitate 
was resuspended in 0.2 M KOH (0.5 mL), left at room tem- 
perature for 2 h, and neutralized with 1 M HC1. This DNA 
was then precipitated with 3 volumes of alcohol and dried 
under vacuum. 

For "treated" poly(dT).poly(dA), precipitated Os0,-treated 
or Os0,-treated, alkali-treated [2-'4C]poly(dT) was redissolved 
in 0.5 mL of reaction buffer containing an equimolar con- 
centration of poly(dA). The solution was placed in a 55 O C  
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water bath for 1 min and then slow cooled. 
Endonuclease Assay. Endonuclease assay reaction mixes 

contained 100-500 ng of 3H-labeled PM2 DNA (50000- 
100000 cpm/pg) in 10 mM Tris, pH 7.5, and 1 mM each of 
EDTA and EtSH in a total volume of 45-95 pL. To this was 
added 5 pL of enzyme, and the solution was adjusted to 0.1 
M KCl. The reaction was incubated for 10 rnin at 37 "C and 
stopped by one of three methods depending on the means of 
subsequent analysis. For analysis by velocity sedimentation 
using neutral sucrose gradients, 33 pL of 4 M KCl was added 
to the 100 pL total reaction mix and layered on 5-mL gradients 
of 5-20% sucrose. For analysis on agarose gels, 15 pL of 
stopping solution containing 5% sodium dodecyl sulfate, 30% 
glycerol, 0.1 M EDTA, and 0.05% bromophenol blue was 
added to a 50-pL reaction. The reaction mixes may be quick 
frozen in dry ice-acetone either before or after addition of the 
stopping solution and stored for several weeks at -70 OC before 
analysis without breakdown of the DNA. The unit of activity 
is defined as the number of femtomoles of substrate converted 
to strand breaks in 10 rnin under these reaction conditions. 

DNA Glycosylase/ Endonuclease Assay. In order to detect 
DNA glycosylase activity independent of endonuclease activity, 
the following assay was performed. Reaction conditions were 
identical with those of the endonuclease assay except that 
reactions were stopped by the addition of equal volumes of 1 
M glycine-NaOH buffer, pH 12.8. These were then incubated 
at room temperature for 4 h, loaded onto cold 5-mL alkaline 
sucrose gradients (5-20% sucrose, 0.1 M NaOH, 1 .O M KCl, 
and 1 mM EDTA), and centrifuged at  45 000 rpm for 100 
min. Incubation in alkali under these conditions was sufficient 
to convert all AP sites to strand breaks. The number of strand 
breaks revealed by this analysis should be independent of the 
presence of an AP endonuclease. 

Electrophoresis. For the determination of type I and I1 
PM2 DNA, 1.0 g of agarose was brought to 100 mL with 2 
X TEB buffer (20 X TEB has 108 g of Tris base, 55.65 g of 
boric acid, and 4.65 g of Na2EDTA brought to 500 mL with 
distilled water) and heated until the agarose dissolved. A slab 
gel, 2.5 mm thick, was formed with a 20-tooth well comb. The 
gel was loaded and run on a vertical slab gel apparatus 
(Aquabogue) in 1 X TEB buffer at  a constant current of 35 
mA for 3 h. The gel was then stained with ethidium bromide 
[ l  drop of EtBr (10 mg/mL)/400 mL of TEB buffer), and 
after 30 min the bands corresponding to type I and type I1 
DNA were cut out, acidified, melted, and placed in liquid 
scintillation fluid for counting. 

For the analysis of [2-l4C]po1y(dT).(dA), a variation of the 
procedure of Maniatis et al. (1975) was followed. Slab gels 
(2.5 mm thick), containing 5% acrylamide [acrylamide-N,- 
N'-bis(acrylamide), 30: 11, were polymerized in TEB buffer 
containing 7 M urea and run in a vertical gel electrophoresis 
apparatus, the reservoirs of which were filled with 20 mM 
sodium phosphate, pH 7.5. The samples containing oligo- 
nucleotide were ethanol precipitated, dried under vacuum, 
redissolved in 98% deionized formamide, boiled for 2 min, and 
then brought to 0.025% in bromophenol blue. The gel was 
run at  a constant voltage of 10 V/cm (90 V). After the dye 
marker reached the bottom of the gel, electrophoresis was 
stopped, and the gel was cut into eight equal pieces and 
counted directly in scintillation fluid (Liquiscint). 

For analysis of proteins, a modification of the procedure of 
Laemmli (1970) was used. Proteins were concentrated to 
dryness by dialysis against dry Sephadex G-200 and redissolved 
in running buffer. The protein-containing solutions were 
brought to 10% glycerol, 1% EtSH, 1% NaDodSO,, and 
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0.025% bromophenol blue and placed in a boiling water bath 
for 3 min. The protein was loaded onto a discontinuous slab 
gel consisting of an upper (stacking) gel [3% acrylamide (301), 
0.125 M Tris-HC1, pH 6.8,  and 1% NaDodSO,] and a lower 
sizing gel [12.5% acrylamide (30:1), 0.375 M Tris-HC1, pH 
8.8, and 1% NaDodSO,]. The 2.5 mm thick gel was run in 
an Aquabogue vertical gel apparatus at a constant current of 
50 mA until the dye marker reached the bottom of the gel. 
The Bio-Rad NaDodS0,-polyacrylamide gel electrophoresis 
low molecular weight marker proteins were used as standards. 
Gels were stained with Comassie Brilliant Blue. 

Analysis of the Acid/Alcohol-Soluble Products of the 
Digestion of DNA. For paper chromatography, Whatman 
3MM paper was used in the descending mode for 9-10 h. The 
solvent consisted of the upper phase of a mixture of ethyl 
acetate-n-propyl alcohol-water (4: 1 :2). For thin-layer chro- 
matography, a plastic-backed thin-layer plate was run in a tank 
preequilibrated with solvent. For the cellulose TLC the solvent 
used was propanol-H20, 3:l. For the PEI-cellulose TLC 
water was used as the solvent. 

For the analysis of thymidine, thymine, and dTMP markers, 
visualization under UV light was used. Urea was visualized 
by spraying the chromatograms with Warner's reagent, a 
solution of 10% p-(dimethy1amino)benzaldehyde in concen- 
trated HCl which is mixed with 4 volumes of acetone imme- 
diately prior to use (Ekert, 1962). Thymine glycol derivatives, 
thymine glycol, thymidine glycol, and thymine glycol mono- 
phosphate, were visualized by a modification of Fink's tech- 
nique (Fink et al., 1956). The chromatograms were first 
sprayed with 1 M methanolic NaOH, dried, and then sprayed 
with Warner's reagent. The thymine glycol derivatives were 
characterized by a yellow spot which over time becomes pink 
and then eventually blue. 

DNA Polymerase Z Binding Site Assay. DNA (375 ng/ 
reaction), untreated, OsO, treated with three enzyme-sus- 
ceptible sites per molecule, or heat/acid treated to produce 
about two AP sites per molecule, was incubated for 20 min 
at  37 OC in 25 mM Tris, pH 7.5, 1 mM EDTA, and 0.1 M 
KC1 with or without a 10-fold excess of X-ray endonuclease 
(fraction V). After a 30-min incubation, reactions were 
stopped by heating at  70 OC for 3 min. The reactions were 
brought to 10 mM MgC12, and 1 unit of exo III/endo VI was 
added to test reactions. After a 10-min incubation at  37 "C, 
all reactions were heated for 10 min at 70 "C. For each DNA 
substrate (untreated, OsO, treated, or heat/acid treated), four 
samples were analyzed for susceptibility to DNA polymerase 
I: (1) no enzyme treatment, (2) X-ray endonuclease treated 
(3) exonuclease III/endonuclease VI treated, and (4) both 
X-ray endonuclease and exonuclease III/endonuclease VI 
treated. These reactions were placed on ice, and to each 
reaction was added 20 nmol each of dATP, dGTP, and dCTP 
as well as 0.8 nmol of cold dTTP together with 2.5 pCi of 
[3H]dTTP (58 Ci/nmol). The reaction volume was brought 
to 200 pL with 25 mM Tris buffer, pH 7.5, and MgC1, was 
added to bring the final concentration to 8 mM MgC12. To 
this was added 0.86 unit of DNA polymerase I [fraction VI11 
of Jovins et al. (1 969)]. After the samples were mixed, 25-pL 
aliquots were removed from each reaction and placed on glass 
fiber filters (GF/A), washed with ice-cold C1,CCOOH and 
then with ice-cold 95% ethanol. The reactions were then 
incubated at  37 OC, and 25-pL aliquots were withdrawn at  
20-min intervals and treated as above. All filters were dried 
and astayed for radioactivity. 

Glycerol Gradients. The X-ray endonuclease (fraction V) 
was diluted 1:4 with 10 mM Tris, pH 8.0, 1.0 M KCl, 1 mM 
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EDTA, and 1 mM DTT, and 100 pL of this solution was 
layered onto a 5-mL gradient of 20-40% glycerol in the same 
buffer. The gradients were centrifuged in a Beckman SW50.1 
rotor for 48 h at 2 "C. The gradients were collected in 
0.18-mL fractions and assayed for activity. The sedimentation 
coefficient was determined by comparison to three known 
proteins run simultaneously in separate gradient tubes (ribo- 
nuclease A, bovine chymotrypsinogen, and bovine serum al- 
bumin). 

Enzyme Purification. Purification up to and including 
single-stranded DNA-agarose chromatography is described 
in detail elsewhere (Wallace et al., 1981). Frozen cells were 
thawed and mixed with one-third their volume with 10 mM 
Tris, pH 8.0, 1 mM EDTA, 1 mM EtSH, and 10% glycerol 
(buffer A) made 4 M with respect to KCl. To the resultant 
suspension was added an equal weight of glass beads, and the 
mixture was then ground in a Braun MSK homogenizer for 
2 min with C 0 2  cooling. Glass beads and cell debris were 
removed by centrifugation, and the pellet was discarded. To 
the clear supernatant, fraction I, was added half of its volume 
of a 30% solution of PEG 6000 in buffer A containing 1 M 
KCI followed by stirring for 20 min. The turbid suspension 
was centrifuged at  12OOOg for 15 min, and the pellet, con- 
taining the nucleic acids, was discarded. The supernatant, 
fraction 11, was diluted with three parts of buffer A to a final 
concentration of 0.25 M KCl and then applied to a single- 
stranded DNA-agarose column at 2 column volumes/h. The 
column was washed with 3 column volumes of 0.3 M KCl in 
buffer A, drained, and eluted with 2 column volumes of 1 .O 
M KCl in buffer A. The eluate, fraction 111, was then mixed 
with an equal volume of precooled glycerol and stored at  -20 
"C. At this point the enzyme can be stored for up to 1 year 
at -20 "C without loss of activity. Fraction I11 is approxi- 
mately 50-100-fold purified and has no endonucleolytic ac- 
tivity against untreated PM2 DNA in the presence or absence 
of magnesium. 

Hydroxylapatite was suspended in buffer A plus 0.5 M KC1, 
and 1 .O mL bed volume of hydroxylapatite was used for each 
0.5 mg of protein fraction 111. The ratio of column diameter 
to length was approximately 1:3. Fraction I11 was applied 
directly to the column which was then washed with 3 column 
volumes of 0.1 M potassium phosphate buffer, pH 8.0, 10% 
glycerol, 1 mM EDTA, and 1 mM DTT (0.1 M buffer B) and 
the activity, fraction IV, was eluted with 0.3 M buffer B. 
Fraction IV was concentrated 10-20-fold by dialysis against 
a 30% solution (w/v) of PEG 20000 in buffer A plus 1.0 M 
KCl. The concentrate was immediately applied to a Sephadex 
column. 

A column with a bed volume of 500 mL (90 cm X 5.3 cm2) 
of either Sephadex G-75 or Sephadex G-100 was equilibrated 
with buffer A plus 1.0 M KCl at  4 "C. Fraction IV, in a 
volume of about 5% of the Sephadex bed volume, was applied 
to the column and eluted with the equilibration buffer. 
Samples equal to half the applied volume were collected and 
assayed for endonuclease activity. The activity elutes as would 
a spherical protein of molecular weight 25000 (&lo%). The 
active fractions were concentrated 10-fold by dialysis against 
PEG 20000 as above (fraction V). 

Defined phosphocellulose was loaded as a thin slurry into 
a 1-mL column and equilibrated overnight with buffer A 
containing 0.25 M KCl. Fraction V was diluted with buffer 
A to 0.25 M KCl and applied to the column. The column was 
then washed with 2 mL of buffer A plus 0.25 M KCl, and the 
enzyme was eluted with a linear gradient of 0.3-0.6 M KCl 
(10 mL); 0.5-mL fractions were collected. The activity 
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Table I:  Purification of the Escherichia coli X-ray Endonuclease 

frac- protein sp act. 
tion concn (units/mg yield 
no. description (mg/mL) of protein) (%) 

I crude extract 19 7000 100 

I1 supernatant 8 13000 100 
111 DNA-agarose, 0.3 320000 25 

IV hydroxylapatite, 0.9 780 000 23 

PEG 6000 

1 M KCl eluate 

0.3 M eluate 
after PEG 

20 000 concn 
V Sephadex G-75, 0.06 4.6 X lo6 19 

VI phosphocellulose, <0.01 a >0.3 
MI. 25 000 

0.4-0.5 M eluate 

Single band on NaDodSO, gel. 

Fraction Number 

FIGURE 1 : Coelution from phosphocellulose of endonuclease activities 
against AP and Os0,-treated DNA. X-ray endonuclease (fraction 
V) was applied to a 0.5 X 3 cm column and eluted with a 10 column 
volume gradient of 0.25-0.6 M KC1 in buffer A. Fractions (1 mL) 
were simultaneously assayed for endonuclease activity on AP DNA 
(0) and for DNA glycolsylase/endonuclease activity on OsO,-treated 
DNA (0) as described under Experimental Procedures. Both activities 
coelute between 0.4 and 0.5 M. 

(fraction VI) elutes between 0.4 and 0.5 M KCl. The protein 
concentration of the active fraction was typically less than 5 
pg/mL, and the enzyme activity is unstable at this point. 

The purification scheme shown in Table I is based on the 
nicking of X-irradiated DNA. Similar results were obtained 
when AP DNA, Os04-treated DNA, or UV-irradiated DNA 
was used. When the enzyme was assayed simultaneously with 
several substrates, all activities copurified at  all stages (see 
Figure 1 for phosphocellulose chromatography using Os04- 
treated and AP DNA substrates). Further attempts to sep- 
arate these activities by ion-exchange chromatography on 
CM-Sephadex and DEAE-cellulose or by sedimentation on 
glycerol gradients failed. The phosphocellulose fraction VI 
revealed a single band on NaDodS04-polyacrylamide gel 
electrophoresis. 

The X-ray endonuclease was stable up to the concentrated 
Sephadex eluate step, fraction V, providing that the proper 
conditions of ionic strength, temperature, and reducing po- 
tential were maintained. Enzyme stored at  ionic strengths 
below 0.1 M KC1 showed a loss of activity toward both AP 
DNA and Os0,-treated DNA substrates. Storage without 
the presence of a reducing environment (1 mM EtSH or 1 mM 
DTT) caused a loss in activity toward X-irradiated DNA and 
Os0,-treated DNA but not toward AP DNA. At low ionic 
strength the enzyme formed aggregates that eluted in the void 
volume of a Sephadex G-100 column with the concomitant 
loss of 95% of the activity. The use of ion-exchange resins at 
any point in the purification led to a significant loss of activity. 
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Table 11: X-ray Endonuclease Substrate Specificity 
alkali-stable alkali-labile 
sites suscep- sites suscep- inhibition DNA 

type of DNA treatment probable lesion(s) enzyme enzyme by NEM activity 
tible to tible to of nicking glycosylase 

acid/heat apurinic site no yes no 
bisulfite uracil residues no no 
bisulfite, uracil-DNA apyrimidinic sites no yes NT" 

glycosylase 
OsO, treatment thymine glycol residues yes no yes yes 
OsO, treatment urea residues yes no yes yes 

X-irradiated DNA thymine glycols, peroxides, hydrates, yes no yes yes 
followed by alkali 

(50 mM KI) and base fragment residues 

fragment residues 

apyrimidinic sites 

permanganate thymine glycols and base yes NT NT 

ultraviolet minor UV photoproducts and yes b yes NT 

a NT = not tested. Alkali stability of endonuclease-sensitive sites could not be tested as alkali produced complete conversion to type I1 
DNA with or without enzyme added. 

I A  

B 

- /" 
A 

7 14 21 
X- ray  Dose(krad1 

FIGURE 2: Relationship between X-ray endonuclease sites, strand 
breaks, and alkali-labile lesions in X-irradiated PM2 DNA. (A) 
"-Labeled PM2 was irradiated in the presence of 50 mM KI at the 
indicated times, and strand breaks were measured immediately by 
neutral sucrose gradient centrifugation (0) or after incubation with 
saturating amounts of X-ray endonuclease (fraction VI) (A). (B) 
3H-Labeled PM2 DNA was X irradiated as above, incubated with 
alkali (as described under Experimental Procedures) and analyzed 
by alkaline sucrose gradient sedimentation either without enzyme (O), 
after incubation with saturating amounts of X-ray endonuclease 
(fraction VI) (A), or after incubation with X-ray endonuclease in the 
presence of 10 mM NEM (0). 

Results 
Substrate Specificity. The X-ray endonuclease shows a 

dose-dependent response to DNA irradiated under several 
conditions (Strniste & Wallace, 1975). Figure 2 shows the 
activity against PM2 DNA X irradiated in the presence of the 
hydroxyl radical scavenger KI which effectively increases the 
ratio of enzyme-sensitive sites to frank strand breaks (Armel 
et al., 1977). There are approximately two enzyme-induced 
sites per strand break (Figure 2A), and this ratio remains 
constant from fraction I11 to fraction VI. The sites recognized 
by the X-ray endonuclease are primarily alkali stable as ev- 
idenced by the fact that the same number of enzyme-suscep- 
tible sites were seen whether the endonuclease assay or the 
DNA glycosylase/endonuclease assay was used. 

Figure 3 depicts the relationship between production of 
thymine glycol type products as determined by the alkali 
degradative procedure of Hariharan (1 980) and the production 

c 
I I I 

0 5  I O  1 5  

FIGURE 3: Relationship between X-ray-induced endonuclease-sus- 
ceptible sites and X-ray-induced thymine glycols. 3H-Labeled PM2 
DNA (500000 cpm/pg of DNA) was X irradiated in 10 mM Tris, 
pH 7.5, and 50 mM KI, and 200-ng aliquots were assayed for X- 
ray-induced/X-ray endonuclease susceptible sites by incubating with 
and without saturating quantities of X-ray endonuclease. Simulta- 
neously, aliquots (4 pg) of the same DNA preparations were assayed 
for thymine glycol content by the alkali-degradative procedure of 
Hariharan (1980). 

of X-ray endonuclease susceptible sites by X irradiation in the 
presence of 50 mM KI. The number of glycols produced is 
about 50% of the number of enzyme-susceptible sites. If, as 
seen below with OsO,-treated DNA (Figure 4) there are two 
glycols (as determined by the alkali-degradative procedure) 
for every enzyme-susceptible site, the glycol type damages in 
X-irradiated DNA would account for about 25% of the total 
sites recognized by the X-ray endonuclease. The implication 
is that in an X-irradiated DNA substrate, the enzyme is 
recognizing alkali-stable base damages in addition to thymine 

The enzyme does incise at  apurinic sites generated by 
heat/acid treatment (Table 11). The incised sites are about 
85% of the total sites convertible to breaks by alkali (Lindahl 
& Anderson, 1972), and no increase in the number of breaks 
is observed if the apurinic DNA is incubated with the enzyme 
prior to alkali treatment. Apyrimidinic DNA produced by 
the bisulfite deamination of cytosine and subsequent incubation 
with uracil-DNA glycosylase is also a substrate for the enzyme 
as shown in Table 11. 

Treatment of DNA with OsO, at elevated temperatures or 
at high pH, which produces thymine glycol residues (Beer et 
al., 1966; Burton & Riley, 1966), also produces enzyme- 
susceptible sites. Highly labeled, freshly prepared PM2 DNA 

Enzyme-Induced Breaks/ X-irradiated PM2 DNA Molecule 

glycols. 
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Thymine Glycols/PMZ DNA Molecule 

FIGURE 4: Relationship between thymine glycols and X-ray endo- 
nuclease sensitive sites in Os04-treated PM2 DNA. 3H-Labeled PM2 
DNA (500000 cpm/Mg) was preheated to 70 OC, and a 4% solution 
of Os04 was added to 0.02% (w/v). Aliquots were removed at various 
times, incubated with saturating amounts of X-ray endonuclease 
(fraction VI), and analyzed by agarose gel electrophoresis, or incubated 
with 0.2 M KOH and assayed for thymine glycol type damages by 
the alkali-degradative procedure (Hariharan, 1980). 

2ok 
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FIGURE 5: Polyacrylamide gel electrophoresis of [2-14C]poly(dT).(dA) 
containing either thymine glycol residues or thymine fragment (urea) 
residues. (A and B) [2-'4C]Poly(dT) was incubated with 0.4% OsO,, 
extracted with diethyl ether, precipitated, and annealed with poly(dA). 
The duplex was either directly precipitated and redissolved in 98% 
formamide (A) or first digested with the X-ray endonuclease (B). 
The denatured polynucleotides were then analyzed by electrophoresis 
on 5% polyacrylamide gels containing 7 M urea as described under 
Experimental Procedures. (C and D) Os04-treated [2-'4C]poly(dT) 
(as above) was incubated in 0.2 M KOH for 2 h, neutralized, pre- 
cipitated with alcohol, and annealed to poly(dA). The polynucleotide 
was then either directly precipitated and redissolved in 98% formamide 
(C) or first reacted with saturating quantities of the X-ray endo- 
nuclease (D). The polynucleotides were analyzed as above. 

was analyzed for both endonuclease-sensitive sites by enzyme 
treatment followed by agarose gel electrophoresis and for 
thymine glycols by the procedure of Hariharan (1 980). Al- 
though the data indicate (Figure 4) that there are approxi- 
mately two thymine glycols present for every enzyme-sensitive 
site, the chemical analysis for the production of thymine glycols 
at these low levels is uncertain enough that a one to one re- 
lationship cannot be precluded. 

If DNA, treated with Os04, is further treated with alkali 
under conditions that should result in the cleavage of thymine 
glycols into urea and N-substituted urea residues (Iida & 
Hayatsu, 1970), the same number of alkali-stable, enzyme- 

" 
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FIGURE 6 :  X-ray endonuclease induced nicks as substrates for E .  coli 
DNA polymerase I. Unlabeled PM2 DNA either untreated (A), 
containing apurinic sites (B), or treated with Os04 (C) was incubated 
without enzyme (D), with exo III/endo VI (A), with X-ray endo- 
nuclease (fraction VI) (m), or with X-ray endonuclease followed by 
exo III/endo VI (A) and added to a reaction mixture containing DNA 
polymerase I, MgZ+, and all four dNTPs ([3H]dTTP) as described 
under Experimental Procedures. Aliquots were removed initially and 
at 20-min intervals, and the acid-insoluble radioactivity was deter- 
mined. 

sensitive sites as were present in the original nonalkali treated 
Os0,-treated DNA persists. 

Figure 5 shows the results of an X-ray endonuclease di- 
gestion of [2-14C]poly(dT) treated with Os04 and then an- 
nealed with poly(dA) and analyzed on denaturing poly- 
acrylamide gels. Here (Figure 5B) it can clearly be seen that 
the enzyme has endonucleolytic action on poly(dT) containing 
thymine glycols and that it nicks the strand containing the 
damage. Figure 5D shows a similar experiment where the 
thymine glycols in the poly(dT) are fragmented by alkali 
before annealing and the resulting substrate is then incubated 
with X-ray endonuclease before analysis. This experiment 
corroborates the results shown above (Table 11) with alkali- 
incubated Os0,-treated DNA, and it can be concluded that 
the enzyme is capable of recognizing fragmented thymine 
glycol residues. 

The X-ray endonuclease also nicks DNA treated with 
KMnO, (Table 11) which produces a variety of lesions some 
of which correspond to those produced by Os04 (Howgate et 
al., 1968). Also, irradiation of DNA with UV light results 
in the dose-dependent generation of sites that are recognized 
by purified enzyme preparations; these represent about one 
site per 70 pyrimidine dimers. Thus the X-ray endonuclease 
recognizes a variety of damaged DNA substrates including 
AP sites, alkali-stable X-ray damages, and several degradation 
products of thymine. 

Nature of the Nick. PM2 DNA either untreated or treated 
with OsO, to produce about three enzyme-sensitive sites per 
molecule or with heatlacid to produce about one AP site per 
molecule was incubated with the X-ray endonuclease followed 
by incubation with E .  coli DNA polymerase I as described 
under Experimental Procedures. As was observed with en- 
donuclease I11 preparations (Warner et al., 1980), the en- 
zyme-induced nicks are not effective substrates for DNA 
polymerase I unless E .  coli endonuclease VI is added prior to 
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Table 111: Determination of the Presence of 5'-Phosphate 
Croups a1 X-ray Endonuclease Induced Nicks 

%acid 
soluble 

reaction conditions (wm) 
Os0.-treated PM2 DNA + X-ray endonuclease 
OsO,-treated PM2 DNA + X-ray endonuclease 

13 
11 

&RAlP , 

OsO.-treated PMZ DNA + X-ray endonuclease 

Os0.-treated PM2 DNA + X-ray endonuclease 

13 

61 
+ spleen phosphodiesterase 

t BALP t spleen phosphodiesterase 

A B C  

6 6 . 2 K  - 

45.0K - 

33 .OK - 
21.5K- 
14.4I 

ncme 7 NaDodSOrpolyacrylamidc gel of X-ray endonuclease 
fractions. Samples were prrpld and run accading to the procedure 
of Laemmli (1970) as described under Experimental Procedures. 
(Lane A) Molecular weight standard proteins (BieRad Laboratories 
low molceular weight standards for NaDodSO, gel elarophorcsis); 
(lane B) phmphoccllulose fraction (VI); (lane C) DNA-agarosc 
fraction 111. 

the polymerase (Figure 6). This experiment indicates that 
the X-ray endonuclease nicks on the 3' side of the damage 
which can be effectively cleaved on the 5' side by endonuclease 
VI (Gossard & Verly, 1978). An alternative possibility, 
however, is that the X-ray endonuclease cleaves at the 5' side 
of the damage leaving a 3'-P04 which can subsequently be 
removed by the phosphatase activity of endonuclease VI 
(Richardson & Kornberg. 1964). thus generating a polym- 
erase-binding site. 

To obviate this second possibility, DNA treated with OsO, 
and then with X-ray endonuclease was further incubated with 
or without bacterial alkaline phosphatase (BALP) and then 
incubated with phosphodiesterase 11, and solubilization of 
DNA was measured. The results, shown in Table 111, indicate 
that the Po, group is present on the 5' side of the nick (re- 
quires BALP action before DNA can be digested by phos- 
phodiesterase 11). Taken together these data show that the 
X-ray endonuclease nicks on the 3' side of AP sites and 
Os0,-induced sites leaving a 3'-OH and a 5'-PO,. 

Molecular Properties. Sephadex chromatography of the 
X-ray endonuclease at 1 M KCI in buffer A yielded a ma- 
lecular weight of 25000 (*IO%). Preliminary analysis by 
glycerol gradient sedimentation showed two peaks of activity 
against both AP and Os04-treated DNA, one corresponding 
to 25000 (*20%) and another corraponding to half the native 
molecular weight [I2000 (*20%)]. This indication of possible 
subunif structure was further supported by the finding that 
NaDodS0,-polyacrylamide gel analysis of the most purified 
fraction (VI) showed a single band corresponding to a mo- 
lecular weight of 12000-14000 (Figure 7). Taken together 
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neme 8: Effect of KCI and pH on the actinties of the X-ray 
endonuclease. (A) 'H-Labclcd PMZ DNA treated to produce either 
AP sites (0)  or OsO. damags (0) was incutated with subsaturating 
amounts of the X-ray endonuclease (fraction VI) at the KCI wn- 
centrations indicated. (B) 'H-Labeled PM2 DNA wntaining either 
AP sites (0) or OsO, damages (0) was incubated with subsaturating 
amounu of the X-ray endonuclease (fraction VI) at the indicated pH. 
Samples (A and B) were assayed by either agarme gel electrophoresis 
or neutral sucrase gradient centrifugation. 

these results indicate that the native enzyme might be a dimer 
either of two enzymatically identical subunits or of two distinct 
enzymatic subunits of nearly identical molecular weight. 
Studies are currently in progress to further elucidate the 
structure of the X-ray endonuclease. 

Through all stages of purification the DNA glycosylase/ 
endonuclease activity against X-ray- and Os0,-induced dam- 
ages copurified with the endonuclease activity against AP and 
UV sites. The DNA glycosylase/endonuclease assay relies 
on the fact that incubation with 1 M glyc in tNaOH buffer 
quantitatively converts A P  sites to single-stranded breaks. A 
DNA glycosylase assayed by this method will show the same 
activity whether or not an AP endonuclease is present so that 
DNA glycosylase activity may be assayed independently of 
AP endonuclease activity. Further analysis of purified enzyme 
by chromatography on DEAE-cellulose and CM-Sephadex 
using salt gradient elution showed no further resolution of these 
activities. The activity toward the complex substrate, X-ir- 
radiated DNA, was the same for all fractions from fraction 
111 onward. with 0.04 (*IO%) endonuclease-susceptible sites 
produced for each kilorad of X-rays. 

Salt optimum studies showed some differences in the re- 
sponse of the X-ray endonuclease activity toward OsOrmated 
and AP DNA. As can be seen from Figure 8A the activity 
against OsO, sites shows optimum activity at 0.10 M KCI with 
50% inhibition at 0.05 and 0.15 M KCI while the salt optimum 
for AP sites is between 0.05 and 0.10 M KCI with 50% in- 
hibition at 0.02 and 0.12 M KCI. Similarly, Figure 8B shows 
the activity against A P  DNA to have a sharp pH optimum 
a t  pH 7.5 with 50% inhibition at 0.3 pH unit on either side 
of this and the endonuclease against Os0,-treated DNA to 
have a broader optimum at pH 7.0 with 50% inhibition at pH 
6.2 and pH 8.1. Further, heat'lability studies of the enzyme 
on X-irradiated and AP substrates showed the activity against 
X-irradiated DNA to be more labile (50% maximum at 5 min 
at 45 "C) than the activity against AP DNA (50% maximum 
at IO min at 45 "C) (Figure 9A). Lastly, the activity against 
Os0,treated DNA is very sensitive to NEM. being about 30% 
maximal a t  IO mM. whereas a t  this concentration almost 
complete activity remains toward AP DNA (Figure 9B). The 
activity against X-irradiated and UV-irradiated DNA is also 
inhibited by NEM. These data can be explained by postulating 
that the X-ray endonuclease contains two distinct activities: 
one an endonuclease specific for apurinic lesions and the other 
a DNA glycosylase specific for base damages. 

Glycosylase Actiuiry. Both TLC and paper chrornato- 
graphic analyses (Figure I0A.B) show the acid-soluble prod- 
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FIGURE 9: (A) Heat inactivation of the activities of the X-ray en- 
donuclease. Samples (100 rL) of the X-ray endonuclease (fraction 
VI) were heated at 45 OC. Aliquots were removed immediately and, 
at 5-min intervals, diluted and simultaneously assayed for activity 
on AP DNA (0) or X-irradiated DNA (A) by neutral sucrose gradient 
centrifugation. (B) Differential effects of NEM on the activities of 
the X-ray endonuclease. 3H-Labeled PM2 DNA containing either 
AP sites (0) or Os0,-induced damages (0) was treated with sub- 
saturating amounts of X-ray endonuclease (fraction VI) at the con- 
centrations of NEM indicated and assayed by neutral sucrose gradient 
centrifugation. 

ucts of exhaustively digested heavily labeled Os04-treated 
3H-labeled PM2 DNA (1-10% thymine glycol) to be thymine 
glycol as revealed by comigration with cis-thymine glycol and 
a mixture of cis- and trans-thymine glycol. The glycosylase 
activity, in addition to cleaving thymine glycols, can also re- 
move urea fragments as shown in Figure 10C,D. Here, 
Os0,-treated [2-14C]poly(dT) annealed to poly(dA) was 
treated with alkali to fragment the thymine glycols and then 
incubated with the X-ray endonuclease. As can be seen with 
both paper chromatographic and TLC systems, a labeled 
fragment is released that comigrates with urea. 

Further experiments where thymine glycol containing DNA 
is incubated with X-ray endonuclease in the presence or ab- 
sence of 10 mM NEM clearly demonstrate that NEM inhibits 
the thymine glycol-DNA glycosylase activity (Figure 1 1). 
Lastly, analysis by PEI-cellulose TLC of a C1,CCOOH su- 
pernatant from a digest of heavily labeled, X-irradiated DNA 
by X-ray endonuclease showed an enzyme-dependent release 
of nonnucleotide radioactivity which was inhibited by the 
presence of 10 mM NEM (data not shown). 

Discussion 
Comparison to Other E .  coli Repair Enzymes. Because of 

its broad specificity, the X-ray endonuclease is easily differ- 
entiated from the AP-specific endonucleases IV (Ljungquist, 
1977) and VI1 (Friedberg et al., 1981) as well as from the AP 
endonuclease associated with exonuclease 111 and endonuclease 
VI (Verly & Rassart, 1975). Separation from the AP-specific 
endonucleases during the purification procedure was ensured 
by using xth- mutants (ex0 111-) (Weiss, 1976) for the starting 
material and an assay procedure in which the activity of 
AP-specific endonucleases would not be observed; that is, the 
activity against X-irradiated DNA substrates was measured 
under conditions which convert the alkali-labile lesions to 
strand breaks. The fact that the X-ray endonuclease does not 
incise unirradiated DNA distinguishes it from endonuclease 
I (Lehman et al., 1962). This leaves two endonucleases which 
have broad substrate specificities, endonucleases V and 111. 
Endonuclease V, although active on heavily UV-irradiated 
DNA and X-irradiated DNA, is unlike the X-ray endonuclease 
in that it prefers a single-stranded substrate, nicks untreated 
single-stranded DNA, requires Mg2+, has a higher pH opti- 
mum, and acts on uracil-containing DNA (Gates & Linn, 
1977a). 

The X-ray endonuclease appears to be identical with en- 
donuclease 111 in both its molecular and catalytic properties. 

Endonuclease 111, originally purified by its activity toward 
heavily UV-irradiated DNA, has nearly the same salt opti- 
mum, pH optimum, and sedimentation coefficient as the X-ray 
endonuclease and is also sensitive to inhibitors such as sin- 
gle-stranded DNA and 1 M NaCl (Radman, 1976). An 
enzyme found as a byproduct of the purification of endo- 
nuclease V and purified with a heavily UV-irradiated DNA 
substrate was assumed to be endonuclease 111 (Gates & Linn, 
1977b). The latter activity was shown to nick AP DNA, 
X-irradiated DNA, and Os0,-treated DNA. However, it was 
not determined whether the sites nicked in X-irradiated DNA 
were stable to alkali. Endonuclease 111 was recently shown 
to be associated with a DNA glycosylase specific for 5,6- 
hydrated thymine moieties (Demple & Linn, 1980). Although 
it was not acknowledged, this enzyme may also act at urea 
residues since the method used to produce the thymine glycols 
(Gates & Linn, 1977b), OsO, oxidation of alkali-denatured 
DNA, employed a pH at which the produced glycols are 
unstable; the half-life of thymine glycols is less than 20 min 
at pH 12 (Iida & Hayatsu, 1970). Thus, a significant number 
of glycols should have been fragmented during their procedure. 

Of the seven DNA glycosylases reported to occur in E .  coli, 
only the uracil-DNA glycosylase may be definitively ruled out 
as being an activity of the X-ray endonuclease, as the latter 
does not nick uracil-containing DNA (Table 11). Both the 
5,6-hydrated thymine-DNA glycosylase activity possessed by 
endonuclease 111 and the urea-DNA glycosylase activity, 
reported in a 10-fold purified preparation (Breimer & Lindahl, 
1980), appear to be components of the X-ray endonuclease. 
The urea-DNA glycosylase, like the X-ray endonuclease, has 
a molecular weight on the order of 25 000, does not require 
Mg2+, and has a pH optimum (for the release of urea) of 
between 7.4 and 7.8. These properties are consistent with both 
activities residing on the same enzyme. If the urea-DNA 
glycosylase and the X-ray endonuclease represent identical 
activities, then the separation of the urea-DNA glycosylase 
from both the hypoxanthine-DNA glycosylase and the form- 
amidopyrimidine-DNA glycosylase during its purification 
(Breimer & Lindahl, 1980) implies that these activities are 
not components of the X-ray endonuclease. Similarly, the 
inability of highly purified preparations of the 3-methyl- 
adenine-DNA glycosylase to release free urea from the sub- 
strate used to demonstrate the urea-DNA glycosylase activity 
(Breimer & Lindahl, 1980) indicates that this activity is also 
distinct from the X-ray endonuclease. The relationship be- 
tween the X-ray endonuclease and the 7-methylguanine-DNA 
glycosylase remains unknown. 

In summary it would appear that the X-ray endonuclease 
is a multifunctional enzyme comprising a bifunctional (at least) 
DNA glycosylase and a class I AP endonuclease and appears 
to be identical with the activitias reported both as endonuclease 
I11 and as the urea-DNA glycosylase. 

Substrate Specificity. The damages produced by X-irra- 
diating DNA in dilute aqueous solution include frank strand 
breaks, base damages, and alkali-labile sites, the latter de- 
pending on whether incubation in alkali converts them to 
strand breaks. The X-ray endonuclease recognizes the alka- 
li-stable base damages, presumably the ring saturation and 
fragmentation products of the bases, but does not act at the 
majority of alkali-labile damages. This is demonstrated in part 
by the observation that the number of X-ray endonuclease 
susceptible sites remains the same whether X-irradiated DNA 
is analyzed by the endonuclease assay or by the DNA gly- 
cosylase/endonuclease assay (Figure 2). Further, the number 
of nicks produced in X-irradiated DNA by the combined 
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FIGURE 10: (A and B) Analysis of products released after incubation of OsO,-treated DNA with X-ray endonuclease. 3H-Labeled PM2 DNA 
(- lo6 cpm/pg of DNA) was extensively treated with OsO, (see Experimental Procedures) and then incubated with saturating quantities of 
enzyme. The C13CCOOH-soluble fraction was taken to dryness, and samples were spotted onto (A) Polygram Cel 3oo/uv2,, MN thin-layer 
plates and developed in propanol-H20, 3:l. The developed plates were dried, cut into 1-cm strips, and counted. Samples were also spotted 
onto sheets of Whatman 3MM chromatography paper (B). Descending paper chromatography where the upper phase was a mixture of ethyl 
acetate-n-propyl alcohol-H20 (4:1:2) (Breimer & Lindahl, 1980) was used. Counts were eluted by water from 1-in. strips. TMP, thymine 
glycol monophosphate, and polynucleotides remained at the origin during both chromatographic procedures. (C and D) Analysis of products 
released after X-ray endonuclease incubation with [2-14C]poly(dT).(dA) treated with OsO, followed by alkali. As described under Experimental 
Procedures, the alcohol-soluble material was (C) spotted onto Polygram Cel 3oo/uv254 MN thin-layer plates, developed in propanol-H20, 
3:1, cut into 1-cm strips, and counted or (D) spotted on Whatman 3MM chromatography paper, developed with the upper phase of a mixture 
of ethyl acetate-n-propyl alcohol-H20 (4:1:2), cut into 1-in. strips, eluted with water, and counted. Authentic markers were run simultaneously 
in different lanes. 

action of Saccharomyces cerevisiae AP endonuclease E, a class 
I1 AP endonuclease from the yeast (Armel & Wallace, 1978), 
and the X-ray endonuclease is equal to the sum of the nicks 
introduced by each enzyme acting alone (unpublished results). 
This result appears paradoxical, as the X-ray endonuclease 
has been shown to nick both the apurinic sites generated by 
heating at  low pH and the apyrimidinic sites generated by 
uracil-DNA glycosylase acting on uracil-containing DNA 
(Table 11). This observation can be explained, however, by 
postulating that alkali-labile sites generated by X-rays are not 
"clean" A P  sites but AP sites containing fragmented deoxy- 
ribose rings. Both types of alkali-labile lesions have been found 
attached to the DNA backbone in DNA X irradiated in vitro 
(Isildar et al., 1981). A P  sites containing fragmented sugars 
appear not to be substrates for the AP endonuclease activity 
of the X-ray endonuclease although they are apparently sub- 

strates for other AP endonucleases (Armel & Wallace, 1978). 
Evidence that X-ray-induced alkali-labile lesions are different 
from heat/acid generated apurinic sites comes from obser- 
vation that the rate constant for the conversion of X-ray-in- 
duced alkali-labile sites to strand breaks is considerably higher 
than that of apurinic sites (Katcher & Wallace, 1978; Lafleur 
et al., 1981). 

The X-ray endonuclease was also shown to nick at or near 
the site of the thymine glycol (Figure 4) specifically produced 
in duplex DNA or poly(dT).(dA) by OsO, treatment, at  or 
near minor photoproducts produced by ultraviolet irradiation 
(Table 11), and at or near urea residues (Figure 5) produced 
by the alkali-induced degradation of thymine glycols. Fur- 
thermore, on a complex substrate such as that produced by 
the X irradiation of DNA, there are twice as many enzyme- 
susceptible sites than 5,6-dihydroxydihydrothymine type res- 
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acrylamide gel electrophoresis analysis of the most purified 
fraction (fraction VI) which shows a single band corresponding 
to a molecular weight of about 12 500. Although it cannot 
be unequivocally stated that this band corresponds to the X-ray 
endonuclease, a similar analysis on fraction V showed only 
three bands, with the molecular weight of the heaviest protein 
corresponding to ca. 16 000. It appears then that the X-ray 
endonuclease is a multisubstrate DNA glycosylase/AP en- 
donuclease, possibly composed of two subunits of either 
identical or similar molecular weights. 

The AP endonuclease activity of the X-ray endonuclease 
is a class I AP endonuclease, and we assume that it acts after 
the DNA glycosylase removes the damaged base. On an AP 
substrate, it gives rise to a nick which is not a primer terminus 
for DNA polymerase I (Figure 8). In conjunction with either 
a class I1 AP endonuclease or a 3’-5’-exonuclease it produces 
a gap that must be filled before ligation. It is possible, how- 
ever, that a multifunctional endonuclease acts prior to the 
action of the DNA glycosylase. Analyses of the X-ray en- 
donuclease digestion products of X-irradiated DNA and other 
complex substrates, as well as quantitative and kinetic studies, 
are being undertaken in an attempt to distinguish among these 
possibilities. 

An Endonuclease Involved in Ionizing Radiation Repair? 
The damages introduced into DNA by X-rays can result from 
the production of high-energy species such as free radicals, 
hydrated electrons, and peroxides. These species are also 
produced by a variety of other cellular reactions. Interaction 
of DNA with the high-energy photons of UV light produces 
base damages similar to those produced by ionizing radiation 
(Hariharan & Cerutti, 1977), and metabolic processes are 
known to produce hydroxyl radicals, hydrogen peroxide, and 
superoxide radicals (Fridovich, 1978). Additional radiation 
arriving from space as well as from the natural decay of 
terrestrial atoms gives sufficient reason for an organism whose 
genetic integrity must be maintained to have enzymes to repair 
the resultant base damages. The elaboration of an enzyme 
such as the X-ray endonuclease able to recognize a class of 
damages such as those causing minor distortions of the DNA 
helix would be economical. The in vivo importance of the 
X-ray endonuclease in the repair of DNA base damage and 
the repair of AP sites awaits the isolation of mutants defective 
in this activity. 

Registry No. Endonuclease 111,60184-90-9; Escherichia coli X-ray 
endonuclease, 71 567-53-8; urea-DNA glycosylase, 85976-58-5; 
thymine glycol-DNA glycosylase, 85976-57-4; AP endonuclease, 
618 1 1-29-8. 
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FIGURE 1 1 : Effect of N E M  on the thymine glycol-DNA glycosylase 
activity of the X-ray endonuclease. Os04-treated PM2 DNA either 
unincubated (A), incubated with X-ray endonuclease (fraction V) 
(B), or incubated with X-ray endonuclease in the presence of 10 mM 
N E M  (C) was precipitated, and the supernatants were taken to dryness 
under vacuum, redissolved in ethanol, spotted onto Cel 3oo/uvz,4 
M N  plates, and developed in l-propanol-H20, 3 : l .  

idues (Figure 3) as measured by the alkali-degradative method 
(Hariharan, 1980). As the lesions known to be recognized by 
the X-ray endonuclease are members of the class of lesions 
that cause minor distortions of the DNA helix (Cerutti, 
1975b), it will be interesting to see if other members of this 
class, ring contraction and other ring fragmentation products, 
are also substrates. 

Mechanism of Action of the X-ray Endonuclease. While 
the AP endonuclease activity is virtually uninhibited by the 
presence of NEM, a sulfhydryl blocking reagent (Figure 9), 
the endonuclease activity on both thymine glycol containing 
DNA and urea residue containing DNA are substantially 
inhibited (Table 11) as is the thymine glycol-DNA glycosylase 
activity (Figure 11). 

These data, taken together with data showing cochroma- 
tography of the AP endonuclease activity and the DNA gly- 
cosylase/endonuclease activity against Os0,-treated DNA, 
indicate that this enzyme has at least two partly independent 
activities: a base-damage-specific DNA glycosylase and an 
AP endonuclease. The endonuclease activity against DNA 
containing base lesions may therefore result from the concerted 
action of both these activities. If the glycosylase against 
thymine glycol type damages and the glycosylase acting on 
urea fragments share a common active center, this multisub- 
strate DNA glycosylase might also recognize base damages 
that share some characteristics of both the glycol and urea 
residues such as lack of aromaticity or improper base stacking 
or base pairing. Alternatively, the two glycosylase activities 
might involve separate or overlapping active centers with 
unique specificities. Since both DNA glycosylase activities 
are NEM inhibitable, these alternatives remain unresolved. 

Whether or not the multiple activities attributed to the 
X-ray endonuclease belong to the same enzyme has not been 
unequivocally determined, but several lines of evidence support 
this hypothesis. The AP endonuclease and Os0,-damage 
DNA glycosylase/endonuclease activity cochromatograph at 
all stages in the purification procedure, and these activities 
have also been shown to coelute from CM-Sephadex and 
DEAE-cellulose. Glycerol gradient sedimentation analysis of 
fraction V shows two peaks of activity, one corresponding to 
the molecular weight of the native enzyme (about 25 000) and 
the other to a molecular weight of about half that molecular 
weight. These peaks appeared in the same positions whether 
the AP endonuclease or Os04-treated DNA glycosylase ac- 
tivity was assayed, providing preliminary evidence that the 
native enzyme might be a dimer of two subunits. Further 
support for this hypothesis is given by NaDodS04-poly- 
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