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ABSTRACT. We purified a homologue of thescherichia colDNA repair enzyme endonuclease 111 5000-

fold from calf thymus which, like endonuclease Ill, demonstrates DNA-glycosylase activity against
pyrimidine hydrates and thymine glycol and AP lyase activity (DNA strand cleavage at AP sites via
p-elimination). The functional similarity between the enzymes suggested a strategy for definitive
identification of the bovine protein based on the nature of its enzygunbstrate (ES) intermediate.
Prokaryotic DNA glycosylase/AP lyases function throudtacylimine (Schiff's base) ES intermediates
which, upon chemical reduction to stable secondary amines, irreversibly cross link the enzyme to
oligodeoxynucleotides containing substrate modified bases. We incubated endonuclease IR%Rith a
labeled thymine glycol-containing oligodeoxynucleotide in the presence of Na@GNBHis resulted in

an increase in the apparent molecular weight of the enzyme by-BBSE. Phosphorimaging confirmed
irreversible cross linking between enzyme and DNA. Identical treatment of the most purified bovine
enzyme fraction resulted in irreversible cross linking of the oligodeoxynucleotide to a predominant 31
kDa species. Amino acid analysis of the 31 kDa species revealed homology to the predicted amino acid
sequence of £aenorhabditis elegang87.8 kDa protein which, in turn, has homology to endonuclease
Ill. The translated amino acid sequences of two partiallINAs, from Homo sapiensand Rattus sp

also demonstrate homology to tke elegansand bovine sequences suggesting a homologous family of
endonuclease lll-like DNA repair enzymes is present throughout phylogeny.

The DNA repair enzymé=scherichia coliendonuclease it was shown that nicking of UV-irradiated DNA resulted
Il was initially identified by its nicking activity directed  from two enzymatic activities, a DNA-glycosylase which
against UV-irradiated DNA (Radman, 1976). Subsequently, released pyrimidine hydrates from the DNA backbone,
yielding an apyrimidinic (AP) site (Boorstein et al., 1989),

* Supported by NIH-CA 16669 and CA 49869 (G.W.T.), CA 16087 and an activity which effected strand cleavageAelimina-
(Kaplan Cancer Center), GM 07308 (MSTP for T.P.H.), GM46312 tion of the 3 phosphate group of the apyrimidinic sugar

S‘éi‘%‘%’f&&“&%‘f&?’?&”ﬁ E7)'94'J'4416 (R.J.B.), and, in part, DOE-  resjdue (Bailly & Verly, 1987; Kim & Linn, 1988; Mazum-
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including T4 endonuclease V and tle coli Fpg protein nucleotide containing one of the enzyme’s known substrates,

(MutM), which demonstrate both DNA-glycosylase and AP thymine glycol. Assuming that the mammalian enzyme also

lyase activities (Demple & Harrison, 1994; Dodson et al., functions through &-acylimine ES intermediate, we could

1994). then apply the reductive cross linking reaction to the purified
In addition to excising pyrimidine hydrates, the DNA- mammalian enzyme fractions using the same oligodeoxy-

glycosylase activity of endonuclease Il also excises pyri- nucleotide. This would permit isolation of the correct protein

midine glycols, ring-contracted pyrimidine derivatives, such species from a SDSpolyacrylamide gel in sufficient amount

as 5-hydroxymethylhydantoin, and urea residues composedor primary amino acid sequencing.

of the N1-C2—N3 atoms of the pyrimidine skeleton (Strniste

& Wallace, 1975; Demple & Linn, 1980; Breimer & Lindahl, EXPERIMENTAL PROCEDURES

]}98‘:.; lelnmng?am &tWe|Zs, 19|85)' Illilr;]zymeb actn_gtle?_ Buffers Homogenization buffer: 25 mM HEPES, pH 7.5,
unctionally analogous to endonuclease Ill have been identi-j ™ v/ "Nacl 1 mM DTT, 2 mM EDTA, 0.5 mg/mL

fied in bacteria other thaB. coli, in yeast, and in mammalian . :
: ' L ; leupeptin, 0.7 mg/mL pepstatin, 0.2 mM phenylmethane-
cells and tissues through the use of UV-irradiated, chemically sulfonyl flouride. HDE: 25 mM HEPES, pH 7.5, 1 mM

oxidized, andy-irradiated DNA as substrates (Brent, 1973;

Bacchetti & Benne, 1975; Duker & Teebor, 1975; Ness & D-II—ET’ 2 mMEEDTf\. q | " ified frof
Nissen-Meyer, 1978; Doetsch et al., 1986). We showed thatColi thr)z/a?:]eu CéZZ "1 ggrrgmactﬁgsp)elasm\i%aSHpI#T ;es prrechidust
extracts of Hela cells contained a thymine glycol DNA- described (Asahara et al., 1989).

glycosylase (Higgins et al., 1987). We also demonstrated ) . 3 .- .
that both endonuclease Il and Hela cell extracts released Radionucleotides([5,5-°H]Deoxycytidine S-triphosphate

cytosine hydrate (as well as its deamination product, uracil (15~30 Ci/mmol) and inethyt*H]thymidine S-triphosphate
hydrate) from UV-irradiated DNA (Boorstein et al., 1989). (70—90 Ci/mmol) were purchased from Du PONUNEN).

Kim and Linn (1989) described two, or possibly three, Uv-  Oligodeoxynucleotides Alternating poly(dG-dC) and
endonuclease activities in Hela cells by monitoring the POly(dA-dT) were purchased from Pharmacia.
nicking of UV-irradiated circular DNA. Hug et a(1992) Purification of a Pyrimidine Hydrate DNA-Glycosylase
reported a 25-fold purification of an endonuclease lll-like from Calf Thymus All purification procedures were carried
activity from calf thymus and stated that titerminal out at 4°C, unless otherwise indicated. Freshly obtained
sequence of this protein was not homologous to other known calf thymus (1.2 kg) was homogenized in a Waring Blendor
proteins. in 4.8 L of homogenization buffer and further fragmented
We undertook the purification of a mammalian endonu- by sonication in 300 mL aliquots for 3 min at 70% power
clease lll-like enzyme from calf thymus by monitoring its Using a Heat Systems model W-375 sonicator equipped with
DNA glycosylase activity against UV-induced pyrimidine & model 305 high gain horn. NaCl (4 M) was added to a
hydrates. The assay measures releas#Hdabeled pyri- final concentration of 320 mM and the gelatinous precipitate
midine hydrates and is reproducible and linear with respect 'emoved manually by spooling using a 10 mL glass pipette
to time and protein concentration. The substrate is easily@s a stirring rod. The remaining solution was cleared by
prepared, and, most importantly, the chemical identity of the centrifugation at 10004} filtered through cheesecloth, and
enzymatically released photoproducts can be corroborateddiluted with 1.7 volumes of HDE to produce fraction | (4000
by HPLC analysis. Calf thymus was chosen as the sourcemML).
of enzyme because it contains endonuclease Ill-like activity ~Fraction | was batch extracted with 450 mL (packed
and because large amounts of very fresh tissue are availablevolume) of cation exchange resin (SP Fast-flow, Pharmacia)
A novel approach to the definitive identification of the preequilibrated with HDE containing 150 mM NaCl. After
mammalian enzyme was the application of a chemical the beads settled the supernatant was discarded, and the beads
reaction which results in the irreversible cross linking of the were poured into an XK 26/60 column (Pharmacia). They
enzyme to its DNA substrateN-Acylimine (Schiff's base) ~ were washed with 500 mL of HDE containing 150 mM
enzyme-substrate (ES) intermediates are characteristic of NaCl, followed by a 2 L gradient from 150 to 700 mM NacCl
the prokaryotic DNA glycosylase/AP lyases described to at 4 mL/min. Twenty milliliter column fractions were
date. Such intermediates can be irreversibly stabilized collected and assayed. Fractions-#5 were pooled to yield
through chemical reduction to secondary amines. In such afraction Il (620 mL).
way T4 endonuclease V (Dodson et al., 1993) andEhe Solid ammonium sulfate was added to fraction I, which
coli Fpg protein (Tchou & Grollman, 1995) were irreversibly contained approximately 350 mM NaCl, to a final saturation
cross-linked to substrate oligodeoxynucleotides containing of 21% (120 g/L solution). The sample was centrifuged at
a cyclobutane dimer and an 8-oxoguanine residue, respec-1200@ for 20 min to remove precipitate and the supernatant
tively. The reductive cross linking of enzyme to an applied to a C 26/40 column (Pharmacia), containing 150
oligodeoxynucleotide permits identification of the mam- mL (bed volume) of Octylsepharose 4 Fast-flow media
malian protein by two experimental parameters. The first (Pharmacia) preequilibrated with HDE, 21% ammonium
is an increase in the apparent molecular weight of the enzymesulfate, and 300 mM NaCl. The column was washed with
as determined by SDSPAGE. Second, if the oligodeoxy- 150 mL of HDE, 21% ammonium sulfate, and 300 mM NacCl
nucleotide is 5end-labeled witl#?P, the irreversibly cross-  followed by a 1.5 L gradient beginning with HDE, 21%
linked protein-DNA complex can be detected by autorad- ammonium sulfate, and 300 mM NacCl and finishing with
iography or phosphorimaging after SBBAGE. HDE containing neither ammonium sulfate nor NaCl at 3
On the basis of the results obtained with endonuclease VmL/min, collected in 20 mL fractions. One milliliter aliquots
and the Fpg protein, we anticipated successful irreversible of the column fractions were dialyzed into HDE and 125
cross linking ofE. coli endonuclease Ill to an oligodeoxy- mM NaCl and assayed for enzymatic activity. Active
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fractions (31-44) were pooled and dialyzed into HDE and stein et al., 1989). One unit of enzyme released 1 pmol of
125 mM NacCl (fraction Ill, 280 mL). cytosine hydrate from 0.4g of UV-irradiated poly(dG-H]-

Fraction Il was concentrated by loading onto an HR 10/ dC) in 1 min. Enzyme assays lasted from 15 min to 3 h,
10 Mono S column (Pharmacia) and eluting via a step depending upon the specific activity of the enzyme during
increase in NaCl concentration to HDE and 0.5 M NaCl. the different phases of the purification.

One milliliter fractions were collected and assayed, and 12 [3H]Thymine glycol released from the oxidized poly(dA-
active fractions were pooled. The 12 mL sample was divided [3H]dT) was identified by HPLC as previously described
into 3 x 4 mL aliquots each of which were fractionated via (Higgins et al., 1987).

gel filtration chromatography through a Hiload 26/60, AP Nicking Assay AP-site containing DNA was prepared
Superdex 75 pg column (Pharmacia), run in HDE and 350 and nicking activity assayed as described previously (Cun-
mM NacCl (2.5 mL/min), and collected in 2.5 mL fractions. ningham & Weiss, 1985). The assay is done in 10 mM
The gel filtration column was precalibrated with the Gel EDTA to preclude any Mg -dependent AP endonuclease
Filtration Low Molecular Weight Calibration Kit from  from acting on the substrate.

Pharmacia. Active fractions (75, approximately 29 kDa) Preparation of Thymine Glycol-Containing Oligodeoxy-
from each of three column runs were pooled to 45 mL which nucleotide for Cross Linking StudiesThymine glycol-
was diluted from 350 to 125 mM NaCl with 1.8 volumes of containing single-stranded oligodeoxynucleotide was pre-
HDE. The sample was then loaded onto a HR 5/5 MonoS pared as described previously (Kao et al., 1993). The
column (Pharmacia) and concentrated via step elution with oxidation was carried out on 50 Q& of d(CGCGAT-
HDE and 0.5 M NaCl. Enzymatic activity eluted in six 0.5 ACGCC). The complementary 11-mer was synthesized by
mL fractions which were pooled to yield fraction IV (3 mL). conventional means.

Fraction IV was diluted to 100 mM NaCl with four Cross Linking of Enzyme to Oligodeoxynucleatidaventy
volumes of HDE, loaded onto a 1 mL single-stranded DNA- picomoles of the appropriate oligodeoxynucleotide, either
cellulose (ssDNA-cellulose, Sigma) HR 5/5 column (Phar- thymine glycol-containing or complementary, wasefd-
macia) and eluted with a 12.5 mL gradient (3:@8D0 mM labeled using T4 kinase (Gibco BRL) ang-JP]ATP,
NacCl) (0.2 mL/min). Fractions 1517 were pooled to yield  according to the manufacturer's recommendations, and
fraction V (1.5 mL). purified using a Nuc Trap Push Column (Stratagene)

Preparation of Substrates for DNA-Glycosylase Assays preequilibrated in 20 mM HEPES, pH 7.5, 50 mM NacCl,
Poly(dG-PH]dC) was produced as described previously and 5 mM EDTA. The radiolabeled oligodeoxynucleotide
(Boorstein et al., 1989), by nick translation of poly(dG-dC) was then combined with 200 pmol of nonradioactive oli-
(Pharmacia) with [5,5°H]dCTP (Du Pont/NEN), and puri-  godeoxynucleotide, and the complementary strand was added
fied using Nick-Spin columns (Pharmacia). Poly(dGHF at a 1:1 ratio and placed on ice for 30 min. Enzyme was
dC) produced in this manner had a specific activity of 1.2 reacted with the substrate double-stranded oligodeoxynucle-
x 10 cpmfug. This DNA was then exposed to 400 k3/m otide in a total volume of 30Q:L under the following
of UV radiation at 254 nm (two 15 W germicidal bulbs) to reaction conditions: 37.3 mM NaCNBH20 mM HEPES,
induce the formation of cytosine hydrate. UV flux was pH 7.5, 46.5 mM KCI, 5 mM EDTA, 1.5 uM oligodeoxy-
guantitated using a UVX 54 radiometer (UVP Inc., San nucleotide, and 15 ngL protein. In the case oE. coli
Gabriel, CA). endonuclease lll, this represented a 4-fold molar excess of

Poly(dA-[PH]dT) was produced by the nick-translation of substrate oligodeoxynucleotide to enzyme. After incubation
poly(dA-dT) with [methy}*H]dTTP, followed by oxidation at 37 °C for 2 h, samples were quick frozen on dry ice,
of the alternating copolymer with osmium tetroxide to form lyophilized, resuspended, and boiled in@50f 1x SDS—
thymine glycol residues (Higgins et al., 1987). The radio- PAGE loading buffer and separated by electrophoresis on a
labeled, oxidized DNA was purified by passing it twice 15% Tricine-SDS gel. Following electrophoresis, the gel
through Nick-Spin columns (Pharmacia). Thymine glycol- was stained with Coomassie Blue, wrapped in plastic, and
containing poly(dA-$H]dT) produced in this manner had a analyzed via phosphorimaging.
specific activity of approximately & 10° cpmjg. Gel Electrophoresis All samples were lyophilized to

DNA-Glycosylase AssaysPyrimidine hydrate and thy-  dryness and resuspended in standard SDS loading buffer prior
mine glycol DNA-glycosylase assays were carried out againstto electrophoresis. Fifteen percent Tricine gels were prepared
UV-irradiated and oxidized DNA substrates, respectively, (Shagger et al., 1987) and run using the Mini-Protein I
as follows: enzyme aliquots were incubated with @dlof electrophoresis system (Bio-Rad). Gels were run at 90 V
substrate DNA in a reaction mixture containing 15 mM for approximately 5 h, completion being determined by the
HEPES, pH 7.5, 75 mM NaCl, 10 mM EDTA, and 1 mM progress of prestained low molecular weight electrophoresis
DTT in a volume of 6QuL for specified periods of time up  standards (Bio-Rad). Gels were then stained with Coomassie
to 3 h at 37°C. Reactions were terminated by the addition Blue.
of 25 uL of 25 mg/mL BSA and 2 mL of acetone, which Amino Acid Sequence AnalysiBractions from the sSDNA
precipitated both the protein and DNA, leaving in solution cellulose column (fraction V) were run on a 15% Tricine-
only the free modified bases which had been enzymatically SDS gel and stained with Coomassie Blue. The predominant
cleaved from the DNA backbone. After centrifugation at band, identical to the band which shifted after reductive
800Qy for 15 min the supernatant was dried, resuspended in coupling to the thymine glycol-containing oligodeoxynucle-
water, and analyzed by liquid scintillation counting. otide, was excised from the gel and sent to the W. M. Keck

At each step the chemical identity of the released radioac- Foundation microsequencing facility at Yale University, New
tive product was proven to be cytosine by HPLC. The free Haven, CT.
cytosine hydrate released by the enzyme is unstable, rapidly At Yale, the protein was subjected to proteolytic digestion
eliminating water, and is recovered as free cytosine (Boor- followed by purification on HPLC using a reverse-phase
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Table 1: Summary of Purification of a Pyrimidine Hydrate DNA-Glycosylase from Calf Thymus

fraction total protein (mg) volume (mL) total activity (pomol/min)  specific activity [pmol/(mng)]  purification (fold)  yield (%)
I 52000 4000 2920 0.056
I 2420 720 1020 0.421 7.5 34.9
] 264 350 370 1.40 25 12.7
Y 1.3 3.0 36 27.7 495 1.2
\% 0.1 15 29 290 5180 1.0

a Purification steps and fractions are described in the text.

Mw

112 kD
84 kD

53 kD
35 kD

29 kD
21kD 1 2 3 4 5 6 7

Ficure 1: SDS-PAGE analysis of the purification fractions. Lanes
1 and 7 contain molecular weight markers. Lanesb2contain
fractions F1V, respectively (described in the text and Table 1).
Lane 6 contains material from ssDNA cellulose column fraction
17, which was then pooled with fractions 15 and 16 to yield fraction
V.

microbore C18 column. Individual peaks were assayed for
purity by laser desorption mass spectroscopy. After a 16 h
hydrolysis, amino acid analysis was carried out on a
Beckman Model 6300 ion-exchange instrument (Rosenfeld
et al., 1992; Elliott et al., 1993; Williams & Stone, 1995;
Williams et al., 1995).

The sequence homologies were obtained via the BLAST
(Altschul et al., 1990) Network Service of the National
Center for Biotechnology Information which accesses the
Brookhaven, Swiss, PIR, and GenBank data bases.

RESULTS

Purification of the Mammalian EnzymeA mammalian
homologue ofE. coli endonuclease Il was purified from
fresh calf thymus on the basis of its pyrimidine hydrate DNA-
glycosylase activity. After the final purification step, ss-
DNA-cellulose chromatography, the enzyme was purified
approximately 5000-fold as estimated by the specific activity
of the pyrimidine hydrate DNA-glycosylase and the yield
was approximately 1% (Table 1 and Figure 1).

Coelution of DNA-Glycosylase Acgiiies. Successive
fractions from the ssDNA-cellulose column were assayed
simultaneously for pyrimidine hydrate and thymine glycol
DNA-glycosylase activities, both of which have been dem-
onstrated for endonuclease Il (Higgins et al., 1987; Boorstein
etal., 1989). Figure 2A documents the coelution of the two
activities.

Coelution of DNA-Glycosylase and Rtgindependent AP
Site Nicking Actiity. Comparable ssDNA-cellulose purified
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Ficure 2: (A) Coelution of pyrimidine hydrate and thymine glycol
DNA-glycosylase activities from the ssDNA cellulose column.
Fractions from the ssDNA cellulose column were assayed simul-
taneously for both enzyme activities. Activities were normalized
by dividing the activity of each fraction by the activity of the
fraction with maximum activity. (B) Coelution of pyrimidine
hydrate DNA glycosylase activity and AP lyase activity from the
ssDNA cellulose column. A second calf thymus preparation was
purified through ssDNA cellulose, and elution fractions were
analyzed for both enzyme activities, normalized as in Figure 2A.
(C) SDS-PAGE analysis of ssDNA cellulose elution fractions
(fraction V). A 25uL aliquot from each of the indicated fractions
shown in panel A was analyzed by SBBAGE. Fractions 1418
contain the predominant 31 kDa species. The extreme left and right
lanes contain molecular weight markers.

16 18

Estimation of the Molecular Weight of the Mammalian
Enzyme The molecular radius of the mammalian DNA-
glycosylase, as determined by gel filtration, was approxi-
mately 29 kDa. Although ssDNA-cellulose fractions with
peak enzymatic activity contained more than one protein
species, a predominant band of apparent molecular mass of
31 kDa was present on SB®AGE analysis. Moreover,

material from another calf thymus preparation was assayedwhen 25u«L aliquots of successive ssDNA-cellulose column

simultaneously for Mg -independent AP-nicking activity
and pyrimidine hydrate DNA-glycosylase activity, both of
which are also previously documented activitiesEofcoli
endonuclease Il (Cunningham & Weiss, 1985). The co-
elution of these two activities is shown in Figure 2B.

fractions were subjected to electrophoresis and stained with
Coomassie Blue, the elution profile of this predominant 31
kDa species, as judged by the intensity of staining, cor-
responded to that of the two DNA-glycosylase activities
(Figure 2C).
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DNA-cellulose incubated with NaCNBE and no substrate DNA and
Fraction 17 b NA-cellulose substrate DNA in the absence of NaCNRfspectively. The
Endoll My~ Fraction 8 apparent molecular mass of 31 kDa, as first shown in Figure
~= ~= 2C, did not change under either of these incubations.
NaCNBHg +4+4+ - ++++ However, when the reaction mixture contained both substrate
_ o DNA and NaCNBH, the predominant 31 kDa Coomassie
T eolde I o+ -+ 4+ - -+ Blue-stained band shifted to an apparent molecular mass of
35 kDa, as shown in lanes 6 and 7. As an additional control,
22"9°de°xvnucle°ﬁde with _ _ + - - fraction 8 eluting from the ssDNA cellulose column (Figure
sronbeled complementary = = = = = 2A), which contained no enzymatic activity, was also
MW exposed to the conditions of the coupling reaction. Lanes 8
A o = = and 9 of Figure 3A contain protein from this fraction
z: :‘I; o & incubated with the oligodeoxynucleotide in the presence or
TS absence of NaCNB As can readily be seen, no shift of
:::g L1 LS 0 the visible protein bands occurred.
T, i Additional proof of irreversible cross linking is demon-

2o strated in Figure 3B. The thymine glycol-containing oli-

1.2 3 4 5 6 7 8 910 godeoxynucleotide had beefrénd-labeled with??P prior
to the coupling reactions. A phosphorimage of the gel in
Figure 3A demonstrated only two bands. Figure 3B shows
a single band in lane 3 which corresponds to the position of
s the shifted cross linked endonuclease Ill. The single band
in lane 6 corresponds to the position of the predominant
Coomassie-Blue stained species from calf thymus, which had
1 2 3 4 5 6 7 8 9 10 also shifted after cross linking. Under the denaturing
FiGURE 3; (A) SDS-PAGE analysis of. coli endonuclease il conditions (boiling) used to prepare samples for the SDS
and the bovine enzyme after incubation with the thymine glycol- g€l, the complementary oligodeoxynucleotide strand does not
containing oligodeoxynucleotide and NaCNBHLanes 1 and 10 remain associated with the protein. When the complemen-
contain molecular weight markers. Lane 2 contains the product of tary, rather then the thymine glycol-containing oligodeoxy-

the reaction ofE. coli endonuclease Ill and NaCNBHLane 3 : oD ; ; i
contains the product of the same reaction mixture as lane 2 with nucleotide was?P-labeled, the protein shifted (Figure 3A,

addition of duplex 532P-labeled oligodeoxynucleotide containing 1ane 7) but did not appear on the phosphorimage (Figure
a single thymine glycol (TG) residue. Lane 4 contains the product 3B, lane 7). Thus, lanes 6 and 7 of Figure 3B prove that
of fraction 17 eluted from the ssDNA cellulose column and the bovine enzyme cross linked only to the oligodeoxynucle-
incubated with NaCNBEi but no oligodeoxynucleotide. Lane 5 ptide containing the thymine glycol residue, thereby confirm-

contains the product of elution fraction 17 incubated with the 5 . . . R . .
32p-oligodeoxynucleotide but no NaCNBH.ane 6 contains the N9 that the irreversible cross linking resulting from chemical

product of elution fraction 17 incubated with both the oligodeoxy- reduc':t'ion is.exclusiv'ely dependent upon fqrmation of a
nucleotide and NaCNBH Lane 7 is the same mixture as 6 except specific ES intermediate. There was no evidence of any

that the complementary (non-thymine glycol-containing) oligode-  binding of oligodeoxynucleotide to the proteins which did
oxynucleotide was 'Slabeled with*P. Lanes 8 and 9 contain the ot contain enzyme activity, further corroborating that the

products of the incubation of ssDNA-cellulose fraction 8, which . L . o
did not exhibit enzymatic activity, alone or with oligodeoxynucle- reductive cross linking reaction was absolutely specific.

otide and NaCNBH| respectively. (B) Phosphorimage of the SDS Amino Acid Sequence Datd-our peptides derived from
PAGE gel of panel A. The lanes are identical to those of panel A. a proteolytic digest of the purified bovine protein were

sequenced yielding sequences of 14, 15, 22, and 23 amino

Reductie Cross Linking of the Enzymes to a Thymine acids. None of these sequences demonstrated direct similar-
Glycol-Containing DNA Oligodeoxynucleotidéncubation ity to E. coli endonuclease Il by initial BLAST analysis.
of purified E. coli endonuclease Il with duplex DNA (the  However, the 22 amino acid peptide sequence demonstrated
thymine glycol-containing oligodeoxynucleotide annealed to considerable similarity to a portion of two predicted full
its complementary strand) in the presence of NaCRIBH length protein sequences fro@aenorhabditis elegan@c-
resulted in an increase in the apparent molecular mass ofcession no. Z05874) (Wilson et al., 1994) wii{N) =
the enzyme as determined by SBISAGE (Figure 3A). Lane  0.00053 andSaccharomyces ceresiae (accession no.
2 demonstrates endonuclease Il incubated with substratel 05146) withP(N) = 0.0063). Both theC. elegansandS.
DNA in the absence of NaCNBHand lane 3 in the presence cerevesiae proteins, in turn, bear similarity tdE. coli
of NaCNBH;. The increase in the apparent molecular mass endonuclease Il (accession no. J02857). When compared
of the endonuclease Il is the result of irreversible cross with the sequence of endonuclease Il via BLAST, Qe
linking of the enzyme to the oligodeoxynucleotide. elegansand theS. cereesiaesequence yieldeB(N) values

The reductive cross linking reaction was also performed of 9.1 x 1072° and 1.9x 1077, respectively. This same
on the most purified preparation of the calf thymus pyrimi- bovine polypeptide demonstrates an even greater degree of
dine hydrate DNA-glycosylase. A 74 aliquot of fraction similarity to two recently submitted partial DNA se-
17 eluted from the ssDNA cellulose column (Figure 2A) quences, fromHomo sapiengaccession no. F04657) with
containing purified enzyme of maximal specific activity was P(N) = 6.8 x 10° and Rattus sp(accession no. H33255)
incubated with the thymine glycol-containing oligodeoxy- with P(N) = 1.8 x 107".
nucleotide in the presence of NaCNB&long with appropri- Figure 4 demonstrates the alignment of tke coli
ate controls. Lanes 4 and 5 represent ssDNA fraction 17 endonuclease Ill amino acid sequence, with the primary
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Ficure 4: Amino acid sequence alignment Bf coli endonuclease

Hilbert et al.

A:1 MNKAKRLEILTRLRENNPHPTTELNFSSPFELLIAVLLSAQATDVSVNKATAKLYPVANTPAAMLELGVE 70
B:1 MRKDMIAPVDTMGCHKLADPLAAPPVHRFQVLVALMLSSQTRDEVNAAAMKRLKDHGLSIGKILEFKVP 69
C: PVDQLGAEHCFDPSA LTVDSILQTDDS
A:71 GVKTYIKTIGLYNSKAENIIKTCRILLEQHNGEVPEDRAALEALPGVGRKTANVVLNTAFGWPT.IAV 137
B:70 DLETILCPVGFYKRKAVYLQKTAKILKDDFSGDIPDSLDGLCALPGVGPKMANLVMQIAWGECVGIAV 137
C: TLGALIVPVGF QGTVNGIAV
A:138 DTHIFRVCNRTQFAPGKN.VEQVEEKLLKVVPAEFKVDCHHWLILHGRYT;IARKPRQGSEIIEDQ; 203
B:138 DTHVHRIS.NRLGWIKTSTPEKTQKALEILLPKSEWQPINHLLVGFGQMQCQPVRPKCGTCLCRFTC 203
C: XTHVP *LWSEINGLLVGFGQQTCLPIRP

D WLPR? LWHEINGLLVGFGQQTCLPVHPRCHACLNQALC

E HRIANRLKWTKKMTKSPEETRRNLE ?WLPRVLWSEINGLLVGFGQ? ICLPVHPRCQACL?KALC
A:204 EYKEKVDI 211

B:204 PSSTAKNVKSETEETSTSIEVKQEVEDEFEDEKPAKKIKKTRKTRTKIEVKTESET 259

C:

D: PAAQGL

E PAAQGL

Il (line A)C. elegangranslated protein (line B), bovine primary

amino acid sequences for peptides of 15, 23, 14, and 22 amino acids, respectively (line €), saplensand Rattus sp sequences

obtained by translation of partial cDNA sequence (lines D and E, respectively). X in sequence C represents an indeterminate amino acid
residue. ? in sequences D and E represents indeterminate nucleotide sequences. The six amino acid region presented in boldface and italic
constitutes a portion of the active site of endonuclease Ill. A 22 amino acid region of near identity between the pteditegdns

sequence, the primary bovine sequence, anditheapiensandRattus sptranslated partial cDNA sequences is presented in boldface. The

four cysteine residues presented in double underlined type represent the ligands of Hsailftuncluster ofE. coli endonuclease lIl.

amino acid sequences of the bovine polypeptides, and the3) demonstrated unequivocally that the bacterial enzyme was

predicted amino acid sequences of theslegansH. sapiens
and Rattus sp proteins derived by translation of their

irreversibly cross linked to the substrate oligodeoxynucle-
otide. ThusE. coli endonuclease Il was cross linked to a

respective nucleotide sequences. The boldface sequencsubstrate DNA oligodeoxynucleotide in a manner analogous
marked with the asterisk represents the 22 amino acid bovineto T4 endonuclease V and tke coli Fpg protein, confirming

polypeptide found to be most similar to tie elegansand

the H. sapiensand Rattus spsequences, as determined by
the BLAST program using the default Blosum 62 as the
algorithmic matrix and the default expected cutoff value of
10. The other peptides were aligned by the BLAST program
after we raised the expected cutoff value from 10 to 100.

DISCUSSION

We purified a mammalian pyrimidine hydrate DNA-
glycosylase 5000-fold from calf thymus (summarized in
Table 1). The most purified fractions, after elution from
ssDNA cellulose, also demonstrated thymine glycol DNA-
glycosylase and AP lyase activities. The AP nicking assay,
performed in the presence of 10 mM EDTA, has previously
been shown to specifically correspond fiselimination
(Mazumder et al., 1991). The elution profiles of the two
glycosylase activities and the AP lyase activities were

that it also functions via aiN-acylimine ES intermediate.

We applied the same reaction to the most purified bovine
enzyme fraction and showed that only the predominant 31
kDa protein species was irreversibly cross linked to the same
thymine glycol-containing oligodeoxynucleotide. The speci-
ficity of the reaction was confirmed by separatelyefid-
labeling either the thymine glycol-containing or comple-
mentary strand of the substrate double-stranded oligo-
deoxynucleotide. The increase in the apparent molecular
mass of the 31 kDa protein occurred independently of which
DNA strand was labeled; however, only when the thymine
glycol-containing oligodeoxynucleotide was labeled did a
band corresponding to the shifted protein appear on phos-
phorimage of the gel (Figure 3B). That this strategy enabled
us to successfully identify the bovine analog Bf coli
endonuclease Il in a relatively complex mixture of mam-
malian proteins was contingent on the fact, unproven until

superimposable (Figure 2A,B). The fact that these activities now, that the mammalian enzyme and the bacterial enzyme

coeluted in the most purified calf thymus fractions strongly

suggests that they are contained within the same protein.
When identical volumes of successive column fractions

were analyzed by SDSPAGE, there was strong cor-

respondence between the intensity of staining of a predomi-

both function through &-acylimine ES intermediate.

The primary amino acid sequence data confirms that the
purified 31 kDa protein species we identified by reductive
cross linking is a mammalian homologue of endonuclease
lll. The aligned sequences of Figure 4 demonstrate the

nant 31 kDa band in the active fractions and the enzyme homology between the bovine ar@. elegansproteins
activities, but several other protein species were also presenextending into the region which constitutes the ieulfur

which could have represented the bovine pyrimidine hydrate-

thymine glycol DNA-glycosylase/AP lyase.

Therefore, to definitively identify the bovine enzyme, we
took advantage of a reductive cross linking reaction which
had already been applied to T4 endonuclease V andtthe

cluster ofE. coliendonuclease Il (Thayer et al., 1995). This
iron—sulfur cluster motif contains four cysteine residues at
endonuclease Il positions 187, 194, 197, and 203 and has
been shown to be a DNA binding domain. THesapiens
andRattus sppartial 3 cDNA sequences also contain four

coli Fpg protein. We first demonstrated that, in the presence cysteine residues which align with thosetfcoli endonu-

of NaCNBH;, purified E. coli endonuclease 11l would form

clease lll and theC. eleganssequence. Thus, it seems

a stable cross link to an oligodeoxynucleotide containing one probable that theE. coli, C. elegans and mammalian
of its substrates, thymine glycol. The apparent increase inenzymes all share a common mode of DNA binding. A

molecular weight of the purified enzyme (Figure 3A, lane
3) together with the phosphorimaging data (Figure 3B, lane

second bovine peptide and the elegangredicted protein
both align with a region containing a known active site amino
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acid of endonuclease lll, aspartic acid 138 (Figure 4, bold, Demple, B., & Linn, S. (1980Nature 287 203-208.

italics). Another critical active site residue iE. coli Degfzg'e, B., & Harrison, L. (1994Annu. Re. Biochem. 63915~
endonucl_ease Il is lysine 120 which probably _contnbutes Dizdarloglu, M., Laval, J., & Boiteux, S. (199Bjochemistry 32
the e-amino group necessary for the formation of the ~15105-12111.

N-acylimine ES intermediate (Thayer et al., 1995). Since podson, M. L., Schrock, R. D., lll, & Lloyd, R. S. (1993)
we have demonstrated such an ES intermediate for the bovine Biochemistry 328284-8290. _
enzyme, it is probable that mammalian DNA glycosylase/ Dodson, M. L., Michaels, M. L., & Lloyd, R. S. (1994). Biol.
AP lyases will prove to have a lysine residue as part of their Chem. 26932709-32712.

i it | USi . the similarities i - Doetsch P. W., Helland, D. E., & Haseltine, W. A. (1986)
active sites. In conclusion, given the similarities in amino Biochemistry 252212-2220.

acid sequence, including active sites and DNA binding puker, N. J., & Teebor, G. W. (1973ature 255 82—84.
domains among th&. coli endonuclease lll, the purified  Elliott, J. I., Stone, K. L., & Williams, K. R. (1993Anal. Biochem.
bovine enzyme and the predicted sequences dEtldegans 211, 94-101. .

H. sapiensandRattus spproteins, we suggest that there is Higgins, S. A., Frenkel, K., Cummings, A., & Teebor, G. W. (1987)

. - . Biochemistry 261683-1688.
a homologous family of endonuclease lll-like DNA repair Hug, I, Haukanes, B. I., & Helland, D. E. (1998)r. J. Biochem.

enzymes present throughout phylogeny. 206, 833-839.
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