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ABSTRACT

Bursts of free radicals produced by ionization of water

in close vicinity to DNA can produce clusters of
opposed DNA lesions and these are termed multiply
damaged sites (MDS). How MDS are processed by the
Escherichia coli DNA glycosylases, endonuclease
(endo) lll and endo VIII, which recognize oxidized
pyrimidines, is the subject of this study. Oligonucleotide
substrates were constructed containing a site of
pyrimidine damage or an abasic (AP) site in close
proximity to a single nucleotide gap, which simulates

a free radical-induced single-strand break. The gap
was placed in the opposite strand 1, 3or6nt5 'or 3’ of
the AP site or base lesion. Endos Il and VIII were able
to cleave an AP site in the MDS, no matter what the
position of the opposed strand break, although cleavage

at position one 5 ' or 3' was reduced compared with
cleavage at positions three or six5 ' or 3'. Neither endo
[l nor endo VIII was able to remove the base lesion
when the gap was positioned 1 nt 5 ' or 3' in the
opposite strand. Cleavage of the modified pyrimidine

by endo Il increased as the distance increased
between the base lesion and the opposed strand
break. With endo VIII, however, DNA breakage at the
site of the base lesion was equivalent to or less when
the gap was positioned 6 nt 3 ' of the lesion than when
the gap was 3 nt 3 ' of the lesion. Gel mobility shift
analysis of the binding of endo VIl to an oligonucleotide
containing a reduced AP (rAP) site in close opposition to

a single nucleotide gap correlated with cleavage of MDS
substrates by endo VIII. If the strand break in the MDS
was replaced by an oxidized purine, 7,8-dihydro-8-oxo-
guanine (8-0x0G), neither endo VIII cleavage nor binding
were perturbed. These data show that processing of
oxidized pyrimidines by endos Il and VIII was strongly
influenced by the position and type of lesion in the
opposite strand, which could have a significant effect

on the biological outcome of the MDS lesion.

INTRODUCTION

Early experiments, in which the yields of certain types of free
radical-induced DNA damage were measured, showed that
ionizing radiation produceldL000 single-strand breaks (ssb) per
cell per lethal event (1), whiled®, was estimated to introduce
400 000 ssb/cell/lethal event (2). Both agents produce more sites
of base damage than &) and, in ddition, ionizing radiation
produces double-strand breaks (d&)) and crodmks (4). In
order to explain why ionizing radiation requires fewer lesions to
cause lethality, taking into account its ability to produce dsb, it
was propose(R) that the spatial distrution of individual lesions

in the DNA molecule alters the ability of the damage to be
repaired. lonizing track structure simulations have clearly
demonstrated that even low energy electrons, such as are
produced by- or X-rays, introduces multiple lesions within the
DNA molecule (5). It has been estimated that a single energy
deposition can produce 2-5 ionizations in a 1-4 nm diameter site
(6), which would place the ionizations within a helical turn on the
DNA, forming a multiply damaged site (MDS). Since a single
hydrogen peroxide molecule produces a single radical upon
reaction with a metal ion, clustering of damage is unlikely (2).
Thus the survival of a cell exposed to ionizing radiation damage
may depend in large part on its ability to repair MDS.

Many different types of MDS can be produced by ionizing
radiation. Two ssb closely opposed will give rise to a dsb, which
has been well characterized as a lethal lesion (7). However, due
to the relative amounts of the different types of lesions produced,
MDS containing two sites of base damage, a site of base damage
and an abasic site near a strand break or two abasic sites, are likely
to be formed. Complex lesions, containing more than two sites of
damage or more than one site of damage on a single strand are alsc
formed (8) and their nature, in large part, depends on thigyqua
of the ionizing radiation used (5).

Individually, sites of base damage, abasic sites and ssb are
repaired by base excision repair (BER) (9). Pyrimidine base
damage formed by free radicals is recognized by the pyrimidine-
specific DNA glycosylases, the prototypic enzymeBsnherichia
coli being endonuclease (endo) Il and endo VIII. In addition to
removing the modified pyrimidine by cutting tiglycosyl
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bond, the associated lyase activity of these enzymes cleaves IéT faithfully pairs with adenine and is not mutage(@b). In

DNA backbone, either b@ elimination in the case of endo Ill contrast to these and other radiation-modified DNA bases that

(10) or by B,d elimination in the case of endo VIII (11). retain their intact ring structure, Tg blocks DNA polymerases

Furthermore, both enzymes cleave at sites of base loss with{2®,27) and is a lethal lesion (28,29). Abasic sites (30,31) and

10-fold greater efficiency than at a damaged pyrimidine sitetrand breaks also block DNA polymerases and are potentially

(Hatahet and Wallace, unpublished observations). Sites of bds¢hal lesions. However, when by-pass of abasic sites occurs,

loss are also recognized by theapurinic endonucleases (AP) (9). DNA polymerases most often insert purines, thus leading to

Finally, ssb produced by ionizing radiation most often have blockedutationg(32).

3'-termini (12) and therefore must be processed by the phosphataserevious studies have examined the repair of closely opposed

or phosphodiesterase activities of thé\B endonucleases prior to DHT (33) or abasic site rielsies(34). In this work we have

replication(13-15). examined MDS in which the repair enzyme recognizes only one
With respect to MDS, the question arises as to whether tthesion in the MDS, allowing us to determine whether the opposing

damage-specific enzymes are capable of recognizing and cleaviagion inhibited the enzyme.

at the site of the damage in the presence of a closely opposeé closely opposed purine lesion did not inhibit cleavage of a

lesion. Incision at the lesions in both strands could give rise topyrimidine lesion by endos Il or VIII, even when they were as

dsb, the lethal event presumed to be responsible for the higlosely spaced as 3 nt. However, if the closely opposed lesion was

cytotoxic efficiency of ionizing radiation. To address thisa strand break at the position of the next nucleotide, the

guestion we placed thymine glycol (Tg), dihydrothymine (DHT)pyrimidine lesions and AP sites were poorly incised. If, however,

or an abasic site opposite a ssb and Tg or DHT opposite a purthe opposed strand break was positioned 3 or 6 nt apart a dsh was

lesion, 8-0x0G, and asked whether the presence of the lesiorférimed. These data have been correlated with the ability of endo

the opposing strand affected recognition of the lesion in the targétll to bind to DNA containing reduced AP (rAP) sites in

strand. All three target lesions, Tg, DHT and AP sites, arepposition to a single nucleotide gap or 8-0xoG.

recognized by endos {16) and VIII (11,17). The MDSs chosen

are biologically relevant, since both Tg and DHT are radiolysi

products of DNA thyming18), the latter being formed only RATERIALS AND METHODS

under anaerobic conditions, and 8-0x0G is a commonly produceigonucleotides

purine lesion (19,20). Also, sites of base loss and sshaateqad

at equal frequencies by ionizing radiati@®l). Finally, ssb  Strand A oligonucleotides (see Table 1) containing Tg or DHT were

formed by ionizing radiatiom vitro contain 5 P residues and, prepared as described in Puretehl (35) and Hatahedt al. (36).

50% of the time, ‘3P residue$12), which is the model ssb used Oligonucleotides containing uracil, 8-oxoG 6r&nd 3-phosphate

here. These lesions also fall into different categories with respaetmini were synthesized in the Department of Microbiology and

to their interaction with DNA polymerases and, accordingly, theiMolecular Genetics, University of Vermont, or purchased from

potential cytotoxicity and mutagenicity. For example, D{@2Z)  Operon Technologies. The oligonucleotides were purified by

and 8-0x0@23) are redily by-passed by DNA polymerases and electrophoresis through a 12% polyacrylamide—7 M urea gel,

thus are not cytotoxic lesions. However, 8-0xoG readily mispaimectroeluted from the excised gel fragment into 8 M ammonium

with adenine(23), lealing to G- T transversiong24), while  acetate and desalted using a NAM Bolumn (Pharmacia).

Table 1.0ligonucleotides

Strand Damage Sequence Position of damage
relative to X in
strand A

A X =Tg, AP, DHT, rAP or U 5-ATTCCAGACTGTCAATAACACGGXGGACCAGTCGATCCTGGGCTGCAGGAATTC-3

B 3-TAAGGTCTGACAGTTATTGTGCCACCTGGTCAGCTAGGACCCGACGTCCTTAAG-S

B 1 nt gap 3TAAGGTCTGACAGTTAT GTGCCACCTGGTCAGCTAGGACCCGACGTCCTTAAG-5 6 nt 5B

B 1 nt gap 3TAAGGTCTGACAGTTATTGT CCACCTGGTCAGCTAGGACCCGACGTCCTTAAG-5 3 nt8B

B 1 nt gap 3TAAGGTCTGACAGTTATTGTGC ACCTGGTCAGCTAGGACCCGACGTCCTTAAGS 1nt8

B 1 nt gap 3TAAGGTCTGACAGTTATTGTGCCA CTGGTCAGCTAGGACCCGACGTCCTTAAGS 1nt3

B 1 ntgap 3TAAGGTCTGACAGTTATTGTGCCACC GGTCAGCTAGGACCCGACGTCCTTAGG-5 3nt3

B 1 ntgap 3TAAGGTCTGACAGTTATTGTGCCACCTGG CAGCTAGGACCCGACGTCCTTAAG-5 6nt3

B Y = 8ox0G 3TAAGGTCTGACAGTTATTYTGCCACCTGGTCAGCTAGGACCCGACGTCCTTAAGS 5nt8

B Y = 8oxoG 3TAAGGTCTGACAGTTATTGTYCCACCTGGTCAGCTAGGACCCGACGTCCTTAAGS 3nts

B Y = 8ox0G 3TAAGGTCTGACAGTTATTGTGCCACCT GTCAGCTAGGACCCGACGTCCTTAAG-5 4nt3

B Y = 8ox0G 3-TAAGGTCTGACAGTTATTGTGCCACCTEY TCAGCTAGGACCCGACGTCCTTAAG-5 5nt3

The double-stranded substrates were produced by annealing strand A with strand B as described in Materials and MettstidgeEavigulh nucleotide gap,
two oligonucleotides were used to form strand B. The oligonucleotides forming the gdph&dphosphate termini (see Fig. 1).
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Enzymes
CONTROL

Endos 11l (37) and VIII (38) were prepared as described s * s A
previously. Uracil DNA glycosylase (UDG) was purchased from 3 s B
US Biochemical and T4 polynucleotide kinase was purchas%b WITH GAP GAP AT
from Boehringer Mannheim. POSITION

5 X 3 A

3 b ) 46 5°
Preparation of duplex substrates - ¥B

5 X 3 A
Oligonucleotides (3—-5 pmol) werélabeled with32P using 1 U s P s B k38
T4 polynucleotide kinase, 50Ci [y-32P]ATP (6000 Ci/mmol,
10 mCi/ml; NEN Dupont) in 2%l supplied reaction buffer at N —x : AB #1 5
37°C for 30 min. The enzyme was heat inactivated &Ca&br ’
15 min. Unincorporatedy{32P]JATP was removed following s % » A o3
purification of the oligonucleotide using a NENSORRB0 3 —PP B
cartridge (NEN Dupont). The oligonucleotide, eluted in 50% . . A
ethanol, was dried and resuspended in double distilled water at s B #3 3
100 fmolful. Annealing of the complementary oligonucleotide
(Table 1) was performed using a 1.2-fold molar excess of the s * ¥ A 46 3
unlabeled strand (strand B) at concentrations of 30—200fimol/ ” i > B
in 10 mM Tris—HCI, pH 7.5, 1 mM EDTA, 50 mM NaCl. To \ns with 8oxoG 80XOG AT
generate the DNA duplex containing a single nucleotide gap the POSITION
two oligonucleotides used to form strand B were each annealed * x ¥ A 45 5°
at 1.2-fold molar excess to strand A. The hybridization reaction * ¥ ® B
was heated to P& for (2 min and slowly cooled to room s « A
temperature. This procedure was carried out GRér. The final 3 y . B #3 5
substrate had a specific activity[d@00-200 d.p.m./fmol.

To obtain a labeled AP site-containing double-stranded substrate — : /]*3 44 3

strand A containing uracil was labeled, purified and annealed, as ’
described above, at 200 fmdlHuplex DNA. UDG (0.5 U) was 5 X A
incubated with 900 fmol duplex DNA inf8 10 mM Tris—HCI, e ¥ s B #5 3°

pH 7.5, 1 mM EDTA, 50 mM NacCl for 30 min at 32. To

detelrmme gthe uracil l?ald g?er})cr)emove(é ahsmallja“qum Oflth ure 1. Diagrammatic representation of control and MDS substrates. The
resulting substrate was boiled for min and the products visualiz gonucleotides used to form the substrates are described in Table 1. The
after electrophoresis through a 12% polyacrylamide—7 M urea gQ*.ontroI substrate has a single site of damage in strand A, while MDS substrates

Approximately 90% of the substrate was fragmented after boilingcontain one site of damage in strand A and one in strand B. X corresponds to
either a DHT, Tg, AP or rAP site. Y represents an 8-oxoG residue. P is a
. . phosphate moiety attached to either theoB 5-terminus of strand B of the
Cleavage reaction conditions oligonucleotides which form the single nucleotide gap. The position of damage
. . _in strand B is relative to X in strand A.
Duplex substrate (100 fmol unless otherwise noted) was mixed with

endo VIII (5-80 nM final concentration) or endo Il (0.5-50 nM) in

5ul 10 mM Tris—HCI, pH 7.5, 1 mM EDTA, 50 mM NacCl on ice B, as described above, at 15 frpblApproximately 8 fmol duplex

and then incubated at 32 for 15 min. Reactions were stopped DNA containing a putative rAP site were boiled in 10 mM

on ice by addition of fil formamide, 0.03% bromophenol blue, Tris—HCI, pH 7.5, 1 mM EDTA, 50 mM Nacl for 30 min. Also,

0.03% xylene cyanol. Samples were subjected to electrophoresB fmol were incubated withll8 ng endo IV in Sul 10 mM

through a 12% polyacrylamide—7 M urea gel at 1500 /o~ Tris—HCI, pH 7.5, 1 mM EDTA, 50 mM NacCl. Analysis of these

in 1x TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8) samples showed that the boiled sample was not fragmented, while

and then dried. The reaction products were visualized e endo IV-treated sample was cleat®8%, thus indicating

autoradiography of the gel and quantitated using a BioRatiat the AP site was reduced. For electrophoretic mobility shift

Molecular Imager. analysis with endo VIII the substrate was annealed as described
above at 5 fmajil.

Preparation of duplex binding substrates

Gel electrophoretic mobility shift analysis
Strand A containing uracil (11.5 pmol) was incubated with 0.5 U P y 4

UDG in 10 mM Tris—HCI, pH 7.5, 1 mM EDTA injdl at 37C  rAP site-containing duplex substrates (5 fmol) were mixed on ice
for 75 min. To this was added 6100 mM sodium borohydride with endo VIII (1-20 nM final concentration) in @ 10 mM

and the reaction incubated at room temperature for 20 min. TRes—HCI, pH 7.5, 1 mM EDTA, 50 mM NacCl, 3.2% glycerol and
oligonucleotide was purified using a NENSORRO cartridge.  incubated for 5 min at 2@€. After addition of Jul 20% glycerol,

After elution the oligonucleotide was dried and resuspended 26 mM Tris—HCI, pH 7.5, samples were subjected to electrophoresis
250 fmolful in double distilled water and stored at <20 To  through a 15% polyacrylamide gel containing 2.5% glycerol and
ensure that uracil was removed and the AP site was reduced €hex TBE. The buffer used was &3BE and electrophoresis
oligonucleotide was labeled and annealed to an undamaged strara$ performed at°€ at 200-300 V fofB h.
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Figure 2. Reaction of endos Ill and VIII with sites of base damage closely opposed to a nucleotide gap. StrardaBeles ith2P and contained either DHT or Tg.

Duplex substrates (20 nM; see Fig. 1) were treated with either endo Ill (10 or 50 nM) or endo VIII (10-80 nM) under sizimambnelitions. Samples were subjected

to electrophoresis through a 12% polyacrylamide—7 M urea gel. Aliquots of 40 (for reaction with Tg) or 80 nM (for rea®idi vétido VIII and 50 nM endo Il were

used to generate the reaction products seéy).id[BioRad molecular imager was used to quantitate the percent of cleaved substrate. The average percent cleaved subst
for three reactions with standard errors are show)r{@) and D) for endo Il with Tg-containing substrates, endo VIII with Tg-containing substrates and endo VIII with
DHT-containing substrates respectively. The open bar, filled bar and stippled bar represent substrates with singleapsciqbiostmpns one, three and six respectively;

the horizontal bar represents the control substrate containing a single site of damage with no opposing gap. Barg thetteiefolocorrespond to substrates with
nucleotide gaps'®f the damage in strand A and bars to the right of the control are for substrates with the nucledtioketiyapl@nage in strand A.

RESULTS elimination reaction resulting in a 23mer with an attaahgd
unsaturated aldehyde moiety, while endo VIl catalyze@ a
followed by ad elimination reaction producing a 23mer with an
attached 3phosphate group, which migrates faster thanfthe
Strand A (54mer) containing a DHT or Tg at position 24 (Table 1¢limination product during electrophoresis. DNA containing Tg
was labeled wit#2P and annealed to strand B (as described iwith a single nucleotide gap positioned 1'nbi53 of the site of
Materials and Methods) to form duplex substrates with a site ofamage in the complementary strand was a poor substrate for
base damage closely opposed to a single nucleotide gap (Fig.ldth endo 1l and endo VIII (Fig. 2A). Similar results were
Following incubation with endo VIII or endo Il strand A was observed for endo VIII cleavage of a DHT-containing substrate
cleaved (Fig. 2A), leaving the expected reaction products: aft@fig. 2A). Increasing the amount of the DNA glycosylase
removal of the site of base damage endo Ill catalyz§d a increased cleavage of the substrates with the gap at position one

Removal of a site of base damage closely opposed to a single
nucleotide gap
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Figure 3. Reaction of endos Ill and VIII with an AP site closely opposed to a nucleotide gap. Strand ‘Aabated with32P and contained an AP site. Duplex
substrates (20 nM; see Fig. 1) were treated with either endo Il (0.5-5 nM) or endo VIII (5-20 nM) under standard cohelitiesistidn products generated by
incubating 2 nM endo Ill or 5 nM endo VIII with the AP site-containing substrates are shoWnARAP shows fragmentation of the control substrate after it was
boiled for 30 min. The average percent cleaved substrate and the standard errors for three reactions afe)srmh@)ifiqf reactions with endo Il and endo VIl
respectively. The open bar, filled bar and stippled bar represent substrates with single nucleotide gaps positionechtLfrBrarntde5AP site respectively; the
horizontal bar represents the control substrate containing the single AP site with no opposing gap. Bars to the leftraif tberegpond to the substrates with
nucleotide gaps'®f the damage in strand A and bars to the right of the control correspond to substrates with the nuclebtifi¢hgagieBrage in strand A.

on strand B (see Fig. 1), but cleavage was still limited, 5% fdo the AP site, strand A of the MDS substrate contained an AP site
endo VIl and 15% for endo IIl, under the conditions examinedt position 24 and was-Ebeled with32P (Fig. 1). As seen in
(Fig. 2B-D). Increasing the distance between the gap and the Figure 3A, endo VIII or endo Il activity was substantially lower
however, increased the efficiency of endo Il cleavage. In faclvhen the substrate contained a gap 1 ot 3 of the AP site than
cleavage was equivalent to that of the control when the gap Wé control substrate or when the gap opposite was further away.
at position six 5or 3 of Tg (Fig. 2B). A similar increase in |ncreasing the enzyme concentration substantially increased
substrate cleavage was seen for endo VIIl with DHT or Tg if thgleavage of these substrates by either enzyme (Fig. 3B and C).
gap was 50of the site of base damage on the opposing strangyhen 20 nM endo VIII was used 65% fragmentation was
However, endo VIII activityvyas inhibited to a greater extent if the,cpieved if the gap was at position onebthe AP site. This
opposing gap was 8f the site of base damage. If the gap Wag|eavage was much greater than when the MDS contained DHT
positioned 6 nt away from the modified pyrimidine, cleavage wag; 14 4t the same position on strand A, when approximately equal
equal to or less than' that of the substrate with the gap'3fit 3 levels of control cleavage were compared. As was found for MDS
the base damage (Fig. 2C and D). containing Tg or DHT, the efficiency of endo VIII cleavage of the
AP site was affected more by the presence of the gap if it was
placed 3or opposite the AP site rather thantfowever, only the
distance between the two opposing lesions and not the orientation
To determine if the AP lyase activity of endo VIII and endo lllof the opposing gap appeared to affect endo Il activity (Figs 2B
was altered by the presence of a hucleotide gap in close proximitgd 3B).

Cleavage at an abasic site closely opposed to a single
nucleotide gap
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Figure 4. Analysis under non-denaturing conditions of reaction products generated by endo VIl activity on MDS substrates. EnddAYMWg80ncubated under
standard conditions with 18 nM control or MDS substrates containing DHT in strand A and a single nucleotide gap in strapleBw&a subjected to
electrophoresis in a 15% non-denaturing polyacrylamide gel. After the gel was dried autoradiography was used to vigsdiintheoducts.
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Figure 5. Endo VIII binding to a rAP site closely opposed to a single nucleotide gap. Control and MDS substrates (1 nM) were iticib&@aM endo VIl in 10 mM
Tris—HCI, pH 7.5, 1 mM EDTA, 50 mM NacCl, 3.2% glycerol for 5 min &t@0Samples were subjected to electrophoresis in a 15% non-denaturing polyacrylamide gel.
(A) An example of a gel showing the products of 0 or 5 nM endo VIII binding reactions. Triplicate reactions were perforreealarabés of each set with standard
errors are shown iBj. The open bar, filled bar and stippled bar represent substrates with single nucleotide gaps 1, 3 and 6 nt from thestrARds®erespectively;

the horizontal bar represents the control substrate containing the rAP site with no opposing gap. Bars to the lefiobttreespoind to substrates with nucleotide gaps

5' of the damage in strand A and bars to the right of the control are for substrates with the nucledtioletiyapl@mage in strand A.

Does cleavage of the site of base damage in a MDS result in DHT but no gap opposite, had a faster mobility on the
a double-strand break? non-denaturing gel than a DHT-containing substrate with a
nucleotide gap in strand B (Fig. 4, lanes 3, 5, 7, 11, 13 and 15).
To test this possibility strand A of a duplex substrate containing/hen the control substrate was treated with endo VIII (lane 10)
a DHT was 5labeled with?2P. Reactions were carried out as fortwo bands were detected, one the size of the untreated control
Figure 2 using 18 nM substrate and 80 nM endo VIIl. Thesubstrate and the other the size of the untreated MDS substrate.
products of the reaction (Fig. 4) were visualized followingThe latter band was more intense and corresponded to dsDNA
electrophoresis through a non-denaturing gel. The doubleentaining a gap in strand A, due to removal of DHT by endo
stranded structure of the DNA was maintained during electrd/lll. As can be seen in Figure 2D, under these reaction conditions
phoresis. The control double-stranded substrate (lane 9), containB@f6 of strand A containing DHT was cleaved by endo VIII.
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Addition of endo VIII to MDS substrates with DHT opposite aVIll was not altered by the close proximity of the 8-oxoG in the
gap resulted in breakage of the duplex substrate (Fig. 4, lanepposite strand. A similar result was found for endo Il cleavage
6, 12, 14 and 16). The breakage products had differenf a Tg closely opposed to an 8-oxoG lesion (data not shown).
electrophoretic mobilities and migrated more slowly than a To determine whether endo VIII binding to a rAP site opposite
23mer. As the single nucleotide gap was moved towards tileoxoG correlated with the ability of endo VIII to cleave the
5'-end of strand B and thé&nd of strand A in the MDS substrate pyrimidine lesion opposite 8-o0xoG, binding substrates were
mobility of the breakage products decreased. We believe this generated with a rAP site in strand A and no damage or an 8-oxoG
be due to an increase in size of ther®d of fragment B that is 3 or5nt5 or 4 or 5 nt 3of the rAP site in strand B (Fig. 1 and Table
annealed to the'#abeled 23mer of strand A. A dsb was notl). As was observed for cleavage of pyrimidine lesions opposite
produced by endo VIII treatment of the control substrate (lane 1@-0xoG (Fig. 6A and B), the binding of endo VIII to the rAP site
Endo VIII did not cleave the MDS substrate containing a singlepposite 8-0xoG was identical for all the substrates (Fig. 6C).
nucleotide gap at position oné & the DHT (Fig. 4, lane 8),
although it did form a complex with the DNA. This complex hadrable 2. Binding of endo VIIl to MDS substrates containing a rAP site opposite
a similar mobility to faint band€1% of the substrate) detected a ssB
in lanes corresponding to the endo VllI-treated control substrate
and the MDS substrate with the gap at position three of six 3 Position of gap in strand B relative ApproximateKg (nM)
the DHT (Fig. 4, lanes 10, 14 and 16). To determine whether ende rAP in strand A
VIIl had removed the DHT from the substrate containing amn
opposed gap 1 nt 6f the DHT the reaction was repeated and the

6nt3 4

products boiled and analyzed on a denaturing gel. Strand A digi"t 3 19
not fragment (data not shown), indicating that the DHT was stilli nt 3 NDP
present. Similar binding was observed for a substrate with the gag, o 4

at position one but which had a T in place of the DHT on strand

A (data not shown). It is possible that endo VIII bound to an® "3 ND
altered DNA structure caused by the presence of the opposing gapt 3 15
or to the gap itself. 6nt3 60

3Binding reactions (see Materials and Methods) were performed (in triplicate) using
1 nM substrate and 1, 5 or 20 nM endo VIII. Reactions were also carried out with
50 nM endo VIIIl. The amount of bound versus total substrate in the reaction was

antitated using a BioRad Molecular Imager. Percent protein—-DNA complex was

L . . plotted against concentration of endo VIII and the concentration at which 50% of the
containing a reduced AP site and labeled #Wfhwas incubated substrate was bound to endo VIII was determined. For substrates containing a gap 6

with endo VIl and binding determined by gel shift analysis. Endgt 3 of the rAP site the line was extrapolated to estimat&gh&ndo VIII did not

Vil has pre\{iously been shown to bind strongly to a rARSEg. _bind to the rAP site when the gap was at position one in the MDS.
Endo VIII is unable to cleave the DNA, as cleavage i$nD, not detected.

accomplished b, elimination, which requires an aldehydic AP
site. Figure 5 shows binding of endo VIII to MDS substrates with

arAP site closely opposed to a single nucleotide gap. Binding w,

drastically reduced by the presence of a gap at position one 5 Biscussion

3 of the rAP site (Fig. 5A and B). Binding increased as th&tudies of ionizing radiation track struct(®e6) and assessments
distance between the gap and rAP site increased to$ite®f  of the number of lesions required to induce one lethal event/cell
the rAP. However, binding to the substrate was reduced when thgve indicated that certain agents, such as ionizing radiation and
gap was at position six versus position threef the rAP site. A pleomycin A2, induce complex DNA lesions (2). Experimental
crude equilibrium disassociation constafy)(was estimated by evidence suggests that repair of such complex lesions can result
determining the concentration of endo VIl required to bind 50%n an increase in DNA damage. For example, incubation of
of the_ rAP substrate. No $i_gnificant blndlﬂg to MDS SUbStrat%irradiated p|asm|d DNA with human cell extracts under
containing a gap at position one could be detected even sdavenging conditions considered to be equivalent to those in the
concentrations of 50 nM endo VIII (data not shown). Thesell (200 mM Tris-HCI) resulted in an increase in ssb in the
approximateKq values for MDS substrates with gaps at theplasmid that were distinct from heat-labile sites (sites of base loss)
remaining positions are shown in Table 2. (40). Also, the level of DNA dsb has beeifid to increase in
irradiated cells that were allowed time to repair DNA damage
Endo VIII cleavage of a site of pyrimidine damage closely ~ (41-43). Consistent with these obséioves, endo Vil formed
opposed to an oxidized purine lesion dsb in substrates containing DHT and an opposing ssb 3 or 6 nt
away (Fig. 4). However, endos Il and VIII were unable to remove
Strand A, containing either a DHT or Tg at position 24, wadg if a ssb was situated 1 i 3 of or opposite the base damage
5'-labeled with32P and annealed to each of the four different BFig. 2). Similarly, removal of DHT by endoVIIl was inhibited by
strands that contained a single 8-0xoG (see Table 1 and Fig. 1}loe ssb at position one (Fig. 2). The ssb still inhibited the activity
a B strand with no damage. This generated five substrates: conwblthe repair enzymes if it was 3 nt away, although to a lesser
(containing only a site of pyrimidine damage) or MDS with arextent (Fig. 2). Previously, repair of closely opposed DHT
opposing 8-0xoG 4 or 5 nt,3r 3 or 5 nt 50f a DHT or Tg. As  residues by endo Ill was shown to generate a ssb not a dsb if the
shown in Figure 6A and B, removal of the Tg or DHT by enddwo sites of base damage were 1 or 3 bp af&8}. Our

Does a decrease in cleavage of the substrate correspond to an
alteration in the binding of endo VIII to the MDS substrate?

To test this supposition strand A of the duplex substra



% CLEAVED SUBSTRATE % SUBSTRATE CLEAVAGE

% PROTEIN-DNA COMPLEX

80

60

40

20

20 80

ENDONUCLEASE VIII [nM]

80

60

40 1

20 1

5

ENDONUCLEASE VIII [nM]

80

60

40 1

20

1 5

ENDONUCLEASE VIII [nM]

Nucleic Acids Research, 1998, Vol. 26, No. 4 939

observation accounts for this reg8I8), since removal of the first
DHT by endo IIl would have generated a ssb 1 or 3 nt from or
opposite the second DHT, which would have inhibited further
action by endo lll. Endo Il treatment of a substrate containing
two opposed DHT 5 or 7 nt apart was also shown to form a dsb
(32), dthough this reaction was slow and required a high
concentration of endo lll. The decreased ability of endo Il to
remove a DHT compared with Tg opposite a ssb, when the ssb
was >5 nt away, may be attributed to the hidgygof endo Ill for

DHT compared with Tg (Hatahet and Wallace, unpublished
observations). Endo VIl removal of DHT was also inhibited to
a greater extent than removal of Tg (Fig. 2C and D) in MDS with
a ssb at positions three or sixa8 the base damage. Endo VIlI,
like endo lll, binds and cleaves Tg better than DHT (Hatahet and
Wallace, unpublished observations).

AP sites in the MDS examined here were more susceptible to
cleavage, especially by endo VIII, even when the gap was'1 nt 5
or 3 of the AP site (Fig. 3). This was also noted for endo Il by
Chaudhry and Weinfel(B3). However, their assay did not detect
inhibition of dsb formation when the AP sites were 1 nt apart
compared with >3 nt apart, suggesting that endo Ill removal of an
AP site was not affected by a ssb at position one, which is contrary
to our results. An explanation for this difference may be the high
enzyme concentration and long incubation times used by
Chaudhry and Weinfel(B33). Their result does infer, however,
that given enough time and enzyme the inhibition of endo Il seen
in Figure 3B could be overcome and result in enhanced dsb
formation. Bleomycin and neocarzinostatin also produce complex
DNA lesions with AP sites opposite ssb. This MDS represents
only a small proportion of bleomycin-induced DNA damage but
accounts for the majority of neocarzinostatin-induced damage
(44). The structure of the bleomycin MDS iknown, however,
neocarzinostatin produces an AP site 2 af & strand break (45).
High concentrations of endo Il were also required to cleave these
complex lesion#n vitro (45).

DNase | footprinting suggests that endonuclease Il protects
[P-11 bases on the rAP site strand and the complementary strand
in a duplex 39mer, with four basesdnd 3 of the rAP site
protected (46). In other words, theofprint is reasonably
symmetrical around the lesion site. In contrast, examination of the
DNase | footprint of endo VIII with a rAP site (11) shows that
binding of the enzyme is asymmetrical, predominaritiyf 3he
damage site, with contact sites primarily on the damaged strand.
These observations are in keeping with the effect of a closely
opposed ssb on the abilities of endos Ill and VIII to remove a base

Figure 6. The effect of a closely opposed 8-0xoG on cleavage of a pyrimidine
lesion and binding to a rAP site by endo VIII. Control or MDS substrates (20 nM)
containing either DHT or Tg on strand A and no damage or an 8-0xoG on strand
B (see Fig. 1) were incubated with increasing amounts of endo VIII under
standard reaction conditions. The averages and standard errors of triplicate
reactions are shown iA] and B) for DHT- and Tg-containing substrates
closely opposed to 8-0xoG respectively. Binding reactions were performed
under standard conditions with 1 nM control or MDS substrate containing a rAP
site on strand A and no damage or an 8-0xoG on stra@) Bhé average and
standard error of percent protein-DNA complex from three independent
reactions. The filled bar, open bar and stippled bar represent DNA molecules
with the 8-0x0G 3, 4 and 5 nt from the target lesion respectively; the horizontal
line bar represents the control substrate containing the rAP site with no
opposing gap. Bars to the left of the control correspond to the substrates with
8-0x0G 5 of the site of pyrimidine damage or rAP site and bars to the right of
the control are for substrates with the 8-oxdGof3the site of pyrimidine
damage or rAP site.
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lesion, i.e. the opposed sstob 3 of the target damage inhibited the greatest extent (Fig. 2). Exonuclease lll, the major class Il AP
endo Il equally if they were equidistant from the damage irndonuclease dt.coli, also demonstrated reduced cleavage of
strand A, but ssb positionetd the target damage inhibited endo this substraté34). If replication of this MDS substratesigempted

VIl to a greater extent than those positioned equidistaritafr 5 itis likely that replication could be blocked on the strands containing
the target damage (Fig. 2). Gel mobility shift analysis of endo Vlia ssb, abasic site or thymine glycol (for a review see ref. 51). In
binding to DNA containing a rAP site opposite a ssb (Fig. 5) alsb.coli, where the replication complex contains two polymerase
correlated with the cleavage asymmetry except when the AP sheloenzyme units which replicate both strands in cor(éix,

was separated from the opposed gap by 1 nt. In this case $i¢h a MDS could either block the complex and kill the cell or the
binding to the rAP site was found but cleavage of the AP site w&®loenzyme could reinitiate downstream, generating a gap
observed. Taken together with the footprinting data, the bindingauiring post-replication recombination repair. No genetic
and cleavage data suggest that the enzyme may contact @ferations would be expected from replicating a strand containing
nucleotide ‘lost’ at the gap six basesfthe rAP site or its pairing PHT (24). However, if an pposing ssb is introduced 3 or 6 nt
partner in strand A. A similar situation has been found foAWay by e|the(ahydroxyl radical during |_rrad|at|on or initiation
cleavage of two closely opposed AP sites by human APf repair of a site of base damage or AP site, further action by the
endonuclease (APE). Activity was inhibited if the AP sites wer&ER pathway to remove the DHT could form a dsb (Fig. 4). Thus
positioned 1 and 3 nt' ®f each other (34) and mhglation a non-lethal lesion, such as DHT or 8-0x0G, could be converted

interference studies using one AP site have indicated that APRC & lethal dsb. The question remains whether the ssb can be
contacts the DNA at position one and threef3he AP site on  '€Paired prior to cleavage of the opposing site of base damage or
the damaged straid7). Alterndively, since endo VIl preferen- AP site. If this occurred, a dsb would not be formed and the MDS

tially cleaves double-stranded damaged substfai®sand the Iesions WOUld be repaired .Seq“‘?”“*’?‘”y as single lesions. This
single nucleotide gap in the MDS substrates may result in eﬂyestlon is currently under investigation.
altered DNA conformation (Fig. 4), binding of the enzyme to the
MDS substrates could have been disrupted by the presence of XEKNOWLEDGEMENTS
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