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The 5* — 3 exonuclease activity of E. coli DNA polymerase I and a related enzyme activity in maromatian cell nuclei, DNase IV. are unable to

catalyse the excision of free deoxyribose-phosphate from apurinic/apyrimidinic (AP} sites incised by an AP cadonuclease. Instead, the sugar

phosphate residue is slowly released as part of a short oligonucleotide. These products have been characterised as dimers and trimers by comparison

of their retention time on reverse-phase HPLC with reference compounds prepared by acid depurination of a dinucleotide. trinucleotide and

tetranucleotide containing a 5-terminal JAMP residue. The similar mode of action of these enzymes at 5'-incised AP sites provides an exptanation

for the minority of repair patches larger than one nucleotide observed when AP sites are repaired by E. coli and mammalian cell extracts in vitro
and strengthens the functional analogy between the two activitics.

Apurinic/apyrimidinic sites; DNase 1V; DNA polymerase 1

1. INTRODUCTION

Apurinic/apyrimidinic (AP) sites are common lesions
of DNA which may arise spontaneously [1] or followiwg
the excision of altered bases by DNA glycosylases [2,3].
The correct nucleotide is restored in prokaryotes and
cukaryotes by a highly conserved pathway of excision-
repair. The process is initiated by an AP endonuclease
{4] which incises the phosphodiester bond 5' to the AP
site. This produces a 3'-hydroxyl terminus which can be
used as a primer by a DNA polymerase, and a 5'-ter-
minal deoxyribose-phosphate (dRp) residue which must
be removed before ligation of the DNA strand. The
major activity catalysing the excision of the bascless
sugar-phosphate moiety in extracts of E, coli and mam-
malian cell nuclei is a DNA deoxyribophosphodiest-
erase (dRpase). This enzyme has no exonuclease activity
and docs not extead the gap in DN.\ beyond one nu-
cleotide [5-7).

The major human nuclear 3 — 3' exonuclease,
DNase 1V, was unable to release a 5'-terminal dRp
residuc in free form but could apparently catalyse the
slow excision of short oligonucleotides containing dRp
from an incised AP site [6]. A small proportion (5-20%)
of the repair patches filled-in at AP sites by E. coli and
mammalian cell extracts comprised more than onc nu-
cleotide [7). Moreover, it has been observed that E. coli
DNA polymcrase i, which posscsses a 5 —» 3 ox-
onuclease activity, is able to participate in the complete
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repair of AP sites in cell-free assays in the absence of
other functions [8.9). Thus, this enzyme and the
analogous DNase 1V from mammalian nuclei may re-
present a back-up function to dRpase, in addition to
their more usual activity of catalysing the excision of
ribonucleotide primers prior to joining of Okazaki frag-
ments [10-12].

To clarify the role of these §' — 3' exonucleases in the
excision-repair of AP sites, reverse-phase high per-
formance liquid chromatography (HPLC) was used to
identify the products released from AP sites during in-
cubation with the two enzymes. It is shown here that
both activities only releasc dimers and trimers contain-
ing a 5'-terminal sugar phosphate from incised AP sites.
This confirms that neither enzyme caialyses the excision
of free dRp.

2. MATERIALS AND METHODS

2.1. Oliganucleatide substrates

Poly(dA-dT) containing incised “P-labeled 5-AP sites was prepared
as described [6). Briefly. poly(dA-dT) containing occasional “P-
labeled AUMP residucs was synthesized by incubation ol poly(dA-
dT). {a-"PlIUTP. JAT and TTP with the Klcnow lragment of £ coli
DNA polymerase 1. After heat inactivation of the polymerase. the
polynucleotide was incubated with £ i uracil DYNA glycosyliase and
with £, cofi exonuclease HEin 0.1 M NaCL 10 mM sodium citrate (pH
7.0, under which conditions the Lstier enzyme funciions only as an
AP epndonuglease [13]. The incised polynucicotide was precipitated
with ethanol and stowad in 10 mM etrate butfer (pH 6.3) w1 - J07C,

S PRoligotd V. polyic o wan orepared as described [14] dT
produced on o commercntl J3ea antitesiser, was end-labeled with
[r-“"PIATP using T4 polypuct-ude kinase (Bochringer Mannheinn
and anncaled to poly (dA).

To ohtpin UPLC reference compounds for compatison with the
excision products released by exaoucleiases, the di-. -, and tetranu-
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cirotidies AT, ATT. and AT I T were deprrinated to produce ST.STT
and STTT, where S represenss dRp. The olipoauciotides were pre-
pared oa a commaescial DNA symibesizer and desalind by application
to 2 Brownlze C-18 reverse plase (4.5 mm x 3 om) cartridge columm
tides (0.2-0.25 mmol) were depurinated by incubation in 0.1 M HCH
{90 pl) for 90 min a1 37°C. Foliowing depurizmtion. 500 g1 S0 mM
NaH.PO; (pH $.49) was addsd to the reaction mixture and the ofigonu-
clrotides eoved 2t —XPC.

22 Reagent excyemes

The boloenzyme znd the Klenow fragment of E cofi DNA po-
bmerase L and E coli exomuciezse I were prrchased from Bosh-
ringee Mamnbeim. Uracl-DNA ghoosylace [15), human DNase [V
{6.16] and buman DNA dRpase [6] were purified as described,

2.3, Repair exsays

Repair assays were performed as described {6). Reaction mixtures
(100 pd) contamimg poly(dA-dT) with incised “P-lzbeled S-AP sites in
50mM HEPES-NaOH (pH 8 0). 3or 10mM MgCl., | mM DT T nere
incubated at 37°C for 20 min with either E cofif DNA polymerase 1
(1 U), DNase IV (0.025 U) or homan DNA dRpease (0.005 U). The
reactions were terminated by freezing to —20°C and the material kept
at this temperature until product analysis was performed. After thaw-
ing, the whole reaction mixture was applied to an HPLC column as
described below,

2.4. Product analvxis

The reaclion products were separated by reverse-phase HPLC using
a Varizn Micropak MCH-10 column (4 mm x 30 cm). A gradi=nt of
2% methancl®0.1 M ammonium formate (pH 5.0) to 100% methanol
was applied over 20 min at 1 mi‘min, followed by $ min isocratic
cfotion with 100% methanol a1 I mVmin. Fractions (0.5 min) were
collected and the radioactive materisi eluting in each fraction deter-
mined by fiquid scintiflation counting. Decxyribose phosphate
(Sigma), as determined by colorimettic esimation using 2.4-dlinitro-
phenyThydraxine, and P, cluted a1 3-4 min, and JUMP (Sigma) a1 6-7
min as determined by altravicla-light atworption.

3. RESULTS AND DISCUSSION

3.1. Kinetics of the exenuclease functions of E. coli DN A
polvmerase I at S-teemini

The 5" ~» 3' exonuclease activities under investigation
have been shown previous!: ic %« unable to catalyse the
release of free dRp from S-incised AP sites [5.6.5]. but
appeared to release slowly shont oligonucleotides con-
taining dRp. In order to demonstrate that the 5* - 3
cxonuciease function of E. coli DNA polymerase 1. like
DNase IV, acted less efficiently at 5%-terminal sugar
phosphate residues than nucleotides a1t S-termini.
poly(dA-dT) containing “P-labelled incised AP <itcs
and [5-"Plolig{dT).poly(dA} were incubated with
0.01-0.02 U of DNA polymerase ! (Fig. 1). In a serics
of experiments the initial rate of excision of the S.ter-
minal nucleotide residue was approximately 6-fold
greater from the latter polynucleotide than the rate of
Eberation of dRp from the polvins ¢containing a micked
abasic site. This result indicates that the major 5 — 3
exonuciease activities from both bacterial and mam-
matian cells a1 preferentially at normal cather than
baseless end groups,

In order to exclude the possitrlity that iy appearance
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Radioactive raaterial (% release)

Fig. 1. Time course of reledse of S-terminal residucs from polydeosy-
rucleotides by exonuclease functions of E. coli DNA polymerase L.

Reaction mixtures containing 50 mM HEPES/NaOH (pH 8.0), i0 mM
MzCl.. | mM DTT. polynucleotide substrate (approximately 1-2 fmol
§-termini) and either the holoenzyme or Kienow fiagment of £ coli
DNA polymerase I were incubated at 37°C. Data shown represent ©
release of TCA-soluble radioactive material from [5-
“Ploligo(dT).poly(dA} on incubation with 0.01 U DNA polymerase
I; @ releasc of TCA-soluble radivactive material from poly(dA-dT)
containjng “P-labeled incised AP sites by 0.01 U DNA polymerase I;
a release of TCA-soluble radicactive material from poly(dA-dT) con-
taining “P-tabeled incised AP sites in presence of 0.05 U Klcnow
fragment.

of TCA-soluble radioactive material from the former
substrate was due to the 3' — 5' exonuclease domain of
E. coli DNA polymerase 1. » control cxperiment was
performed in which the polymer with radioactively-
labeled apyrimidinic sites was incubated with a higher
concentration (0.05) U of the Klenow fragment. This
protein lacks a 5' — 3' exonuclease function. Excision
of the 5-terminal dRp residue in acid-soluble foun was
approximately 10-20 times Iess efficient than with the
holosnzyme. and was not detectable ¢~ ag the first part
of the reaction {Fig. 1).

3.2. Elution times of depurinate! standurds

To characterise the short oligonucleotide released
from 5-terminal AP sites by the exonuclease activities.
compounds conlaining a S-terminal baccless sugar
phosphate as part of a dimer. trimer or tetramer were
prepared by acid depurination of a di., tri- or tetranu-
cleotide, and used as references for the elution of the
enzymatic products on reverse phase #PLC. Since the
radioactively-labeled enzyme subsirate contained a tor-
minal apyrimidinic siic rather than an apurinic site, the
expected products of the exonucieases (SA. SAT and
SATA) were slightly different from those of the depu-
nnated standards (ST, STT and STTT). The clution
profiles of the markers are shown in Fig 2. The acid-
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Fig. 2. Elution profiles of depurinated reference oligonucleotides. The
oligonucleotides AT, ATT and ATTT were depurinated with 0.1 M
HCI as described in Section 2. After nixingz with 500 x4l 50 mM
NaH,PQ, (pH 4.4), 100 41 of the standaid was applizd to a a Varian
Micropak MCH-1Q column (4 mm <30 cm) and a gradient of 2%
methanol/0.1 M ammonium formate (pH 5.0) to 100% methanol was
developed over 20 min at 1 ml/min, followed by § min isocratic clution
with 100% methanol at 1 ml/min. The quantity of oligonucleotide was
determined by absorption at 254 nm. The profiles shown indicate the
clution times of ST (a), STT (b) and STTT (c). All oligonucicotides
were cluted as a mixture of depurinated and non-depurinated com-
pounds, since depurination was incomplete under the conditions used.

catalysed release of adenine was incomplete under the
depurination conditions employed [17]. In each case,
two main peaks of UV-absorbing material were ob-
served, the carlier due to the oligomer containing a
5'-terminal sugar phosphate and the later to that with
a $-terminal nucleotide. ST eluted at 9-10 min (Fig,
2a), STT at 11-11.5 min (Fig. 2b) and STTT at 11.5-
12.5 min (Fig. 2¢).

3.3. Products released from 5'-incised AP site by §' — 3
exonucleases

In order 10 identify the form in which the §'-terminal

¢Rp residue was cxcised, the polynucieotide containing

ncised P-labeled 5-AP sites was incubated with a

5' — 3 exonuclcase function, and the entire reaction

mixture injected on to a reverse-phase HPLC column,
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Fig. 3. HPLC analysis of excis wn prociuces relen: od from 5-incisad AF
sites by human DNA dRpase. Poiv(dA-dT} containing incised 2P-
labeled 5-AP sites (approximately 12 fma AP sitzs) was incubated
with 0.005 U human DNA dRpase cnder the coaditions described in
Section 2. The whole reaction mixiure was applied to a2 a Varian
Micropak MCH-10 column (4 nim x 30 5n) and a gradient of 2%
methanol/0.1 M ammonium formate (pH 3C) to 100% methanol was
developed over 20 min at 1 mi/min, foliovred by 5 ruin isocratic elution
with 100% methanol at 1 mVmin. Unretarded material appeared after
approximately 2.5 min. Fractions (0.5 min) were collected and the
radioactive maierial (@) present in each determined by liquid scintilla-
tion counting. The arrow indicates the elution volume of dRp as
determined by colorimetric analysis of eluted material by 2, 4-dinitro-
phenylhydrazine following application of 100 ug deoxyribose phos-
phate to the HPLC column.

The elution volumes of the radicactively-labeled eluants
were compared with those of the acid-depurinated
markers. Following incubation of the polynucleotide
with human DNA dRpasc. {YPldRp was released, elut-
ing at 3-4 min (Fig. 3), as previously Anseribed 16

After incubation of the polynucleotide with E. coli
DNA polymerase 1 (Fig. 4a), *P-labeled material
appearcd after 10-12 min indicating that the dRp
residue was cxcised as part of a mixture of small oligo-
nucleotides, predominantly comprising dinucleotides.
No dctectable material (< 0.02 fmol) was found at the
position of free dRp. The small difference between the
retention time of the radioactively-labeled excision
product (10 min) and the apurinic dinucleotide standard
(9.5 min) was probably duc to the presence of a pyri-
midinc rather than a purine in the latter.

When the polynucleotide was incubstted with DNase
IV (Fig. 4b), 1wo separaie ponks of radioactive material
were observed after 10 10.5 and 11.5-12 min respec-
tively. In this instance. where a 5' — ¥ exonuclease ac-
tivity without an associated 3 —» 5 exonuclease func-
tion was used. the “Plabeled incised 5'-AP sites coc-
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Fig. 4. HPLC analysis of excision products released from a S-incised
AP site by E coli and human §' - 3' evonucicascs. PolvidA-dT)
conaining incised “P-labeled $-AP sites (approximaicly 1-2 fmot AP
sites) was incubated with either £ coli DNA polymerase 1 (1 U) (a:
a)or Hela DNase 1V (0.025 U (b: @) under the conditions deseribed
in Sextion 2. The whole reaction mistare was applied 10 2 » Varian
Micropak MCH-10 colurmn (4 mm > 30 cmj and a gradiemt of 26
methanol0.) M ammeoniven: formate (pH $.0) 10 100% methano! wus
developed over 20 min at | mimin. fof'owed by § min soustic elution
anth 100% methanol 21 1| mUmin. Fractions (0.5 min) were coflected
and the radiosctive material present m cach determined by liguid
wntillation counting. Artows show the cution time of the indicatcd
reference compounds.

luted with the Jepurinaied di- and trinuclestide refe-
rence compounds after enzymatic excision. Again. the
radioactively-labeled apyrimidinic dinucleotide cluted
slightly later than the acid-depurinated dinucleotide.
and no free dRp was detecied.

3.4. Paoreniial roic of § — T exonucleases in excision.
repair

Gossard and Verly {8] oWserved that, after incision of
a reduced AP site by £ coli exonucicace 111, the 5 — 3
exenuclease of E. coli DNA polymerase § was ahle 1o

catalyse the release of di- and trinucleotides containg
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the 5-terminal reduced sugar phosphate residue. They
proposed ihat this activity was involved in the repair of
AP sites produced by depurination and the activity of
DNA glycosylases in vivo. Although we bave recently
shown that repair replication by both E. coli and human
ocll extracts in vitro results in the insertion of a single
nucleotide in most cases [7], a small number of larger
repair patches, which could not be explained by the
action of a dRpase. were observed. It scems probable
that the exonucleases investigated here are responsible
for the excision of the dRp residue in repair reactions
which produce these larger replication patches in vitro.
Moreover, these activities are likely to participate in the
repair of AP sites in systems where a dRpase is not
present.

The capacity of both the 5~ 3' exonuclease activity
of E. coli DNA polymerase I and DNase 1V to catalyse
the excision of dRp as part of a di- or trinuclectide
strengthens the functional analogy between these two
enzymes and supports the idea that they may function
as a sewvondary Uack-up sechanism i the cacision-
repair of AP sites in vivo.
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