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ABSTRACT. The amino-terminal 8-kDa domain of vertebrate DNA polymeyaggol 3) has an activity to
excise deoxyribose phosphate (dRP) groups fréidsed apurinic/apyrimidinic (AP) sites during base
excision repair. The excision reaction proceeds vjaeimination reaction following formation of a
Schiff base between an aldehyde group of the AP site and an amino group of the enzyme. Here we
report that the Lys-72 residue of this enzyme is the catalytic center for dRP excision. Substitutions of
Lys-72 with Arg or GIn reduced the dRP excision activity to less than 1% of the wild-type 8-kDa domain,
while substitutions of Lys-35, Lys-68, or Lys-84 did not abolish its activity. The Lys-72 mutations also
significantly decreased Schiff base intermediates trapped by reduction with sodium borohydride. The
8-kDa domain alone was able to bind preferentially to a single-nucleotide gdgraiged synthetic AP

site on double-stranded DNA. The Lys-72 mutations did not affect this damage-specific DNA binding
activity. When introduced into the intact enzyme, a mutation of Lys-72 to Arg did not affect DNA synthesis
activity of pol 8, but eliminated the repair activity. Addition of the wild-type 8-kDa domain to this
reaction restored the repair activity. These results indicate a specific role of Lys-72 @ipthe dRP
excision during base excision repair.

Base excision repair is the major mechanism to correct reported to catalyz@-elimination at AP sites, including a
modified bases, AP sitésand single-strand DNA break)( number of DNAN-glycosylase-associated AP lyases and
Various types of modified bases are recognized and removedhistones §, 7). Small molecules such as polyamines and
by DNA-N-glycosylases specific for each damaged structure, tripeptides, Lys-Trp-Lys and Lys-Tyr-Lys, are also known
resulting in a DNA with an AP site, which is a common as AP site-specifi@-elimination catalystsq, 8, 9. The
intermediate product in base excision repair. The subsequen8-kDa domain derived from pdl is unique: the size of the
repair of AP sites proceeds through four sequential steps:8-kDa domain (87 amino acids) is much smaller in com-
incision of the AP site at its'Side, excision of a dRP group, parison to DNAN-glycosylase/AP lyases; its specific activity
DNA synthesis, and ligation. These four steps can be for dRP excision is much higher than those of histones,
accomplished by two pathways. One pathway employs threepolyamines, and tripeptides; the 8-kDa domain (and also the
enzymes in vitro: AP endonuclease, poland DNA ligase intact 39-kDa polB) requires prior incision of AP sites at
(2); another pathway employs a different set of protein factors their 5 side for catalysis gB-elimination @), while all other
including proliferating cell nuclear antigen (PCNA3, (4, known AP lyases can carry oytelimination at AP sites
5). Among the three enzymes involved in the first pathway, without preincision. Thus the 8-kDa domain is a good model
pol B catalyzes two separate reactions: the dRP excisionsystem to elucidate the mechanisms of specific damage-
and the DNA synthesis2j. recognition angs-elimination.

The active site of pop for the dRP excision resides in ;
; . . : The structure of polf has been determined by X-ray
Ejhe ar_"".‘o'tgl”“t'”a' 8":5}? domatl_ln. Theﬁr_eporgblnam 8_—ktDat crystallography10). The 8-kDa domain is connected to the
omain s able to exert this reaction as etiiciently as In€ INtact o of tne enzyme (31-kDa domain) by a short linker peptide.

32;';?51&?233/(;2?: altr'] éhgf Z)I(R’CIIDSIQR d'Sc;{thﬁ gﬂg?ﬁzeé;q.on It forms a stable globular fold with foux-helices arranged
u u vatv  Indicating 'O into a bundle (Figure 1A).o-Helices A and B are aligned

proceeds byj-elimination @). There are many proteins antiparallel to each other, while-helices C and D form a
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apyrimidinic site; dRP, deoxyribose phosphate; HhH, helix-hairpin- (13) showed thf'ﬂ pob .and its 8-kDa domain form a Schiff
helix; UDG, uracil-DNA glycosylase. base intermediate with the dRP group in the process of
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Ficure 1: Structure of the amino-terminal 8-kDa domain of rat fo{A) Ribbon representation of the 8-kDa domain. Atomic coordinates

were obtained from the Brookhaven Protein Data BaZ® (inder accession code 2BPG. This figure was produced with MOLSCRIPT
(24). Side chains of four lysine residues (amino acids 35, 68, 72, and 84) and a Tyr residue (amino acid 39) are also depicted. (B) Amino
acid sequence of the 8-kDa domain. The amino acid sequence around the HhH riotifotifendonuclease Il (endolll)l(l) is aligned.

Four lysine and one tyrosine residues depicted in (A) are marked with dots. The lysine residue which is important for AP lyase activity of
endonuclease Il is marked with an asterisk. The regions formihglical structures are also indicated.
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Ficure 2: Reaction scheme for dRP excision catalyzed by the 8-kDa domain gf pal hemiacetal tautomer; 11, a ring-opened aldehydic
tautomer; lll, a Schiff base intermediate; 1V, a Schiff base intermediate gfetimination of the 3phosphate; V, an unsaturated dRP
group released from the 8-kDa domain.

p-elimination. This suggests that an amino group of either of the labeled oligonucleotide in the sample thus prepared
the amino terminus or one of the lysine residues of the 8-kDa was in a double-stranded form.

domain may be directly involved in this reaction (Figure 2).  Reactions for Schiff base formation were conducted in the
Mullen and his colleaguesl4, 19 proposed a model in  ffer containing 20 mM HEPES-KOH (pH 7.5), 5 mM
which Lys-68 or Lys-72 could be the residue forming a Schiff MgCl,, and 0.1 mg/mL acetylated gelatin. Indicated amounts
base with the dRP group. of pol § or its derivatives, 0.25 unit of uracil-DNA glyco-

In the present study, we examined a series of site-directedsy|ase (UDG; purchased from Perkin-Elmer), ang 2of a
mutations of the 8-kDa domain at positions which are likely freshly made solution of 0.5 M NaBHwvere added to the
to be essential for dRP excision. As a result, the catalytic reaction mixture whose final volume was/8. In the
center of pols for the dRP excision was determined. We raaction from which NaBkiwas omitted, it was replaced
also investigated the effects of these mutations on damageyith the same concentration of NaCl. The reaction was
specific DNA binding and DNA polymerase activities. On  started by the addition of AL of the annealed oligonucle-
the basis of these data, the molecular mechanism andytiges and continued for 30 min at room temperature. The
structural features of pop for dRP excision will be  gamples were then digested with @d micrococcal nuclease
discussed. in the presence of 10 mM Cagbr 30 min at 37°C. After

addition of 10uL SDS—PAGE loading buffer [62.5 mM

EXPERIMENTAL PROCEDURES Tris-HCI (pH 6.8), 2% SDS, 20 mM DTT, 10% glycerol,

Detection of Schiff Base Intermediatesthe 21mer  and 0.3 mg/mL bromophenol blue] and boiling for 1 min,
oligonucleotide (40 pmol) shown in Figure 3 was phospho- the samples were loaded on a discontinuous polyacrylamide
rylated with [y-32PJATP (4500 Ci/mmol) and T4 polynucle-  gel which consisted of 4% polyacrylamide in the running
otide kinase. After inactivation of the kinase with 0.5% SDS buffer (40 mM Tris-acetate, 2 mM EDTA, and 0.1% SDS)
and 12 mM EDTA, the labeled oligonucleotide was mixed adjusted to pH 6.4 layered over 15% polyacrylamide in the
with the 43mer and 20mer oligonucleotides (55 pmol each) running buffer (pH 7.4). Electrophoresis was performed in
shown in Figure 3, incubated at 7@ for 5 min, and the running buffer (pH 7.4) at 10 V/cm for 2 h. The proteins
gradually cooled to £#C. The annealed oligonucleotides in the polyacrylamide gel were transferred to an Immobilon-
were precipitated in ethanol, dissolved in&0of the buffer PS@membrane (purchased from Millipore) electrophoretically
containing 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and at 100 V for 1 h in thébuffer containing 10 mM CAPS (pH
100 mM NacCl, and stored at€ until use. More than 98%  11) and 10% methanol. After drying up, the membrane was
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Ficure 3: Formation of a Schiff base intermediate between/paind a dRP group at a preincised AP site. (A) Structure of the DNA

substrate for trapping a Schiff base intermediate. 20mer and 21mer upper-strand oligonucleotides were annealed to a 43mer lower-strand

oligonucleotide. The 21mer oligonucleotide carrying a uracil residue was labeled®Ritfdesignated by an asterisk) at itst&minus
before annealing. The two upper-strand oligonucleotides remained unsealed. (B) Covalent binding of a dRP grgfijand sl partial

proteins. Schiff base intermediates were trapped with NaBH4 as described in Experimental Procedures. Fifty nanograms of either intact pol

B (39 kDa; lane 1), the carboxyl-terminal 31-kDa (amino acids 885; lane 2), the amino-terminal 16-kDa (amino acidsl®1; lane 3),
or the amino-terminal 8-kDa domain (amino acids87; lanes 4 to 6) was incubated in the presence of uracil-DNA glycosylase (UDG)
and NaBH with the double-stranded oligonucleotide substrate shown in A. In lanes 5 and 6, UDG and, WeBHomitted from the

reaction, respectively. After incubation for 30 min at room temperature, the samples were digested with micrococcal nuclease and subjected
to electrophoresis in an SDS-containing 15% polyacrylamide gel, transfer to a PVDF membrane, and autoradiography. The 31-kDa domain

did not form a Schiff base intermediate because it does not have a dRP excision az}ivity (

subjected to autoradiography with an X-ray film or a Fuiji
imaging plate for quantitative analysis.

Construction of Mutant ProteinsSite-directed mutations
were introduced into the overexpression plasmid for the
8-kDa domain 2) by a PCR-based method®) with the
following primers: 5CGATCCACCGTTACAATGC-3and
its complementary oligonucleotide for the K35R mutation,
5-CGATCCACCAGTACAATGC-3 and its complementary
oligonucleotide for the K35Q mutation;-5AGGAACACG-
TATTGCTGA-3 and its complementary oligonucleotide for
the K68R mutation, STAGGAACACAGATTGCTGA-3
and its complementary oligonucleotide for the K68Q muta-
tion, 5-TTGCTGAACGTATTGATGA-3 and its comple-
mentary oligonucleotide for the K72R mutatior; oI GCT-
GAACAGATTGATGA-3' and its complementary oligo-
nucleotide for the K72Q mutation;-BATTGCGTCGTCTG-
GAAAA-3' and its complementary oligonucleotide for the
K84R mutation, SAATTGCGTCAGCTGGAAAA-3 and
its complementary oligonucleotide for the K84Q mutation,

and 3-ACAATGCACAGAGAAAAGC-3' and its comple-
mentary oligonucleotide for the Y39Q mutation. K72R and
Y39Q mutations were also introduced into the overexpression
plasmid for the intact 39-kDa p@# in a similar manner.
Mutant 8-kDa domains and pglwere overexpressed from
these plasmids and purified as previously describ®d (
except that the 8-kDa domain and gibtarrying the Y39Q
mutation were overexpressed at 5 instead of 37°C.

dRP Excision AssayExcision of 3-terminal dRP from
preincised AP sites with the 8-kDa domain was measured
as previously describe@). Briefly, the pBS-DNA (Strat-
agene) which carried a natural AP site and was labeled with
32p at itsEcoR site (prepared as previously described in ref
3) was digested with AP endonuclease, and subsequently
incubated with indicated amounts of the 8-kDa domain for
30 min at 25°C. After reducing the remaining-$erminal
dRP with NaBH, the DNA was recovered, digested with
Hinfl, and subjected to electrophoresis in a 20% polyacryl-
amide gel containip 8 M urea. Radioactivities of the DNA
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Table 1: Affinity of the Wild-Type 8-kDa Domain to Various DNA Table 2: Affinities of Wild-Type and Mutant 8-kDa Domains to

Substrates Damaged DNA
DNA Substraté relative responge Kq (nM) &= SD° 8-kDa domain relative response Kg (M) + SD
) NZ wild-type 1.57 204+ 31
Oligo-! SrFG 16 20031 K72R mutant 1.61 136 17
K72Q mutant 1.47 17% 37
Oligo-1I G‘JGFG 0.97 3704 87 Y39Q mutant 0.94 47119

a Affinities to oligo-lI (see Table 1) were calculated in the same
manner as those of Table 1.

Oligo-III — GVPG 2.0 55+8
v domain, and was obtained by extrapolation of the observed

Oligo-IV G oG 0.70 37043 response curve (Figure 6A). Initigy andRmnax values were
obtained through regression of the double-reciprocal plot line

Oligo-V — Y o 3304 100 (Figure_ 6B, inset), a_nd subsequently the final vglues were
determined by nonlinear least-squares regression analysis
with the BMDP statistical package. The results shown in

Oligo-VI GFG 039 8504340 Tables 1 and 2 were obtained from the data with 50, 100,
200, 300, 400, and 500 nM of the 8-kDa domain.

Oligo-VII GUG 0.40 870 £ 300 DNA Polymerase AssayDNA polymerase activity of pol

a Arrows and triangles indicate a nick and a single-nucleotide gap, f was me_asured ona pOIy(dA,)/O|'gO(dT) template/primer
respectively. A synthetic AP site analoguétérminal phosphate, and ~ (Molar ratio 5:1; total 0.5ug) in 25 uL of the buffer
hydroxyl groups are designated as F, P, and O, respectiRlgsponses  containing 50 mM Tris-HCI (pH 8.8), 100 mM KCI, 0.5 mM
with 5(_)0 nM' protein in surface_ plasmon_ resonance assays were MnCl,, 0.4 mg/mL BSA, 1 mM DTT, and 5@M [a-32P]-
nc_)rmallzed ywth the response with anr_lealln_g _of each upper strand TTP (5000-10000 cpm/pmol) with 1 ng of pgh at 25°C.
oligonucleotide as s_howr_1 in Flgu_re 6€Dissociation constants were One unit of activity corresponds to the incorporation of 1
calculated as described in Experimental Procedures. - ’ e o .

pmol of TMP into acid-precipitable material in 30 min.

AP Site Repair AssayThe repair reaction of natural AP
sites was performed as previously descrit@dwith 14 ng
of Xenopus lagis AP endonuclease and 0.2 unit of T4 DNA
ligase (Gibco-BRL) on the circular DNA which was labeled
with 32P five nucleotides away on the Side of a unique
AP site. When indicated, 50 ng of pgl| either wild-type
or one of the mutants, and/or 10 ng of the wild-type 8-kDa
domain were added to the reaction.

which still carried a dRP group and the DNA from which a
dRP group was removed were measured with Fuji BAS1000.
DNA Binding Assay with a BlAcore Systermll the
oligonucleotides and proteins used in the binding assays with
a BlAcore 1000 (BlAcore) were in buffer containing 20 mM
HEPES-KOH (pH 7.5), 150 mM KCI, 5 mM Mggl and
0.02% Triton X-100. A 5biotinylated oligonucleotide (5
b-TCTACGGCCACACGTACCCTGCT-3, which is the
common lower-strand for pligo—l to -VII (Taple 1), was  RESULTS
immobilized on a streptavidin-conjugated Biosensor chip
(BlAcore) by injecting 32%L of the 0.54M oligonucleotide Schiff Base Formation between gbland a dRP Group.
solution at 10uL/min followed by 200uL of 5 uM free The S-elimination reaction on aldehydic AP sites proceeds
biotin. This Biosensor chip carrying the lower strand through an abstraction of thé @roton (L7). The substrate
oligonucleotide was used repeatedly through assay cyclesfor this reaction is deduced to be either a free aldehyde or
consisting of the following four steps: a) injection of &b an iminium ion derived from a Schiff base formed between
of 2 uM upper-strand oligonucleotide at @L/min; b) the carbonyl group of the aldehydic AP site and an amino
injection of 250uL of various concentrations of the indicated group of the enzyme. Using a strong reducing agent, NaBH
8-kDa domain at 3@L/min followed by 100uL of the buffer Piersen et al.1(3) was able to trap a cross-linking product

at the same flow rate; c) injection of 3@ of 1 M KCI- between pop and the AP site-containing DNA labeled with
containing buffer at 3@L/min; d) injection of 30uL of 30 2P at the 3terminus, suggesting thatelimination catalyzed
mM NaOH at 3QuL/min. The upper-strand oligonucleotides by pol 8 may proceed via a Schiff base formation.

used in these assays were(BCAGGGTACG-3 and 3- Applying the same techniques, we demonstrated that this

phosphorylated FGTGGCCGTAG-& designates a 3-hy-  Schiff base formation actually can be correlated to the dRP
droxy-2-hydroxymethyltetrahydrofuran) for oligo-I;'-5 excision activity of polg (Figure 3). In this experiment,
GCAGGGTACG-3 and B-unphosphorylated FGTGGC- we employed the intact pgf and three proteins which
CGTAG-3 for oligo-ll; 5-GCAGGGTACG-3 and 3- include the carboxyl-terminal 31-kDa domain (amino acids
phosphorylated GTGGCCGTAG-3for oligo-lll; 5'-G- 88—335), the amino-terminal 16-kDa domain (amino acids
CAGGGTACG-3 and 3-unphosphorylated GTGGCCGTAG- 1-151), and the amino-terminal 8-kDa domain. These
3 for oligo-1V; 5-GCAGGGTACG-3and 3-phosphorylated  proteins were incubated with a double-stranded oligonucle-
TGTGGCCGTAG-3 for oligo-V; 5-GCAGGGTACGF- otide containing a'sincised AP site whos€ phosphate was
GTGGCCGTAG-3for oligo-VI; 5-GCAGGGTACGUGTG- labeled with®?P. After trapping the Schiff base intermediates
GCCGTAG-3 for oligo-VII (see Table 1). Dissociation by NaBH, we treated the samples with micrococcal nuclease
constantsiy) were calculated from the equationRE (Ky/ to remove all the DNA except th&P-labeled dRP group
Rmay(1/[8-kDa domain])+ 1/Rmax in which R was the from the cross-linking products. Th&P-labeled products
asymptote of the response to each concentration of the 8-kDaexhibited the electrophoretic mobilities indistinguishable
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from those of the respective unreacted proteins except for
the 31-kDa domain, which did not form any cross-linking
product with the??P-labeled dRP (Figure 3B, lane 2). This
observation is consistent with our previous biochemical data
in which the 31-kDa domain failed to excise dRP groups
from AP sites ). The cross-linked products were hardly
detected when either uracil-DNA glycosylase (UDG), which
converts a uridine to an AP site, or NaBhas omitted from

the reaction (Figure 3B, lanes 5 and 6). When nuclease
treatment was omitted from the assay, another radioactive
band which migrated more slowly than each protein was
detected in addition to the band migrating with each
unreacted protein (data not shown). These products with
slower mobilities were those which remained covalently
bound to the oligonucleotide. A similar species of products
was observed by Piersen et di3), This indicates that Schiff
bases can be trapped at either before or #felimination
releases dRP from the rest of the DNA.

Effects of Site-Directed Mutations on dRP Excisioro
identify which specific residues on the 8-kDa domain forms
Schiff base with dRP, we carried out a number of knowledge-
based site-directed mutagenesis on the lysine residues
Escherichia coliendonuclease 11l is the protein in which an
HhH motif was originally identified 11). Its HhH motif
contains an active center f8relimination. Mutation at Lys-
120, which is located at the mouth of a catalytic pocket in
the HhH motif, completely abolishes the activity of the
enzyme. Based on the structural similarity between the HhH
motifs of endonuclease Ill and the 8-kDa domain of fpl
it was proposed that Lys-68 of the 8-kDa domain, which
corresponds to Lys-120 of endonuclease lll, is the catalytic
center (4; Figure 1B). However, after careful examination
of the structures of both pgd and endonuclease llI, a
profound difference was identified. Although the 8-kDa
domain of polS contains the familiar HhH DNA binding
motif (aC, loop, andhD in Figure 1A), it lacks the apparent
catalytic pocket found in endonuclease lll. Instead, the
8-kDa domain has a distinctive basic patch which is formed
by Lys-35, Lys-68, Lys-72, and Lys-84. This basic patch
may serve as a DNA binding surface for subsequent catalytic
activity. In addition, Tyr-39 is also in close proximity to
the basic patch. Since an aromatic residue is critical for
fp-elimination by tripeptide AP lyase®), Tyr-39 of pol 3
may play a similar role for the dRP excision.

To evaluate the involvement of the lysine and tyrosine
residues in the dRP excision reaction, we introduced point

Matsumoto et al.

dRP-Excised DNA (%)

8-kDa Domain (ng)

Ficure 4: Excision of dRP groups by mutant 8-kDa domains.
Excision activity was measured as previously descril2gdof the
following proteins: the wild-type 8-kDa domai®], K35R mutant
8-kDa domain 4), K35Q mutant 8-kDa domaimy), K68R mutant
8-kDa domain ¥), K68Q mutant 8-kDa domairm), K72R mutant
8-kDa domain M), K72Q mutant 8-kDa domair), K84R mutant
8-kDa domain #), K84Q mutant 8-kDa domairX), and Y39Q
mutant 8-kDa domaind).
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Ficure 5: Effect of mutations of the 8-kDa domain on covalent
binding to the dRP group. Schiff base intermediates were formed
on indicated amounts of either the wild-type 8-kDa domam, (
K72R mutant 8-kDa domairl), K72Q mutant 8-kDa domairil)

or Y39Q mutant 8-kDa domair), and trapped with NaBjHand
analyzed as described in Experimental Procedures, and as in Figure

mutations at these positions and measured the excision3. The radioactivity of dRP-bound proteins was measured with the

activity of the mutated 8-kDa domains. Arg and GIn were
chosen as substitutes for Lys in order to minimize possible
structural alterations. Gln was substituted for Tyr to replace
an aromatic residue while keeping a possible hydrogen
bonding with one of the lysine residues. As a result, Lys-
72—Arg (K72R), Lys-72-GIn(K72Q) and Tyr-39-GlIn-
(Y39Q) completely lost the dRP excision activity, while the
activities of 8-kDa domains with mutations at either Lys-
35, Lys-68, or Lys-84 were comparable to that of the wild-
type 8-kDa domain (Figure 4).

The three mutants with no dRP excision activity were
further examined for their ability to form Schiff base
intermediates. The amount of cross-linked products formed

Fuji BAS1000 and normalized with the activity of 1 ng of the wild-
type 8-kDa protein as a standard.

protein in the presence of 1 ng of the protein (Figure 5). As
more 8-kDa protein was added to the reaction, however, the
Schiff bases formed with the mutant proteins started to
increase, while those with the wild-type protein did not
increase. ltis likely that, when added in an excess amount,
the mutant 8-kDa proteins which have at least 15 amino
groups might be able to carry o@telimination with one of

the remaining 15 (16 in the case of Y39Q) amino groups at
a lower rate as it is the case with basic proteins such as
histones. Thus, a strong correlation between the decrease
of Schiff base formation and the loss of dRP excision activity

between dRP groups and the mutant 8-kDa proteins wereis observed in the three mutants, supporting the model in

less than 5% of those formed with the wild-type 8-kDa

which -elimination proceeds through Schiff base formation.
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Ficure 6: Specific binding of the 8-kDa domain to damaged DNA. (A) Binding of the wild type 8-kDa domain to the double-stranded
oligonucleotide carrying a'8ncised synthetic AP site analogue (oligo-I, see Table 1). Association and dissociation of the protein to the
immobilized oligonucleotide were analyzed by measuring surface plasmon resonance with BlAcore 1000 (BlAcore), as described in
Experimental Procedures: a, annealing of the upper strand oligonucleotide; b, loading of the 8-kDa domain (50, 100, 200, 300, 400, and
500 nM); ¢, washing wit 1 M KCl-containing buffer; d, washing with 30 mM NaOH for regeneration of single-stranded DNA. (B) Plot

of the response against the concentration of the 8-kDa domain. The asymptote of response for each concentration of the protein was
obtained from the experiment shown in A as described in Experimental Procedures. A regression line was obtained through double-
reciprocal plotting (inset) and subsequent statistical fitting. (C) Binding of the wild-type 8-kDa domain to various double-stranded
oligonucleotides. Association and dissociation of the protein were analyzed in the same manner as for (A). The oligonucleotides used are
shown in Table 1: a, oligo-lll; b, oligo-I; ¢, oligo-Il; d, oligo-V; e, oligo-IV; f, oligo-VIl; g, oligo-VI. (D) Binding of the wild-type and

mutant 8-kDa proteins to the double-stranded oligonucleotide carryikmeised synthetic AP site analogue (oligo-1, see Table 1). Association

and dissociation of the proteins were analyzed in the same manner as for (A). The proteins used were wild-type (a), K72R (b), K72Q (c),
and Y39Q mutant (d).

Damage-Specific Binding of the 8-kDa Domaifince with a series of double-stranded oligonucleotides with various
the 8-kDa domain has a specific activity of dRP excision damaged structures shown in Table 1. In these assays, it is
which is much higher than that of the histones and not possible to use DNA with a preincised natural AP site
polyamines 2), it is likely that the 8-kDa domain may since it could be quickly converted to a single-nucleotide
specifically recognize and bind to damaged DNA with AP gapped DNA by the 8-kDa domain. We designed a DNA
sites. The 8-kDa domain is reported to have high affinity oligomer with a nicked 3-hydroxy-2-hydroxymethyltetrahy-
to single-stranded DNA but to exhibit limited affinity to  drofuran (tetrahydrofuran) as a substitute, where the synthetic
double-stranded DNA1@8). The affinity of the 8-kDa analogue of the AP site cannot be excised by the 8-kDa
domain to damaged DNA has not been examined. To domain vigs-elimination @). Figure 6A shows the data of
analyze this possible damage-specific DNA binding, we a typical experiment, in which the interaction of the 8-kDa
employed a surface plasmon resonance biosensor (BIAcore)protein at indicated concentrations with the immobilized



6462 Biochemistry, Vol. 37, No. 18, 1998 Matsumoto et al.

Table 3: DNA Polymerase Activity of Wild-Type and Mutant ol po] [3 — wt Y39Q K72R
pol 8 wild-type K72R Y39Q 1 1 1 1

specific activity (unit/ngd  12.7+1.9 143+ 15 0+£0.1 wt8kDa — + —_— + — + —_— +
a Specific activity was measured as described in Experimental 1 2 3 4 5 6 7 8

Procedures. Averages standard deviations were calculated from three
assays.

oligonucleotide was measured by a refractive index changeRep‘?ured
in the BIAcore 1000 system. Since the dissocated 8-kDa
domain molecules appeared to re-associate with the im-
mobilized DNA at a significantly high rate under these
experimental conditions, it was difficult to otain its associa-
tion rate and dissociation rate as independent values.
Therefore, we calculated the dissociation constig) ih a
equilibrated state as described in Experimental Procedures
(see also Figure 6B).

Among the tested oligonucleotides, the DNA carrying a
single-nucleotide gap with &“phosphate group (oligo-I111)
had the highest affinity to the 8-kDa domain, followed by
the DNA carrying a nicked synthetic AP site with a
5'-phosphate group (oligo-1) (Figure 6C and Table 1). DNA
oligomers without the "Sphosphate group at the strand-break
site (oligo-1l and oligo-IV) showed strongly diminished
affinity to the 8-kDa domain. This result is consistent with
the observation by Prasad et d9) that binding of poj3 to FIGURE 7: AP site repair with mutant pgs. Using an AP site-

a gapped DNA is strongly enhanced by the presence of acontaining circular DNA which was prelabeled wifi® at a distance
5'-phosphate group on the downstream oligonucleotide. TheSjef:\éecré%‘gﬁgtfdesa‘;m"g\t‘ig Lfé}lj Sggsth{’iV;g”a %}‘t?hf?aligsgcgg‘s
?3"‘Da domain did not bind strongly fo DNA sgbstrates with endonuclease, bacteFr)iophageyT4 DNA ligase, and the following
intact phosphate backbones (oligo-VI and oligo-Vll). The proteins: no intact pg# (lanes 1 and 2), 50 ng of the wild-type rat
DNA nicked at a thymidine site (oligo-V) was also a poor pol g (lanes 3 and 4), 50 ng of the pglwith a Y39Q mutation
substrate for binding. The three 8-kDa mutants, K72R, (lanes 5 and 6), and 50 ng of the golwith a K72R mutation
K72Q, and Y390, were also examined for their binding (Ree8 & a0 A T Fo e O e D 4.5, and 5. After
activity to the DNA oligomer with a nicked tetrahydrofu_ra_n incubation at 25C for SOF:nin, the DNA samples were ryecover.ed,
group. The K72R and K72Q mutants showed high affinity gigested withHinfl, and analyzed by electrophoresis through an 8
to the damaged DNA comparable to that of the wild-type M urea-containing 20% polyacrylamide gel.

8-kDa domain, whereas Y39Q mutant exhibited a low

binding activity (Table 2). Furthermore, the response curve longer by up to six nucleotides. In contrast, the intermediate
of BlAcore indicated a distinct pattern with Y39Q (Figure products from the reaction with p@-Y39Q showed no
6D), suggesting that the association rate and dissociation ratechange in size of the DNA incised by AP endonuclease. This
of this mutant to the damaged DNA could be much slower difference may result from DNA polymerase activities

Incised

than those of the wild-type.
DNA Synthesis and Repair by Mutant gl The data

remaining in the two mutant enzymes as shown above.
Interestingly, the length of six nucleotides which geK72R

presented so far indicate that the Lys-72 and Tyr-39 residuesadded to the incised DNA is in agreement with the number

are critical for dRP excision by p@l. To test whether these
residues are also involved in the DNA synthesis, we
introduced K72R and Y39Q mutations to the intact gol

of nucleotides which poB can synthesize in a processive
manner 20).
The inability of pol-K72R to repair AP sites may be a

Both mutant and wild-type enzymes were assayed for DNA consequence of its loss of dRP excision activity. To examine

polymerase activity on poly(dA):oligo(dT) templates (Table
3). PolB-K72R exhibited a polymerase activity similar to

whether a separate dRP lyase activity is able to complement
the mutant pop for AP site repair, we added the wild-type

that of the wild-type enzyme. On the other hand, less than 8-kDa protein to the repair reaction. In the reactions with

1% of the polymerase activity remained with pbly39Q.
These two poj mutants were further examined for AP
site repair. As previously reporte@)( in the presence of
AP endonuclease and DNA ligase, the wild-type palas
able to repair AP sites in a highly efficient manner. As

or without the wild-type pops (Figure 7, lanes 2 and 4), the
additional 8-kDa protein did not have any effect on the AP
site repair. In contrast, the repair with p8tK72R was
restored up to 49% by the addition of the 8-kDa domain
(Figure 7, lane 8). It is noticeable that an intermediate

shown in Figure 7 (lanes 5 and 7), the K72R or Y39Q mutant product which resulted from addition of one nucleotide to
pol g failed to repair AP sites. Since we used the DNA the incised DNA was decreased as the repair was comple-
prelabeled at the site five nucleotides away from the AP site mented, while the longer intermediate products remained at
toward 3, these assays allowed us to detect intermediate the same level. Such longer products could not be success-
products which were elongated by a few nucleotides by DNA fully repaired since the reconstituted system used here did
synthesis. The products from pBtK72R indeed became not include any nuclease which could remove extra nucle-



Catalytic Center of pop for dRP Excision

otides prior to ligation. This observation suggests that a
coordinated action of dRP excision and DNA synthesis could
be important for efficient repair of the AP site by p6l
The repair with pop3-Y39Q was also restored, but to a lesser
extent (Figure 7, lane 6).

DISCUSSION

Mutational analysis of the 8-kDa domain derived from the
amino-terminus of pgB indicated that Lys-72 is an essential
residue for thes-elimination reaction. It is responsible for
dRP excision from the'Bncised AP sites by forming a Schiff
base with dRP. Mutations on residues, Lys-35, Lys-68, and
Lys-84, did not eliminate the dRP excision activity, although
they along with Lys-72 constitute the basic patch on the
8-kDa domain. These results strongly suggest that Lys-72
may be the site of transimination. Piersen et®s) feported
that the K72A mutant of pgb could be trapped as a Schiff
base intermediate, albeit at the 30% efficiency of that of the
wild-type polf, suggesting possible involvement of a residue
other than Lys-72 as the transimination site. However, the
amounts of pop used in their trapping experiments were in
great excess. It is likely that an amino group from other
lysine residues of the lysine-rich 8-kDa domain may
contribute to the Schiff base formation with an AP site at
an apparent lower rate even when the major site, Lys-72, is
mutated. The result shown in Figure 5 supports this
possibility.

The results supporting Lys-72 as the catalytic center
provide a solid foundation for establishing a reaction
mechanism for dRP excision by pgl By inferring from
the results of mutational data on endonuclease Ill, where
the substitution of Lys-120 by GIn resulted in complete
elimination of its catalytic activityX1), Lys-68 of pols was
suggested to be the catalytic center of dRP excision. Mullen
and Wilson (4) proposed a model for the mechanism of
detection and excision of an AP site by the 8-kDa domain
of pol 5 on the basis of the three-dimensional structure of
the 8-kDa domain determined by NMR1) and its structural
and functional similarities to endonuclease Ill. This model
suggests Lys-68 as the residue to form a Schiff base, while
His-34 assists displacement of theQH group and depro-
tonation of C2 Lys-35 is proposed to play a role in
stabilization and protonation of the leaving group, the
phosphate on the C3 Later, the model was modified to
include Lys-72 as a part of the catalytic mechanisi) (
However, little experimental evidence was presented to
support their model. One potential weakness of this model
is that it heavily relies on the assumption that endonuclease
Il and the 8-kDa domain of pgb may excise dRP by a
similar enzymatic mechanism. Endonuclease Il has a well-
defined catalytic pocket where only one lysine residue, Lys-
120, lies. In contrast, pg carries a basic patch consisting
of four lysine residues near the catalytic center. Therefore,
although an HhH motif is found in the catalytic domain of
both endonuclease IIl and the 8-kDa domain, their modes
of interaction to damaged DNA may be distinct from each
other. Endonuclease Il has DNR-glycosylase activity and
is suggested to form a Schiff base intermediate with urea-
and thymine glycol-containing DNA at higher rates than with
AP site-containing DNAZ2). In addition, endonuclease IlI
can incise intact AP sites, whereas incision of AP sites at
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the 3 side by AP endonuclease is a prerequisitg-lim-
ination by polj (2). These characteristics also suggest that
endonuclease Ill and p@d interact with damaged DNA in
different manners.

The results obtained with the Y39Q mutation indicate that
Tyr-39 might be a critical residue for the function of the
8-kDa domain as a dRP lyase. A model has been proposed
for the tripeptide AP lyase activity, in which the aromatic
ring of either tryptophan or tyrosine residue can recognize
the AP site through stacking interactior& ). Tyr-39 in
the 8-kDa domain may serve for AP site recognition in a
similar manner. This possibility is supported by the result
that Y39Q exhibited a relatively low affinity to the damaged
DNA compared to that of the wild-type 8-kDa domain.
Interestingly, conversion of Tyr-39 to GIn abolished the DNA
polymerase activity of pg8. In addition, we observed that
the 8-kDa Y39Q protein became insoluble when overpro-
duced in bacteria at 3ITC, whereas the wild-type 8-kDa and
other mutant proteins were in a soluble fraction in the same
condition (data not shown). This observation suggests that
Tyr-39 may be important for the proper folding of the 8-kDa
domain. Deciphering the precise function of Tyr-39 awaits
further investigations.
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