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ABSTRACT. We have previously reported that théN3benzetheno-dCpBQ-dC) endonuclease activity
found in HeLa cells is a novel function of the major human AP endonuclease (HAP1) piahd1996)

Proc. Natl. Acad. Sci. U.S.A. 93373713741]. In this study, we compare the enzymatic and biochemical
properties of the enzyme towapdBQ-dC and an AP site in a defined oligonucleotide. A comparative
analysis of the specificity constants.(:/Kn) for p-BQ-dC and an AP site indicates that the AP site is the
preferred substrate. The enzyme does not cleave other structurally related exocyclic adducts and modified
nucleosides such asNf:etheno-dA, 3\*-etheno-dC, N?-etheno-dG, IN*-propano-dG, 8-oxo-dG, and
thymine glycol. Thep-BQ-dC activity requires a double-stranded DNA substrate and is affected by the
base in the opposite strand, with maximal activity fg-BQ-dC G pair and minimal activity for @-BQ-

dC:C pair. Thep-BQ-dC activity also requires Mg, Mn2", or Zré+ with optimal concentration spectra
similar to those for the AP function. The optimal pH ranges for these two functions are also similar to
each other (5.56.5). Six mutant HAP1 proteins containing single amino acid substitutions were assayed
in parallel for comparison of their activities towapEBQ-dC and the AP site. These mutants either
concomitantly lost (N212A, D210N) or had reduced (D219A, E96A, and N212Q) or unchanged (H116N)
p-BQ-dC and AP activities. This parallelism strongly supports the hypothesis that cleavadBHC
requires the same catalytic active site as that proposed for the AP function. This dual activity toward two
structurally unrelated substrates, an AP site and a bulky exocyclic adduct, has implications for substrate
recognition. The AP site ang-BQ-dC cause different changes in the local conformation around the
lesion as it is visualized by molecular modeling.

Benzene has been recognized for its harmful effects for 2'-dG were synthesized, converted to the phosphoramidites,
nearly 100 years. Today, benzene is classified as a humarand site-specifically incorporated into defined oligonucleo-
carcinogen (IARC, 1987), based on the high levels of tides (Chenna & Singer, 1995, 1997).
leukemia in workers exposed to this chemical. Benzene is We had previously reported that HelLa cells contained
widely used, and it is the chemical produced in the 15th nicking activities toward the benzetheno derivatives in such
largest quantity in the United States (Hricko, 1994). Al- defined oligomers containingBQ-dC orp-BQ-dA. On the
though its metabolisnm vzivo is still unclear, one pathway basis of the cleavage pattern using cell-free extracts and
(Huff et al., 1989) was found to lead to the stable metabolite, partially purified protein, it was presumed that a DNA
p-benzoquinonep-BQ), which is the most potent mutagen glycosylase was responsible (Cheretaal., 1995). Most
of 12 structurally related simple benzoquinones tested in therecently, on the basis of sequence homology and substrate
Ames Salmonella assay (Hakueh al, 1995) and is also  specificities using purified humap-BQ-dC endonuclease
carcinogenic in rodents (Hu#t al., 1989). p-BQ has been  and recombinant AP endonuclease, we found thaptHiig-
found to form cyclic benzetheno derivatives vitro with dC nicking is actually carried out by the major human AP
the DNA bases dA (Pongracz & Bodell, 1991), dC (Pongracz endonuclease (Hangf al., 1996b), variously called HAP1
et al, 1990), and dG (Jowat al., 1986, 1990). However, (Robson & Hickson, 1991), Ape (Dempéd al., 1991), or
studies on repair only became possible wheN*®enz- APEX (Sekiet al., 1992)). This enzyme, as well &s coli
etheno-2dC, 1NS-benzetheno‘2dA, and 1N?-benzetheno-  exonuclease Il and endonuclease IV, directly incises the

oligonucleotide 5to the p-BQ-dC adduct without prior
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OH CCGCTAGCGG-3 Note that the base opposite each
modified base is the correct wild-type one except that the
/ ‘N base opposite T in sequence 9 was G, resulting inB G
N mismatch in the duplex. The 5-mer and 7-mer oligomer size
)j markers used in the nicking assay were machine synthesized

I
5 s 5 OJ\N and purified by OPC cartridges.
O O o O~ OH Ow For preparing the thymine glycol-containing DNA sub-
U - mo strate, pBR322 plasmid DNA was treated with osmium
N o N tetraoxide (Os@) as described by Melameds al. (1994).
3 3 3 The double-stranded 25-mer oligonucleotide containing a
single AP site was prepared as follows: the dU-containing
AP site p-BQ-dC oligomer (Table 1, sequence 3) was treated with UDG
Ficure 1: (Left) structures of two forms of an AP site formed by  (0.002-0.016 unit) for 20 min at 37C, resulting in an AP
rs‘i*t':?:eacr’;i‘iﬁfg using %gﬁ?g‘% 90'?/:50;3"%?‘% ;Eg :L‘Zgrlr‘]'% rAI‘r'iDng_ site at position 8 from the’®nd. The UDG concentrations
opened form. (Right) structure off8}-benzetheno-‘2leoxycytidine were chosen on th_e bq5|s of obtaining greater than_99%
(p-BQ-dC). removal of the uracil residual and subsequent conversion to
an AP site (data not shown).
detailed understanding of the requirements for recognition DNA Nicking Assay.The oligonucleotides were'&nd
and cleavage of these two apparently unrelated substratesiabeled with p-3?2PJATP and annealed to a complementary
an AP site and the-BQ-dC (Figure 1), is clearly desirable. oligonucleotide as described by Rydbertgal (1991). The
In the present work, we have attempted to approach this goa|standard nicking assay used to examine the various enzymatic
by using homogeneous HelLa AP endonuclease, recombinangctivities was carried out essentially as described by Rydberg
HAP1, and its mutant proteins (Barzilast al, 1995a,b; et al (1991, 1992). For testing purified column fractions
Rothwell & Hickson, 1996), and defined oligomers contain- and recombinant HAP1 proteins, BSA and Mg@ere
ing a single site-directep-BQ-dC or an AP site (Chenna &  routinely added to the reaction at various concentrations.
Singer, 1995). The results indicate that the human AP  Calculation of the specific nicking activity gf-BQ-dC
endonuclease generally has the same requirements for th@ctive fractions during protein purification and in other
cleavage of an AP site and the benzene-derived exocyclicenzymatic assays was carried out as follows: The intact 25-
adductp-BQ-dC. Moreover, the enzyme appears to use the mer andf?P-labeled 7-mer fragment resulting from cleavage
same active site to catalyze the cleavage-&Q-dC- and were scanned and integrated using a Hoefer Model GS300

AP-containing DNA substrates. densitometer connected to a Hoefer Model GS 350 data
system. The percentage of cleavage for each damage-
MATERIALS AND METHODS containing oligonucleotide was expressed as the percentage

. ) of nicking efficiency for the enzyme.
Materials. HelLa cells were obtained from Cell Culture Enzymatic reactions to measure kinetic parameters of

Center, Endotronics Inc., Minneapolis (MN), a NIH- yap1” protein for thep-BQ-dC- and AP site-containing
sponsored facility. Phosphocellulose P11 was obtained fromg,pstrates were performed as follows: Varying amounts of
Whatman. Blue Sepharose CL-6B, Mono-S HR5/5 FPLC, 32p_|5peled modified 25-mer oligonucleotide (646 nM)

and Superdex 75 HR10/30 FPLC columns were all purchasedere incubated with HAP1 (216 pM fg@-BQ-dC activity

from Pharmacia. FPLC was performed using a Pharmaciagng 54 pM for AP activity) in 1L of 25 mM Hepes-

LKB system. The $-32P]JATP (specific activity 6000 Ci/ KOH, pH 7.0, 0.5 mM dithiothreitol (DTT), 0.5 mM
mmol) was purchased from Amersham. T4 polynucleotide spermidine, 0.2 mM MgG) 500 ug of BSA, and 10%
kinase was purchased from USB. UraddNA glycosylase  giycerol for 5 min at 37°C. After gel electrophoresis, the
(UDG) was obtained from Gibco, BRL. The gel filtration  ands corresponding to substrate and product were excised
protein marker kit was from Sigma. Concentrators such as g3nq the radioactivity counted in a Beckman LS 1701

Centriplus-10 (MWCO: 10000) and Centricon-10  gcingillation counter. The appareiiy, andKe values were
(MWCO: 10 000) were purchased from Amicon. Dialysis Jetermined from the LineweaveBurk plots.

membrane tubing (MWCO: 1214 000) was from Spectrum For the study of metal ion requirements of the human AP
Medical quustrles. Sep-Pak cplumr)s were from Waters. onqonuclease fop-BQ-dC and AP site-nicking activities,
OPC cartridges were from Applied Biosystems. the modified templates were-Bnd-labeled with;f-3?P]JATP

Oligonucleotide SubstratesThe sequences of oligo- in a modified kinase buffer (low M) containing 50 mM
nucleotides used as substrates for examining various humarHepes-KOH, pH 7.5, 10 mMg-mercaptoethanol, and 0.2
repair activities are listed in Table 1. This includes substrattesmM MgCl,. The annealing was performed in a buffer
for 3-methyladenine () —DNA glycosylase (sequences containing 10 mM HepeskKOH, pH 7.5 and 100 mM NaCl.

4, 6, 8), 3N*-etheno-C {C)—DNA glycosylase (sequence The final Mg?* background level in the enzymatic reaction
5), uraci-DNA glycosylase (sequence 3), G/T mismatch  assay was 2.%M. The reaction buffer had a pH of 7.0,
DNA glycosylase (sequence 9), and thymine glycdNA which was used to diminish nonenzymatic cleavage of the
glycosylase (no. 11). AP site.

The synthesis of Bi*p-BQ-dC, its phosphoramidite, and For testing for any thymine glycelDNA glycosylase
the site-directed 25-mer oligonucleotide (Table 1, sequenceactivity, the OsQtreated pBR322 plasmid was incubated
2) were described by Chenna and Singer (1995). Each ofwith column fractions in a buffer containing 35 mM Hepes
the oligomers in Table 1 was annealed to a universal KOH, pH 7.8, 0.5 mM EDTA, 0.5 mM dithiothreitol, and
complementary 25-mer strand;ATTCGAGCTCGGTAC- 10% glycerol. The mixture was resolved on a 1% agarose
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Table 1: Synthetic 25-mer Oligonucleotides and Modifications

oligonucleotide modification
1. 5-CCGCTAGCGGGTACCGAGCTCGAAT-3 none
2.5-CCGCTAGP-BQ-C-GGGTACCGAGCTCGAAT-3 3,N*-benzetheno-dC
3. 53-CCGCTAGU-GGGTACCGAGCTCGAAT-3 deoxyuridine
4.5-CCGCT<A-GCGGGTACCGAGCTCGAAT-3 1,Ns-etheno-dA
5. 5-CCGCTAG<«C-GGGTACCGAGCTCGAAT-3 3N*-etheno-dC
6. 5-CCGCTA<G-CGGGTACCGAGCTCGAAT-3 1 N?-etheno-dG
7.5-CCGCTApropanoG-CGGGTACCGAGCTCGAAT-3 1,N?-propano-dG
8.5-CCGCT{-GCGGGTACCGAGCTCGAAT-3 deoxyinosine
9. 5-CCGCTAGT-GGGTACCGAGCTCGAAT-3 G-T mismatch
10. 53-CCGCTA-8-0x0-G-CGGGTACCGAGCTCGAAT-3 7,8-dihydro-8-ox0-dG
11. pBR322 plasmid treated with OO thymine glycol

a Osmium tetraoxide.
Table 2: Substitutions Made in the Mutant HAP1 Proteins induced expression from the pET146 plasmid (Invitrogen).

These hexahistidine-tagged proteins were purified by chro-
: : matography on phosphocellulose P11, as described above,
E96A glutamate~alanine  Barzilayet al, 1995a,b and a nickel chelate affinity resin, using 0.5 M imidazole to

D210N aspartate> asparagine  unpublished . : :
N212A asparagine- alanine  Rothwell & Hickson, 1996 elute bound proteins. All recombinant HAP1 proteins were

N212Q asparagine- glutamine Rothwell & Hickson, 1996 ~ =95% pure, as judged by SB®AGE analysis.

D219A aspartate~ alanine Barzilayet al., 1995b Molecular Modeling. Energy minimization of the 25-mer
H116N  histidine—~ asparagine  unpublished double helices was carried out by AMBER force field in
HyperChem (Hypercube). An AP site and {v&8Q-C were
manually formed from the cytosine base in the position 8 of
the strand (Table 1) of a B-geometric duplex before
optimization.

mutant protein substitution reference

gel. DNA nicking could be determined by the conversion
of supercoiled plasmid into either nicked circular or linear
forms.

Purification of HeLa AP Endonucleasdhis proteinwas ~ RESULTS
purified from HeLa S3 whole cell extracts. All steps were  gypstrate Specificity of the Major Human AP Endo-
performed at &4 °C, and at most of the steps tf®-labeled  yclease. The substrate range of the major human AP
oligonucleotide substrates listed in Table 1 were used 10 endonuclease was studied using defined site-specific oligo-
monitor human AP endonuclease activity and various other ncleotides containing structurally related exocyclic deriva-
enzymatic activities. The cell-free extractand 65% @480, tives and some other base modifications. The purified
precipitate were prepared essentially as previously describedynzyme does not act on other exocyclic adducts suctiNs 1,
(Rydberget al, 1991, 1992). The sample was then dialyzed cga  3N*-edC, 1N?€dG, and IN?-propano-dG. In addition,
to remove salt and passed through a phosphocellulose P1hiher pase damages such as thymine glycol and 8-oxo-dG

column. The active fractions nicking-BQ-dC from the  4re also not substrates for cleavage by the enzyme (data not
column were pooled, desalted, and applied to a Blue ghown).

Sepharose CL-6B column. In the next two steps, the active |, this study ofp-BQ-dC cleavage, the enzyme repairs a
fractions were passed through a Mono-S HRS/5 FPLC goyple-stranded oligonucleotide substrate. The enzyme does
column twice, using two different gradients and flow rates. not act on an unmodified identical duplex oligonucleotide,

For further purification and determination of the native and no detectable exonuclease activity is observed under the
size of the desired protein, the above protein fraction was conditions used, in agreement with the majority of the
applied to a Superdex 75 HR 10/30 FPLC gel filtration pyplished data (Kane & Linn, 1981; Robsehal.,, 1991;
column. The peak active fraction was shown to be homo- Barzilay et al, 1995b). By using complementary strands
geneous on silver stained SBBAGE gels (Hanget al, with any of the four bases opposite theBQ-dC adduct,
1996b) and used in this study. nicking of oligonucleotides containing all foprBQ-dC base

Recombinant HAP1 and Mutant Protein§ite-directed  pairs was detected, but the extent of nicking efficiency varied
mutagenesis of the HAP1 cDNA was carried out by the PCR- greatly (Figure 2). The maximal nicking activity was found
based method of Lanét al (1990), as described by Barzilay with ap-BQ-dC:G pair, while less than 20% of the maximal
et al (1995a,b) and Rothwell and Hickson (1996) (Table activity was found with gp-BQ-dC:-C pair.
2). Purification of wild-type HAP1 and mutant HAP1 Enzymatic and Biochemical Properties of the AP Endo-
proteins, D219A, E96A, and H116N, was carried out as nuclease toward the p-BQ-dC Adduct and an AP Sie.
described in Barzilagt al. (1995a). Briefly, IPTG was used DNA nicking assay based on3P-labeled 25-mer defined
to induce HAP1 protein expression in BL21 (DE3) cells from sequence containing either a singkBQ-dC or dU at the
the T7 promoter of the pT7-7 plasmid. HAP1 proteins were same position (Table 1) was utilized for quantitative meas-
purified from a 70% (NH),SQ, precipitate of soluble  urement of thp-BQ-dC and AP activities. In either cases,
proteins by chromatography using phosphocellulose P1lthe base oppositp-BQ-dC or dU was a G. The dU-
(from which HAP1 eluted at approximately 550 mM NaCl) containing oligomer was treated with uracDNA gly-
and FPLC phenylsuperose [from which HAP1 eluted at 50 cosylase prior to HAP1 cleavage under reaction conditions
MM (NH4)2SOy]. that could produce-99% of the AP site.

The mutant HAP1 proteins D210N, N212A, and N212Q  The comparative kinetic analysis pBQ-dC and AP site
were purified from the samE. coli strain following IPTG- cleavage by HAP1 protein was carried out by vary#ig
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decrease in thi., of HAP1 on thep-BQ-dC substrate. The
Km for AP site cleavage was approximately half of that for
p-BQ-dC cleavage (Figure 3).

The AP endonuclease activity of the HAP1, like Es
coli homologue, exonuclease lll, is known to require divalent
metal ions. In this study, a parallel comparison was made
of the relative activities of the isolated HeLa AP endo-
nuclease towarg-BQ-dC and an AP site in the presence of
each individual metal ion (Figure 4). Similar to its AP
activity, the p-BQ-dC activity of the enzyme also requires
Mg?*, Mn?*, or Zre*, which can substitute for each other.
EDTA inactivates both activities (Figure 4A). The two
activities were active over a broad range of¥lgoncentra-
tion but both showed maximal activities at 0-06.1 mM

Relative pBQ-dC nicking activity (%)

G A T C

. (Figure 4B). Note that the enzyme concentration for assaying
Opposite base for AP activity was 15-fold lower than that fqr-BQ-dC
Ficure 2: Effect of the base placed oppogitBQ-dC on thep-BQ- activity in Figure 4B-F. In the case of Mff, a similar

dC endonuclease activity of HeLa AP endonuclease. Oligonucleo- pattern of dependence was observed with peak activities

tide 2 in Table 1 was annealed to complementary strands with each ; P
of the four bases opposite theBQ-dC adduct and incubated with clustered at 0.050.1 mM, except that higher AP activity

purified p-BQ-dC endonuclease (2 ng) at 2 for 1 h. Thep-BQ- (Figure 4C) was obtqined. Figure 4D shows thatZnad

dC activity of p-BQ-dCG-G was maximal and arbitrarily assigned almost the same stimulatory effect @BQ-dC and AP

as 100%, and the activities of the other three pairs were then activities. The enzyme apparently dose not requiré*Ca
calculated as percent of this maximal activity. These results do not (Figure 4E) or KCI (Figure 4F). Since the activity toward
mﬂypfg%t_%rg base forms conventional Wats@rick base-pairs  yho'vq substrates was different, absolute comparisons cannot

be made of the peak heights.

The enzyme is most active between pH 5.5 and 6.5 for
both substrates (Figure 5) and not at what is considered
physiological conditions. As with other comparisons of the
two substrates, at the same protein concentration, the AP
activity was higher thap-BQ-dC activity.

p-BQ-dC and AP Endonuclease Adties of Mutant HAP1
Proteins. Six mutant HAP1 proteins containing single amino
acid substitutions were analyzed by measuring their rates of
nicking activities toward thep-BQ-dC and AP site, as
compared to that of the corresponding activities of the wild-
type HAP1 protein. The substitutions were made at sites of

0.005 1
J,w_r/—f conserved amino acids by site-directed mutagenesis (Table
2).

-0.05 0.05 0.10 0.15

0.025 1

0.020 T

0.015 T

1/v

o.010 T

As shown in Figure 6, there is either concomitant reduction

1/[8] M ™)

Comparative Kinetic Analysis of Cleavage of
p-BQ-dC and AP Site by HAP1 Enzyme

Substrate Kn Kea Kcat/Km
M) (minYy  (min"'nMY

p-BQ-AC 249 66 03
APsite 132 347 25

in bothp-BQ-dC and AP endonuclease activity or complete
loss of both measurable activities. Note that 4-fold higher
concentrations of mutant proteins were used than the wild-
type HAP1 protein for assaying both activities. The D219A,
E96A, and N212Q mutant proteins showed reduced, but not
totally abolished, cleavage activities toward both phBQ-

dC adduct (4.7-, 26.9-, and 32.6-fold reduction, respectively)

and the AP site (25.9-, 33.1-, and 37.2-fold less), as compared
FIGURE 3: Representative LineweaveBurk plots of the initial to that of the wild-type HAP1 protein, while N212A and
velocities of thep-BQ-dC and AP endonuclease activities of HAP1  D210N completely lost both their enzymatic activities toward
enzyme. The reactions were performed in parallel in a standard these two substrates, under the conditions used (Figure 6).

reaction mixture (see Materials and Methods) with varying oligomer : oo e
substrate concentrations (6.86 nM) for 5 min at 37°C. The The mutant H116N retained similar levels of activities toward

kinetic parameters listed in the table were calculated from the plots the P-BQ-dC and AP sites compared to wild-type HAP1
shown above. Reaction velocity was calculated as picomoles — activity (data not shown).

of the 32P-labeled 7-mer cleavag.e product formed per minute per |t has been proposed that HAP1 contains a single metal
nanogram of enzyme-BQ-dC, 00; AP site, M. ion bound to Glu 96 that is part of the active site (Barzilay
end-labeled substrate concentrations. The reaction velocityet al., 1995a). The E96A mutant has been previously shown
was calculated as picomoles of cleavage product producedto have an altered Mg ion dependence of AP endonuclease
per minute per nanogram of protein. As shown in Figure 3, activity (Barzilayet al.,, 1995a). In order to further examine
the p-BQ-dC was cleaved less efficiently than an AP site, whether this substitution would also affect the metal ion
as evidenced by the values of specificity constaig( requirement for thegp-BQ-dC activity, we compared the
Km) for p-BQ-dC and AP site of 0.3 and 2.5 (mihnM™Y), effects of varying the MY concentration on the-BQ-dC
respectively. The difference was mainly due to a 5-fold activity of E96A mutant and wild-type HAP1 protein.
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Ficure 4: Comparison of metal ion requirements fBBQ-dC activity @) and AP activity [0) of the purified enzyme using as substrates
the 25-mem-BQ-dC-containing oligomer and the UDG-treated dU-containing oligomer. All the reactions illustrated in this figure were
carried out at 37C for 30 min in the assay buffer of pH 7.0 with oligonucleotide substrates labeled under |8ivkitgse buffer, as
described under Materials and Methods. Therefore, all the reactions containeldl 245 Cl, as background. (A) EDTA chelation: 2 ng

of the p-BQ-dC endonuclease was incubated witBQ-dC or AP oligomer in the presence of 0.5 mM Mg@lith increasing EDTA
concentration. In all other panels from B to F, 2 ng of the AP endonuclease was used for assagi8§falC nicking and 0.13 ng for

AP activity. The metal ions used are indicated below each panel.

100 100
= pBQ-dC §pBQ-dC
O AP site AP site

80

60 - T NG
40 ~
20 4 WwtHAPI  D219A E96A N212Q0  N212A  D210N

Wild-type and mutant HAP1 proteins

% Nicking efficiency

% Nicking efficiency

0 ——— 77— Ficure 6: Comparison of the endonuclease activity towaiBlQ-

5 6 7 8 9 dC and the AP site using wild-type and mutant HAP1 proteins. In
these experiments, 50 and 0.5 ng of wild-type HAP1 was used for
testing thep-BQ-dC activity and the AP activity, respectively.
FIGURE 5: Effect of pH on thep-BQ-dC and AP endonuclease Similarly, 200 and 2 ng of various mutant proteins (as shown below
activities of the HeLa AP endonuclease. Th8Q-dC oligo- each bar) was used for assaying their activities aggD-dC
nucleotide and UDG-treated dU oligonucleotide were reacted with and AP site, respectively. The reaction conditions were the same
AP endonuclease (1.3 ng) in a potassium phosphate buffer with as described in Figure 4, and the data were taken from the rate of
varying pHs from 5.5 to 9.5, as indicated. The reaction was carried cleavage ga 5 min point in a time course plot. The specific amino
out at 37°C for 30 min in the presence of 0.5 mM MgCl acid exchanges are given for each mutant in Table 2. Note that the

ordinate is a log scale. n.d.: not detected.

Indeed, the E96A mutant also showed a similar alteration Molecular Modeling of Oligonucleotides Containing the
of the Mg requirement to that for the AP endonuclease p-BQ-dC or an AP Site. The mechanisms of substrate
activity. As shown in Figure 7, the E96A mutant requires recognition for the multifunctional AP endonucleases have
higher Mg for p-BQ-dC activity. been the subject of investigation for a long time but are still
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80 during protein purification whether any of those previously
= HAPI known DNA glycosylases was responsible for fiBQ-dC
o E%A nicking activity found in HeLa cell extracts (Chengeaal,

1995). We have found no overlap in substrate specificity
60 1 between thep-BQ-dC nicking activity and various DNA
glycosylase activities tested. Instead, fhBQ-dC-contain-
ing oligomer is cleaved by'5AP endonucleases (Class II)
(Hanget al,, 1996b). This apparently adds a new mechanism
407 for the repair of the exocyclic DNA lesions, extends the area
of investigation of AP endonucleases to a new class of
substrates, and has implications for their mode of action.
This finding raises an interesting question about the
requirements for the recognition and cleavage of the adduct,
which is apparently structurally unrelated to the principal
substrate of these enzymes, an AP site. The results of this
present work provide a parallel comparison of the properties

20 A

% Nicking efficiency

0 vy

103 102 101 100 of 102 and requirements of these two activities in an attempt to gain
2 insight into the above important questions.
Mg~ 1(mM) “Class II" AP endonucleases are generally relatively small

Ficure 7: Effect of Mg+ concentrations on thp-BQ-dC endo- (25-40 kD"?‘) and mionomeric proteins (Demple'&.Harrison,

nuclease activity of wild-type HAP1 and E96A proteins. Forty 1994; Barzilay & Hickson, 1995). A characteristic feature

nanograms of wild-type HAP1 protein and 600 ng of E96A protein of these proteins is their multifunctional activities, ranging

were incubated witfp-BQ-dC-containing 25-mer oligonucleotide  from those toward regular or synthetic AP sites tbl8cking

at 37°C for 30 min. The background level of Mgin the reaction lesions (3-phosphate, "3deoxyribose 5phosphate, or '3

mixture was 2.5uM. . .
phosphoglycoaldehyde). Besides these properties, each

not solved at the molecular level. The finding t ) enzyme also shows other distinct activities. For example,
g t=BQ the E. coli major AP endonuclease, exonuclease lll, has

dC is a new substrate for these enzymes further complicates . , f o )
this situation. Since at this moment no structural information associated'3~ 5 exonuclease activity, while HAP1 evolved

is available for the»BQ-dC adduct, we carried out simple & novel activity that mediates the reductive activation of
molecular modeling using the Hy;')erchem program, for a oxidized transcription factors (“redox” function). This latter

preliminary comparison of the effect pfBQ-dC and an AP acillv[tt)_/ IS stfr uﬁfgny and functu')tgally 1'S.tmcgé°.rg th?f.r eé)alr
site on local DNA structure. Figure 8 shows the energy- g}c Vi |t¢_as O't ; thenzyéme, V,l’.' . C3;? eltr;]e d II< eg ge as
minimized conformations of 5 base-pairs, from nucleotides & active site for the redox activity (Xanthoudakis urran,

6—10 of the annealed 25-mer oligomers (Table 1). These 1992; Xanthoudakiet al, 1992; Walkeret al, 1993).

sequences contain either an unmodified cytosine (A), or a In this current work{ we focused on whether _the HAP1
p-BQ-C base (B), or a regular AP site (C), all at position 8. needs the same requirements for the AP function and the

As shown in Figure 8, the duplex at the abasic site newly identified substratep-BQ-dC. We used a DNA
scollapses”, whereas the bulky-BQ-C creates a vertical nlckln'g assay based on two deflned'25—mer oligonucleotides
“bubble”. The finding described here for the structural containing eithep-BQ-dC or an AP site (Table 1). The two

change caused by the AP site is similar to previously reported I_esmns studied are in fche same position in the oligonucleo-
data on the conformation of DNA at an apyrimidinic site t|(_jes and thus hav_e |dent|.cal and 3 sequences. Any
obtained through NMR studies (Kalngt al., 1988; Cuniasse d!fferences found in repair may refle.ct conformatlona}l
et al., 1990; Withka et al., 1991: Goljer et al., 1995). The differences conferred by each adduct (Figure 8). The major

presence of an AP site changes the conformation of at Ieastdiﬁcerence found in all com_parisons ”F?‘de ir_1 t_his study was
one base-pair on each side, whereas the presenz8ek the approximately 8-fold higher specific activity toward an

. - - AP site compared tp-BQ-dC. This is mainly a result of
dC changes the conformation of at least two base-pairs in ; :
each direction. Thereforep-BQ-dC causes a different the decrease in the apparéGi, for p-BQ-dC (Figure 3). In
conformational change than an AP site in the duplex. The a similar case, Kow (1989) reported that in a series of AP

detailed conformation changes caused by a sipg&-dC sutt?s_ttratefs there \I/vere IﬁlrgquuaStltatlv(ej tdhlffte:ﬁnces in thte
are currently under investigation. activity of exonuclease Ill. He observed that the apparen

Km for different O-alkylhydroxylamine residues was not

affected by the particulaO-alkylhydroxylamine residue

DISCUSSION substituted; however, the appar®ht, decreased as the size
of the residue increased.

Exocyclic DNA adducts represent a large group of  Weiss (1976) proposed that exonuclease Il possesses a
potentially mutagenic and carcinogenic DNA lesions derived single active site for the catalysis of various diverse substrates
from variety of exogenous as well as endogenous chemicalsthen used. This theory has been confirmed by 3-D crystal-
(Singer & Bartsch, 1986; Marnett & Burchan, 1993). A lographic studies on this enzyme (Mdt al, 1995).
DNA glycosylase-mediated base excision mechanism hasRecently, Barzilay et al (1995a,b) have provided evidence
been reported for the repair of some of these adducts suchfor the presence of a single catalytic active site in the human
as etheno bases (Singer, 1996; Habralktnal., 1991; AP endonuclease, HAP1, for all known repair activities.
Matijasevicet al., 1992; Singeet al., 1992; Dosanjtet al., Moreover, structural studies on HAP1 (Gorman al.,
1994; Hanget al., 1996a). For this reason, we first examined manuscript in preparation) have substantiated this. In this
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5 _dAS-dG’-dC%.dG°-dG'0- 3

Ficure 8: Energy-minimized conformations of five base-pairs (positiond® of 25-mer duplexes containing at position 8: (a) unmodified
dC (A), (b) p-BQ-dC (B), and (c) an AP site (C). The arrows point to the central base. The oligonucleotide sequences used are given as
1-3in Table 1.

work, we have addressed whether HAP1 utilizes the samecocrystal structure of HAP1 with th@-BQ-dC adduct-
catalytic active site for th@-BQ-dC endonuclease activity containing DNA is available.
by using six HAP1 mutants containing single amino acid  The presence of a single catalytic active site suggests a
substitutions. Asn 212 residue is essential for the AP common structural feature for tieBQ-dC adduct and an
recognition/binding by HAP1 (Rothwell & Hickson, 1996), AP site. As a matter of fact, so far there is no clear generality
which is in agreement with structural data indicating both in recognition signals for the HAP1 or its bacterial homo-
that this residue is in the active site of HAP1 and that the logue, exonuclease Il (Singer & Hang, 1997). In the case
equivalent residue in exonuclease Ill, Asn 153, is an active- of p-BQ-dC, our preliminary molecular modeling has showed
site residue (Mokt al, 1995). Asp 219 is also known to that the general conformational change differs witBQ-
be critical for the HAP1 binding and enzymatic activity, as dC, causing more local perturbation (Figure 8). Clearly,
shown by the marked reduction in both AP and RNase H there cannot be WatserCrick base-pairing in either case.
activity after replacing Asp 219 with alanine (D219A) Considering the data that HAP1 requires a double-stranded
(Barzilay et al., 1995b). Glu 96 in HAP1 corresponds to substrate containing-BQ-dC and also differentially cleaves
Glu 34 in exonuclease Il that have been shown to play a the p-BQ-dC paired with different opposite bases (Figure
metal ion binding role in these enzymes and to facilitate 2), we believe that the recognition signal for repair is not
enzymatic catalysis (Mokt al, 1995). Glu 96 has been the primary structure of the adduct, but rather it is the
previously confirmed to play a vital role in AP activity and localized effect ofp-BQ-dC on the nucleic acid structure
metal ion binding in HAP1 (Barzilagt al., 1995a). that plays a crucial role in enzyme recognition.

Our results showed that D219A, E96A, and N212Q had a
similar reduction inp-BQ-dC endonuclease activity as REFERENCES

compared with their AP activity (Figure 6), while D210N g, 4.0 g Hickson, I D. (1995BioEssays 17713-719.

anq _N212A completely lacked any detectable enzym.atlc Barzilay, G., Mol, C. D., Robson C. N., Walker, L. J., Cunninghan,
activities toward the two substrates. Another non-active- R. P, Tainer J.A., & Hickson, I. D. (19958ature Struct. Biol.
site substitution mutant, H116N, did not affgeBQ-dC or 2, 561-568.
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