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ABSTRACT: The endonucleolytic activity of human apurinic/apyrimidinic endonuclease (AP endo) is a
major factor in the maintenance of the integrity of the human genome. There are estimates that this enzyme
is responsible for eliminating as many as 105 potentially mutagenic and genotoxic lesions from the genome
of each cell every day. Furthermore, inhibition of AP endonuclease may be effective in decreasing the
dose requirements of chemotherapeutics used in the treatment of cancer as well as other diseases. Therefore,
it is essential to accurately and directly characterize the enzymatic mechanism of AP endo. Here we
describe specifically designed double-stranded DNA oligomers containing tetrahydrofuran (THF) with a
5′-phosphorothioate linkage as the abasic site substrate. Using H2

18O during the cleavage reaction and
leveraging the stereochemical preferences of AP endo and T4 DNA ligase for phosphorothioate substrates,
we show that AP endo acts by a one-step associative phosphoryl transfer mechanism on a THF-containing
substrate.

Human apurinic/apyrimidinic endonuclease (AP endo,1

HAP1, Apex, Ref1) is a DNA base excision repair enzyme
with a wide variety of functions, including AP endonuclease
[cleaving an AP site 5′ to a deoxyribose phosphate (dRP)
moiety], 3′ exonuclease, 3′ phosphodiesterase, 3′ phos-
phatase, RNaseH, and 5′ endonuclease activities (reviewed
in refs 1 and 2). The characterization of the human enzyme
occurred several years after the Escherichia coli functional
homologue (ExoIII) was found to have AP endonuclease
activity (3-10). In addition to the wide variety of functions,
mammalian AP endo has been shown to act on many types
of DNA substrate molecules but demonstrates the most robust
activity when acting as a class II AP endonuclease. The
turnover number for 5′ cleavage of a reduced AP site is 10
s-1 (11), even faster than the highly effective DNA repair
enzyme uracil DNA glycosylase (UDG), which has a
turnover number for uracil excision of 5 s-1 (12).

A variety of AP site analogues have been tested in probing
the 5′ AP site nicking activity of AP endo (11, 13-15). Of
particular interest here is the fact that replacement of a
nonbridging phosphorus oxygen 5′ to the AP site with sulfur
has major consequences on enzymatic activity. In 1995,
Wilson et al. showed that incision activity on the Sp isomer
of a phosphorothioate by the human AP endo is 10000-fold

reduced while incision on the Rp isomer is only 20-fold
reduced (14). Therefore, in a mixture of Sp and Rp stereoi-
somers of AP endo substrate, the enzyme will have a vast
preference for cleavage of the Rp stereoisomer.

We recently proposed a two-step enzymatic mechanism
in which Tyr171 acts directly as the attacking nucleophile (16).
One way to evaluate this proposal involves use of substrate
DNA containing a phosphorothioate linkage. Phosphorothio-
ate RNA and DNA have been used in a wide variety of
applications [reviewed by Summerton (17)], including RNA-
mediated interference (RNAi) (18) and as drugs targeted
toward specific pathogenic proteins, as in the case of the
malarial topoisomerase II (19). By far, the most specific use
of phosphorothioate oligonucleotides has been in the inves-
tigationofthestereochemicalcourseofenzymaticreactions(20-23).

DNA cleavage reactions performed on phosphorothioate
DNA in the presence of H2

18O generate product DNA with
a 5′ terminal chiral thiophosphate (21). The chirality of the
product DNA is dependent on both the stereochemistry of
the starting material (Sp or Rp) and the nature of the enzymatic
reaction (one-step reaction with inversion of configuration
of the scissile phosphate or two-step reaction, which occurs
with no net inversion of configuration). Product DNA
generated in this manner can then be configurationally
defined using the well-documented stereochemistry of the
T4 DNA ligase reaction, through which the pro-R oxygen
from the 5′ terminal thiophosphate donor is always lost to
AMP during the course of the ligase reaction (21) (Figure
1). Knowing that T4 DNA ligase is able to ligate DNA
efficiently when a 5′ dRP group is present at the terminus
of the donor DNA (24) enabled us to follow the fate of 18O
after AP endo cleavage of the Rp stereoisomer of substrate
DNA, and subsequent ligation of the product DNA with a
partner oligonucleotide. We could thus discriminate between
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a one-step (Figure 1A) and a two-step (Figure 1B) hydrolytic
mechanism.

EXPERIMENTAL PROCEDURES

Three oligonucleotides were designed such that the AP
endo reaction site or ligation site was flanked by HaeIII
restriction sites (underlined). The tetrahydrofuran AP site
analogue containing a 5′ phosphorothioate linkage is repre-
sented by sF, while the analogous phosphodiester control is
abbreviated as pF: STM5, 5′ CCATGCCTGCACGAsFTG-
GCCGAATTCTTC 3′; STM6, 5′ GAAGAATTCGGC-
CAGTCGTGCAGGCATGG 3′; and STM7, 5′ GAAGAAT-
TCGGCCAGAGGCCAAGAGCGCGCTTTTGCGCGCTCTTGGCCT
3′.

These oligomers were synthesized Trityl-OFF by GeneLink
(Hawthorne, NY). DNA oligonucleotide STM5 was gener-
ated by automated DNA synthesis (Expedite 8909 DNA
Synthesizer, PerSeptive Biosystems, Inc., Framingham, MA)
and standard phosphoramidite chemistry. The phosphorothio-
ate linkage was introduced using the Beaucage (25) sulfu-
rizing reagent (3H-1,2-benzodithiol-3-one 1,1-dioxide) (Glen
Research, Sterling, VA), which yields ∼96% phosphorothio-

ate linkages. The stable AP site (THF, F) was introduced
into the DNA oligomer using dSpacer CE phosphoramidite
{5′-O-dimethoxytrityl-1′,2′-dideoxyribose-3′-[(2-cyanoeth-
yl)(N,N-diisopropyl)]phosphoramidite} (Glen Research). At-
tempts to resolve the Sp and Rp diastereomers by HPLC using
reversed-phase columns and the many conditions described
by Subach et al. (26) for our sequences were unsuccessful.
Therefore, the AP endo reaction was performed on a mixture
of diastereomers. DNA samples were PAGE-purified from
an 18% preparative gel. All oligomers were greater than 95%
pure as determined by 5′ 32P end labeling with polynucleotide
kinase (New England Biolabs, Beverly, MA), resolution on
an 18% denaturing polyacrylamide gel, and PhosphorImager
analysis. After PAGE purification, desalted oligomers were
dissolved in either sterile H2O or sterile H2

18O (Cambridge
Isotope Laboratories, Inc., Cambridge, MA). The subsequent
enzymatic reactions were performed in either 100% H2O or
H2

18O (at 96% isotopic abundance).
The overall experimental scheme is depicted in Figure 2.

The substrate for the AP endo reaction was generated by
annealing STM5 and STM6 in equimolar quantities (final
DNA concentration of 4 µM). This was accomplished by

FIGURE 1: Stereochemical course of the reactions described in the text. Panel A shows the fate of 18O (b) in a one-step hydrolytic mechanism.
Panel B shows the fate of 18O (b) in a two-step hydrolytic mechanism. Since it is known that AP endonuclease appreciably cleaves only
the Rp diastereomer, the reaction is depicted using the Rp stereoisomer as the starting material. In a one-step hydrolysis, 18O is transferred
to the pro-R oxygen of the cleaved oligomer product but is then lost to AMP during the stereospecific T4 DNA ligase reaction (58). In a
two-step hydrolysis, the heavy oxygen is transferred to the pro-S oxygen of the cleaved product DNA and is retained during the stereospecific
T4 DNA ligase reaction. Bond order and charge about the phosphorus were omitted for the sake of stereochemical clarity.

20 Biochemistry, Vol. 48, No. 1, 2009 Mundle et al.

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
10

, 2
00

8 
| d

oi
: 1

0.
10

21
/b

i8
01

61
37



heating the mixture to 70 °C and allowing it to cool slowly
to room temperature in either H2O or H2

18O. The mixture
for the AP endo reaction, performed in a total volume of
800 µL, contained 750 nM double-stranded substrate DNA
and 100 nM AP endo in 50 mM Hepes/NaOH (pH 7.5), 0.1
mM EDTA, 65 mM NaCl, 10% glycerol, and 5 mM MgCl2.
Initially, a time course (0-3 h) was performed using a total
reaction volume of 5 µL and 5′ 32P end-labeled substrate
DNA, which determined that 3 h was an appropriate end
point for the reaction (Figure 3). Reaction mixtures were
incubated for 3 h at 22 °C, and then reactions were terminated
by addition of EDTA to a final concentration of 100 mM.
The reaction mixture was desalted using illustra MicroSpin
G-25 columns (GE Healthcare, Buckinghamshire, U.K.),
phenol-extracted, and ethanol-precipitated in the presence of
0.3 M sodium acetate. To ensure that 18O was incorporated
into the reaction product, a sample was analyzed by mass
spectrometry as described in Results.

Following processing of the AP endo reaction product,
all subsequent steps were performed in sterile, nonisotopi-
cally enriched H2O. Ligation reactions were performed in a
total volume of 100 µL. Eight thousand picomoles (≈8-fold

molar ratio) STM7 hairpin DNA was mixed with the AP
endo reaction product. The DNA mixture was heated to 70
°C and slow-cooled to room temperature for annealing. The
samples were then allowed to cool to 16 °C for 5 min before
addition of T4 DNA ligase buffer (ATP included) and 60
units of T4 DNA ligase (Promega Corp., Madison, WI). After
ligation reaction mixtures had been incubated for 2 h at 16
°C, an additional 60 units of T4 DNA ligase and 50 nmol of
fresh ATP were added. Ligation reactions were allowed to
proceed overnight at 16 °C. The T4 DNA ligase reaction
product was processed by G-25 desalting. The sample was
then digested with 80 units of HaeIII (New England Biolabs)
in 120-130 µL of 1× NE buffer 2 for 2-4 h at 37 °C
followed by heat inactivation of the enzyme at 80 °C for 20
min. Analysis of 100 µL of the HaeIII product was then
performed by electrospray ionization time-of-flight mass
spectrometry (ESI-TOF MS) by means of an Agilent 1100
MSD ESI-TOF instrument calibrated with a commercial
tuning mixture just prior to analysis [as in the Supplementary
Methods of Delaney et al. (27) with some minor modifica-
tions to the HPLC method].

ESI-TOF MS afforded the extreme sensitivity and isotopic
resolution required to differentiate between 16O and 18O in a
7mer single-stranded DNA molecule. Mass accuracy and
resolution were typically less than 1 ppm and higher than
10000, respectively. The following parameters were used:
capillary voltage of -3500 V, nebulizing gas pressure of 35
psi, and drying gas flow of 12 L/min at 325 °C. The
fragmentor was set at 225 V, and scans were taken from
m/z 100 to 2000. The injection needle was washed twice in
100% methanol prior to injection of the sample onto the
column. An Agilent 1100 Series thermostated autosampler
in series with a reverse-phase column (Agilent Zorbax SB-
Aq, 3.5 µm, 2.1 mm × 150 mm) was used to introduce the
sample at 0.3 mL/min, using a gradient from 0 to 50% B
over 20 min followed by a gradient from 50 to 80% B over
5 min, and equilibration from 0 to 0% B for 12 min (A, 10
mM ammonium acetate; B, 100% acetonitrile). The time of

FIGURE 2: Schematic representation of the phosphorothioate experiment to determine the AP endo reaction mechanism. sF represents the
tetrahydrofuran AP site analogue containing a 5′ phoshorothioate linkage, and analysis of ESI-TOF mass spectra was performed using the
extracted ions of the modified single-stranded DNA.

FIGURE 3: Time course of the AP endo reaction. The ability of AP
endo to cleave the constructed substrate DNA was examined using
radiolabeled substrate DNA and conditions as described in the text.
These data are the average of two independent experiments, each
point being determined in duplicate in each experiment.

Enzymatic Mechanism of AP endo Biochemistry, Vol. 48, No. 1, 2009 21
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entry into the mass spectrometer for the 15mer AP endo
product was 9.4 min and for the 7mer AP endoligated/HaeIII
product 8.1 min. The expected monoisotopic values for the
most populated charge states of a given single-stranded DNA
fragment of interest were used to extract the ions from the
total ion chromatograph; a range of 4 m/z centered about
the expected 16O monoisotopic value was used, ensuring
representation of both 16O and 18O species. The background
was subtracted from the appropriate extracted ion peak,
taking juxtaposed regions of identical width from both sides.

RESULTS

Initial experiments were performed to determine suitable
conditions for the AP endo reaction. After varying the
concentration of the enzyme and the amount of time that
the reaction was allowed to proceed, we determined that at
750 nM substrate and 100 nM enzyme, a reaction time of
3 h was sufficient to convert most, if not all, of the Rp

substrate DNA into product. Figure 3 represents the time
course of the AP endo reaction. By 3 h, the rate of the
reaction had tapered off, and the amount of product was
∼50% of the amount of substrate. This result indicated that
the reaction had gone to completion and that cleavage of
the Sp diastereomer was minimal. Confirmation of the report
that AP endo cleaves the Rp stereoisomer (14) was obtained
by digestion of the AP endo reaction product with either
nuclease P1 (which cleaves the Sp stereoisomer and not Rp)
or snake venom phosphodiesterase (which cleaves the Rp

stereoisomer and not Sp). Analysis of these products by ESI-
TOF MS confirmed that the DNA refractory to cleavage by
AP endo was also resistant to cleavage by snake venom
phosphodiesterase but sensitive to cleavage by nuclease P1,
as predicted (see the Supporting Information).

The T4 DNA ligase reaction was optimized using 32P end-
labeled substrate DNA. The ratio of AP endo reaction product
to STM7 49mer hairpin oligomers was varied. Product
formation was maximal with an 8:1 ratio of STM7 acceptor
to 5′ thiophosphate donor DNA and by addition of extra ATP
(0.5 mM) and ligase (60 units) midreaction, as described by
Carey et al. (28). Although only 1-3% ligation occurred
(data not shown), the quantity of product (80-240 pmol)
was sufficient for detection by ESI-TOF MS. Consequently,
the reaction was scaled up and performed without the
radiolabel (see below). The experiment was designed to
eliminate the need for purification of oligonucleotide frag-
ments after each enzymatic step, which would have been an
arduous task. As judged by mass spectrometry of the AP
endo product and its ligation/HaeIII product, the 29mer
starting material contained ∼5% of a 5′ phosphodiester-THF
(pF) linkage [16 amu less than the expected phosphorothioate
product (data not shown)]. This outcome could be possible
due to incomplete sulfurization or desulfurization during
solid-phase chemical synthesis (29, 30), and the difficulty
of purifying a large DNA molecule. Since the ligation
efficiency of the AP endo cleavage product was low (1-3%),
one may be concerned that most of the ligated material would
be from the pF contaminant, which would presumably ligate
more efficiently. This possibility was not the case, as there
was ∼5% of the pF signal for both the 15mer AP endo
product and the 7mer ligation/HaeIII product. Nevertheless,
the small pF contaminant did not adversely affect the mass

spectral interpretation, since our analysis focused on mol-
ecules that contained the phosphorothioate linkage, and
ligation of the AP endo product to a dissimilar oligonucle-
otide ensured that the observed events occurred from a
successful AP endo event (allowing 18O incorporation),
followed by a successful T4 DNA ligase event.

To determine whether the modified conditions for ESI-
TOF MS used by Delaney et al. (27) were appropriate for
this DNA sample, we analyzed the AP endo reaction product
prior to ligation. The expected molecular formula for the
neutral 15mer AP endo reaction product bearing the 5′ sF
group in H2O is C141H184N47O92P15S1, which has a theoretical
monoisotopic (100% 12C) mass to charge ratio (m/z) of
1124.916 in the -4 charge state. After analysis of the sample
and extraction of ions at m/z 1123-1127, a characteristic
mass spectrum for DNA of the appropriate size (m/z
1124.919) was obtained (Figure 4A). Despite ion extraction,
the signal for the -3 charge state (m/z 1500.224) was poorly
resolved, and that for the -5 charge state (m/z 899.731) was
not detected (data not shown). Molecular Weight Calculator
version 6.45, written by M. Monroe for the U.S. Department
of Energy (under Grant RR018522 and Contract DE-AC05-

FIGURE 4: ESI-TOF MS analysis of the AP endonuclease reaction
product performed in H2O and H2

18O. ESI-TOF MS was performed
as described in Experimental Procedures. Panel A shows the results
obtained when the AP endo reaction was performed in H2O, as
well as the theoretical isotopic distribution. Panel B shows the
results of the AP endo reaction performed in H2

18O. Extraction of
ions between m/z 1123 and 1127 revealed -4 envelopes containing
monoisotopic (100% 12C) values of m/z 1124.919 (reaction in H2O)
and 1125.421 (reaction in H2

18O) for the single-stranded 15mers.
The theoretical isotopic distribution for 5′ sFTGGCCGAATTCTTC
3′ is shown in the inset.

22 Biochemistry, Vol. 48, No. 1, 2009 Mundle et al.
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76RL0 1830, Pacific Northwest National Laboratory, Rich-
land, WA) revealed that the theoretical isotopic distribution
(Figure 4A, inset) agreed well with what was observed. The
signal for the -4 charge state was strong enough to
rationalize performance of the large-scale reaction with
unlabeled substrate in H2

18O for analysis of products. In
H2

18O, the expected molecular formula for the neutral product
DNA is C141H184N47O91P15S1 + 18O1, which has a theoretical
m/z ratio of 1125.417 in the -4 charge state. Upon extraction
of m/z 1123-1127 ions, a signal at m/z 1125.421 was
obtained (Figure 4B). Minor (<15%) contamination with the
16O product DNA was expected since there was ∼4-5%
H2O present during the reaction, which has no bearing on
the analysis, as the complete retention versus complete loss
of 18O signal is probed (and not 18O:16O ratios). These results
served as proof of principal, in that we were able to
demonstrate incorporation of H2

18O into the AP endo reaction
product and that the 18O signal was sufficiently abundant to
discern its retention versus loss.

The product of the AP endo reaction in H2O, followed by
ligation and HaeIII digestion, is expected to be a 7mer with
a neutral molecular formula of C63H85N20O43P7S1 and monoiso-
topic m/z ratios of 685.091 and 1028.140 in the -3 and -2
charge states, respectively. After extraction of ions from m/z
683 to 687 and from m/z 1026 to 1030, we found close
agreement of the theoretical with the observed m/z values
of 685.093 and 1028.143 (Figure 5A,B). The Molecular
Weight Calculator revealed that the theoretical isotopic

distribution agreed well with what was observed for the -3
charge state (Figure 5A); the small increased deviation in
the m/z 1028.6 peak for the -2 charge state (Figure 5B) is
most likely due to a species comigrating on this rather steep
LC gradient. In the case of a one-step hydrolysis, the m/z
ratios of the AP endo reaction product performed in H2

18O,
followed by ligation and HaeIII digestion, were expected to
be the same as when they were performed in H2O (Figure
5A,B). In the event of a two-step hydrolysis, 18O incorpora-
tion would give a neutral molecular formula of
C63H85N20O42P7S1 + 18O1 and expected m/z ratios of 685.759
and 1029.142 for the -3 and -2 charge states, respectively.
Panels C and D of Figure 5 show that the m/z ratios obtained
after reaction in H2

18O of 685.089 and 1028.141 for the -3
and -2 charge states, respectively, correlated well with the
values seen when the reaction was performed in H2O, even
though 18O had clearly been incorporated into the starting
material prior to ligation. Therefore, we conclude that AP
endo cleaves a THF-containing substrate by a one-step
mechanism.

DISCUSSION

Here, we describe experiments, using mass spectrometry,
H2

18O, and the known stereochemical preferences of AP endo
and T4 DNA ligase, that determine the enzymatic mechanism
of human AP endo, a critical enzyme in maintaining the
integrity of the human genome during normal metabolism

FIGURE 5: ESI-TOF MS analysis of the ligation/HaeIII reaction product performed in H2O. ESI-TOF MS was performed as described in the
text. Mass to charge ratios of the single-stranded 7mer were obtained for the -3 [m/z 685.091 (A)] and -2 [m/z 1028.143 (B)] charge
states. The theoretical isotopic distribution for 5′ pCCTsFTGG 3′ (any charge state) is shown in the inset. Mass to charge ratios of the
single-stranded 7mer product DNA were similar to those obtained when the AP endo reaction was performed in H2O for the -3 [m/z
685.089 (C)] and -2 [m/z 1028.141 (D)] charge states. This result indicates that the reaction proceeds by a one-step mechanism.

Enzymatic Mechanism of AP endo Biochemistry, Vol. 48, No. 1, 2009 23
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as well as in times of oxidative stress. Phosphorothioate-
containing DNA oligomers are a powerful tool for studying
the stereochemistry of DNA-metabolizing enzymes involved
in phosphoryl transfer reactions (reviewed in refs 31 and 32).
In particular, they have been used to determine the
type of mechanism employed by a number of restriction
endonucleases (21, 22, 33-39), vaccinia type 1 topoi-
somerase (23), DNA polymerase I Klenow fragment (40),
and HIV-1 reverse transcriptase (41-43), among others.

Enzymes that cleave the phosphodiester backbone of DNA
molecules generally act by one of two mechanisms, which
differ in the identity of the nucleophile that carries out the
attack. The most common mechanism is one in which
activated water is the attacking nucleophile. In this one-step
mechanism, a highly unstable pentacoordinate transition state
is formed, resulting in cleavage of the scissile bond. Most
type II restriction endonucleases act by this type of
mechanism (21, 33-39). The less common two-step mech-
anism is one in which a nucleophile, provided by the enzyme,
carries out direct attack of the scissile phosphate. In a two-
step mechanism, nucleophilic attack results in the formation
of a covalent intermediate between the enzyme and the DNA.
This intermediate is displaced by water, resulting in cleavage
of the scissile bond. Members of the phospholipase D family
of enzymes act by a two-step mechanism, in which a covalent
phosphohistidine intermediate is formed (44-47). Both
one-step (48-51) and two-step (16) mechanisms have been
proposed for the AP endo mechanism of action. We were
particularly interested in the chemical mechanism of AP endo
in deciphering the role of Tyr171 at the active site (16) and
because of the physiological importance of this enzyme (52-
54). Additionally, understanding the chemistry of an enzyme
is an essential tool in the design of inhibitors, which in this
case could be used in concomitant therapy to increase the
dose effectiveness of cancer chemotherapeutics (52-56).
Most chemotherapeutics act by damaging DNA, with the
resulting damage often being repaired by DNA repair
enzymes, such as AP endo. Therefore, if DNA repair can
be inhibited in actively dividing cells, and the most actively
dividing cells are cancer cells in most cases, then the dose
of chemotherapeutic agents might be reduced without losing
efficacy.

The Strauss laboratory published the first single-turnover
studies of AP endo and determined explicit binding and
dissociation kinetics (11). We also have shown that both
His309 and Tyr171 are intimately involved in catalysis by this
enzyme (15, 16). Recently, Maher and Bloom published the
first pre-steady state kinetic analysis of cleavage of a THF-
containing substrate (57). They showed that the cleavage rate
of AP endo is so fast that it is immeasurable using stopped-
flow kinetics (minimally 850 s-1). The most important
conclusion from the latter study (which investigated the wild
type as well as H309N and D210A mutants) is the fact that
a slow step, which occurs after chemistry but before
dissociation, limits the steady state incision activity to 2-10
s-1. The authors suggest a conformational change, which
occurs after cleavage of the DNA, resulting in the following
minimal enzymatic scheme:

E+ ST [ES]f [EP]f [EP*]fE+ P

On the basis of the results presented here, the most likely
mechanism for AP endo on a THF-containing substrate is

an associative one-step hydrolytic mechanism. An analysis
of the active site (Figure 6) implicates His309 as the general
base generating the attacking nucleophile, with Tyr171 most
likely acting as a guide to properly position the THF-
containing substrate for catalysis. We suggest the following
mechanism for human AP endo, when acting on a THF-
containing substrate: Binding of substrate DNA and the
required divalent cation renders the enzyme catalytically
“active”. Although the divalent cation does not make direct
contact with Tyr171, it does perturb the molecular environment
of this residue (S. T. Mundle et al., manuscript in prepara-
tion). This perturbation, in turn, allows Tyr171 to properly
position the AP site for cleavage. Mg2+, which is liganded
by Glu96, makes contact with a nonbridging oxygen of the
scissile phosphate, rendering it electropositive and open to
attack, presumably by water. His309 generates the attacking
nucleophile. Attack results in the formation of a pentavalent
transition state, followed by expulsion of the 5′ leaving group
and cleavage of the phosphodiester bond.

In this study, we expand upon evidence that AP endo
cleaves the Rp but not the Sp stereoisomer of DNA phos-
phorothioate oligomers, albeit slowly with respect to a
phosphodiester substrate (14). This observation was impor-
tant to the overall scheme of the work presented here. Since
separation of the Rp and Sp diastereomers of the substrate
DNA was not achieved, the AP endo reaction was performed
on a substrate which contained a 1:1 mixture of the two. In
the Sp diastereomer of phosphorothioate DNA, sulfur oc-
cupies what would be the pro-S oxygen of a phosphodiester
linkage; therefore, the Sp diastereomer sterically prevents
binding by the required divalent cation, Mg2+, which under
normal circumstances makes contact with the nonbridging
pro-S oxygen of the phosphodiester bond, ensuring that AP
endo is only able to cleave the Rp-containing substrate
molecule. Here we show unequivocally that the mechanism

FIGURE 6: Stereoview showing the active site residues of human
AP endo in complex with cleaved product DNA (50). The proposed
roles of active site residues, His309 (magenta), Tyr171 (cyan), and
Glu96 (green), are described in the text. Glu96 is shown bound to
the divalent cation (Mn2+) (white), with which the structure was
cocrystallized. Others (50) have proposed that Asp210 (orange) may
serve to generate the attacking nucleophile. Lucas et al. (15) have
shown that, on the basis of kinetic studies, both Asp283 and Asp308

(purple), which flank the active site histidine, are equally involved
in maintaining the conformation of the active site. This figure was
created using the RasMol molecular viewing program (59).
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of AP endo on a THF-containing substrate DNA proceeds
by a one-step mechanism, which has always been shown to
proceed with inversion of configuration at the scissile
phosphate.

SUPPORTING INFORMATION AVAILABLE

Additional experimental procedures and results, evidence
that the material analyzed in this study was derived from
AP endo selectively cleaving the R phosphorothioate isomer
(Figure S1), evidence that AP endo shows a vast preference
for cleavage of the Rp stereoisomer versus the Sp stereoisomer
(Figure S2), and analysis of the free G nitrogenous base that
indicates that more than half the amount of DNA from the
nuclease P1 digest was analyzed, with respect to the snake
venom phosphodiesterase digest (Figure S3). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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