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ABSTRACT:. DNA strand breaks can result as a direct or indirect consequence of oxidative damage to the
nucleic acid bases and/or deoxyribose sugars. lonizing radiation and the antitumor agents, the bleomycins
(BLMs) and enediynes, share in common the ability to indirectly cause DNA strand scission dfter C4
hydrogen atom abstraction from the deoxyribose moiety. In the case of extensively studied BLMs, the
C4 radical generated under anaerobic conditions results in production'eéfetctabasic site after C4
oxidation to a cation and #D addition. To study the structure, stability, and repair of this lesion, a general
method is reported for its homogeneous preparation in any sequence cohezitiat2 -deoxyuridine-
5'-triphosphate is incorporated into duplex DNA using a primer, a template containing a restriction enzyme
(NgoM 1V) cleavage site at its'2nd, and HIV-1 reverse transcriptase. The two strands of the duplex are
separated based on size after cleavage with the restriction enzyme. The single-stranded (ss) DNA containing
4'-azido-2-deoxyuridine, when treated with uracil-DNA glycosylase, results in quantitative release of
uracil, azide, and generation of a ss-DNA containing thkefo abasic site. This lesion is characterized
directly by MALDI-TOF MS and indirectly by subsequent reduction, enzymatic digestion, and GC/MS.
The stability of duplex DNA containing d-4keto abasic site relative to an abasic site in the same sequence
context is reported under physiological conditions.

Oxidative damage of DNA generates a wide range of The cytotoxicity of the BLMs is thought to be related to
lesions on the nucleic acid bases and the deoxyribose sugartheir ability to bind to duplex DNA and generate both single-
that, if left unrepaired, results in mutations and ultimately stranded (ss) and double-stranded (ds) DNA lesions via
disease X). Most of the work in this area has focused on oxidative damage to the deoxyribose backboh8, (L4).
base lesions2—4). However, it is estimated that 220% Recent studies have also suggested that RNA may be a target
of the damage is associated with the deoxyribose backbonepf the BLMs (15). Cleavage of either DNA or RNA requires
and subsequently, frank or indirect DNA strand cleavdge (  the presence of both ferrous iron and, @he cofactors
6). The structures of a number of oxidatively damaged sugarsthought to be required for BLM’s activity in vivo. The
resulting from ionizing radiation7( 8), chemical oxidants difficulty in repairing the ds-lesions has suggested that they
(9), and a variety of antitumor agentd®) have been  are predominantly responsible for the therapeutic efficacy
characterized. The recent development of more sensitiveof the BLMs (16, 17). The sugar damage generated by BLMs
analytical and mass spectrometric methods suggest thais injtiated by 4-hydrogen atom abstraction from a pyrimi-
additional Sugar damage W|” I|ke|y be |dent|f|ed, a require' dine 3toa guanine :(8) The resumng '4radica| can |ead
ment to understand the_physiologic;al consequences of therg two types of damage depending on the availability of O
lesions and the mechanisms of their repait)( (Scheme 1). Under anaerobic conditions,’&eto abasic

Our laboratory has been interested in the bleomycins site is generated, which remains part of an intact DNA strand
(BLMs),! natural products used clinically in combination with (19, 20). In the presence of £ a 4-peroxy radical is
other drugs in the treatment of a variety of cancelrg).( generated that eventually leads to a gappeph®sphogly-
colate/5-phosphate lesion (3G/8-P) and elimination of a

T Supported by NIH Grant GM 34454 to J.S. pyrimidine propenal (base propenal, Scheme2ll).(The

* C_qrresponding author. Tel: (617) 253-1814. Fax: (617) 258-7247. Chemistry of this process is Comp|ex and SId\B,(ZZ) Both
E'ng'p;tt”n?gﬁgrfngﬁgg'istry_ types of lesions are also generated by ionizing radiation and

8 Department of Biology. by other natural products such as the enediy28s. Our

t 1Agbg'e\éigt(i§gsg le‘_Mﬁ ble?]mylcin:ls:ts,lsir;]QIe-Sr‘]tr?n?eq: dsbggugle- laboratory’s interest in the mechanism of cytotoxicity of the
Béﬁfgcfylémi de gel e|gct?§gh8?e§?§; as%?n&%%%ﬁrfnsé?ﬂ’ysny|)- ' BLMs has recently led us to develop synthetic methods to
trifluoroacetamide; TMCS, trimethyichlorosilane; TCEP, tris-(2-car- Make gapped'@G/3-P lesions and to study their structures
bﬁxyewytg-spehOlg‘rl)'hirr:e?/;ergzct;r’ar?sriﬁil-tggléa'\ Fgllgléoiylaﬁg; AFnFc))’diae”sft?e”rgie by 2-D NMR methods Z4). Generation of these lesions in
EDﬁ,pfo?maté deﬁydrogenase; RP-?—iPLC’, reverse Bhasg HPLC; MAL- ]any .Sequence context an.d knowledge of th.elr structure ShQUId
DI, matrix-assisted laser desorption/ionization{\a-dU, 4-azido-2- facilitate our understanding of the mechanism of recognition
deoxyuridine. by DNA repair enzymes. We now report, using a combina-
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4'-keto abasic site

tion of synthetic and enzymatic methods (Figure 1), a
convenient synthesis of thé-Keto abasic site lesion and the
preliminary characterization of its stability.

MATERIALS AND METHODS

The oligonucleotides2—4, Table 1) were synthesized at
the MIT Biopolymers Laboratory. Compoun8@sand4 were
purified by polyacrylamide gel electrophoresis (PAGE)(
The following extinction coefficientsefeo) were calculated
as reported?6): 1, 124.3 mMlcmt; 2, 132.5 mMtcm
3, 144.8 mM! cmY; 4, 274.0 mMt cm™%; 5, 333 mMt
cmt; 6, 210 mMt cm™t; 7, 201 mM cm™%; and8 or 9,
242 mMt cm1. N,O-bis(trimethysilyl)trifluoroacetamide
(BSTFA), trimethylchlorosilane (TMCS), and tris-(2-car-
boxyethyl)-phosphine (TCEP) were purchased from Pierce.
All other chemicals were purchased from Sigma-Aldrich Co.

Escherichia coliuracil-DNA glycosylase (UDG, 1 U
releases 60 pmol of uracil per minute from ds-uracil-
containing DNA), DNA polymeraseiKlenow fragment (1
U converts 10 nmol of dNTPs to an acid-insoluble form in
30 min at 37°C), and NgoM IV (1 U digests lug of
adenovirus-2 DNAn 1 h at 37°C) were purchased from
New England Biolabs. Alternatively, UDG was purified from
expression plasmid pET21a-UDG kindly supplied by Dr.
James Stivers, Johns Hopkins University, as previously
described Z7). Nuclease P1 (1 U catalyzes the hydrolysis
of 1 umol of phosphodiester linkage in yeast RNA in 1 min
at 37°C) and alkaline phosphatase from calf intestine (AP,
1 U catalyzes the hydrolysis of gmol of 4-nitrophenyl
phosphate in 1 min at 37C) were purchased from Roche.
HIV-1 reverse transcriptase (HIV-1 RT U incorporates 1
nmol of dNTP in 20 min at 37C, pH 8.3) and snake venom
phosphodiesterase-1 (PDE-1 U hydrolyzes 1umol of
p-nitrophenyl thymidine-5-phosphate in 1 min at 25, pH
8.9) were purchased from Worthington Biochemical Co.
Alternatively, HIV-1 RT was purified following the pub-
lished protocol 28) from E. coli DH5a containing the p66-
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Ficure 1: Synthesis of a'4keto abasic site lesion from'-Ms-
dUTP using HIV-1 RT and UDG. The sequence8of7 are listed
in Table 1. N: 4-Ns-dU.

Table 1: Sequences of the Oligonucleotides Used in This Study

Sequence information *

5'-AAA AXA AAA-3’

2 5'-AAA AUA AAA-3'

3 5'-CTG AGC TCC AAA G-3'

5'-CTG CCG GCC CGG TAC TTT GGA GCT CAG-3'

U
GGC CGG CAG-3’
CCG GCC GTC-5'

f

5 5'-CTG
3'-GAC

AGC
TCG

TCC
AGG

GNA CCG

TTT CAT GGC

5'-CTG AGC TCC GNA CCG GG-3'

5'-CTG AGC TCC GYA CCG GG-3'

GG-3'
cc-5'

8 5'-CTG
3'-GAC

AGC
TCG

TCC
AGG

GYA CCG

TTT CAT GGC

GG-3’
cc-5'

5'-CTG
3'-GAC

AGC TCC
TCG AGG

AAA
TTT

GXA CCG
CAT GGC

a*X: a normal abasic site. N: 'dNz-dU. Y: a 4-keto abasic site.
The underlined sequence denotes the NgoM IV recognition sequence,
and! indicates the cleavage site.

(his)/51 plasmid 29) (provided by Drs. Paul Boyer and
Stephen Hughes, National Cancer Institute). AMV reverse
transcriptase (AMV RT1 U incorporates 1 nmol of TMP
into acid-insoluble product in 10 min at 3T) was purchased
from USB. RAV-2 reverse transcriptase (RAV-2 RT, 1 U
incorporates 1 nmol of TMP into acid-insoluble product in
10 min at 37°C with poly (rA)/polyT as the primer/template)
was purchased from Amersham Pharmacia Biotech. Human
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Ficure 2: Characterization of ollgonucleotldes containing an abasic &jter(a 4-keto abasic site7) by enzymatic digestion followed
by GC/MS. Similar experiments have been performed with NaBIdbmpoundsld and 7d were subjected to GC/ MS analysis.

polymerases (1 U incorporates 1 nmol of dNTP into acid-
insoluble productn 1 h at 37°C) was purchased from
Trevigen. Yeast formate dehydrogenase (FRM oxidizes
1.0umol of formate to C@per min using at pH 7.5, 37C)
was purchased from Sigma.

Ethanol precipitation of oligonucleotides was carried out
in a volume of 1 mL by adding 0.3 M sodium acetate, pH
5.2 and 71.4% (v/v) ethanol. The mixture was incubated at
—80°C for 1 h and was centrifuged at 10 @fdr 30 min.

The supernatant was decanted, and the pellet was washe®P-HPLC system A. (Compound,

with 500 4L of ice-cold 75% ethanol. The mixture was
centrifuged again at 10 0§Cfor 30 min. The supernatant
was removed, and the pellet was dried in vacuo.

lens, 8.6 kV; extraction time, 200 ns; and sample rate, 1 per
ns. The detector was set in a linear, positive mode.
Synthesis of ' BAAA AXA AAA-3(1, X Denotes an Abasic
Site) as a ControlCompoundl (Table 1) was synthesized
by treating crude SAAA AUA AAA-3 ' (2) with UDG. The
reaction mixture contained in a final volume of 200: 178
nmol of 2, 20 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1 mM
DTT, and 100 U of UDG. The reaction was allowed to
proceed at 37C for 4.5 h. Compound was purified by
retention time, yield:
uracil, 7.8 min, 114 nmolyl, 20.2 min, 110 nmol).
Reduction ofl to 1a by NaBH, or NaBD, and Enzymatic
Digestion of 1a with Nuclease P1 and AP (Figure 2).

Reverse phase HPLC (RP-HPLC) was carried out using aCompoundl (20 nmol) was incubated with 50 mM NaBH

Nucleotide-Nucleoside Column (Alltech, 25& 4.6 mm).
Two different chromatographic elution programs were used.
The first (system A) involved solution A (50 mM ammonium
acetate, pH 7.0) and solution B (methanol) using a linear
gradient of 3-50% B over 30 min with a flow rate of 1
mL/min. The second (system B) involved solution A (60
mM KHPQ,, 5 mM tetrabutylammonium phosphate, pH 4.7)
and solution B (5 mM tetrabutylammonium phosphate in
methanol) using a linear gradient of-80% B over 20 min
and 506-90% over an additional 10 min with a flow rate of
1 mL/min.

Anion-exchange HPLC was carried out using a DNAPac
100 column (Dionex, 25k 4 mm). The elution (system C)
involved solution A (25 mM HEPES, pH 8.0) and solution
B (200 mM NacClQ, 25 mM HEPES, pH 8.0) using a linear
gradient of 25-100% B over 15 min with a flow rate of 1
mL/min.

The GC/MS experiments were carried out on a Hewlett-
Packard Agilent 5973N with an HP Restek Rtx-1 column
(30 m x 250 um x 1 um). The oven temperature was
maintained at 100C for 5 min followed by a linear gradient
of 100—250 °C over the next 15 min.

Matrix-assisted laser desorption/ionization (MALDI)-mass

in 100 mM Tris-HCI (pH 8.3), in a total volume of 2Qc_
at 4 °C for 30 min. Acetic acid (2QuL) was added to
neutralize the reaction mixture, atid was separated by RP-
HPLC system A. (Compound, retention time, yielth, 20.3
min, 19.2 nmol).

Nuclease P1 digestion dfa was carried out in a final
volume of 10QuL containing 15 nmol ofia, 0.1 M NaOAc,
pH 5.3, 0.1 mM ZnC), and 15 U of nuclease P1. The
reaction mixture was incubated at 32 for 1 h. The mixture
was then diluted to 200L containing 50 mM Tris-HCI (pH
8.5), 0.1 mM EDTA, and 20 U of AP. The incubation was
carried out at 37C for 30 min. The reaction was stopped
when the reaction mixture was heated at°@5for 10 min.
The protein was removed by centrifugation, and the products
were separated by RP-HPLC system A to give the compound,
retention time, and yield1b, 17.4 min, 12 nmol; dA, 21.0
min, 85 nmol. Alternatively, the products of the enzymatic
digestion ofla (5 nmol) were analyzed by RP-HPLC system
B to give the compound, retention time, and yield: dA, 14.9
min, 27.4 nmol;1b, 19.1min, 4.3 nmol.

The reduction of1 by NaBD, and the subsequent
enzymatic digestion were carried out under the same condi-
tions as described previously. The ESI-MS (fMH] ™) for

spectrometry (MS) experiments were carried out on a Bruker 1b (NaBH,): calcd 448.1239, found 448.1231lh (NaBDy):

Daltonics OminiFlex MALDI-TOF mass spectrometer. The
MALDI matrix solution was prepared by mixing 2 volumes
of 52.5 mg/mL 3-hydroxyl-picolinic acid in 50% acetonitrile/
water (v/v) with 1 volume of 0.1 M diammonium citrate.
Samples containing~200 pmol of oligonucleotide were
loaded onto 1QuL of C18 ZipTip (MilliPore) and were
desalted by washing twice with 20_ of H,O. The desalted
oligonucleotides were eluted with/AL of MALDI matrix

calcd 449.1302, found 449.1301.

GC/MS Analysis of 2-Deoxy-pentitolsd| Derived from
1b. Compoundlb (8 nmol) was incubated in 50 mM Tris-
HCI (pH 8.3), 10 mM MgC}, and 2 U ofPDE-1 in a total
volume of 20uL. The reaction was allowed to proceed at
37 °C for 2 h. The reaction was stopped when the reaction
mixture was heated at 95C for 10 min. The protein was
removed by centrifugation. Half of the reaction mixture was

solution and were spotted on the target. The instrumental subjected to RP-HPLC (system B), and the product was

parameters were ion source 1, 19 kV; ion source 2, 17 kV,

found to coelute with 5dAMP. The other half was lyophi-
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lized and transferred to a 0.3 mL reaction vial (Pierce) by = 8.1 Hz, H5), 6.42 (1 H, m, H), 7.85 (1 H, dJ = 8.1
being dissolved in methanol followed by evaporating to Hz, H6). The yield of 4Ns-dUTP was 50%.

dryness in vacuo. Compourd (4 nmol) was silylated with Incorporation of 4-Ns-dU into Duplex DNA using a
a 20ulL of 1:1 acetonitrile/BSTFA (with 1% TMCS) at 100  Primer Extension Methodl'he reaction mixture contained
°C for 30 min to produceld (Figure 2). An aliquot (JuL) the following in a final volume of 1 mL: 1@M primer (3,
of the silylation mixture was then analyzed by GC/MS. Table 1), 1uM template 4, Table 1), 1 mM dNTPs (dATP,
Compound1d was eluted at 17.4 min (224C). (MS  dGTP, and dCTP), 0.1 mM'Nz-dUTP, 50 mM Tris-HClI

spectrum in Figure S1, Supporting Information.) (pH 8.3), 50 mM KCI, 10 mM Mgd, 0.5 mM DTT, and
300 U of HIV-1 RT. Compound8 and4 were annealed by

heating at 100°C for 5 min followed by cooling to room

(4-Na-dUMP). 4'-Azido-2-deoxyuridine (4Nz-dU) was o herature ovel h before dNTPs and HIV-1 RT were
synthesized as previously reporta@). It was converted 10 y4qeq. The reaction mixture was incubated a7 and

4-Ny-dUMP using a modification of the method of Yoshika-  the reaction was monitored using£8P]-3. Aliquots were

wa et al. B1). 4-Ns-dU (50 mg, 0.186 mmol) was dissolved  taen (24L) at various incubation times and analyzed by a
in 0.5 mL of freshly distilled triethyl phosphate. Freshly 1204 sequencing gel (3% 42 cm). The gel was run at
distilled POC4 (74.6 uL, 0.80 mmol) was then added constant power of 90 W f3 h and was then dried, exposed
dropwise with stirring at £C. The reaction mlxture was to a storage phosphor screen (Molecular Dynamics, now
slowly warmed to room temperature and stirred for an Amersham Biosciences), and visualized on a Storm 840
additional 12 h. The mixture was then diluted into 50 mL of Phosphorimager (Molecular Dynamics, now Amersham
ice-cold water and titrated with NaOH until the pH was Biosciences). The reaction was complete in 2 h, and the

Synthesis of '4Azido-2-deoxyuridine-5monophosphate

between 7 and 7.5. product, 5, was separated from the reaction mixture by
The 4-Na-dUMP was purified on a DEAE Sephadex A-25 €thanol precipitation. . o
column (2.5x 22 cm) using a linear gradient of-@.4 M Isolation of ss-Oligonucleotide Containing-Ms-dU (6,

Table 1) from ds. ss-DNA is required for UDG to remove
uracil from 4-Ns-dU. Compounds was designed with an
NgoM |V restriction site (Table 1). The reaction mixture of
200 uL contained5 (5 nmol) and 120 U of NgoM IV in a
buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10
mM magnesium acetate, and 1 mM DTT, pH 7.9) and was
incubated at 37C for 12 h. Compound (Table 1, 20mer)
was separated from its complimentary strand (24mer) on a
12% polyacrylamide gel (26 20 cm) at constant voltage

triethylammonium bicarbonate (TEAB, 1 L). The flow
rate was 2.7 mL/min, and the fraction size was 28 mL. 4
Ns-dUMP eluted at 0.25 M TEAB, and the fractions were
pooled and concentrated in vacuo until the triethylamine was
removed. The product was characterizediB\NMR: (DO,
HDO = 4.81 ppm,d): 2.48 (2H, m, H2H2"), 4.09 (2H,

m, H5/H5"), 4.59 (1H, m, H3, 5.81 (1H, d,J = 7.9 Hz,
H5), 6.33 (1H, m, H1), 7.71 (1H, dJ = 7.9 Hz, H6). The

overall yield was 50%. of 350 V for 2 h. The gel was visualized by UV shadow.
Synthesis of'4Azido-2-deoxyuridine-5triphosphate (4 Compound6 was recovered from the gel in 50% vyield.
N3-dUTP).4'-N3-dUTP was prepared from-Nz-dUMP via Remaal of Uracil from 6 using UDG. The reaction

the method by Hoard and Ot8%). 4'-Ns-dUMP (34 umol) mixture of 160uL contained 1Q«M 6, 160 U of UDG, 20
was dissolved in 0.5 mL of DMF, and tributylamine (8.1 mM HEPES, pH 8.0, and 1 mM EDTA. The reaction was
uL, 34 umol) was added. The solvent was removed in vacuo, incubated at 37C, and uracil release was monitored by RP-
and the salt was rendered anhydrous by evaporation withHPLC system A (compound, retention time: uracil, 7.8 min;
dry DMF (4 x 0.25 mL), dry pyridine (2x 0.25 mL), and 6, 23.0 min; andz, 21.5 min). The reaction was completed
dry DMF (2 x 0.25 mL). The resulting product was then in2h. _ _
dissolved in 0.3 mL of DMF, and 27.5 mg of 1,1 Quantitation of Azide Release using Formate Dehydro-
carbonyldiimidazole (17mol) in 0.3 mL of DMF was genase (FDH).The release of azide was monitored using
added. The reaction mixture was stirred for 12 h at room the procedure by Blanchard and Clelar88)( The assay
temperature under argon. Then, @18 of H,O/DMF (1:1) mixture in 500uL contained 1.7 mM sodium formate, 10
. , : .

was added, and the reaction mixture was stirred for another_rll_}l'\/I N'At‘D ﬁgo mM :.'EPES (pH7.5), agdb0.0ﬁS U Of.FDH'
30 min at room temperature. Tributylammonium pyrophos- E rate o 1e re?f ion was measured by chang&dghm

. (e = 6.2 mMt cm™). A standard curve was generated by
phate (169.2«mol) in 2 mL of DMF was added, and the he additi f vari t azid
reaction mixture was stirred for an additional 24 h. The the addition of various amounts of azi e_(521)0 nM) to

- ) he reaction mixture, and the decrease in rate was plotted

supernatant was collected, and the precipitate was washed

. ) ) gainst the azide concentration. To quantitate the azide
times with 0.5 mL of DMF. The combined supernatant and release during the conversion 6fto 7, 6 (3.2 nmol) was

washes were mixed with 5 mL of methanol, and the Solvent yaated with UDG under the conditions described previously.
was removed in vacuo. The pellet was 'd'|ssolved in 15 ML The reaction mixture was analyzed by RP-HPLC system A.
of cold water. The product was purified on a DEAE  yracil was quantitated, and the flow-through of the column
Sephadex A-25 column (2.5 15 cm) with a linear gradient  (retention time 2.5:3.5 min, 1 mL) was collected. Aliquots
(0.65x 0.65 L, 0-0.8 M) of TEAB. The flow rate was 3 were added to the FDH assay mixture, and the azide
mL/min, and the fraction size was 17.5 mL. The major peak concentration was quantitated by the inhibition based on the
eluted at 0.6-0.68 M TEAB. The fractions were pooled and standard curve.

concentrated in vacuo. The product was characterizetiby Reduction of7 to 7a by NaBH, or NaBD, and Digestion
NMR (D,O, HDO = 4.81 ppmo): 2.52 (2H, m, H2H2"), of 7a by Nuclease P1 and AP (Figure 2).(2.2 nmo) was
4.25 (2 H, m, HYH5"), 4.83 (1 H, m, H3, 5.93 (1 H, dJ reduced by NaBlunder the conditions described previously
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for the abasic site control. The reaction mixture was
neutralized by addition of 2@L of acetic acid, and the
reduced product7a, was purified by RP-HPLC system A
to give the compound, retention time, yielda, 21.7 min,
2.0 nmol.

Compoundr7awas then digested by nuclease P1 and AP
as described previously (Figure 2). Compourid has a
retention time identical to thymidine using RP-HPLC system
A. Therefore,7b was isolated using ion-pairing RP-HPLC
(system B). Compoundb was lyophilized and desalted using
RP-HPLC system A. Its retention times were identical to
1b in both RP-HPLC systems A and B. The reduction/of
by NaBD, and the subsequent enzymatic digestion were
carried out under the same conditions as described previ-
ously.

Corversion of 7b to 2-Deoxypentitol {c) and 3-dAMP
Followed by GC/MS Analysi€ompound/b (2.0 nmol) was
digested with PDE-1 and silylated to givel as described
previously for the abasic site oligonucleotide. Compoudd
was eluted at 17.4 min (224C).

Stability of the Duplex DNAS) Containing a 4Keto
Abasic Site.Compound8 (10 uM) was generated by
annealing7 with its complementary strand in 100 mM NacCl
and 10 mM sodium phosphate (pH 7.0) at°@for 1 min
followed by cooling to 20°C in a heat block over 1 h.
Compound8 was incubated at 37C, and aliquots were
analyzed by anion-exchange HPLC at 10 h intervals from O
to 70 h. The stability of the abasic site lesi@ Table 1) in
the same sequence context was monitored under identica
conditions.

RESULTS

Incorporation of 4-Ns-dU into Duplex DNATwo general

Chen and Stubbe
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tion. Recently, the simultaneous use of two DNA poly-
merases has been applied to overcome these shortcomings
(37).

We investigated a number of DNA polymerases (including
Klenow fragment, AMV RT, human DNA polymeragg
RAV-2 RT, and HIV-1 RT) for their efficiency of incorpora-
tion of 4-N3z-dUTP and extension into duplex DNA. The
Klenow fragment failed to incorporate-Ms-dUTP under
all conditions. AMV RT could incorporate’ 4Ns-dU; how-
ever, the extension resulted in significant amounts of
truncated products. Human DNA polymerghsdRAV-2 RT,
and HIV-1 RT were all found to incorporaté-M;-dUTP
and to generate complete duplex DNA. In the reaction
catalyzed by DNA polymeragg however, product degrada-
tion was observed due to the requirement of DTT and high
pH (pH 8.8) for enzyme activity. Under these conditions,
the azide was reduced by DTT, generating thketo abasic

ite (Scheme 2). At pH 8.8, this intermediate underwent
phosphodiester bond cleavage. Lowering pH or removing
DTT greatly reduced the efficiency of polymerg8eThe
ability to isolate large amounts of HIV-1 RT from an
overexpression system and its efficiency at incorporation and

methods have been developed to incorporate nucleotide€xtension to generate intact duplex DNA was the basis for

analogues into oligonucleotides. The most widely used
strategy is generation of the appropriately blocked phos-
phoramidite of the unnatural nucleoside and use of solid-
phase DNA synthesis method to generate ss-DNA. The

second requires chemical synthesis of the nucleoside 5

our choice of HIV-1 RT for further studies.

Using [5-%%P]-(3) as the primer and} as the template
(Table 1), the time dependent incorporation 6N\4-dUTP
into an oligonucleotide by HIV-1 RT was monitored by
PAGE (Figure 3). The gel reveals some stalling in extension

triphosphate analogues and use of a primer/template and af the primer after the incorporation of-8l;-dU. However,

DNA polymerase to make duplex DNA. The latter method
is often required when the nucleotide analogue phosphora-
midites are unstable to the solid-phase methods. Both
approaches have been reported for incorporation 'ef 4
azidothymine into oligonucleotides. Gibson et al. reported
the synthesis of'4azidothymidine phosphoramidite and its
incorporation into ss-DNA by the standard solid-phase DNA
synthesis method3f). Unfortunately, the starting material,
4'-azidothymidine phosphoramidite, and the final oligonucle-
otide product were characterized. In our hands\4dU is

not stable to the concentrated ammonia conditions required
to remove oligonucleotide from the solid support (unpub-
lished result). Therefore, this approach for incorporation of
4'-N3z-dU into DNA is problematic.

The studies of Chen et al. showing thagidothymidine-
5'-triphosphate can be incorporated into duplex DNA using
HIV-1 reverse transcriptas@&®) suggested that the primer/
template/polymerase approach for incorporation 'eNg
dU would be successful. Incorporation of unnatural nucle-
otides using polymerases often encounters problems with
either slow incorporation or slow extension after incorpora-

in 2 h, all of the primer can readily be converted to product
(Figure 4, lane 2). The overall yield fwas 95%. The actual
primer extension product is one nucleotide longer than the
template due to the terminal nucleotide addition activity of
HIV-1 RT (Figure 3, lane 6)38).

Isolation of6 from 5 (Figure 1).Our strategy to generate
4'-keto abasic site is shown in Figure 1. The key step is to
use UDG to remove uracil, generating'aa&ido abasic site
intermediate that we predicted would rapidly lose azide to
generate the desired lesion. Previous studies of Lindahl and
Stivers have demonstrated that both ss- and ds-DNA contain-
ing deoxyuridine are substrates of UDG with ss-DNA being
hydrolyzed 20 times more efficiently than ds-DN3Y 40).

Our efforts to use UDG to convert-Ms-dU to a 4-keto
abasic site in duplex DNA, however, were unsuccessful. No
uracil release was observed even with 150 000 times the
amount of enzyme used in the cleavage of uracil from
deoxyuridine and extended incubation times. Thus, to use
UDG to release uracil, we needed to separate the two strands
of the duplex. To achieve this separation, one end of the
duplex DNA () was designed to contain an NgoM [V
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0.241

dG
0.19

A260

0.09

0.041

5 10 15 20 25
Retention time (min)

Ficure 5: Characterization 06 via digestion with nuclease P1

S d—

. and AP followed by separation of the resulting nucleosides by RP
- HPLC (solvent system A).
12 3 4 56 7 uridine in the same sequence context. The prodijojas

FIGURE 3: Monggzrin%inc%rporatilon of'4Nh3dU into duplex DNA analyzed by MALDI-MS. The [M+ H]" observed was
using primer P]-3 and template4 with HIV-1 reverse tran- i i i
scrip%aze. Large N ][532P]-3 (Bpmer); lanes 26 0, 10, 20, 30, 6033.21, suggesting that the prode:t is a rlng—closgd or
and 60 min incubation time; lane 7: '{&P]-27mer as a MW -opened Thydrated aldehyde (caled: 6033.03). No ring-
marker. At 2 h, all stalled oligonucleotides were converted to OPened, unhydrated species (calcd: 6015.02) was detected.
product (see Figure 4). Previous studies examining an abasic site labeled ‘amiii
13C and'’O revealed that the aldehydic (ring-opened) form
1 2 3 and its hydrate constituted less than 1% of total species, with
the majority of the abasic site being a ring-closed mixture
- 2 of o/f anomers 41, 42). On the basis of the MALDI-MS
s 24mer analysis and these previous studies on the normal abasic site,
S S0mer we propose that the dominant form dfis the ring-closed
hemiacetal.

Characterization of a 4Keto Abasic Site Formation.
. 13mer Quantitation of Azide Release during the Gersion of6
: to 7. Our synthetic scheme (Figure 1) predicts that a
Ficure 4: Denaturing PAGE allows separation of ss-DNA contain- - stoichiometric amount of azide should accompany uracil
ing 4-N3dU from its complement after treatment of the duplex DNA g jea5e. Previous studies of Blanchard and Cleland have

with NgoM IV. Lane 1: The primer3) only. Lane 2: The primer . L
extension reaction mixture containing the intact dupBx \{hich shown that azide is a potent inhibitor of formate dehydro-

is a 27mer. Lane 3: The two ss-DNA fragments generated by genase withk; = 7 nM (33). A standard curve for azide
restriction enzyme digestion: a 24mer and one 20r8r ( inhibition of FDH was generated (Figure S3, Supporting
cleavage site (Table 1). Digestion of the duplex with this 'nformation). The flow-through of the RP-HPLC column was
restriction endonuclease resulted in production of two YSed in the FDH assay to quantitate the azide release.
oligonucleotides: a 24mer and the desired 20r6r The Comparison pf inhibition caused by the azide in the flovy-
size difference was sufficient for strand separation using through refative to the standard curve revealed that azide
denaturing PAGE. The bands were visualized by a Uy and uracil were released in a 1:1 ratio.
shadow as shown in Figure 4. Compouddvas purified Enzymatic digestion o7 and GC/MS Analysis of the
from the gel by the crush and soak meth@®)(in 50% Deoxypentitols{c). The structure of the'4keto abasic site
overall recovery. NgoM IV digestion also eliminated the (7) was further characterized as outlined in Figure 2
variable end of the extended primer, present due to HIV-1 following the strategy of Rabow et al2@). An abasic site
RT’s nontemplated nucleotide addition activity. The MALDI- standard {) was characterized as a control for the sequence
TOF MS analysis of6 showed [M + H]*: 6155.65 of reactions described in Figure 2. Compouiddwas
(calculated: 6154.97). To further characterigeit was  converted to7a by reduction with NaBH (or NaBDy).
digested with nuclease P1 and AP. The resulting nucleosidesCompound7awas enzymatically digested into its nucleoside
were analyzed by RP-HPLC system A, giving ratios of dC/ components using Nuclease P1 and AP. The products were
dG/T/4-Ns-dU/dA as 5.5:6:2.1:1.1:4.9, consistent with the then analyzed by ion-pairing RP-HPLC (system B), giving
expected ratios (6:6:2:1:5, Figure 5). ratios of dC/dG/T/dA7b as 5.5:6.0:2.0:4.0:0.86, consistent
Corversion of6 into a 4-Keto Abasic Site Containing  With the expected ratios of 6:6:2:4:1 (Figure 6). Compound
Oligonucleotide 7) by UDG. The isolated s§-was incubated ~ 7b comigrated with an authentic sample of this species
with UDG to determine whether the desiredkéto abasic ~ generated from the digestion of the abasic site confiiol (
site containing oligonucleotid&) could be generated. Uracil ~ Figure 2).
release, monitored by HPLC (Figure S2, Supporting Infor-  To further support the structural assignmen?bf it was
mation), was quantitative. However, the amount of UDG hydrolyzed by PDE-1 to produce 2-deoxypentitdt)(and
required for efficient uracil release was 3000-fold greater 5'-dAMP. Compound’cwas silylated, and GC/MS analysis
than that used to quantitatively generate uracil from deoxy- revealed two product¥ () associated with the diastereomers
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4G modified nucleosides including'-4zido nucleosides3().
0.45 These compounds appeared to be ideal precursors to-the 4
keto abasic site if a polymerase could be identified to catalyze
0.35 their incorporation into DNA. Previous studies of Chen et
al. (36) and recent studies with other unusual nucleotides
025 dc A (44, 45) suggested that HIV-1 RT is sufficiently promiscuous
not only to incorporate the modified nucleotides but also to

0.15 T catalyze chain extension to generate full-length duplex DNA.
7b Once incorporated, several routes were envisioned that could
0.05 lead to the desired product without phosphodiester bond
cleavage. As noted previously, incorporation proceeds ef-
5 10 15 20 25 30 35 ficiently and quantitatively.

Retention time  (min) To examine the generation of the desired lesion, we first
FiGURE 6: lon-pairing RP-HPLC (system B) of the products jnyestigated reductants such as thiolates and water-soluble
generated whef was reduced by NaBHfollowed by digestion phosphines 46). Reduction of the 4azido group should
with Nuclease P1 and AP. result in the generation of a-dmine, which could potentially

e e e nEolBpse o 2 imine abasc s (Scheme 2). Trertine
P P 9 P could then be hydrolyzed to a ketone and ammonia.

identical to that observed withd (Figure S4, Supporting R : . ; . .
. eduction proceeded rapidly with a variety of thiolates.
Information). The mass spectrum of NaBeduced7d Unfortunately, due to the basic conditions required to

lr‘:E?nmat;ggg_uSohr/]:ZiagE:(T?hghge:gggcrjpgtﬁgﬁ_zecn;wng%thUte' generate thiolates, the rate of phosphodiester bond cleavage
) was comparable to the rate of the azide reduction (unpub-

in conjunction with the degradation studies establish that the . ;
4'-keto abasic site lesion can be generated in 50% yield from lished data). This approach was consequently abandoned.

the starting primer/template. A water soluble phosphine,_ tris—(2—carboxygthyl)-phos-
Stability of a Duplex DNAS) Containing a 4Keto Abasic ~ Phine (TCEP), was also examined as a potential reductant
Site Relatie to an Abasic Site in the Same Sequence Context(46)- The reduction proceeded rapidly and efficiently on 4
(9). As with abasic sites, 'keto abasic sites are also N3s-dU. When this nucleoside was within the context of DNA,
chemically labile. The ring opened, aldehydic form of this however, the rate of reduction was drastically reduced,
compound has been proposed to be susceptible to eliminatiorPresumably due to the electrostatic clash between the DNA
of the 3-phosphate, and consequently, DNA strand scission @nd the carboxylate groups of TCEP. A noncharged water
(13). A preliminary experiment was carried out to examine Soluble phosphine should be successful and perhaps would
the stability of this lesion under conditions that mimic allow direct reduction within the duplex.
physiological pH and ionic strength. The elimination process Because of the difficulties associated with chemical
was monitored using anion-exchange chromatography undereduction, the enzymatic conversion by UDG was investi-
conditions in which the duplex DNA remained intact. The gated. This reaction leads directly to uracil release and
stability of the duplex DNA containing a normal abasic site subsequently azide release, generating the desired product
(9, Table 1) in the same sequence contexiBasas also (Figure 1). While previous studies have shown that both ss-
examined under the same conditions. The result establishesnd ds-DNA containing deoxyuridine are substrates of UDG,
that the 4-keto abasic site, which has a half-life of 26 h, is the reduced reactivity of'4dNz-dU with UDG has limited
chemically more labile than the abasic site, which has a half- the substrate to ss-DNA. Despite this limitation, we are able

A260

life of 130 h (Figure S5, Supporting Information). to generate this lesion in vitro in quantities sufficient for
structure determination and analysis with DNA repair
DISCUSSION enzymes.

4'-Keto abasic sites are common DNA lesions generated Given the recent report of a phosphoramidite method to
by ionizing radiation damage, the BLMs, and the enediynes. make a 4keto abasic site43), a comparison of this method
The preparation of these lesions has posed a syntheticwith our method is desirable. Both methods represent fairly
challenge due to their chemical instability. During the lengthy syntheses. The light-mediated method involves a
preparation of this manuscript, Kim et al. reported a chemical seven-step synthesis of the phosphoramidite precursor from
synthesis of a phosphoramidite stable to standard solid-phaseleoxyribose with an overall yield of 9%. The mixture of
DNA synthesis, which upon photolysis, can generaté-a 4 4'-diastereomers makes spectroscopic analysis of each syn-
keto abasic site4@3). We also have focused on the generation thetic step difficult. In addition, while no details of oligo-
of a precursor to this lesion. After its incorporation into DNA, nucleotide synthesis were presented, a chain extension of
this precursor could be transformed into the desired lesion the unnatural C4iastereomer is expected to be less efficient.
under mild conditions (either by reduction or enzymatically) Our synthesis also involves a seven-step synthesis from
to avoid the problem of DNA strand scission (Figure 1). As deoxyluridine to 4Ns-dUTP with an overall 10% yield. The
noted next, both methods provide a moderately facile route incorporation of 4N3s-dU and its conversion to the-4eto
to this unstable lesion that will allow the detailed investiga- abasic site resulted in 50% yield. The most inefficient step
tion of its chemical properties, structure, and the conse- is the isolation of ss-DNA via PAGE. Recently, the use of
guences of its generation in vivo. a biotin-tagged template DNA has been developed to remove

The success of'&zido thymidine (AZT) as an AIDS this problem, resulting in very high recoveries (unpublished
therapeutic resulted in synthesis of a number of other azidodata).
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The half-life of a 4-keto abasic site was also measured pression system for uracil glycosylase and the purification

by Kim et al. and found to be 7.8 h (3C, 100 mM NaCl

procedure, and Drs. Paul Boyer and Stephen Hughes for

at pH 7.5) in ss-DNA 43). The rate constant is faster by a providing HIV-1 RT expression plasmid p66(his)/51.

factor of 3 relative to the one we have measured in ds-DNA

(26 h at 37°C, 100 mM NaCl at pH 7). Although the pH ~SUPPORTING INFORMATION AVAILABLE

conditions and the sequences are different in the two studies,

Figures showing MS spectra &fl and7d, HPLC traces

we believe duplex DNA stabilizes the lesion. A similar effect ot conversion of6 to 7, quantitation of azide release, and
of DNA structure has recently been reported for the 2-deoxy- measurement of the half-life &by anion-exchange HPLC.

ribonolactone abasic site lesiof7. Its half-life was found
to be 20 h in ss-DNA and 3254 h in ds-DNA (37°C, 150
mM NacCl, 2 mM MgC} at pH 7.5) @7). Stability of sugar

This material is available free of charge via the Internet at
http://pubs.acs.org.

lesions, not surprisingly, appears to be sensitive to both REFERENCES

sequence and sequence context (ss vs ds).

Finally, it is desirable to generate thékkto abasic site
in duplex DNA. We believe it is likely that a single
diastereomer at C*4night result, constrained by the duplex
structure. It will be important to compare this structure with
those generated from ss-DNA. Only the former structure is
likely to be physiologically significant. As noted previously,
our method, thus far, has failed to directly generate the lesion
in duplex DNA. It has not been reported whether the
photolysis method can generate this lesion in duplex DNA.
In our case, we are hopeful that, given the availability of a
variety of 4-azido-substituted deoxynucleotides (U, G, T,
A, and C) @0), mismatch repair DNA glycosylases will allow
generation of 4keto abasic sites in duplex DNA4®). If

one of these enzymatic approaches is successful, the lesion

could be generated in vivo, which is not possible by the light-
mediated approach.

Oxidative damage occurs to both the bases and the sugars

of DNA (1). Damage to the bases and the mutagenic

consequences of this damage have been much more exten-

sively investigated Z—4) than damage to the deoxyribose

sugars. Previous studies have been reported on the generation ™

of 4'-keto abasic sites using BLM (Scheme #P,(50).
Unfortunately, the cleavage of DNA by BLMs is not very
sequence-specific, and consequently, generation of 'the 4
keto abasic site at the primary site also results in lesions at
secondary sites. The difficulty of preparing this lesion
homogeneously using BLMs has thus limited its examination
with DNA repair enzymes. Studies of Demple et al. on a
36mer containing a singlé-4eto abasic site generated with
BLM have demonstrated that Apel can catalyze phosphodi-
ester bond cleavagée %o the lesion, resulting in a'®H

end and a Bphosphorylated-lesioned deoxyribosé9)
Although a detailed kinetic analysis was not carried out, the
efficiency of cleavage was suggested to be similar to Apel
catalyzed reaction on an abasic site. Recently, using the
phosphoramidite approach, thekéto abasic site has been
studied with a variety of DNA polymerasesl). Our ability

to generate the'4eto abasic site lesion and theRBG/3-P
lesion in any sequence context should now allow us to
understand the structure of the lesions (both ss- and ds-
lesions) and the efficiency with which they are repaired by
Apel andp-polymerase and to further characterize other
repair proteins.
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