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Amanda K. McCullough, Ana Sanchez,M. L. Dodsonf Praveen MarapakaJohn-Stephen Tayldrand
R. Stephen Lloyd#*

Center for Molecular Science and Department of Human Biological Chemistry and Genetiesydityi of Texas Medical
Branch, Galeston, Texas 77555-1071, and Department of Chemistry, Washingtoarslty, St. Louis, Missouri 63130

Receied October 16, 2000; Resed Manuscript Receed Naember 13, 2000

ABSTRACT: DNA glycosylase and glycosylase/abasic (AP) lyases are the enzymes responsible for initiating
the base excision repair pathway by recognizing the damaged target base and catalyzing the breakage of
the base-sugar glycosyl bond. The subset of glycosylases that have an associated AP lyase activity also
catalyze DNA strand breakage at the resulting or preexisting AP sitedv&imination reaction, proceeding

from an enzyme DNA imino intermediate. Two distinct mechanisms have been proposed for the formation
of this intermediate. These mechanisms essentially differ in the nature of the first bond broken and the
timing of the opening of the deoxyribose ring. The data presented here demonstrate that the combined
rate of sugar ring opening and reduction of the sugar is significantly slower than the rate of formation of
a T4-pyrimidine dimer glycosylase (T4-pdgPNA intermediate. Using a methyl-deoxyribofuranose AP-

site analogue that is incapable of undergoing sugar ring opening, it was demonstrated that the T4-pdg
reaction can initiate at the ring-closed form, albeit at a drastically reduced rate. T4-pdg preferentially
cleaved theS-anomer of the methyl-deoxyribofuranose AP site analogue. This is consistent with a
mechanism in which the methoxy group is backside-displaced by the amino group frosiabe of the
deoxyribofuranose ring. In addition, studies examining rates of stejeehyde reduction and the sodium
borohydride concentration dependence of the rate of formation of the covalent imine intermediate suggest
that the reduction of the intermediate is rate-limiting in the reaction.

DNA base excision repair is comprised of a series of aldehyde and a'fhosphate3). A generalized mechanism
discrete steps, including recognition of a damaged or has been proposed for the chemistry of the combined
inappropriate base, excision of this base, breakage of theglycosylase/AP lyase activities in which the enzyme employs
phosphodiester backbone, resynthesis, and ligation. Thean amine as an active site nucleophile to attack theof1
glycosylase class of enzymes is responsible for initiating this the sugar associated with the damaged or inappropriate base,
repair pathway by recognizing the target base and catalyzingthereby forming an imino (Schiff base) intermediate This
its removal via breakage of the glycosyl bond between the reaction is characterized by several experimental hallmarks
base and the sugar phosphate backbdan@)( Excision of ~ such as the ability to covalently trap the Schiff base
different bases thus leads to the production of a common intermediate by reduction with NaBHThis covalent enzyme
intermediate in the pathway, the abasic (A$ffe oritsimine  DNA complex can be experimentally isolated as a stable
equivalent. A subset of these glycosylases has an associategpecies %—7).

AP lyase activity which catalyzes strand breakage at an AP

L ) ) i The chemistry of the reactions leading to the formation
site via g5-elimination reaction, leaving d-&, S-unsaturated y g

of the Schiff base has been classified into two distinct
: mechanisms (Figure 1). These mechanisms differ in whether
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Ficure 1: Initiation of glycosylase/AP lyase imine intermediate formation at hemiacetal (1) or aldehydic (2) AP sites or methyl-substituted
AP sites. Schematic representation of possible pathways for the formation of the covalent protonated Schiff base intermediate formed

between a DNA AP site (RH) or the O-methyl-substituted AP site fRCH) and a base excision repair glycosylase.

(pathway 1.3) protonation of the endocyclic sugar oxygen 17, 18). E. coliendonuclease lll, FPG, and AP endonuclease
to initiate the coupled sugar ring opening and imino were generous gifts from T. O’'Connor (City of Hope, Duarte,
intermediate formation. The subsequent lyase step wouldCA), B. Van Houten (National Institute of Environmental
proceed from the protonated Schiff base in any of these casesHealth Sciences, Research Triangle Park, NC), and S. Mitra
Solution chemistry precedents have been investigated for(University of Texas Medical Branch, Galveston, TX),
pathways 1.1, 1.3, and 41-15). respectively. $-3?P]JATP (3000 Ci/mmol) was purchased
The AP sites resulting from glycosylase action exist in from DuPont-NEN and NaBldfrom Fisher Scientific Co.
solution as a mixture of open chain aldehyde, hydrate, and  Uracil-Containing 49-mer OligonucleotideAn oligo-
cyclic hemiacetals. The ring-opened aldehydic form is presentnucleotide with the sequence-AGCTACCATGCCTG-
at less than 1% in solutions at equilibrium as determined by CACGAAUTAAGCAATTCGTAATCATGGTCATAGCT-
NMR; however, it is thought to be the most reactive of the 3" was synthesized by Midland Research, and its complement
AP site specieslf). As discussed above, the formation of was prepared by the NIEHS Center Molecular Biology Core
the Schiff base intermediate at an AP site may proceed (University of Texas Medical Branch, Galveston, TX). The
through either the reactive aldehydic form or the more U-containing oligonucleotide was32P-labeled on its 'send
predominant hemiacetal forms (Figure 1). In these experi- with T4 polynucleotide kinase and annealed to its comple-
ments, we utilize the ability to trap a covalent enzyme  ment following standard procedures. Labeled 49 bp U-
DNA complex by reduction of the intermediate to investigate containing duplex DNA was incubated for 15 min at %7
its formation by several well-characterized glycosylase/AP with uracil DNA glycosylase (0.25 unit/pmol of UDG,
lyases and to distinguish among the proposed alternativeEpicenter Technologies) to prepare AP DNA substrates. Due
mechanisms in Figure 1. to the inherent instability of AP DNA, all activity assays
and trapping experiments were carried out immediately
EXPERIMENTAL PROCEDURES following preparation of the appropriate substrate(s).
Materials T4-pdg, cv-pdg, andEscherichia coliMutY The 12-mer sequence containing a centrally located TT
were overexpressed and purified as described previoGsly ( pyrimidine dimer was GCACGAATTAAG where the un-
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3o and3f in a 1:1.8 ratio3a (minor): *H NMR (500 MHz,
acetoneds): 0 7.53-7.48 (2H, m, ArH), 7.46-7.18 (7H,
m, ArH), 6.91-6.85 (4H, m, ArH), 5.05 (1H, dd] = 6, 2
Hz, H1), 4.12 (1H, m, H3), 4.07 (1H, m, H4), 3.75 (6H, s,
ArOCHg), 3.32 (3H, s, OCHh), 3.19 (1H, m, H5), 3.13 (1H,
m, H5) 2.32 (1H, dddJ = 14, 8, 6 Hz, H2S), 1.83 (1H,
ddd,J = 14, 4, 2 Hz, H2R)}*C NMR (75 MHz, acetone-
de): 0 159.4, 146.2, 136.9, 136.8, 130.8, 129.9, 128.9, 128.9,
128.6, 128.4,128.2,127.4,127.4,113.7, 113.5, 105.6, 85.3,
72.8, 64.9, 55.4, 54.7, 42.0; IR (Neat): 3444, 2923, 2830,

+ 1616, 1504, 1240, 920 cri HRMS (FAB) calcd for

ﬁ CoH300s (MT) 450.2042, found 450.2021, 450.204%3
R R,O "OR, (major): 'H NMR (500 MHz, acetonek): ¢ 7.56-7.50 (2H,
m, ArH), 7.42-7.16 (7H, m, ArH), 6.9%+6.85 (4H, m, ArH),
5.02 (1H, dd,J = 5, 2.5 Hz, H1), 4.31 (1H, m, H3), 4.17
(1H, d, OH), 3.98 (1H, m, H4), 3.77 (6H, s, ArOGH3.24
(3H, s, OCH), 3.16 (1H, m, H5), 3.13 (1H, m, H5), 2.04
(1H, ddd,J = 12.5, 7, 2.5 Hz, H2S), 1.97 (1H, ddd,=
13, .

derline represents the photodimer. The dimer-containing 12- 12955 71456221;25)13(;ll\ll\sto(gslg/lngz 1%%%01268):4 6127_3
mer was Send-labeled and annealed to the complement 113 7" 105 8 861, 72.4, 66.0, 55.4, 55.0, 42.2: IR (Neat):
strand as descnbe_d above. Due to the relatively onv melting Ve 3450, 2931, 2830, 1609, 1520, 1240, 910-&RMS
temperature of this duplex, annealing and reactions were(FAB) calcd for GiHsOs (M) 450.2042, found 450.2038,
carried out at £C. 450.2050.

Synthesis of Methyl 2-Deoxy-and $3-p-ribofuranose. (A) (C) Methyl 3-O-(Diisopropylaming-cyanoethylphosphor-
General Proceduresill reactions were carried out under a  amidino)-5-0-(4,4dimethoxytrityl)-2-deoxg- and {3-D-
nitrogen atmosphere unless otherwise noted. All commercialripofuranose 4 and 48. The mixture of alcohol8a and
materials were used without further purification unless 33 (100 mg, 0.221 mmol) and 2-cyanoethy/N,N',N'-
otherwise stated. Anhydrous solvents were distilled from tetraisopropyl phoshoramidite (100 mg, 0.33 mmol) were
appropriate drying reagents prior to use. Analytical thin-layer dissolved in dry acetonitrile (1.5 mL).H:Tetrazole (0.3
chromatography was performed on Aldrich silica gel 6&F  mmol, 0.67 mL; 0.45 mol dr in acetonitrile) was added,
plates (0.25 mm). Compounds were visualized by dipping and the mixture was stirred for 30 min at room temperature
the plates in a cerium sulfateammonium molybdate solu-  pefore being poured into 5% aqueous NaHECT mL) and
tion, followed by heating. Flash column chromatography was extracted with dichloromethane (2 25 mL). The extracts
performed using the indicated solvent on E. Merck silica were combined, dried (MgS{) and concentrated. Purifica-
gel 60 (46-63 um). NMR (H, **C, %P) spectra were  tjon on a flash silica gel column (eluent hexane/ethyl acetate/
recorded on a Varian XL-500 or 300 spectrometer and peakstriethylamine, 30:70:0.1, v/v/v) yielded the product mixture
referenced to acetondH NMR, 6 2.10;13C NMR, ¢ 29.8), of 400 and 48 as a white foam (112 mg, 80%)H NMR
or 85% phosphoric acid{P NMR, 6 0.00) unless otherwise (300 MHz, acetonels): ¢ 7.58-7.48 (2H, m, ArH), 7.44
stated. IR spectra were recorded as a film on potassiumz7.18 (7H, m, ArH), 6.926.86 (4H, m, ArH), 5.135.05
bromide plates on a Mattson Instruments Polaris FT-IR (1H, m, H1), 4.62-4.28 (1H, m), 4.26-4.00 (1H, m), 3.9
Spectrometer. 3.74 (1H, m), 3.79 (6H, s, ArOCHl 3.72-3.52 (3H, m),

(B) Methyl 5-O-(4,4Dimethoxytrityl)-2-deoxyx- and - 3.36, 3.35 (1H, s, OC¥), 3.29 (2H, s, OCh), 3.35-3.10
p-ribofuranose 3o and 33. To 2-deoxyp-ribofuranosel (5.0 (2H, m), 2.84-2.68 (1H, m), 2.642.56 (1H, m), 2.54
g, Aldrich) (Figure 2) was added 0.05% methanolic hydrogen 2.41 (0.5H, m), 2242.01 (1.5H, m), 1.341.02 (12H, m,
chloride solution (175 mL), and the mixture was stirred for i-PrH).3P NMR (121.5 MHz, acetonds): ¢ major: 149.0,

20 min at room temperature. Magnesium carbonate (2 g) 148.9, minor: 148.8, 148.5.

was then added, and the suspension was vigorously stirred (D) Preparation of the Methyl 2-Deoxy- and {-b-

for 20 min. The reaction mixture was filtered and the solvent ribofuranose-Containing 16-merso. and 53. The 16-mer
evaporated under reduced pressure to yield methyl 2-deoxy-oligodeoxynucleotide was synthesized on an Applied Bio-
o- and g-pb-ribofuranose2a. and 26 as colorless, mobile  systems 380B DNA synthesizer on aumol scale and
syrup in 90% vyield (4.96 g). A portion of this product (1 g, deprotected following standard procedures. Negative ion
6.7 mmol) was dissolved in dry pyridine (20 mL), with MALDI-TOF: calcd for M—H~ 4863.842, found 4863.4.
dimethoxytrityl chloride (2.7 g, 8.1 mmol) and a catalytic The sequence of this oligodeoxynucleotide was as follows:
amount of DMAP, and the mixture was stirred at room  5-CGGAGTAXTATGAGCG-3, where X is the methyl-
temperature for 3 h. The reaction was quenched with-ice deoxyribofuranose. The complementary sequence was syn-

OCH,4

—_—
Iy

B-isomer o-isomer

5. R;=d(CGGAGTA); R.=d(TATGAGCG)

FiGuRe 2: Synthetic scheme for the synthesis of the methyl deoxy-
o- and f$3-p-ribofuranose phosphoramidite building blocks.

water, and all volatile material was removed under vacuum.

thesized following standard procedures, and deprotected

The residue was dissolved in dichloromethane and washedoligodeoxynucleotides were electrophoretically purified on

with saturated aqueous NaH@Orhe organic phase was
dried over MgSQ, concentrated, and purified by flash
chromatography on silica gel (eluent g,/ MeOH/EgN,
97:3:0.1; v/viv), yielding the two diastereomeric products

a 15% denaturing polyacrylamide gel.

Formation of Cealent EnzymeAP DNA Complexes
Using NaBH. For general reactions, AP-containing DNA
(1 nM) was incubated with 100 nM enzyme in 25 mM Na-
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Hepes, pH 6.8, 100 mM NaCl, 1Q0y/mL BSA, and 100
mM NaBH,; for 5 min at 25°C. Unless otherwise indicated,
the enzyme and NaBHwvere added simultaneously to the
reaction by premixing the two. The activity of the enzyme
was determined by incubating the DNA reaction mix with
100 nM enzyme for 5 min at 37C. Where indicated,
pretreatment with NaBlHwas for 5 min at 37C. For rate

McCullough et al.

21-mer in the presence of T4-pdg (lane 4). Addition of
NaBH, to the AP-containing DNA for 5 min prior to addition

of the enzyme resulted in no detectable covalent complex
formation (lane 6). This was due to reduction of the AP sites
prior to enzyme addition or binding as evidenced by the lack
of incision in these reactions. However, simultaneous addi-
tion of the enzyme with 100 mM NaBHresulted in the

determinations, all reaction components were brought to 25formation of a covalent enzymeédDNA complex (>98%)-
°C prior to mixing, and the reactions were carried out at 25 (lane 7). The small amount of reduced, uncleavable DNA

°C. NaBH, (30—100 mM) was added to the DNA in the

that was remaining in these reactior®2(6) was most likely

reaction buffer described above, followed by the addition due to the equilibrium concentration of the ring-opened form

of 100 nM T4-pdg at the indicated times. The pH 9.0

which was susceptible to reduction by the®i@ld molar

reactions were carried out as above, except the reaction buffeexcess of NaBll This interpretation is consistent with

consisted of 25 mM CHES, pH 9.0, 10@/mL BSA, 100
mM NaCl. An equal volume of loading buffer (95% v/v
formamide, 90 mM Tris borate, 20 mM EDTA, 0.02% w/v

previous reports of the equilibrium fraction of AP sites
existing as open chain aldehyddsy
To demonstrate that the enzyme was effectively competing

bromophenol blue, 0.02% xylene cyanol) was added, andfor the AP sites with NaBk] and not merely sterically

the samples were heated at 90 for 2—5 min prior to
loading on a 15% polyacrylamide gel (8 M urea) ir TBE
buffer (90 mM Tris borate, 2 mM EDTA, pH 8.0). The
DNAs were separated by electrophoresis 40h at 20 W.

blocking the aldehyde from reduction, the following analysis
was carried out. The AP-containing DNA was incubated with
a catalytically inactive mutant, E23Q, which retains full
binding activity @0), prior to addition of excess NaBH

Bands were visualized by autoradiography of wet gels using Prebinding of E23Q did not interfere with the reduction of

Hyperfilm-MP X-ray film (Amersham Corp.) and analyzed
by a phosphorimager.

Prebound Enzyme Effect on NaBReduction of AP Sites.
AP-containing DNA (1.5 nM) was incubated as described
above, with T4-pdg mutant E23Q for 15 min at 26.
Following binding of the enzyme, 100 mM NaBHvas

the AP sites as evidenced by complete inhibition of cleavage
by the subsequent addition of wild-type T4-pdg (Figure 3B,
lane 5). AP-containing DNA was incubated with the NaBH
and T4-pdg simultaneously to form a covalent complex as
shown in lane 8. E23Q bound at an AP site did not inhibit
incision by wild-type T4-pdg in the absence of NaBH

added and subsequently loaded onto a G-25 Sephadex spiffFigure 3B, lane 7), and neither NaBHor E23Q inhibited

column to remove the NaBH Three separate aliquots of ~cleavage at the reduced AP site by AP endonuclease (lanes
the DNA were treated with either 70 nM T4-pdg, 70 nM 3 and 6), an enzyme for which reduced AP sites are
AP endonuclease, or no enzyme for 30 min at %&7. substrates. Thus, the presence of bound enzyme does not

Reactions were stopped and products analyzed as describegterically interfere with the reduction of AP sites by NaBH

above.

Enzyme Actiity AssaysThe methyl-deoxyribofuranose AP
site-containing DNA was annealed af@. DNA (0.2 nM)

was incubated with 100 nM enzyme in a standard reaction

buffer (25 mM sodium phosphate, pH 6.8, 1a§fmL BSA,
100 mM NacCl) in a total volume of 20L for 1—15 days at

4 °C. An equal volume of loading buffer was added, and
the samples were analyzed as described above.

RESULTS
NaBH:;-Mediated Trapping of a T4-pdgAP DNA Com-

plex. Previously, it has been well documented that coincu-

bation of DNA glycosylase/AP lyases with appropriate DNA

Commonality in Schiff Base Intermediate Formation
among Glycosylase/AP Lyasd® investigate if other DNA
glycosylase/AP lyases initiate the formation of a Schiff base
intermediate on an AP site, similar experiments were
performed with several other well-characterized enzymes.
As shown in Figure 4, simultaneous addition of enzyme with
NaBH, resulted in covalent enzymé@®NA complex forma-
tion with no enzymatic cleavage for T4-pdg, cv-PDG, FPG,
and endonuclease lll (Figure 4, lanes 3, 5, 7, and 9). In the
absence of NaBljl no covalent complexes were detected,
and the substrate DNA was incised as shown by the
disappearance of the substrate band (S) (lanes 2, 4, 6, 8).
These results clearly demonstrated that the four glycosylase/
AP lyases tested could all be covalently trapped at an AP

substrates in the presence of a strong reducing agent leadsite in the presence of NaBKvhen added simultaneously

to trapping of covalently bound complexes. In theory, it
would be predicted that the reaction of DNA glycosylase/
AP lyases with DNA containing an AP site would also lead
to the formation of covalent DNAenzyme intermediates,
that can be reduced by NaBH his hypothesis assumes that
NaBH, reduction of the Schiff base enzymBNA inter-
mediate is relatively fast, to yield enzyme bound to DNA,

with the enzyme. Interestingly, one of the enzymes tested,
E. coli MutY, does not appear to form a covalent complex
on AP site-containing DNA by these methods (Figure 4, lane
11) even though it exhibits AP lyase nicking activity (lane
10). These results can be rationalized by the structural and
biochemical models of the MutY mechanism of action as
suggested by the X-ray crystallographic struct@® (This

and that the reduction must take place after the enzyme hasanalysis has implicated an opportunistically placed lysine

bound. Otherwise, the NaBHvould reduce those AP sites residue (K142) near the active site as being responsible for
in the ring-open aldehydic form, and they would no longer Schiff base formation at AP sites generated by the glyco-

be substrates for the enzyme reactid®)( As shown in sylase action, but the glycosylase reaction is chemically

Figure 3A, UDG treatment of the uracil-containing DNA uncoupled from the lyase step. The identity of K142 as a

(lane 2) resulted in complete conversion of the uracil to AP residue capable of forming such an intermediate has been
sites (lane 3) as evidenced by the conversion of 49-mer toconfirmed @2—24).
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Ficure 3: Formation of covalent enzym@&®NA complexes on DNA containing AP sites. Panel A: Formation of T4-pB DNA
covalent complexes. 1 nM AP-containing DNA (lane 3) was incubated with 100 nM T4-pdg for 5 min°&t @éne 4). 100 mM NaBk

was added either prior to (lane 6) or simultaneously (lane 7) with the enzymesubstrate; ES = enzyme-substrate complex; Sa
nicked substrate. Lane 1, oligonucleotide markers-3® bases; lane 2, uracil-containing DNA; lane 5, AP DNANaBH,. Panel B:
Effect of prebound enzyme on NaBleduction of AP sites. 1.5 nM AP-containing DNA was incubated with T4-pdg mutant E23Q (lanes
4—7) or without enzyme (lanes-13) for 15 min at 25°C. Then 100 mM NaBklwas added, and the samples were treated with either 70
nM T4-pdg (lanes 2 and 5), 70 nM AP endonuclease (lanes 3 and 6), or no enzyme (lanes 1 and 4) for 30 nfi@.dtaBié 7 is
AP-containing DNA incubated with 70 nM T4-pdg in the absence of NaBHE23Q. Lane 8 is AP DNAt+ T4-pdg and NaBk added
simultaneously.

Synthesis of Methyl Deoxyribofuranose-Containing DNA. carbon. The assignment was made by 2D NMR analysis of
The observation that covalent complex formation is possible small samples of purifieBa. and34. In the COSY spectrum
upon simultaneous addition of enzyme and NaBél AP of the minor isomer, a cross-peak was observed between the
DNA suggested either (1) that the reaction is initiating at anomeric methoxy group signal and tHeC3H signal, which
the hemiacetal form of the AP site, (2) that the conversion could only occur in thex-anomer via an intramolecularly
of the sugar from hemiacetal to an open aldehyde is slow, H-bonded structure. In the NOESY spectrum of the minor
or (3) that the reduction of the aldehydic group by NaBH isomer, cross-peaks were observed between one of the H2
is slow. To test the hypothesis that the glycosylase/AP lyase proton signals and both the H1 and H3 signals, which would
mechanism can initiate at the hemiacetal (closed sugar)only be expected to occur for theanomer. Only a cross-
predominant form of an AP site, we designed a 16 base pairpeak between H1 and one H2 signal was observed in the
oligodeoxynucleotide with an AP site analogue at position NOESY spectrum of the major isomer. The coupling
8 from the 5 end (Figure 2). In it, the hydroxyl at the C1  constants that were assigned for the major and minor products
position had been substituted by @methyl group. This corresponded to the previously described coupling constants
glycoside cannot spontaneously open to the open-chain formfor 23 and 2a. and their derivatives2b). The shifts of the
and will not mutarotate. To incorporate theandg-anomers H2 protons of the major and minor isomers are quite similar
of methyl 2-deoxye-ribofuranose into an oligodeoxynucle- to those reported for the major and minor isomers of the
otide by automated DNA synthesis, a phosphoramidite 5-tert-butyldiphenylsilyl derivative of methyl 2-deoxy-
building block was synthesized from 2-deomyribofuranose ribofuranose Z6).

1 in three steps as shown in Figure 2. In the first step, Cleavage of a Stable Ring-Closed AP Site Analodiuee

2-deoxyp-ribofuranosel was converted to a mixture of- 16-mer oligodeoxynucleotides were annealed &€ 4lue to
and g-anomers of methyl 2-deoxy-ribofuranose2 by inherent thermal instability of the duplex. This resulted in
treatment with HCI in methanol. Thé-Bydroxyl of 2 was 100% duplex formation (data not shown) as measured by

then protected with dimethoxytrityl chloride in methylene native gel electrophoresis. The duplex DNA was incubated
chloride according to standard procedures to §ies a 1:1.8 with T4-pdg at 4°C for up to 2 weeks. After 21 h incubation,
mixture of a- andS-anomers as determined by integration the amount of product obtained for the methyl-deoxyribo-
of the proton signals of the methoxy group at the anomeric furanose AP site analogue was 7% compared to 100%
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Ficure 4: Covalent enzymeDNA complex formation and enzyme
activity on AP-containing DNA for several glycosylase/AP lyases.
1 nM AP-containing DNA was incubated with 100 nM enzyme in
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Ficure 6: Effect of NaBH, concentration on formation of an AP
DNA—enzyme complex. AP site-containing duplex DNA (1 nM)
was preincubated with the indicated amounts of NaB+0—60
mM) for 20 s at 25°C. 100 nM T4-pdg was added and the reaction
stopped inmediately by addition of loading buffer and heating at
90 °C for 5 min. Reaction products were separated by electro-
phoresis on a 15% denaturing polyacrylamide gel (8 M urea) and
analyzed as described in the text.

NaBH; Concentration Dependencélhe slow rate of
cleavage of the methyl-deoxyribofuranose AP site analogue

the presence (lanes 3, 5, 7, 9, 11) or absence (lanes 1, 2, 4, 6, 8indicated that initiation of the AP lyase reaction at a

10) of 100 mM NaBH for 1 h at 37°C. Lane 1, no enzyme; lanes
2, 3, T4-pdg; lanes 4, 5, cv-PDG; lanes 6, 7, FPG; lanes 8, 9,
endonuclease lll; lanes 10, 11, MutY.

60

oe——— | R S |

s Time (days) 10 15

FIGURE 5: T4-pdg cleavage at a methyl deoxyribofuranose AP site
analogue. 0.2 nM'send-labeled duplex DNA was incubated with
100 nM T4-pdg in standard reaction buffer (25 mM sodium
phosphate, pH 6.8, 100 mM NaCl, and 10§/mL BSA) for 15

hemiacetal is possible but probably represents a minor
pathway with a high activation barrier. The other possible
explanations for the initial observation of covalent trapping
on AP sites, that the sugar ring anomerization to an open-
aldehydic form is slow or that the reduction of the aldehyde
is slow, were investigated. As we have no independent
measure of sugar ring opening, the following assumptions
were used. If the reduction step is fast, then the experimental
rates would predominantly measure sugar ring opening. If
the reduction is slow, then the reaction would be measuring
the equilibrium concentration of the aldehyde form.

To determine the rate-limiting step in these reactions, we
investigated the effect of NaBHoncentration on the extent
and rate of reduction. These experiments were carried out
by preincubating the AP DNA with various concentrations
of NaBH, for a constant amount of time prior to the addition
of enzyme. Thus, the addition of the enzyme and formation
of the enzyme-DNA intermediate serve to effectively

days at 4’C. Reaction products were separated by electrophoresisquench the sugar reduction reaction. Data shown in Figure

on a 15% denaturing polyacrylamide gel (8 M urea) and analyzed
as described in the text.

cleavage of a 12 bp DNA containing a TT-pyrimidine dimer.
As seen in Figure 5, the amount of product obtained from

6 demonstrate that as the NaBEbncentration increases,
the amount of covalent enzym®NA complexes formed

decreases. This demonstrates a dependence of the rate on
NaBH, concentration.

If the reduction is rate-limiting in the formation of the

cleavage of the methyl-deoxyribofuranose AP site analogueenzyme-DNA covalent complex, then there should be a
reached a maximum value at day 12 (56%). The absence ofcorrelative increase in the reaction rate as a function of

further cleavage is not due to instability of the enzyme over
the 2 week period as T4-pdg is routinely stored atC4for

several years with no loss of activity. A maximum value of
product at 56% indicates approximately 40% of the DNA is
not cleavable. This may be explained by NMR data

increasing NaBEiconcentration. As shown in Figure 7, upon
simultaneous addition of the T4-pdg and the NaBbéithe
DNA, 98% of all the AP-containing DNAs were covalently
bound to the enzyme. Prior incubation of the DNA with the
reducing agent for increasing times resulted in a decrease in

demonstrating that from the methyl-deoxyribofuranose AP the amount of covalent complexes observed. These data

site analogue synthesis a mixturecsfand-anomers was

indicate that the average half-life of an AP site in the

obtained. It was determined that the ratio of these anomerspresence of NaBldat pH 6.8 is approximately 12 s. At pH

in the mix is 1:2. These data are consistent with T4-pdg
preferentially cleaving at thg-anomer.

9.0, the half-life of an AP site in the presence of NaBsi
22 s (Figure 7).
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Ficure 7: Rate of reduction of AP sites by NaBHPIot shows N— N—
experimental data obtained at two different pHHE) pH 9; (@) |_/| i H
pH 6.8. 1 nM B-end-labeled 49 bp AP DNA was incubated with o) o H o)
100 nM T4-pdg in standard reaction buffer (25 mM HEPES, pH | | !
6.8, 100 mM NacCl, and 10@g/mL BSA or 25 mM CHES, pH
9.0, 100 mM NaCl, and 10@g/mL BSA). Samples were incubated ¢
with 100 mM NaBH, at 25°C for 20 s before adding the T4-pdg |
enzyme. Aliquots were taken at different times, and the reaction o. H
was stopped by addition of loading buffer and heating at®or (1) H
5 min. Reaction products were separated by electrophoresis on a N
15% denaturing polyacrylamide gel (8 M urea) and analyzed as N—
described in the text. o
|
Table 1: Sodium Borohydride Reduction: Pseudo-First-Order Rate
Constants
[NaBH4], mM k, st (pH 6.8) k, s (pH 9.00) (|3
30 NG 0.021 oY X X=H, Y=0OH,0Me
50 Nd 0.024 X=0H, OMe; Y=H
100 0.06 0.031 ;w i plane ()
@ Rate constants were calculated by fitting the data to the first-order 0 attack

rate equation by a least-squares methods. Nd: No constants were | 2

determined at pH 6.8 for these NaBEoncentrations. Ficure 8: Nucleophilic amine attack geometric possibilities. This
figure diagrams the geometric possibilities for the attacking amino

. . . group nucleophile of glycosylase/AP lyase enzymes. Pathway 1
The pseudo-first-order rate constant increased with the shows that the amino group may attack from théace, leading

concentration of NaBli(Table 1). This indicates that these to the ring-closeda-aminal, or in-plane (IP), leading, after
experiments measure the sum of two processes, ring openinqiehydratlon, to the ring-opened Schiff base. Pathway 2 shows the

plus reduction of the aldehyde form of the sugar ring with ormation of the Schiff base from the normal aldehyde and amino
NaBH;,, with the reduction step being at least partially rate- group reactants (corresponding to pathway 2 of Figure 1). Pathway
! 3 shows the amino group attacking from fhéace, leading to the

limiting. Currently, there are no known independent rates ring-closeds-aminal, or an IP attack leading to the ring-opened
of sugar ring opening within the context of DNA. In addition, Schiff base after dehydration.

the specific rate of reduction of an aldehydic moiety of an
AP site by NaBH is not known. hydroxyl or O-methyl (in the case of the analogue) at' C1
can be eithext or 5. The data shown in Figure 5 suggest
that T4-pdg preferentially cleaves thg&anomer of the
methyl-deoxyribofuranose AP site analogue. This is consis-
tent with a mechanism in which the methoxy group is
Our initial observation, that it is possible to isolate AP backside-displaced by the amino group from théace of
DNA covalent complexes of glycosylase/AP lyases in the the deoxyribofuranose ring (Figure 8A, pathway 1). This is
presence of excess reducing agent, suggested to us that thélie same direction of attack for direct displacement of the
formation of the Schiff base intermediate might be initiated 5'-T of a thymine dimer by T4-pdglQ). The inability to
through the enzyme reacting with the predominant cyclic cleave thex-anomer is also consistent witkattack and not
form of the AP site (Figure 1, pathway 1). However, it was in-plane attack, which would have been expected not to
also possible that the interaction of the enzyme with the AP discriminate between ther- and -anomers. Thus, the
site was significantly faster than the reduction of the AP site experiments with thet- and-anomers of methyl-deoxyri-
by NaBH, Thus, the noncovalently enzyme-bound ring- bofuranose analogues indicate that, though very unfavorable
opened sugar did not exist to an appreciable extent. Figurecompared to attack on the aldehyde (Figure 8A, pathway
1.1 illustrates sugar ring opening after initial protonation of 2), thea-attack on Clis favored over thg-attack (Figure
the C1 hydroxyl oxygen, while in contrast, Figure 1.3 depicts 8A, pathway 3) and in-plane attack, which is consistent with
sugar ring opening initiated by protonation at'OZhe the mechanism of T4-pdg. These data also suggest that

DISCUSSION
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protonation at O4(Figure 1, pathway 1.3) to initiate the this work. We thank Yinsheng Wang for carrying out the
reaction is unlikely as this would be independent of the = mass spectrometric analysis of the methyl-deoxyribofuranose
or # conformation. AP site-containing oligomer.
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