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Abstract: 3-(2'-Deoxy-(-p-erythro-pentofuranosyl)pyrimido[1,2-a]purin-10(3H)-one (M:dG) is the major
product of the reaction of deoxyguanosine with malondialdehyde (MDA). M:dG blocks replication by DNA
polymerases in vitro and is mutagenic in vivo. M;dG reacts with hydroxide to form the A?-(3-oxo-1-propenyl)-
deoxyguanosine anion (N2OPdG™). This reaction is pH-dependent and reverses under neutral and acidic
conditions to form M;dG. Here we describe the kinetics and mechanism of the ring-closure reaction in both
the nucleoside and oligonucleotides. Kinetic analysis of absorbance and fluorescence changes demonstrates
that ring-closure is biphasic, leading to the rapid formation of an intermediate that slowly converts to M1dG
in a general-acid-catalyzed reaction. The dependence of the rate of the rapid phase on pH reveals the pK,
for protonated N?OPdG is 6.9. One-dimensional 'H NMR and DQF-COSY experiments identified two distinct
intermediates, N°OPdG-H and 8-hydroxy-6,7-propenodeoxyguanosine (HO-Prene-dG), that are formed upon
acidification of N?OPdG~. Characterization of ring-closure in single-stranded and in melted duplex
oligonucleotides shows M;dG formation is also acid-catalyzed in single-stranded oligonucleotides and that
the denaturation of an oligonucleotide duplex enhances ring-closure. This work details the complexity of
ring-closure in the nucleoside and oligonucleotides and provides new insight into the role of duplex DNA
in catalyzing ring-opening and ring-closing of M:dG and N?OPdG.

Introduction volves the reversible second-order addition of hydroxide to form
the anion oN?OPdG  (eq 1). Loss of hydroxide and cyclization
to M1dG is slow under basic conditions. The rate of cyclization
to M1dG is dramatically accelerated under acid conditions.

Oxygenation of cellular molecules such as DNA and lipids
often leads to the formation of potent electrophiles capable of
inducing oxidative damage and disedseWithin this group
of reactive intermediates are tlg3-unsaturated aldehydes, a _ 5
class of alkylating agents that have been shown to cause damage M,dG+ OH = NOPdG )
and subsequent mutations to DNA. Malondialdehyde (MDA)
and relategs-substituted acroleins have been shown by this and Here we describe the kinetics and mechanism of ring-closure
other laboratories to elicit the formation of various DNA 0f N°OPdG to MdG as the nucleoside and in oligonucleotides.
adduct<5 The most abundant DNA adduct derived from MDA  Ring-closure is a general-acid-catalyzed process that occurs at
is 3-(2-deoxy-p-erythro-pentofuranosyl)pyrimido[1,2]pu- both acidic and neutral pH (Figure 1). Kinetic analyses of adduct
rin-10(3H)-one (MidG)® M1dG exists in duplex DNA as the ~ absorption and fluorescence of acidifisdOPdG™ reveal a
ring-opened derivative\-(3-oxo-1-propenyl)deoxyguanosine ~ biphasic conversion ok?OPdG to M:dG. Following proto-

(N20PdG ). nation of NOPdG", an intermediate is formed that slowly
We recently described the kinetics and mechanism of ring- dehydrates to MiG. Dehydration is rate-limiting and subject
opening of MdG under basic conditiofsRing-opening in- to general-acid catalysis. NMR analysis identified the intermedi-

ate as 8-hydroxy-6,7-propenodeoxyguanosine (HQ-H6G).
(1) Gupta, R. C.; Lutz, W. KMutat. Res1999 424, 1-8. DFT calculations suggested the formation of other intermediates
(2) Farmer, P. B.; Shuker, D. Blutat. Res1999 424, 275-286. betweenN20PdG™ and HO-Pg.«dG. NMR analysis revealed

(3) Bartsch, HMutat. Res1996 340, 67—79.
(4) Marnett, L. JIARC Sci. Puhl1999 17-27.
(5) Marnett, L. J.; Plastaras, J. Prends Genet2001, 17, 214-221. (7) Riggins, J. N.; Daniels, J. S.; Rouzer, C. A.; Marnett, LJ.JAm. Chem.
(6) Reddy, G. R.; Marnett, L. . Am. Chem. Sod.995 117, 5007-5008. So0c.2004 126, 8237-8243.
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Figure 2. Time courses for changes in absorbance at 320 nm and g E VM
fluorescence at 511 nm (excitation at 363 nm) following acidification of & & M}\/ 200 mM sodium phosphate
N?OPdG . N20OPdG" was combined with sodium phosphate, pH 4.7 at25 2 2 MWWW WW/VW\WMW
°C, to a final concentration of 18 M and 0.45 M, respectively. Biphasic Ls O.OO—MV\MJ\MyW\/U ()
plots are observed in both absorbance and fluorescence measurements. '
T 1

that denaturation of duplex DNA accelerates the rate of ring- 0 Ti 10 20
closure ofN°2OPdG™ compared tdN?OPdG  in single-stranded ime (sec)
DNA. Figure 3. Kinetic plots reflecting the initial few seconds of ring-closure.
Stopped-flow methods were used to observe changes in spectral properties
Results for N2OPdG: (A) absorbance at 320 nm and (B) fluorescence increase at
511 nm (excitation at 363 nm) upon rapid acidification. For absorbance
Ring-Closure of N2OPdG~ is a Biphasic ProcessThe decay experiment®y20PdG (10-5 M final concentration) was combined

equilibrium betweerN°OPdG™ and MidG was probed under ~ With 0.5 or 0.2 M sodium phosphate buffers at various pH's at@5For
fluorescence experiment®?0OPdG™ (10> M final concentration) was

neutral and acidic conditions. The absorbanced%ﬂ)FfdG_‘ at combined with 0.5 or 0.2 M sodium phosphate buffers at pH 4.7 &£25
320 nm and the fluorescence ohG at 511 nm (excitation at
363 nm) were used to evaluate the kinetics of ring-closure. A

Figure 2 displays the change in absorbance and fluorescence

of a solution of N2NOPdG that has been acidified using E

phosphate buffer at pH 4.7. The change in both absorbance and § 0.4

fluorescence is biphasic, with a large decrease in absorbance at :

320 nm occurring within the first few seconds following Q 03

acidification. During this same period, the fluorescence did not S PH 6.0
change. Following the initial period, or fast phase, a slow § 0.2 pH 5.0 pH 5.5
decrease in absorbance occurred that corresponded to an increase < 0.14 pH43 |PH4-7 ‘ ‘
in fluorescence. Figures 3 and 4 show the changes in the UV o 1000 2000 3000
and fluorescence spectra for acidifid#OPdG" in more detail. Time (sec)

w

The fast phase of ring-closure occurs immediately upon
acidification and is completed under the conditions described
in the Experimental Section within-5L0 s. Figure 3A and B
show the rapid phase of ring-closure by absorbance and
fluorescence, respectively. Interestingly, the extent of decrease
in absorbance is a function of pH so that different plateaus are
reached dependent on the final pH (Figure 3A). A maximal drop
in absorbance is observed at or below pH 4.5. The fact that a
pla_lte_au is _reached in the absorbance decay plots indicates that 0 1000 2000 3000
acid is acting as a reactant and not as a catalyst (eq 2).

PH43 PHAT b0 pHs3

-

pH 5.6

Fluorescence
(arbitrary units)
o

Time (sec)

Figure 4

2 4 . Figure 4. Kinetic decay plots foN?°OPdG™ absorbance at 320 nm (A)
N°OPdG + H3O == H-Intermediate+ Hzo (2) and fluorescence increase at 511 nm (excitation at 363 nm) upon rapid
acidification (B). N°OPdG™ (10°° M final concentration) was combined

The absorbance data can be fit to a single-exponential decaywith 0.5 or 0.2 M sodium phosphate buffers at various pH's at@5
to give kopsq values for the fast phase or to linear functions to
obtain initial rates (see Table 1). In contrast to the absorbancesolution. This observation of a lag phase implies little to no
data, Figure 3B shows the rapid phase of ring-closure is markedM;dG is generated during the rapid phase of ring-closure and
by a period of minimal change in the total fluorescence of the is the initial indication that a protonated intermediate is formed

10572 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Table 1. kopsa (571) for the Initial Phase of Ring-Closure Caused 7.5+
by Acid-Catalyzed N2OPdG™ Ring-Closure: Fast Phase in Sodium N2OPdG-
Phosphate at 25 °C
(Absorbance)
[H:0"] Kabsa (77) Kasa (77) <. 504 N?OPdG"
(1075 M) (250 mM sodium phosphate) (25 mM sodium phosphate) § ’ (Fluorescence)
32 0.109+ 0.001 0.08: 0.002 ‘37
10 0.106+ 0.002 0.078t 0.002 &0
3.2 0.055:+ 0.002 0.046+ 0.001 257
1.0 0.029+ 0.002 0.026+ 0.001 TXT8mer
0.3 0.015+ 0.001 0.012+ 0.001 AXA8mer
0.0+ T T T
0.00000 0.00001 0.00002 0.00003
Table 2. kopsa Values Measured by Fluorescence Change for
Acid-Catalyzed N2OPdG™~ and N2OPdG~-Containing [H307] (M)
gggcs)grl:gltgo;td SSRJ?:Q Closure: Slow Phase in 250 mM Sodium Figure 5. Plot of kopsaVs [HsO™]. Triangles @) represenkopsadetermina-
tions for the slow phase made using UV spectroscopy, and squliyes (
Kobsa x 1000 Kobsa % 1000 Kabsa % 1000 Kobsa % 1000 represenkopsg determinations for the slow phase made using fluorescence
(s7) (s7) (s7) (s7) spectroscopy. Determinations kfysq for the slow phase with oligonucle-
[H:04 (N20PdG™) (N?OPdG ™) (5'-A-X-A-3') (5'-T-X-T-3') otides 5-A-X-A-3' (¥) and 3-T-X-T-3' (#), where X isN2OPdG", were
(1075 M) absorbance fluorescence fluorescence fluorescence made using fluorescence spectroscopy.
0.3 1.20+ 0.1 1.30+£ 0.3 0.52+0.1 0.52+ 0.5
1.0 130+ 01 1.44+03 058+01 059+0.5 used to evaluate if any differencelig,sqcould be observed for
3.2 1.76+£01 20402 06501 0.72+05 the adduct in oligonucleotides. Based on our previous study
10 3.20+0.1 33502 077+0.1 107+04 where ring-closure rate constants were affected by the sequence
32 4.75+ 0.2 6.22+ 0.7 1.09+ 0.3 1.43£0.2 . p . . ,
linear fit /3 0.937 0.987 0.986 0.917 adjacent to the adduct sifea purine flanking sequence'{5

GGA-N?°OPdG -ACCG-3) and a pyrimidine flanking sequence
(5-GGTN?OPdG -TCCG-3) were used. Data were collected
using fluorescence increase as an indicator gd®Iformation

in oligonucleotides, ank,sgvalues were determined by fitting
the rate data to single-exponential increase functions. The kinetic
data for ring-closure in nucleoside and oligonucleotides acquired
using fluorescence increase are reported in Table 2.Kihg
values determined for all pH values are reduced compared to
the values determined for the nucleoside. Also, plot&.efy

within seconds of acidification. The time scales for the fast phase

probed by UV and fluorescence are equivalent, indicating they

correspond to similar phenomena in solution. The rapid phase

of ring-closure could be extended from&& s to 16-12 s by

cooling the reaction from ambient temperature t&€§observed

by fluorescence stopped-flow, Supporting Information 1).
Figure 4 shows the slow phase of ring-closure that takes place

between the end of the fast phase and the end point of theversus hydronium ion concentration yield linear fits (Figure 5).

ri)aCt'gn' F'glirgng shovys Irlnfg;ﬁlosure as ?N@lxcr))SF?dg the The pH-dependence in oligonucleotides is similar to that
absorbance a hm typical of the conversio observed for the nucleoside but with a reduction in the ring-

to M;dG. The rate of absorbance decrease in the slow phaseclosure rate constant observed for all pH values.

was dependent upon pH. Figure 4’_A‘ also reveals that the sta_rtir_lg Effect of Protonation on N2OPdG™~ Stability. Earlier results
point for absorbance decrease differed based on pH. This IS, dicate that MdG opens to form thé&2OPdG anion in basic
consistent with the fact that the plateau reached for the fast phas%olutions The small reverse rate constants fed®lformation
of the reaction described in Figure 3A was pH-dependent. observed at basic pH (1% 10-% sec?), whereN2OPdG is

Never?hgless, the drop in absorbance for the slow phase arrlVesdeprotonated, imply that deprotonation has a stabilizing effect
at a similar plateau regardless of pH or the plateau that was e ring-opened adduct. This is supported by the fact that
reached at the end of the fast phase (eq 3). lowering the pH of a solution containing?0OPdG" increases
H-Intermediate= M,dG + H,0O (3) thekopsafor ring-closure in both the fast and slow phases of the
reaction (Tables 1 and 2).

This observation suggests that acid is acting as a catalyst in  Stopped-flow absorbance and fluorescence spectroscopy were
the slow phase. Experimental data were fit to a single- used to determine thekp for N°OPdG. Figure 6 displays the
exponential decrease to obtdig,sq values. Alternatively, the effect of acidifyingN°OPdG" on its absorbance at 320 nm.
same set of experiments were completed by monitoring the Though it is possible that the change in absorbance during the
formation of MidG as a function of fluorescence increase at rapid phase is simply the result of protonation, the relatively
511 nm (Figure 4B), and data were analyzed as one-phaseong time scale observed for the rapid phaseXB s) suggests
exponential increase functions. As seen in the absorbanceprotonation is followed by a rapid transformation to an
decrease experiments above, the fluorescence increase alsmtermediate (eq 3). In this ca8eq 3 can be rewritten as
approached the same endpoint for the reaction regardless of the
pH and the rate at which the reaction approached the endpointN?OPdG + H30+ = N2OPdJG-H+
was dependent on pH. Thgysq values obtained through both Ka
absorbance decrease and fluorescence increase were similar in
the range of HO™ concentrations studied (Table 2), and a plot ) o o
of kobsa VErsus hydronium ion concentration gave a linear Since the protonation is fast, the |n|t|a! rates observed by
relationship (Figure 5). absorbance decrease refer to the conversion NFGIPAG to a
. Similar _slow-phase studies were conducted for oligonucleo- (8) Conners, K. AChemical kinetics: the study of reaction rates in solufion
tides bearing th&?OPdG™ adduct. Two sequence contexts were VCH Publishers: New York, 1990.

H,O == H-Intermediate (4)

J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004 10573
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A 0.003- 43
T 47
f= -
Q e 0.002-
e X 5.0
8 $ 5.25
< 0.001-{
g 0.00 0.05 0.10 0.15 0.20
Time (sec) [sodium phosphate] (M)
B Figure 7. General-acid catalysis ®?2OPdG" ring-closure. Ring-closure
=" a to M1dG was monitored by fluorescence increase with different concentra-
~—~ 0.050 tions of phosphate at various pH’s. pH values are as follows: squmijes (
§ g.ggupward trianglesa) 4.7; downward trianglesw) 5.0; diamonds ¢)
"z 0.025 o
< Table 3. Kinetic Constants for Ring-Closure in Nucleoside and
Oligonucleotide at 25 °C2
0.000
; ; . T . substrate keat, (M~1571) Kuncat, (57%) Keat Kuncat.
5 6 7 8 9
pH N20PdG 106+ 4.5 (9.8+ 1.1)x 1074 10.8x 10*
AXA8mer 12.0+ 0.8 (5.0+£0.2) x 104 2.4 x 10
Figure 6. Stopped-flow determination ofta. N2OPdG (105 M final TXT8mer 20.2+3.1 (4.9£08)x 107* 4.1x 10*

concentration) was combined with 0.25 M sodium phosphate buffer at ] ] ] )
neutral to basic pH to observe changes in the initial drop in absorbance at 2 Substrates were combined with sodium phosphate buffers at various

320 nm (A). Initial rates from absorbance decay plots were used to determinePH’s to give final concentrations of 18 M and 0.25 M, respectively.
the observed rate constants and plotted as a function of pH and fitted to aFluorescence increase plots were fit to a single-exponential increase to obtain
one-site binding function to yield aia of 6.9 (B). psa and those values were plotted as a function of the concentration of

H3O™ to give keat. @s a slope anbyncar. as they-intercept.

protonated intermediate that has a reduced absorbance at 32gonstant for ring-closure ((3% 0.2) x 10~*s™). This behavior
nm relative to MdG. Since the rate of protonated intermediate is represented in the equation
formation and ring-closure is small whé&\#OPdG is an anion

but enhanced whel?OPdG is placed under neutral and acidic Kopsa= Kuncar+ KealH30] (5)
conditions, the 5 for N2NOPdG can be determined by measuring
the rate of protonated intermediate formation at acidic pH. Experiments conducted to determine the effect of general acid

Figure 6A shows the rapid phase of ring-closure over a wider on ring-closure of MdG in oligonucleotides are summarized
range of pH values. Three phases are apparent from this plotiin Table 3. As described for the monomer, tkg; for ring-
a phase where no drop in absorbance is observed, a phase wheikgosure represents a significant increase in the rate constant for
the equilibrium point is dependent upon the pH of solution, and ring-closure ofN2OPdG™ over the uncatalyzed rate constant.
a phase where the change in equilibrium point is constant The extent of rate enhancement in the oligonucleotides is
regardless of pH. These absorbance decay plots were fit to linearsomewhat less than that observed with the mononucleoside.
functions to obtain initial rate constants for the formation of ~ Estimation of the pK, of N2OPdG by DFT Calculations.
protonated intermediate (Equation 4). A plot of the initial rate To corroborate the data above with a protonation event and
constants of the rapid phase as a function of pH gives the pH anion stability, computational methods were used to probe
titration curve (Figure 6B). The inflection point at pH 6.9 is changes in thel, of N2OPdG relative to dG. Gradient-corrected
the Ka density functional theory (DFT) calculations with the B3LYP
General-Acid Catalysis.General-acid catalysis was observed functional were combined with the conductor-like polarizable
for the slow phase of the ring-closure reaction. The molar continuum model (CPCM) to obtain solution-phase free energies
concentration of buffer used to induce protonation and ring- in water. These were calculated for guanine NF®PdJG adduct,
closure was varied, and the effects kyasq for fluorescence and the N1 and\N? anions of each molecule. The results of the
increase were determined. Figure 3B shows the rate of calculations are presented in Table 4. Structures and energies
fluorescence increase was diminished based on the use of loweare provided in Supporting Information 2.
buffer concentrations. Similar effects were observed at variable The gas-phase free energies of the ions show a substantial
buffer concentrations for the drop in absorbance upon acidifica- stabilization of the adduct anions at N1N# upon introduction
tion. These effects are represented graphically in Figure 7 as aof the oxopropenyl group d?. The gas-phase free energy of
plot of the concentration of buffer versus the observed rate ionization atN? for guanine is 332.1 kcal/mol, but this decreases
constant for MdG formation. Using sodium phosphate buffers, by 23.5 kcal/mol to 308.6 kcal/mol iN?OPG. A similar but
thekopsafor ring-closure by fluorescence detection was affected smaller effect is seen on ionization at the N1 position (332.8
not only by pH of the buffer but also by the concentration of 314.8= 18 kcal/mol). These differences are attenuated signifi-
phosphate (or general acid) used. The slope of these plots yieldsantly in the solvent continuum to 22:64.9 = 7.7 kcal/mol
the rate constantk{y) for acid catalysis of ring-closure. The for N2 and 21.3-15.5= 5.8 kcal/mol for N1.
nonzeroy-intercept for these plots reveals that, at minimal The difference in the stabilities of the tw¢?OPG ions is
concentration of general-acid, there is an uncatalyzed ratesignificant in the gas phase, where t¢anion is more stable

10574 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Table 4. Calculated pK, for 9-Methyl-N2OPG and 9-Methylguanine?@

Gas°(gas) Gaos® (H20) AGgg° (gas) AGyg° (H20) pKa PKacor

9-Me-guanine —581.941193 1 —581.974 913 6

9-Me-guanine —581.400 881 1 —581.510281 8 332.8 21.3 15.6 9.4
(N1 anion)

9-Me-guanine —581.401 985 3 —581.508 166 8 332.1 22.6 16.5 9.9
(N2anion)

9-MeN?OPG —772.686 303 —772.7239757

9-Me-N2OPG —772.174581 6 —772.268 540 3 314.8 155 11.3 6.8
(N1 anion)

9-MeN?OPG —772.184 4419 —772.269 476 4 308.6 14.9 10.9 6.5
(N2anion)

a Absolute free energies in hartree and free energies of deprotonation in kcal/mol.

than the N1 anion by 6.2 kcal/mol. This preference for ionization
at N2 is almost completely abolished in the solvent continuum
where the two ions now only differ in free energy by 0.6 kcal/
mol, with this small margin still favoring th&? ion. In the
parent guanine, thi2 ion is marginally more stable in the gas
phase (0.7 kcal/mol), and preferential solvation of the N1 ion
(of 2 kcal/mol) leads to its predominance at equilibrium.

The K, value calculated for guanine is 15.6. This is a
substantial overestimation of the guanin€,pelative to the
experimental value of 9:29.6° The calculated K, of N°OPG
is 10.9. This overestimation was expected based upon previous A
efforts to calculate solution phasEgs using continuum or self- 9% 92 88 84 B0 7.6 7.2 6.8 64 6.0 56 52
consistent reaction field methods2 However, the data reflect  Figure 8. One-dimensionaiH NMR spectra for acidified 76 M N2OPdG"
stabilization of the anion by the oxopropenyl group and at 8 °C. One-dimensional spectra for acidifinPdG_ (103 M) were
demonstrate thely for N°OPG is lower. If the error in the Erocesseq by XWIN-NMR and overlayed for comparison. 8PAG

. . efore acidification, (B) the acidified solution at 5 min, (C) the acidified
calculated fa is expected to be the same for both the guanine sojytion at 1 h, (D) the acidified solution at 2 h, (E) the acidified solution
and N°OPG anions based on errors in the solvation model, a at 3 h (MdG).
scaling factor of 9.4/15.6= 0.60 showing this error can be used.
The K, for N2OPG can be “corrected” in a manner similar to

that applied by others to give a predicteld,mf 6.8 for the N1 X ’ ) ' < )
to resonances associated with two intermediates within 5 min

anion and 6.5 for th&2 anion. The validity of these calculated oo )
pKys is supported by thet, determined from the spectroscopic of acidification (trace B, Figure 8). The H8 doublet resonance
t 8.95 did not shift to a great extent, but the broad H6 multiplet

data above. These values reflect a large decrease in the energ§ |
for ionization of the guanine ring updx? substitution. at 8.3 ppm became a doublet at 8.0 ppm and H7 shifted

NMR Spectroscopy of Ring-Closure Intermediates The doyvnfielo_l from underghe solvent_ peak to 5.6 ppm. No chemical
biphasic kinetic data and the protonation data presented aboveSh'ftsf unique tq thEN ‘?P‘?'G anion were obs_erved once the
suggest the formation of at least one intermediate beyond SO!ution was acidified, indicating the protonation was complete
protonated\?OPdG in the acid-catalyzed formation of,8G within the t|me scale of the f!rst NMR.expenment. Proton shifts
from N2OPdG". NMR experiments were performed to find cgrrespondlng to another intermediate (traces B through D,
structural evidence for a primary intermediate that forms F9Ure 8) were observed as doublets at 6.45’and 6.55 ppm and
immediately after acidification, as well as to search for other a multiplet at 5.14 ppm, a_nd new peaks for Hﬂaoxynpose
intermediates that may form en route tad®. N°OPdG™ was (6'(_)_6'3) an_d H2 of the purine ring (7488.2) ap_peargd. F|n<_allly,
acidified at lower general-acid concentrations and at a lower all intermediate pr.otons disappeared at the final time pomt of3
temperature (0.05 M sodium phosphate, pH 5.0°a)&han h tol revea] .excluswely WMIG proton; (trace E). Evaluanorls of
those described for the absorbance and fluorescence assays € intensities of each resonance with ! espect t_o a DN.": internal
decrease the rate constant of the ring-closure reaction toStandard (7.8 ppm) revealed that both intermediates disappeared
approximately 2.0< 104 s-1. One-dimensionaiH NMR scans from solution at the same rate (see Supporting Information 3).

were taken at 60 s intervals. Experiments were performed using-rhéla ft?cttt)haé g,e'thef mte;me:cjlateaiiso mlnhated atany g|ve? t:jme
solvent suppression techniques to enhance sensitivity for and that both disappeared to formdé at the same rate implie

important adduct proton resonances. Overlayed spectra rangind € tWo forms were in rapid equilibrium, and the transition from
from 5.0 to 9.5 ppm are shown in Figure 8 (refer to the he second intermediate to ;MG was rate-limiting. These
numbering scheme described in Figure 1 for proton assign- observations closely resemble those from the absorbance and

fluorescence kinetic assays described above.

ments). Before acidification, only resonances corresponding to
N2OPdG" were observet{trace A, Figure 8), and these shifted

(9) Singer, B.; Grunberger, DMolecular Biology of Mutagens and Carcino- Though the 1D experiment described above provided strong
(10) ?(El’irc‘iscp'Je”J”mF';ree;%r N§WAY°gﬁi_§?83-_ Guida, W, G. Phys. Chem. A evidence for the formation and disappearance of intermediates
2002 106 T T T ' in an acidified solution oN2OPdG, further work was necessary

11) A b Sowers, L. C.; Cagin, T.; Goddard, W. A. JIIPhys. Chem. {4 eyaluate coupling of intermediate proton resonances and

(12) Chipman, D. MJ. Phys. Chem. 2002 106 determine structures for these intermediates. Figure 9 shows
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Figure 9. DQF-COSY for acidified 108 M N2OPdG" 1 h after acidification. Two-dimensional spectra were processed by XWIN-NMR. Three distinct
structures are observed in comparing the cross-peaks: (A) aciNfi®®dG, (B) HO-PenedG, and (C) MdG. Structures and important chemical shifts
for related structures (HO-PdG and,®) are shown below.

the DQF-COSY spectrum of an acidified solutionN¥OPdG dG at H8, reported here at 6.3 ppm, is similar to that observed
that was acquired withi 1 h of acidification. Three structures  for M,G which occurs at 5.98 ppm.
can be observed by analyzing the cross-peaks. The short dashed Ring-closure was also probed in a DNA duplex. Previous
lines show cross-peaks for intermediate one (A), the protonatedstudies by Mao et al. have shown®lquantitatively ring-opens
form of N°OPdG. The cross-peak for 8.9 and 5.5 ppi= 14 upon duplex annealid§!” and heating the duplex to 6TC
Hz) is representative of the H817 interaction, whereas the induces rapid denaturation and ring-closure. Although it was
cross-peak for 5.5 and 8.2 pprh) (= 10 Hz) is the coupling  shown that ring-closure is rapid at this high temperature, the
for H7—H6 interactions. A second intermediate (B) is shown relative contributions of catalysis and elevated temperature to
in the cross-peaks at 6.4 and 6.5 ppm (H8 and H6 respectively)the rate of ring-closure are unknown because previous work
with the intermediate H7 at 5.2 ppmiJ(= 7 Hz, 8 Hz). The has indicated that ring-opening and ring-closing are accelerated
solid line (C) for the cross-peak at 9.2 and 7.2 ppm is at high temperatures. To evaluate the time course for ring-
representative of the MG H8—-H7 interaction, indicating the  closure at a lower temperature, a short sequence and its
presence of product. complement, both of which had been previously structurally
The first intermediate is assigned as proton&dPdG. The  characterized, were chosen to probe ring-closure by NMR. The
second intermediate is assigned as hydroxypropeno-dG (HO-melting temperature for the dgEGTXTCCG:CCACAGGC-
PrenedG). This assignment is based on similar shifts observed 5') (TXT:ACA) duplex has been reported to be approximately
for the structures for 8-hydroxypropano-dG (HO-PdG) and the 20 °C and was easily denatured without heating to high
dimeric MDA adduct of guanine, 9-formyl-6,10-methano-11- temperature. The sample was prepared as described previously
oxa-1MH-[1,3,5]oxadiazocino[5,4purine, MG (see Figure 9 and maintained at neutral pH throughout the NMR experiements.
for model structures and chemical shiftd)The similarity in One-dimensionalH NMR was completed for the duplex under
the chemical environment for the H6 and H8 protons of HO- native and denatured conditions. Figure 10 shows that, at 15
PrenedG and HO-PdG explains the trends in the chemical shifts °C, the adduct is completely ring-opened in the duplex as
and resonance couplings observed in this experiment. Data fromevidenced by the absorbanceN¥OPdG at 8.9 ppm. The TXT:
Harris and co-workers on HO-PdG show that the H6 and H8 ACA duplex was rapidly warmed to 28C, and spectra were
protons are nearly identical and contain an upfield shifted acquired immediately. After 200 s of data accumulation, the
H7 1415Introducing unsaturation about the €67 bond in HO- resonance foN?0OPdG in the duplex had completely disap-
PrenedG causes a general deshielding effect and the downfield peared, and two resonances fofd® H8 and H6 were apparent
shifts observed here. The carbinolamine proton of HQzPr (9.0 and 9.2 ppm). The identity of these shifts was confirmed
by 1H-COSY experiments and demonstrated the presence of

(13) Basu, A. K.; O'Hara, S. M.; Valladier, P.; Stone, K.; Mals, O.; Marnett,
L. J. Chem. Res. Toxicol988 1, 53—59.

(14) Nechev, L. V.; Harris, C. M.; Harris, T. MChem. Res. Toxica200Q 13, (16) Mao, H.; Reddy, G. R.; Marnett, L. J.; Stone, M.Blochemistry1999
421-429. 38, 13491-13501.

(15) Nechey, L. V.; Kozekov, I. D.; Brock, A. K.; Rizzo, C. J.; Harris, T. M. (17) Mao, H.; Schnetz-Boutaud, N. C.; Weisenseel, J. P.; Marnett, L. J.; Stone,
Chem. Res. ToxicoR002 15, 607—613. M. P. Proc. Natl. Acad. Sci. U.S.A.999 96, 6615-6620.
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oxygen {T'S2). This occurs with a barrier of 68 kJ/mol from
2b. If the 9-methyl-HO-P#«dG is protonated on the purine
ketone 8 + H™) and minimized to a transition stat&#$3"),
the calculated energy is indicative of a smaller energy barrier
to form products4 + H* and 4 than that observed for the

l previous two steps. This calculation suggests the final step is

5'-GGTXTCCG-3' f not rate-limiting, which is inconsistent with the findings of the

3-CCACAGGC-S NMR experiments performed with?°OPdG™ at pH 5. It is

anticipated that the purine ketone®has a very low K, and
only a trace amount would be protonated at neutral pH.
I However, the gas-phase techniques used for modeling the
l‘ ' .«‘t transition state are unable to model this concentration effect
“u and are not reflective of the small concentration of proton donors

Time 0 sec, 15°C | ‘ '

Y .M
b in
o o . . . . )
A WWM l (either hydronium or general acid) available to serve as catalysts
at neutral pH. As a result, the calculated energy is more

Time 200 sec, 28°C ! reflective of a case where all of the 9-methyl-HQ:RdG is
protonated. Since protonation is necessary for dehydration, the

MWW W‘ apmp '\f *l" relatively slow rate of MdG formation observed at neutral pH

95 90 85 - .s.lo. Discussion

is most likely due to the low basicity of HO-RedG.

Figure 10. Proton NMR of double-stranded oligonucleotides before and In the current study, ring-closure dfOPdG in the
after thermal denaturation. Lyophilized substrate dupl&xXGGTXTCCG: ; ; ; ; en
5-CGGACACC) (TXT:ACA) was dissolved in 0.5 mL of buffer (0.05 M nucleoside an_d in oligonucleotides was probed under acidic and
NaCl, 0.01 M Na HPQy, and 5x 10-4 M Na,EDTA, pH 6.5) and proton neutral conditions. Based on the absorbance and fluorescence

NMR spectra were obtained over 200 s at°@5and 28°C. data as well as NMR structural studies, the following mechanism

. for ring closure is proposed (Figure 13)?0OPdG in the O°
2 o o
N*OPdG and MdG_at 15°C and _2_8_C’ respectively (data not ._enol form (17) is first protonated tdE-N°OPdG-H (). Tau-
shown). More rapid data acquisition was attempted, but this

ful due 1o | itivity for the adduct tomerization and rotation about the €67 bond occur to give
was unsuccessful due to low sensitivity for the adduct resonance. \pop .1 @) as described in Figure 12. The oxopropenyl
When considering that the rate constants calculated for ring-

. carbonyl is placed in proximity to N1 and results in nucleophilic
closure of the smgle.-stranded TXT 8mer near ngutral .pH are sttack on the carbonyl carbon and transfer of a proton to the
low, the fact that ring-closure happens so quickly in the

i . . .~_carbonyl oxygen to yield HO-RysdG (3). Up to this point,
denaturing duplex sugge;ts that ring-closure s catalyzed Olurlngthe events of ring-closure involve only the stoichiometric transfer
the process of denaturation.

. . . . of a proton toN?OPdG . In contrast, the final and rate-limiting
2 ) :
ClTheoreélcal gtUd'fhs Olz.th?. Mechlan|t§m oN dONPI\(:S Rtlng wral step in ring-closure involves the general-acid-catalyzed dehydra-
gdsure. ise Ot?] € t'mel Ic Iev? l;a lon an ‘ S rgct ura tlon of HO-PenedG. The proposed mechanism shows two likely
evidence above, theoretical caicuiations were periormed 1o ma paths to dehydratiorBA and 3B). Both pathways involve the
a portion of the reaction coordinate for ring-closure fro

. o . formation of a cyclic enamine-imine structure that can originate
OPdG to form MdG. The potential energy surface is given in from electron donation from eithed? or N1 concerted with
Figure 12, and the corresponding structures are shown in Figure

the elimination of water via protonation of the carbinolamine
11. DFT was used to calculate gas-phase free energies and th%) by a general acid. The loss of water yields the resonance
CPCM to obtain solvation energetics. Relevant structures

lect th h | i 4 solvati ' forms 4A + H™ and4B + H™ that ultimately deprotonate to
electronic energies, thermochemical corrections, and solva 'Onglve the product MdG ().

energle_s are included in theZSupportlng Info_rmatlon 4. . The model provided in Figure 13 is consistent with NMR
Starting with 9-methylHE)-N?OPG, we examined the relative o .
. . ; . data that show the presence of two distinct intermedidiés,
free energies of the different tautomeric forms that are likely to . . .
. L o OPdG-H and HO-RFedG. Other intermediates proposed by this
be present to some extent in the acidified solution: 9-methyl-
model are not observed presumably because they are present

(E)-N2OPG (1a), its OPG-enol tautomerip), its OS-enol : . ; .
tautomer £¢), and both OPG- an@-enol tautomersid). As in too low a concentration or are converted to other intermediates
' ’ too quickly to be observed on the NMR time scale. Although

expectedlashould be most abundant in solution based on these Z-NPOPAG-H must be formed for cyclization to occur, it was

;Egﬁgiﬁgrgéigogézgo; ?i:;hoePOGPGrc:EOIZE/ daltlﬁgz;‘cc)):ero;itclggs not detected in the NMR experiments. The only doublet due to
group ! ! the H6 of N°OPdG appeared to be due to tRésomer.

to the 9-methyl-Z)-N?OPG with a barrier of 67 kJ/mollfS1). . . .
This rotation is necessary for fdG formation as this is the .Format|on of H.O'P‘{"e’dG Is a reversible process that.occurs
prior to the rate-limiting step. Attack by the amide nitrogen

configuration about the C6C7 bond in the product. The . . . 2 .
occurs via the enol in a mechanism similar to that observed in

energies of the various tautomers @f-9-methylN?°OPG QRa— . . .
d) are shown. Again, the diketo tautomea) should be most aIdo_I condensation$. The ease of this reaction is enhanced by
the intramolecular transfer of the enol proton to the product

abundant in solution. Th&5%-enol tautomer of Z)-9-methyl- . .
N?OPG allows for ring-closure to form 9-meth§/)I-HPG) (v}i/a HO-PrnedG. It is of note that the cyclization leads to the

nucleophilic at_taCk Of N1 on the carbonyl of the oxopropenyl (18) Carey, F. A.; Sundberg, R.Advanced Organic Chemistyrd ed.; Plenum
group concomitant with proton transfer fradf to the carbonyl Press: New York, 1990.
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. . . . General ® Q ?
formation of a stereocenter at the resulting carbinolamine carbon Acid-Catalyzed f" ] N\) (\N)'IN\>
of HO-Prn«dG. However, the rate data described in this study (slow phase) NN N @\p,;*‘N N

. - . . . I
do not allow for distinguishing the rates of the formation or o dR H o dR
dehydration for the two carbinolamine diastereomers, nor is there 4+H™ (A) 4} , HH (B
any observable NMR resolution in our experiments of diaster- H

eomeric protons. o
DFT calculations were completed to predict likely structures KNJIN\
formed en route to ring-closure. The reaction coordinate shown NN N>
in Figure 12 that predicts rotation & andZz-N2OPdG-H and s R
the ring-closure of th& form to HO-Pgn«dG represent the main
energy barriers to ring-closure. Dehydration has a lower energy

barrier. As discussed above, modeling of the dehydration was  catalyzed and uncatalyzed steps in the sequence of reactions
complicated by the fact that explicit protonation was required, ghown in Figure 13 are observed as a biphasic reaction. The

which is inconsistent with the low Ky anticipated for the  oyents preceding the dehydration step occur by the stoichio-
protonated HO-RpedG. When considering the concentration  etic addition of a proton th2OPdG™ and following cycliza-

of catalyst necessary for dehydration to occur, the energy barriertion’ dehydration is general-acid-catalyzed. These two distinct
for the elimination of water at neutral pH is expected to be much phases are demonstrated by both absorbance and fluorescence
higher than that drawn in Figure 12, which explains why gneciroscopy. Initial protonation df2OPdG to a neutral
dehydration is rate-limiting and general-acid catalyzed. Slow species establishes an equilibrium between protonde®dG

rates of dehydration in other pyrimidinol/pyrimidone systems .4 HO-Ps,«dG prior to dehydration to MiG. This equilibrium

have been observétf® as well as for other unsaturated penyeen intermediates is observed by NMR spectroscopy, where
carbinolamines:2* proton resonances from both compounds disappear at the same

Figure 13. Proposed mechanism of ring-closure.

(19) Nolan Carter, K.; Greenberg, M. Mioorg. Med. Chem2001, 9, 2341~
2346

. (21) Keys, L. D.; Hamilton, G. AJ. Am. Chem. S0d.987, 109, 2156-2163.
(20) O’Donnell, R. E.; Boorstein, R. J.; Cunningham, R. P.; Teebor, G. W. (22) Palmer, J. L.; Jencks, W. B. Am. Chem. Sod.98Q 102 6466-6472.
Biochemistry1994 33, 9875-9880. (23) Llor, J.; Asensio, S.; Sanchez-Ruiz|idt. J. Kin. 1989 21, 51-61.
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rate (Supporting Information 2). This explains why the NMR  state of HO-PsedG. Ring-closure of the anionic species results
resonance foE-N?OPdG-H does not decrease to zero initially in the formation of anionic HO-RsdG and elimination of
and why both intermediates are detectable until onhd®l hydroxide, whereas the reaction in this study involves a neutral
remains. The fact that this equilibrium is established rapidly is HO-Pr,dG becoming protonated and eliminating water. As
supported by the fact that the increase in fluorescence attributeddiscussed above, theKp for HO-Pr,«dG is predicted to be

to M1dG, the only fluorescent species in the proposed model, much lower than 7.0 and is the key factor in the slow-rate
begins to occur at the conclusion of the fast phase and indicatesconstants for dehydration and ;MG formation observed at
some HO-P#,«dG has formed by the end of the fast phase. neutral pH. As a result, dehydration of neutral HQnRdG is
N?OPdG-H and HO-RkedG are both expected to absorb less slow and requires protonation, whereas dehydration of the anion
than the ring-opened anion due to loss of the anion charge andof HO-Prn«dG is facilitated by the elimination of a negative
conjugation, respectively. This dependence on protonation hascharge by the expulsion of hydroxide.

been observed for guanine and malondialdehyde, and Supporting catalysis in ring-closure was also studied in duplex DNA
Information demonstrates protonation M¥OPdG™ at pH 6.5 where N2OPdG was placed opposite dC in the complement.
causes a shift in the guanine absorption band from 260 to 252previous reports showed that denaturation and heating to 60
nm (Supporting Information 5). °C resulted in ring-closure to MG 17 One-dimensional proton
NMR at a lower temperature (2&) and at pH 6.5 demonstrated
guantitative ring-closure upon duplex denaturation at the first
time point practically achievable (200 s). Based onkkgyat

25 °C determined in single-stranded DNA, the rate of ring-
closure in the denatured duplex is over 100-fold faster at much
lower concentration of general acid. This rate enhancement for
ring-closure when compared to the single-stranded adduct is

Dehydration is slow and results in the final decrease in 100 large to be explained onlv by the modest increase in
absorbance at 320 nm and conversion to the fluorescent product, g b y by

The differences in the plots observed for UV and fluorescence tigggr?tu;g :JéedBto d((janature the strandi |nbou'\r/| dupleg study
change allow for further characterization of this model. The ( 0 ). Based on previous resuilts by Mao and co-

16,17 ili i
concentration of acid in solution positively affected the rate of yvorkers, stabilization of the oxopropenyl group BFOPdG

both the fast and slow phases of ring-closure, and no ring-closureIS provided by the adduct projecting into the minor groove of

was observable in this assay at pH values greater than 8.6. Thethe duplex, shielding it from interacting with the nucleophilic

. . . ’ )
role of acid in both phases of ring-closure was found to be site at N1. This conformation foN"OPdG must then quickly

different. During the fast phase, acid was observed as a reactant?hange when the duplex denatures, enabling ring-closure. One

The position of the plateau in the dropAewas demonstrated possible explanation for the acceleration provided by the duplex

to be dependent on the pH. The fast phase was also shown td’s the fact that the adduct is fully protonated and exists as a

be a combination of protonation and adduct rearrangement andnle utral Stpea%s:: dl(;%lethNg' When c(;m&dzrng this factitr|ng-
could be extended to longer times by cooling (Supporting closure o “Fehe 05 STOUID proceed rapidly upon mefting

Information 1). The [a was determined from a plot dpsq the duplex. However, it is not known how the presence of the
for the fast phase versus pH, giving an inflection point and a complementary strand accelerates dehydration of HR-8€

value of [, of 6.8. The fact that thely, is three units lower over that observed in the single strand.
than the . of N1 of deoxyguanosine (ca. 10) was supported The findings reported in this and another recent article provide
by DFT calculations for the free energies of protonated and @ comprehensive picture of the chemistry of interconversion of
deprotonated 9-methyN?OPG, which also predict a loweKg M1dG andN*-OPdG from pH 4-12. At low-to-neutral pH, M-
for N1. These results together suggest the oxopropenyl groupdG predominates by virtue of the facile ring closuré\8OPdG
of N2OPG provides 1000-fold stabilization for developing anions 0 HO-PenedG and its subsequent elimination of water.
on the purine ring. Dehydration is the rate-limiting step in the conversionNf
In contrast to the kinetics of the fast phase, absorbance decayoPdG to MG and is subject to general-acid catalysis. At basic
and fluorescence increase were both shown to be affected byPH, the anion oN°OPdG is formed by reversible addition of
pH and buffer concentration. Despite the fact that the slow phasehydroxide to MdG. A critical determinant of the chemistry of
of ring-closure could be accelerated at lower pH and higher fing-opening and -closing is the acidity 8POPdG. Experi-
buffer concentration, the endpoint of the slow phase was the mental and theoretical determinations indicate that substitution
same. This observation is consistent with general-acid catalysis.Of the oxopropenyl group oN? of deoxyguanosine lowers the
Based on the model suggested in Figure 13, catalysis was related?Ka Of the imino proton by approximately 3 orders of magnitude
to dehydration because it is the rate-limiting step. An uncata- t0 a value of 6.8. The protonated formNfOPdG is subject to
lyzed rate of ring-closure could be obtained by comparing the fing-closure to HO-RpedG (likely mediated by tautomerization
rate constants for ring closure at different concentrations of and isomerization), whereas the deprotonated form is not. Thus,
general acid and pH (Figure 7). at basic pH’sN?OPdG accumulates. A corollary of this finding
Itis of note that the unimolecular rate constant for uncatalyzed iS that the aldehyde oN’OPdG is much less reactive to
ring-closure (3.7x 104 s™1) measured in this paper is similar nhucleophiles at neutral-to-basic pH than at acidic pH.
to that observed in a previous study where the reverse rate These studies also provide insight into the role of duplex DNA
constant to ring-opening at basic pH was £.70"4s 1.7 There in the catalysis of ring-opening of {dG and ring-closing of
is an important distinction between the dehydration reaction N°OPdG. Ring-opening is catalyzed by deoxycytidine-mediated
observed at acidic and basic pH and relates to the protonationhydroxide attack on C-8 of MIG in the approaching comple-

Fast phase Slow phase
I I I

HA (cat.)
N’0OPdG + H;0* =<=N’0PdG-H + H,0 === HO-Pr,,-dG <= M,dG (6)

Ka
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mentary strand. Stabilization dPOPdG (perhaps the protonated
form) is driven by annealing of the duplex, which pladés
OPdG in the minor groove, where it cannot attack N1 to initiate
cyclization. IfN?°OPdG is protonated, its aldehyde group would

be reactive to externally added nucleophiles. On denaturation

of duplex DNA, N2OPdG cyclizes to MIG at a rate much
higher than that observed in single-stranded DNA. The duplex
structure must catalyze dehydration of HQ+RdG since this

is the rate-limiting step in the conversionfOPdG to MdG.

Experimental Section

Materials. All materials were obtained from commercial sources
unless otherwise noted. ®IG was synthesized as previously de-
scribec? Oligonucleotides containing the MDA-dG adduct (AXA 8mer,
5-GGAXACCG-3; TXT 8mer, B-GGTXTCCG-3; X is M1dG at pH
7.4) were synthesized as reported elsewht@omplimentary oligo-
nucleotide (5CGGACACC-3) was obtained from Midland Certified
Reagent Company (Midland, TX). SolutionsfOPdG™ or N°OPG"
containing oligonucleotide were generated directly before use by
combining concentrated MG with 0.050 M sodium phosphate, pH
11.2. After sitting for 30 min at ambient temperature, the concentrated
N?OPdG solution was diluted to the desired concentration.

Ring-Closure Assay.Ring closure was monitored using the HP
845X UV spectrometer with temperature conttdlOPdG" was diluted
to a final concentration of 1.& 107 M in 107 L. Experiments were
initiated by acid treatment with sodium phosphate buffer solutions at

rapidly heated to 28C to melt the duplex and data were accumulated
immediately. Data were accumulated at 200 s intervals for 10 min and
were processed using XWIN-NMR. All spectra are referenced to the
chemical shift of water (4.7).

Computational Methods. Calculations were performed using the
Gaussian 98 suite of programs compiled to run on an SGI Otfghn.
model for N2OPdG, 9-methylN?OPG, was used instead of the full
nucleoside in order to minimize computational expense. Generalized
gradient density functional theory was used to optimize the structures
and calculate vibrational frequencies using the B3LYP exchange-
correlation functional along with a 6-31G(d) basis dtollowing gas-
phase minimizations and vibrational frequency calculations, single-point
energy calculations were performed with a larger 6-8Gt
(2d,2p) basis set. This provided electronic energies that were corrected
to free energies at 298 K using the scaled (by 0.9806) thermochemical
corrections from the smaller basis calculatihBree energies in water
were obtained by adding solvation energies calculated using the CPCM
solvation model of Barone and Cossi to the gas-phase free enétgies.
The K, values were determined by calculating the free energy change
for the following deprotonation reaction:

9-Me-N°OPG— (9-Me-N?OPG) + H* (7)
and the K, calculated from the free energy change by
pK, = —AG/2.30RT (8)

various pH’s and concentration. Changes in the absorbance at 320 nm  The free energy of a proton in water270.3 kcal/mol) is obtained

or in fluorescence at 511 nm (excitation at 363 nm) were observed

by combining the gas-phase free energy of a protorR2:5 TAS’ =

over time until the reaction reached completion. Experiments were done —6.3 kcal/mol) with the solvation energy of a proton in wate264
in duplicate, and the decay plots were averaged. The resultant plotskcal/mol), which was taken from the recent work by Tissandier &t al.
were fitted to a one-phase exponential decrease function using GraphPagince it is well-known that the self-consistent reaction fields employed

Prism to obtairkopsq vValues.
Ring-Closure Assay (Stopped-Flow)Stopped-flow measurements
for ring-closure were carried out with conditions exactly as those

in simulating solvent effects severely underestimate the solvation
energies of many ions, we have also calculated Kgrpguanine and,
based upon the difference from the experimental value-®.%), scaled

described above for the ring-closure assay except for the use of aour calculated K, for NNOPG accordingly. This is related to virtually

stopped-flow spectrophometer (Applied Photophysics, Leatherhead,

UK). Monochromators in series were used with slit widths set to 5

all recent [iK, calculations, which use some sort of overall multiplicative
scaling of the calculatedkp.

and 10 mm to obtain maximal signal. Measurements were made from  The reaction coordinate for ring-closure was studied using the same
110 200 s (collecting 1000 data points). For the most part, the reaction theoretical methodology. Stationary points were characterized as either
was completed within 20 s. Changes in the absorbance at 320 nm wereminima or saddle points depending on the outcome of the normal-
observed over time and then fitted to one-phase exponential decreaseénode analysis in whether 0 or 1 imaginary frequencies existed,
functions using GraphPad Prism software. respectively.

NMR Spectroscopy on N2OPdG~. Proton NMR and double .
quantum filtered correlation spectroscopy (DQF-COSY) experiments ~Acknowledgment. This research was supported by research
were performed on Bruker DRX 500 or DRX 600 MHz instruments. and center grants from the National Institutes of Health
Data were processed using XWIN-NMR. All NMR studies were done (CA87819 and ES-00267). J.N.R. was supported by a training
with samples in RO. Water signals were suppressed for both grant (ES07028). D.A.P. would like to thank N. A. Porter,
experiments using watergate solvent suppression techniques in ordelanderbilt University, and NSERC Canada for support. We are
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Note Added after ASAP Posting. After this paper was ) o
posted ASAP on July 24, 2004, several errors were discoverd. Supporting Information Available: Figures depicting delayed
Typographical errors in the title have been corrected; ref 7 has fast-phase of reactions, parallel kinetics of disappearance of
been expanded; a minus sign has been added to indicate thdtermediate protons, and hypsochromic shift in absorbance
anion in line 7 of the first paragraph of the Results section; the SPectrum ofN*-OPdG on protonation. Calculated energies of
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