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Abstract: 3-(2'-Deoxy--D-erythro-pentofuranosyl)pyrimido[1,2-a]purin-10(3H)-one (M:dG) is the major
reaction product of deoxyguanosine with malondialdehyde or base propenals. M;dG undergoes hydrolytic
ring-opening to N?-oxopropenyl-deoxyguanosine (N?OPdG) under basic conditions. We report that ring-
opening of M;dG as a nucleoside or in oligonucleotides is a reversible second-order reaction with hydroxide
ion. NMR and UV analysis revealed N°OPdG™ to be the only product of M1dG ring-opening in basic solution.
The rate constant for reaction of M;dG with hydroxide is 3.8 M~ s71, and the equilibrium constant is
calculated to be 2.1 + 0.3 x 10* M at 25 °C. Equilibrium constants determined by spectroscopic analysis
of the reaction end-point or by thermodynamic analysis of rate constants determined over a range of
temperatures yielded a value 2.5 + 0.2 x 10* M1 Kinetic analysis of ring-opening of M;dG in
oligonucleotides indicated the rate constant for ring-opening is decreased 10-fold compared to that in the
nucleoside. Flanking purines or pyrimidines did not significantly alter the rate constants for ring-opening,
but purines flanking M1dG enhanced the rate constant for the reverse reaction. A mechanism is proposed
for ring-opening of M1dG under basic conditions and a role is proposed for duplex DNA in accelerating the
rate of ring-opening of M;dG at neutral pH.

Introduction hydroxide, amines, hydroxylamines, and hydrazite3?
M1dG is the first DNA adduct to be demonstrated to constitute
a reactive intermediateithin duplex DNA21.22 Similar chem-

istry has subsequently been described for other exocyclic adducts

DNA damage is an important step in the induction of genetic
mutations by foreign chemicals or endogenously generated elec-.
trophiles or free radicals:® Malondialdehyde f-hydroxyac-

rolein), a bifunctional electrophile generated from polyunsatu- (9) Everett, S. M.; Singh, R.; Leuratti, C.; White, K. L.; Neville, P.; Greenwood,
: : : : D.; Marnett, L. J.; Schorah, C. J.; Forman, D.; Shuker, D.; Axon, A. T.
rated fatty acids as a result of oxidative stress, reacts with DNA Cancer Epidemiol. Biomarkers Pre2001, 10, 369-376.
bases to form adducts to dG, dA, and YThe most abundant  (10) Leuratti, C.; Singh, R.; Lagneau, C.; Farmer, P. B.; Plastaras, J. P.; Marnett,
: . . L. J.; Shuker, D. ECarcinogenesid998 19, 1919-1924.
anUCt IS to dQ. 3'('2deOXy76'D'e.rythro'pentOfuranosyl)py”' (11) Leuratti, C.; Singh, R.; Deag, E. J.; Griech, E.; Hughes, R.; Bingham, S.
mido[1,2-o]purin-10(3H)-one. This adduct has been termed A.; Plastaras, J. P.; Marnett, L. J.; Shuker, D.I&RC Sci. Publ.1999

L . . . 197—-203.
M1dG to d|3t|ngU|Sh it from other dG adducts formed in low (12) Leuratti, C.; Watson, M. A.; Deag, E. J.; Welch, A.; Singh, R.; Gottschalg,

yields from oligomers of malondialdehyde..G is a strong CE:anl\gg:nEertJtld IémﬂolAél%% ;‘/\r/ke gagpzﬂ g‘z’o%é ?ffugg%%g.: Bingham, S. A.
block to DNA replication and is mutagenic in bacteria and mam- (13 singh, R.; Leuratti, C.; Josyula, S.; Sipowicz, M. A.; Diwan, B. A.;

malian cells’:8 A number of r rts indi h is pres- Kasprzak, K. S.; Schut, H. A.; Marnett, L. J.; Anderson, L. M.; Shuker, D.
a .a cells . umber of reports ind Cate.t atéLMG S pres E. Carcinogenesi2001, 22, 1281-1287.
ent in genomic DNA of healthy human beinys? and MidG (14) Chaudhary, A. K.; Nokubo, M.; Reddy, G. R.; Yeola, S. N.; Morrow, J.
i i D.; Blair, I. A.; Marnett, L. J.Sciencel994 265 1580-1582.
has recently been reported to be present in human EFrln.e. (15) Rouzer. C. A- Chaudhary. A K. Nokubo. M: Ferguson. D. M.: Reddy,
Recent reports from our laboratory reveal thaid@ is G. R.; Blair, I. A.; Marnett, L. JChem. Res. Toxicol997, 10, 181-188.

electrophilic and reacts with a variety of nucleophiles including (16) 'z*ggfrl% Qfégte”eder’ M.; Marnett, L. J.; Poulsen, HJ.Bviass Spectrom.

(17) Niedernhofer, L. J.; Riley, M.; Schnetz-Boutaud, N.; Sanduwaran, G.;

(1) Bartsch, HMutat. Res1996 340, 67—79. Chaudhary, A. K.; Reddy, G. R.; Marnett, L.Qhem. Res. Toxicol997,

(2) Gupta, R. C.; Lutz, W. KMutat. Res1999 424, 1-8. 10, 556-561.

(3) Hecht, S. SChem. Res. Toxicol998 11, 559-603. (18) Schnetz-Boutaud, N.; Daniels, J. S.; Hashim, M. F.; Scholl, P.; Burrus, T.;

(4) Farmer, P. B.; Shuker, D. Butat. Res1999 424, 275-286. Marnett, L. J.Chem. Res. ToxicoR00Q 13, 967—970.

(5) Marnett, L. J.; Plastaras, J. Prends Genet2001, 17, 214-221. (19) Otteneder, M.; Plastaras, J. P.; Marnett, LCHem. Res. ToxicoR002

(6) Marnett, L. JIARC Sci. Publ1999 17-27. 15, 312-318.

(7) Fink, S. P.; Reddy, G. R.; Marnett, L. Broc. Natl. Acad. Sci. U. S. A. (20) Otteneder, M.; Scott Daniels, J.; Voehler, M.; Marnett, lAdal. Biochem
1997, 94, 8652-8657. 2003 315, 147-151.

(8) Seto, H.; Seto, T.; Takesue, T.; Ikemura,Chem. Pharm. Bull. (Tokyo) (21) Mao, H.; Reddy, G. R.; Marnett, L. J.; Stone, M.Btochemistry1999
1986 34, 5079-5085. 38, 13491-13501.
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Figure 1. Reaction of MdG with OH" to yield N2OPdG . —_
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derived from bifunctional electrophil@324Of particular interest o
are several reports demonstrating thatiid and other exocyclic §
adducts undergo quantitative ring-opening when introduced into 2 05F
duplex DNA opposite dC residues. For example,d®@ hy- § '
drolytically ring-opens to N2-oxopropenyl-deoxyguanosine <
(N2OPdG) when placed opposite dC but not when placed oppo-
site dT. In vivo mutagenesis experiments in which singly ad- 0.0-5 . . . . T T 1
ducted viral genomes containing;M5 opposite dC or dT are 225 250 275 300 325 350 375 400
replicated in bacteria indicate that the ring-closed form of the Wavelength (nm)

adduct is substantially more mutagenic than the ring-opened Figure 3. UV absorption spectra for base-treatedd@ at various times.
form.7:25 5.0 x 107> M M1dG was ring-opened using 0.25 M sodium phosphate

L . L. . buffer at pH 11.2 at 25C. The absorbance increase over time at 320 nm
The klngtlcs and meChan'S_’m of t_he _hydmlyt'C NNg-opening s jllustrated by the arrow. Spectra were accumulated at 20-s intervals.
of M1dG either as the nucleoside or in single- or double-stranded Isosbestic points are observed at 363 nm and at 258 nm.

nucleic acids have not been reported. A preliminary report from
our laboratory demonstrated that the nucleosidd®undergoes
hydrolysis to N°OPdG at basic pRé We proposed that
hydroxide catalyzes water addition (Figure 1, path A) and shifts
the equilibrium toward product by deprotonation of the imino
proton of N°OPdG (assumed to have Kgpcomparable to that

of dG). In the present contribution, we report the results of a
detailed study of the kinetics of MG hydrolysis at basic pH.
The results indicate that hydroxide does not catalyze hydroly- 10.0 9.0 8.0 7.0 6.0 ppm

sis but is a reactant that adds directly tqd® to form the Figure 4. H NMR spectrum ofN20PdG  in D,O. M;dG (0.001 g) was
N20PdG anion20PdG). Hydroxide addition at elevated pH dissolved in 1 mL of 0.25 M sodium phosphate buffer (pH 11.2), dried,
is reversible such that an equilibrium exists betweed®and and dissolved in 1 mL of gD.

N?OPdG™ (Figure 1, path B)Keqwas evaluated independently
by kinetic, spectroscopic, and thermodynamic methods. In

Ho (o)

(0.25 M sodium phosphate, pH 11.0) followed by UV spec-
. . T troscopy is displayed in Figure 3. An increase in the absorb-
addition, experiments in single-stranded DNA evaluated the ratesance at 320 nm is seen over time, consistent with the formation

e oot a1 IFOPUG  osbestc poinis it (o he st ar
for ring-opening of MdG in duplex DNA pbserveq at _363 nm .and at 258 nm. The observation of two
: isosbestic points implies the conversion ofd& to N2OPdG
Results is the only reaction occurring. Figure 4 displays theNMR
spectrum for base-treated 1M, confirming the solution

Ring- i f M . T I h i f . .
Ing-Opening of M,dG. To analyze the conversion o contains onlyN?OPdG .26 The resonances and coupling con-

M to N2OP iff in UV ti fl -
1dG toN°OPdG, differences in UV absorption and fluores stants for protons 6, 7 and 8 (8.3 ppa— 13 Hz: 5.6 ppm,J

cence emission spectra were exploited. Both adducts exhibit™ 9, 13 Hz: and 9.0 ppml = 9 Hz, respectively) indicate that

absorbance bands between 300 and 380 nm but with different_
’ T . . i
absorptivities (MAG Amax = 320; e= 5,100, Amax = 350; €= N?OPdG is in the trans orientation about the 6,7-double bond.

1 —1- N2 _ — s 1 —1
3,300 M— cm N*OPdG lma? _320’6 28,800 M"'cm™). (22) Mao, H.; Schnetz-Boutaud, N. C.; Weisenseel, J. P.; Marnett, L. J.; Stone,
M1dG is fluorescent upon excitation at 363 nigni= 511 nm) M. P. Proc. Natl. Acad. Sci. U.S.A.999 96, 6615-6620.

P i (23) Sanchez, A. M.; Minko, I. G.; Kurtz, A. J.; Kanuri, M.; Moriya, M.; Lloyd,
and. has a'q.uantum yield of 0.12 (measured by comparison RS Chem. Res. Toxico2003 16, 10101028,
against quinine sulfate standard) whered3QPdG is not (24) de los Santos, C.; Zaliznyak, T.; Johnson,JFBiol. Chem.2001, 276,
ot - ; 9077-9082.
fluorescgnt under these excnauo_n con_dltlons (Figure 2)_. The (25) Fink, S. P.- Mamnett, L. Mutat. Res2001, 485 209-218.
conversion of MdG to N2OPdG  in basic, aqueous solution  (26) Reddy, G. R.; Marnett, L. J. Am. Chem. Sod995 117, 5007-5008.
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) o Figure 6. Plot of kops Vs [OH™]. kops values measured at the indicated
Figure 5. Sample kinetic decay plots for /G fluorescence. MIG (10 temperatures were obtained by one-phase exponential curve fitting of

#M) was ring-opened in 0.25 M sodium phosphate buffers at various pHs fjygrescence decay plots using Prism software. All data points shown reflect
at 25°C. Fluorescence was monitored over time at 511 nm (ex 363 nm). yriplicate measurements. Error is shown for each point. For some points,
Data were accumulated until the overall fluorescence was no longer the error was masked in the point itself and is not observable.

changing. Blank runs were made with 0.25 M sodium phosphate, pH 11.0.

Similar decay plots were monitored at different temperatures for thermo- Tapje 2. Kinetic and Thermodynamic Values for M;dG and

dynamic analysis (data not shown). M1dG-5'-phosphate Ring-Opening?
Table 1. Values of kobs for M1dG Ring-Opening parameter MdG M:dG-5'"-phosphate
Kops X 1074 (s79) Korward 3.8+ 0.06 2.3+ 0.1
M -1 Sfl
[OH] (10-5M) 25°C 35°C 45°C 55°C 60°C (kreversg ) 1.8x 104403 1.4x 10-4
1000 36.3 95.6 225 283 437 (s
561 30.5 79.7 158 198 201 Keg from kior/krey 2.114+0.25x 10* 1.63+ 0.50x 10
251 11.2 31.4 87.5 110 154 M1
100 3.9 8.7 36.6 53.6 98.3 Keqgfrom AG® 2.51x 10 2.01x 10
32 1.4 6.7 16.4 21.6 67.6 MY
Ked plateau 2.51+0.25x 10* N/A
(M~
To evaluate the kinetics of hydrolytic ring-opening, absor-  Eaforward 56.2+£5.5 72.0£4.7

; : (kJ mol?)
bance increases and fluorescence decays were monitored underEareverse 78.2+ 3.8 1176+ 8.8

basic conditions. Pseudo-first-order conditions with respect to (,j mor)

hydroxide were maintained for a given sample by using AH° —21.94+1.38 —43.54+ 3.9

phosphate buffers. Changes in absorbance or fluorescence were (kJ mof)

followed until the reaction reached a plateau. Representative (Ag moFLK-1) *+0.010+0.005 —0.065+0.012

fluorescence decay plots are displayed in Figure 5 and reveal age 248433 240403

an exponential decrease im®G concentration, indicating the (kJ molt)

reaction is first-order with respect toBlIG. The existence of a

plateau at each pH indicates that an equilibrium is being reached, 7 L0ss of MidG or MidG-5-phosphate due to treatment with buffers at
. I . basic pH was monitored by a decrease in fluorescence. Kinetic values were

and that the position of the equilibrium is dependent upon the getermined by fitting fluorescence decay plots to one-phase exponential

concentration of hydroxide. This suggests that ring-opening functions. Determinations dforward andkreversewere made at 25, 35, 45,

; e ; 55, and 60°C. Thermodynamic values were determined through Arrhenius
|nv0Ive.s the 'addltlon of hydrqx@e to MG .rather than and van't Hoff plots. Values reported in table were determined at25
hydroxide acting as a catalyst. Similar observations were made 298 K). ¢ Keqwas determined from the ratio dffOPdG J/[M 1dG] at the

by monitoring absorbance increases upon ring-opening. Theequilibrium point of the reaction.
fluorescence decay observable upon treating®with base
was fit to a single-exponential decrease function. Decay plots
were followed for a range of hydroxide concentrations and
yielded values for the observed first-order rate constaggg (
These data are compiled in Table 1.

A plot of ks Versus hydroxide is linear and regression . ) o )
analysis reveals a nonzeyentercept (Figure 6). This observa- TheKeqat 25°C was also ob2ta|ned by determining the relative
tion suggests a model where the reaction is first-order with concentrations of MIG andN“OPdG' in solution at varying

respect to hydroxide and is reversible. The data fit the equation: PHS: Samples of MiG were allowed to equilibrate, and the
concentrations of MIG and N°OPdG™ were determined by

Kype= ki) [OH ] + Kk, (1) fluorescence spectroscopy. The ratioNsOPdG™ and MdG
bs— or & is equal to the product of the equilibrium constant and the

The slope of the plot in Figure 6 yield®,, and they-intercept ~ concentration of hydroxide.

2'-deoxyguanosine and the enolate of malondialdehyde becomes
significant (Supporting Information, 2K.qwas determined from

the quotient oksr andkeey, (Table 2). The value dkeqat 25°C

was calculated from these data to be 2.0.2 x 10* Mt and
corresponds to AG° of —24.6 kJ motl.

provideskey. 2
Rate data for the ring-opening reaction were obtained over a [NOPdG]] —K U[OHf] 2)
temperature range from 25 to 8Q (Figure 6) and a pH range [M,dG] ©

of 8.6—12. Determinations were not made at pH values above
12 because the reaction is too fast to observe reliably at high The ratio of adduct concentrations was then plotted as a function
pH. Also, at pH values above 12, hydrolysis MIOPdG  to of the hydroxide concentration. Figure 7 shows the plot observed

J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004 8239
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Figure 7. Determination oKeq by end-point analysis. MIG was incubated 1T (K
in 0.25 M sodium phosphate buffers at various pHs 3oh at 25°C.
Triplicate samples were measured. The fluorescence for each sample was B
determined and used to calculate the ratio qfid toN°OPdG". A sample 4

at pH 11.5 was used as a marker for 1008©PdG . Error is shown for
all points. For some points, the error was masked in the point itself and is 51
not observable.

using fluorescence emission as an indicator @fl®l remaining
in solution and yields a slope of 25 0.3 x 10* M1 AG®
calculated from this value fdfeqis —25.1 kJ mot? (Table 2). 8-

The kinetic experiments, completed over a range of temper-
atures, allows for an analysis of the thermodynamics of the ring- -91
opening. Only a 38C range was evaluated due to anticipated . . , ,
adduct instability at elevated temperature. Activation endegly ( 0.00300 0.00315 0.00330
was determined from Arrhenius plots for the forward and reverse UT (K1)

reactions (Figure 8, panels A and B, respectively), and equi- )
libri (Fig P vzed | o PI y), . d Figure 8. Arrhenius plots for the forward and reverse rate constants
Ibrium constants were analyzed Iin a similar manner using a gpiained from the data in Figure 3. From these plots the activation

In (kreverse)
i

van't Hoff plot (Figure 9) to obtain values fokH° and AS energy E.) and frequency factorA) for the forward and reverse reac-
(Table 2). Ring-opening was found to be exothernfi¢if = tions were determined using linear regression analysis. Error in this analy-
—21.9+ 1.8 kJ mot?) and resulted in a small changeiin the g'iﬁ‘)’:’,ﬁvpgfgﬁﬁ?ﬁzg Sréttvf/'geef_j gﬁgar ;’jﬂﬁ;%rﬁéﬁfﬁﬁg‘ggﬁﬁ% ;r_
entropy of the systemAS’ = 0.010+ 0.005 kJ mof* K™4). ward rate constants was small enough to be contained within the points
AG® was calculated from these extrapolated values to 4.8 displayed.
+ 3.3 kJ mot?, which corresponds to léieq 0f 2.5 x 10 ML, 1-
The error in the determination &, was calculated for the
three different methods used. The erroKig derived from the
ratio of ki,r and key Was approximately 12%. This arises pri- -
marily from the extrapolation ok, in the linear plot above, 310'
which yields a value of 1.8- 0.3 x 104 s~L. Comparable error X
(10%) was measured when the ratio of adduct concentrations £
at equilibrium were used to determiig, This is most likely 9
due to limits in sensitivity in the fluorescence and the reliability
of the spectrofluorometer to measure small differences in the
fluorescence of samples at nearly 1086@PdG . Error inAG® 0%029 0.0032
for the thermodynamic analysis was 13%, and affected the AT (K1)

accuracy of th&eq determined from this treatment of the data.

Extrapolation ofAS in the van't Hoff analysis gave greater  Figure 9. van't Hoff analysis of the equilibrium constants determined from

error in AG°. While the error found in these experiments was the forward and reverse rate constants observed from Figltel GndAS

consistently 16-13%, the fact that similar values fétq could ﬁg%sm\'gz;eafelgeﬂgﬁg ';Loerr]l(;?givﬁ:gtfuiggérg&:f) iu?é'z;[t((?sz:ﬁrl:’jz

be calculated from the different methods lends support to the + (8 keevkey)22 followed by & IN(Keg) = & KefKeg

validity of the results observed in the kinetic and thermodynamic

studies. fluorescence was measured over time after treatment with phos-
Ring-Opening of M1dG in Oligonucleotides. Having de- phate buffers at different pHs. Plots of the change in fluores-

termined kinetic and thermodynamic parameters for the ring- cence over time were fit to a single exponential to obtajg

opening reaction in the monomer, the same experimental values (see Supporting Information for values), and tkgn

analysis for ring-opening in oligonucleotides bearingdd was andk.ey Were extracted from the fitted data as described above

conducted. Four 8-mer oligonucleotide sequences witd®/ for the monomer (Table 3). Experiments at varying temperature

placed at position 4 were synthesized. Oligonucleotide sequencedollowed by Arrhenius and van't Hoff analysis gave thermo-

containing the adduct were chosen on the basis of differencesdynamic parameters for the ring-opening reaction in oligonucle-

in flanking sequence to determine any possible effects that otides. The results, which are an average of at least three data

neighboring bases may have on the reaction. Oligonucleotidesets, are summarized in Table 3.

8240 J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004
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Table 3. Kinetic and Thermodynamic Values for M;dG Table 4. Ratio of N2OPdG~ to M;dG at Various pHs
Oligonucleotide Ring-Opening? -
pH/[OH™] M,;dG AXA8mer TXT8mer
AXABmere X ¢ X c TXT8mere

parameter 8mer CXC8mer GXG8mer 8mer 11 (1 mM) 215 084 20

Ko~ 0.32£0.05 0.36£0.07 0.37£0.04  0.42+0.06 9 (0.01 mM) 0.215 0.00084 0.0042
(M~ts™) 7 (0.0001 mM) 0.000215 0.0000084 0.000042
'f’féﬁ’fgl)b 3.8405 1.7+ 0.7 5.6+ 0.4 1.0+ 0.7 Ke® (10° M) 215 0.8 4.2

K 0.840.2 2.24+0.4 0.7+ 0.1 4.240.8

(f&? M-1) a K_eq h_ere is determined from the quotientlaf; andk., calculated in

E. forward 55+ 7 52+ 3 41+1 36+5 the kinetic assays.

(kJ/mol)

(EI;Jr,‘ﬁr‘l’glr)se 78+6 92+ 5 110+ 9 76+8 on the susceptibility of the adduct to reaction. To attempt to
AHP —15+3 —40+7 —704+8 4145 address this issue, similar kinetic and thermodynamic experi-
(kJ/mol) ments were performed with thé-phosphate of MG, and the
AS —0.011+ 0.009 —0.053+ 0.02 —0.18+ 0.02 —0.067+ 0.016 N S .
(kd/molK) results are compiled in Table 2. A small but significant reduction
AG® —17.0£02  —-23.0+05 —-16+2 —21.0£0.4 in the forward rate constant of ring-opening for the nucleotide

(kJ/mol)

was observed when compared with rate constants determined
aLoss of MidG in adducted oligonucleotides due to treatment with for the adduct nucleoside. The nucleotide thermodynamics
buffers at basic pH was monitored as a decrease in fluorescence. Determinabehave in a manner similar to those observed for oligonucle-

tions of kiorwara andkieversewere done at 25, 35, 45, 55, and 8D, Kinetic otides. The absolute value of the enthalpy change for ring-
values were determined by fitting fluorescence decay plots to one-phase '

exponential functions. Thermodynamic values were determined through OPening is doubled with respect to that for the nucleoside, and
Arrhenius and van't Hoff plots? Values reported in table are for 2&. the entropy for the reaction became negative. A®® for the

:3::#” sequence IS EGGYXYCCG-3 where X=MidG and Y=A, C, G, reaction of the nucleotide was only slightly reduced when
compared to that of the nucleoside.

In all cases, the rate constants for ring-opening of the adduct
were reduced approximately 10-fold (0-3@.42 M1 s71) in
the oligonucleotides when compareddg for M1dG. However, In this study, the kinetics and thermodynamics oid@
no large sequence-dependent changds,irwere observed in conversion tdN?’OPdG under basic conditions were evaluated.
the four oligonucleotides tested. On the other hand, reverse rateThe data for ring-opening show that the bimolecular rate con-
constants for the adduct in the oligonucleotides were found to stant for ring-opening is 3.8 M s™1 at 25°C. The reverse rate
be on the same order of magnitude as that observed in theconstant is much smaller (1:810~“s™1), giving an equilibrium
monomer and were found to be dependent upon the sequenceonstant of 2.4+ 0.3 x 10* M~L. Under standard conditions,
context. The reverse rate constants for oligonucleotides differedthe free energy change for ring-opening ofd& was negative
by up to 6-fold among the sequences tested, accounting for the(—24.8 kJ mot?), indicating the favorability of the reaction at
differences in the calculateldeq values (Table 3)Keq values 1 M hydroxide and MdG. The free energy change of the
under these conditions, for all oligonucleotides tested, were reaction was largely dominated by the drop in enthalp21.9
smaller than those for the reaction ofidlG. TheKeq values kJ mol~1) when measured at the temperatures used in this assay,
measured for the sequences containing flanking pyrimidines and the contribution of the entropy change was small.
were higher than those observed for sequences with flanking Three independent approaches were used to establish the
purines. value ofKeq and similar values were obtained by each. Using

Thermodynamics for ring-opening in oligonucleotides also the equilibrium constant derived from kinetic studies, the ratios
showed some striking sequence dependencies (Table 3). Whemf N2OPdG  to M;dG at different pHs were calculated (Table
pyrimidines flanked the adduct site, ring-opening was found to 4). At pH 11.0, the equilibrium lies toward the ring-opened form
be exothermic; the absolute value of the enthalpy change was(N?°OPdG/M1dG is 21.5:1), corresponding to nearly 95%
doubled when compared to the value for the nucleoside. The conversion oN?OPdG . However, at neutrality, the equilibrium
change in the entropy of the reaction became negative for theseshifts dramatically toward MIG (N°OPdG /MdG is 1:465)
oligonucleotidesAG® was negative and was dominated by the so that less than 1% of the adduct is in the ring-opened form.
change in the enthalpy of the solution. The contribution of  The conversion of MIG to NNOPdG™ was demonstrated to
entropy to theAG® of the reaction, in contrast to that observed be first-order with respect to MG and hydroxide and second-
in the nucleoside, was substantial. Values Adt°, AS®, and order overall. The fact that the plateau of the fluorescence
AG® obtained for the 5C-X-C-3 and 3-T-X-T-3' sequences  change decreased as a function of increasing hydroxide con-
were nearly equivalent. The thermodynamics observed for ring- centration indicated that changes in hydroxide concentration
opening in purine flanking sequences were more complex. While influence the position of the equilibrium. Thus, hydroxide must
in both purine flanking sequences the enthalpy and entropy werebe a reactant rather than a catalyst in the conversion. The fact
negative, the absolute value of the enthalpy change in'the 5 that the plot ofkys versus hydroxide concentration was linear
G-X-G-3 sequence was approximately 4.5 times that observed with a nonzero intercept supported this conclusion. As described
for the B-A-X-A-3' oligonucleotide. Overall, thAG® for the above, the rate of ring-closure dominated the equilibrium only
two purine flanking sequences was the same and reveals thatvhen hydroxide concentration was low. On the basis of these
the equilibrium was more disfavored in these sequences thanfindings, we propose the mechanism in Figure 10. Direct attack
in the pyrimidine flanking sequences. on C8 of MidG by hydroxide leads to the transient carbinola-

One possible explanation for the observed differences in ring- mine carbanion which then ring-opens via elimination by-G8
opening between the nucleoside and oligonucleotides is thebond breakage. The formal negative charge is delocalized
involvement of negative charge in oligonucleotides and its effect throughout the structure as a number of resonance and tauto-

Discussion
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©oH At physiological-to-basic pH, the phosphodiester backbone
N of DNA is ionized and may affect the susceptibility ofitlc
éjﬁi"\) oligonucleotides to nucleophilic attack by hydroxide. Experi-
N (':) NR ments were performed to determine the contribution of the
| negative charge of oligonucleotide backbones on the observed
reduction in forward rate. First, a model nucleotide bearing a
OH Q N 6“0 HQ 5'-phosphate was used in ring-opening experiments. Studies with
(9)"\\ r» Hf< )“ji"\) M;dG-5-phosphate revealed reduckgl values and a greater
N @) NR N ('2') NR dependence on the change in enthalpy for the thermodynamics
i of the reaction with hydroxide when compared with the reaction
of the nucleoside adduct (Table 1). Interestingly, the ring-
B o} 0e opening reaction for the nucleotide exhibits a doubling of the
°N i N\> N7 N\> change in the enthalpy of the nucleoside reaction, displays a
HOMNJ\\N N HOMN)\\N N negative change in entropy, and in general, resembles the
(3a) R (3p) IR thermodynamic trends observed for oligonucleotides. It is
i i plausible that the negative charges of the phosphodiester
backbone have additive effects on tg observed and is part
o oe o
on N NN of the; reason for the g.reater reduction in Fhe forwgrd rate.
OM\N)\\N | N.> OMN)\\N | N> !I)esp|te the d|.fferences in the thermodynamlps, the d|fferenf:e
H 3g @R H (3g) OR in the change in the free energy of the nucleoside and nucleotide
L - reactions was small, arik, for M1dG-5-phosphate was large

Figure 10. Proposed mechanism for6IG ring-opening. Hydroxide adds (1.6 x 104 M*l)_

?Sgi,(go'\éhéj ggzléofgvﬁlaa%?%r;é#ahrgr;i%&:,r?: ggﬁ?cg};:épgésmatthtge The data in Table 3 for different oligonucleotide-sequence
series of tautomers and resonance forms shown for the ring-opened anioncontexts show smallelieq values than that observed for the
(3a—d). nucleoside. Also, the data reflect some sequence dependencies
for the observed equilibrium constant under basic conditions.
meric forms can be drawn for the ring-opened anion. Experi- |t js of note that the sequence dependence observed in these
ments to be reported separately indicate N/@PdG has alfa experiments appears to be based upon the identity of the flanking
below 7 and will dissociate under the basic conditions used for sequences as either pyrimidines or purines, rather than a
ring-opening.’” The reverse reaction depicted in Figure 10 in- gjfference based on species that are charged or uncharged under
volves ring-closure of the anion followed by elimination of the pasic conditions of the assay. Both guanine and thymine
hydroxide to form MdG. Protonation oN*OPdG" accelerates  are jonized under the conditions of the assay, whereas adenine
the rate of ring-closure which proceeds by a different mecha- ang cytidine contain no base-ionizable groups. It is possible that
nism27 . o ~ differences in sequence context may produce different three-
The analyses described above for the nucleoside ring-openinggimensional environments around the adduct. CD spectroscopy
reaction were also completed for oligonucleotides containing \yas used to evaluate changes in adduct absorption in the
MidG. Table 3 shows that the forward rate constants for sjigonucleotides used in the kinetic assays (Supporting Informa-
oligonucleotide adduct ring-opening are of comparable magni- tjon, 3). Although some differences were observed in the CD of
tude, regardless of sequence context. The forward rate constantg,e oligonucleotides, no changes in absorbance could be related
are approximately 10-fold lower than that of the nucleoside with 5 the kinetic and thermodynamic trends described above.
an average rate of 0.37 Ms™L.

The thermodynamics observed for the oligonucleotides were
different than those observed font¥s. The change in enthalpy
was negative and larger in three of the four sequences teste

than that observed for MG. However, unlike the nucleoside, between MG andN2OPdG: is a hydroxide-dependent process

the entropic contribution to the reaction was negative for all favoring MhdG at neutral pH in the sinale-stranded oliqonucle-
oligonucleotides tested. Previous reports have demonstrated that 9 Vh P 9 9

. : . S - otide, it is a facile and quantitative conversionNgOPdG in
regression analysis to obtain values in thiatercept is prone the DNA duplex. The fact that rina-opening oceurs readily at
to error?8 While it is possible that the values observed for piex. g-opening y

. . ., Neutral pH when MdG is placed opposite dC indicates the
enthalpy and entropy may contain some error attributed to van't . . o
. - microenvironment of the DNA duplex shifts the equilibrium to
Hoff analysis, the trends observed for the thermodynamics of . > S
. 4 - " . . . the formation of N°OPdG. More striking is the sequence
ring-opening under basic conditions, with the reaction being

. . . .~ dependence for ring-opening, where to date only dC in the
dominated by a large negative change in enthalpy and minor . . L2

- . L opposite strand has been shown to shift the equilibrium to the
contributions seen from changes in entropy, are similar in all

. o ring-opened form. Work by Stone and colleagues suggests that
the experimental determinations that were made. . . .
xpert ina W N20PdG projects into the minor groove of duplex DNA and

(27) Riggins, J. N.; Pratt, D. A.; Voehler, M.; Daniels, J. S.; Marnett, L. J. CaAUSES minimal distortion in the DNA heltk. Efforts to
Kinetics and mechanism of the general acid-catalyzed ring closure of the i i i ina- i i -
malondialdehyde DNA adduct, N2-(3-oxo-1-propenyl)deoxyguanosine determine the kinetics of ring-opening In the dUpIeX by ab
(N2OPdG) to 3-(2-deoxys-p-erythro-pentofuranosyl)pyrimido[1]- sorbance or fluorescence spectroscopy were unsuccessful be-
purin-10(3H)-one (MdG). J. Am. Chem. Soc2004 Submitted for — c5se the absorbance and emission signals were quenched upon

duplex annealing. According to NMR experiments, quantitative

In light of work by Mao et al., it is interesting to note the
remarkable contrast in the ring-opening kinetics ofd in a
Jmcleoside or in a single-stranded oligonucleotide compared with
ring-opening in duplex DNA2 Whereas the equilibrium

publication.
(28) Exner, OJ. Phys. Org. Cheni997 10, 797-813.
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3 5' opened form. The presence of a hydrated cytosine at the N3
Fli position opposite MG is responsible for the marked increase
O—y, NH2 in the rate of the ring-opening reaction, and duplex formation
Q N7 is responsible for shifting the position of the equilibrium, by
</::f>”\/j + O)\N preventing ring-closure.
NN

Experimental Section

Materials. All materials were obtained from commercial sources
unless otherwise noted.®G and MdG-5-phosphate were synthesized
as previously described. M;dG containing oligonucleotides were
synthesized as described and purified by polyacrylamide gel electro-
phoresig® M;dG content was verified by MALDI-MS. The sequences
used were:AXA8mer: 5-GGAXACCG-3, CXC8mer: 5-GGCX-
Denaturation Annealing CCCG-3, GXG8mer: 5-GGGXGCCG-3, TXT8mer: 5-GGTX-
TCCG-3, where X is MdG. Reagents were prepared in buffer (0.01
M sodium phosphate, pH 7.0) and equilibrated at room temperature
before use.

Ring-Opening Assay.Ring-opening determined byH NMR was
H\ NH, completed by combining MIG and sodium phosphate buffer, pH 11.2,
o (O—H ,,,,,, N to final concentrations of X 10> M and 0.25 M, respectively. NMR
N NS A l experiments were performed on a Bruker 400 MHz instrument. Data
< N)\Nj o N were processed using XWIN NMR. The mixture was allowed to

5 3

equilibrate at room temperaturerfb h and then frozen and dried under
vacuum. The dried solid was then redissolved g©DPand'H NMR
was completed using a water presaturation pulse program.
Ring-opening was studied using either fluorescence or UV absorp-
tion. Steady-state fluorescence experiments were all conducted on an
L-formatted SPEX 1681 Fluorolog spectrofluorometer at various
excitation and emission wavelengths. In fluorescence experiments, slit
widths were set to 8 mm and the reaction was carried out in a final
volume of 1x 1074 L (path length 1 cm). Excitation and emission for
M1dG disappearance were monitored at 363 and 511 nm, respectively.
M1dG quantum yield was measured by comparison with quinine sulfate
as describe® UV spectroscopy was performed on an HP 845X UV
3 S spectrometer. Reaction mixtures were equilibrated to the desired
H temperature in the spectrophotomer cuvette holder, and the reaction
H-N was initiated by the addition of concentrated phosphate at various pH
N o N\ values as described in the figure legends. Changes in fluorescence or
¢ er N UV absorption were monitored over time until the ring-opening reaction
N \-H ©O reached equilibrium. The resultant plots from triplicate experiments
N were fit to either a one-phase exponential decrease (absorbance data)
i or a one-phase exponential decrease (fluorescence data) funcfions (
\ > 0.95) using GraphPad Prism to obtakg,s values. Error was
calculated as describéd.
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