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Abstract: NP-Oxopropenyldeoxyguanosine (2) forms in duplex DNA by modification of dG residues with
base propenal or malondialdehyde. The pK, of 2 was estimated to be 6.9 from the pH dependence of its
ring-closing to the pyrimidopurinone derivative 1. The acidity of 2 may be an important determinant of its
miscoding properties and its reactivity to nucleophiles in DNA or protein. To test this hypothesis, analogous
N-oxopropenyl derivatives of dA (4), dC (5), and N1-methyl-dG (6) were synthesized and their pKy's were
determined by optical titration. The N-oxopropenyl derivatives of dA and dC both exhibited pKy's of 10.5,
whereas the N-oxopropenyl derivative of N1-methyldG exhibited a pK; of 8.2. Cross-linking of 2, 4, 5, and
6 to N*-acetyl-lysine was explored at neutral pH. Adduct 2 did not react with N*-acetyl-lysine, whereas
4—6 readily formed cross-links. The structures of the cross-links were elucidated, and their stabilities were
investigated. The results define the acidity of oxopropenyl deoxynucleosides and highlight its importance
to their reactivity toward nucleophiles. This study also identifies the structures of a potential novel class of
DNA-—protein cross-links.

Introduction 0] (o]

3-(2-Deoxyp-p-erythro-pentofuranosyl)pyrimido[1,24pu- ¢ f‘\)\/j — ¢ )N\H H )
rin-10(3H)-one (MidG, 1) is a mutagenic product of oxidative N"SNZ SN NN N/\/KO
DNA damage generated endogenously in hunidhis. derived "'-.../, 1 "»Z., 2 H

from the bifunctional aldehydes, base propenal and malondi-

aldehyde, and induces transversions to dT, transitions to dA,  Adducts1 and2 represent potential reactive electrophiles in
and frameshift mutations when replicated in bacterial or he genome, and their ability to condense with nucleophiles has
mammalian cell$-® Compoundl undergoes reversible hydro-  peen reporte@ 11 Of particular interest is the potential fdr

lytic ring-opening in duplex DNA when it is opposite dC  and2 to form interstrand or intrastrand DNADNA cross-links
residues but not when opposite dT residues (€drhle product  or DNA—protein cross-links. Such cross-links are of increasing

of ring-opening, 3-(2-deoxp-p-erythropentofuranosyly?-oxo- interest because of their potential to block DNA replication or

propenylguanine?), hydrogen-bonds to dC residues, is bypassed to induce mutations. The ability of the structurally relatéd

with high fidelity when replicated by DNA polymerasgevitro, (3-oxopropyl)deoxyguanosine to form DNADNA and DNA—

and appears to be less mutageimicviz0.>8 Compound2 is protein cross-links is well-documenté#:15 Previous model

stable in duplex DNA but rapidly cyclizes foupon denaturation  studies indicate thatl reacts with tris-hydroxymethylami-

to single-stranded DNA? nomethane to form an imine conjugate that represents a model
cross-link, wherea® does not® A clue to the unanticipated

(1) Marnett, L. J.; Plastaras, J. Prends Genet2001, 17, 214-221. lower reactivity of2 is provided by recent studies of the ring-

(2) Dedon, P. C.; Plastaras, J. P.; Rouzer, C. A.; Marnett, Prdc. Natl.
Acad. Sci. U.S.A1998 95, 11113-11116.

(3) Plastaras, J. P.; Riggins, J. N.; Otteneder, M.; Marnett, Ch&m. Res. (10) Schnetz-Boutaud, N.; Daniels, J. S.; Hashim, M. F.; Scholl, P.; Burrus, T;
Toxicol.200Q 13, 1235-1242. Marnett, L. J.Chem. Res. ToxicoR00Q 13, 967—970.
(4) Zhou, X.; Taghizadeh, K.; Dedon, P. .Biol. Chem2005 280, 25377 (11) Jeong, Y. C.; Sangaiah, R.; Nakamura, J.; Pachkowski, B. F.; Ranasinghe,
25382. A.; Gold, A,; Ball, L. M.; Swenberg, J. AChem. Res. ToxicoR005 18,
(5) Fink, S. P.; Reddy, G. R.; Marnett, L. Broc. Natl. Acad. Sci. U.S.A. 51-60.
1997 94, 8652-7. (12) Kozekov, I. D.; Nechev, L. V.; Moseley, M. S.; Harris, C. M.; Rizzo, C.
(6) VanderVeen, L. A.; Hashim, M. F.; Shyr, Y.; Marnett, L.BProc. Natl. J.; Stone, M. P.; Harris, T. Ml. Am. Chem. SoQ003 125, 50-61.
Acad. Sci. U.S.A2003 100 1424714252. (13) Cho, Y. J.; Wang, H.; Kozekov, I. D.; Kozekova, A.; Kurtz, A. J.; Jacob,
(7) Mao, H.; Schnetz-Boutaud, N. C.; Weisenseel, J. P.; Marnett, L. J.; Stone, J.; Voehler, M.; Smith, J.; Harris, T. M.; Rizzo, C. J.; Lloyd, R. S.; Stone,
M. P. Proc. Natl. Acad. Sci. U.S.A.999 96, 6615-6620. M. P. Chem. Res. ToxicoR00§ 19, 1019-1029.
(8) Hashim, M. F.; Riggins, J. N.; Schnetz-Boutaud, N.; Voehler, M.; Stone, (14) Sanchez, A. M.; Minko, I. G.; Kurtz, A. J.; Kanuri, M.; Moriya, M.; Lloyd,
M. P.; Marnett, L. JBiochemistry2004 43, 11828-11835. R. S.Chem. Res. ToxicoR003 16, 1019-1028.
(9) Mao, H.; Reddy, G. R.; Marnett, L. J.; Stone, M. Blochemistry1999 (15) Minko, I. G.; Zou, Y.; Lloyd, R. SProc. Nat. Acad. Sci. U.S.R002 99,
38, 13491-13501. 1905-1909.
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Scheme 1 column (S-5 120 A 1.0 mmx 250 mm) with a 0.1 mL/min flow
— 1) ] gradient (A, 1% acetonitrile in 10 mM ammonium acetate, and B, 99%
N ) acetonitrile in 10 mM ammonium acetate without pH adjustment;
0 </ | N H gradient as described above). Samples were prepared in 0.1% acetic
N ~ O N N/)\N/\/go acid solution in deionized water accordingly: 0.1 mg of material was
¢ )N\/j OH ol H dissolved in 1 mL of solution, and 5@ of this solution were placed
NSNSV + into a glass insert (150L) with a silica-coating, of which 1L of
v\q,{ 0 the solution were injected onto the column. The ESI source was set up
1 N in the positive ion mode to the following initial conditions: capillary
y NH H
< | /)\ M temperature 328C, source spray voltage 4.0 kV, source current 6.5
/N N™ °N 6] uA, sheath 28 units, and auxiliary gas 23 units. For each analyte, an
T © automatic tuning was applied to optimize the peak size of theHM
_ ® - 1]* or the [M + Na]* peak. Automatic tuning resulted in an average
“H increase of 2006400% in signal size. The data were qualitatively
O OH analyzed with the X-calibur software package.
N N1-Methyl-N2-(3-oxopropenyl)-2-deoxyguanosine (6)A solution
</ | N | y fast <,N | NH H of 1 (30 mg, 0.1 mmol) and ¥CO; (28 mg, 0.2 mmol) in dimethyl-
N N/)\N N /)\ /\/& acetamide (0.5 mL) and water (0.5 mL) was stirred at room temperature
N N (0} . .
"‘1«{ 3 H / 2 H for 3 h, and then iodomethane (142 mg, 1 mmol) was added dropwise

via syringe. HPLC analysis of the reaction mixture showed the presence
of a new product. The produ6t(14.1 mg, 43% yield) was isolated by
opening and ring-closing of and 2 at different pH's!”1# semipreparative reversed-phase HPLC using a gradient as described
Hydrolytic ring-opening ofl occurs by reversible addition of  above at a flow rate of 5 mL/min on a YMC ODS column (120 A 9.1
hydroxide to form the anion d2.18 At pH’'s below neutrality, mm x 250 mm).*H NMR (DMSO-ds): 6 10.20 (1H, brN2H); 9.35
the anion of2 protonates and rapidly cyclizes to a hydroxypro- (1H, d, CHO,J = 8.4 Hz); 8.35 (1H, d, oxopropenyl-HI, = 13.8
peno intermediates, that slowly dehydrates th (Scheme 1}7 Hz); 8.10 (1H, s, H8); 6.25 (1H, t, H1J = 7.0 Hz); 5.90 (1H, br, m,
The pH dependence of cyclization suggests that eop 2 is oxopropenyl-H2); 5.30 (1H, d,'3H, J = 4.2 Hz); 4.90 (1H, t,
6.9, which correlates to the results of DFT calculations indicating 5 OH: J = 4.2 Hz); 4.40 (1H, m, H3; 3.90 (1H, m, H4); 3.60 (1H,
anN2oxopropenyl derivative of dG has &p~4 pH units lower m, H5); 3.50 (3H, s, CHY); 2.65 (1H, ddd, H2 J=4.1, 7.0, 14.2 Hz);

- > 2.25 (1H, ddd, H2, J= 4.1, 7.0, 14.2, Hz)!3C NMR (DMSO-dg): ¢
17
than dG!’ The low K, of 2 indicates that, at physiological 190 (CHO): 157 (C6): 152 (C8): 150 (C2): 148 (C4); 138 (oxopropenyl-

pH, 2 exists mai_nly as its conjugate basg, which is anticipated C2); 118 (C5); 111 (oxopropenyl-C1); 88 (G483 (C1); 71 (C3); 62
to be less reactive to nucleophiles than its protonated form or, (cs): 40 (C2 under DMSO resonances); 29 (H.C-ESI-MS calcd
apparently, thari. for C1aH1/NsOsNa [M + Na], 358.11; found, 358.08.

To test this hypothesis, we synthesized a series of oxopro- Hydrolysis of 6 to 1-Methyl-dG. A solution of6 (0.5 mg) in sodium
penyl adducts to the exocyclic amines of deoxynucleosides andphosphate buffer (50@L, 50 mM, pH 7.4) was stirred at room
determined their i§5's and ability to form cross-links with the ~ temperature for 10 h. A new product was observed by reversed-phase
e-amino group ofN®-acetyllysine. The results define the aeid HPLC analysis, which had a retention time, UV spectrum, and mass
base chemistry of oxopropenytieoxynucleoside adducts and spectrum that were identica_l to those_ qf an authgntic sample of N1-
their cross-linking potential, and they are consistent with the methyl-dG (Berry and Associates Medicinal Chemistry Co.). The half-

. L . . - life for the hydrolysis of6 was estimated to be12 h.
hypothesis that the poor reactivity @fis due to its acidity. pKa Measurements.Stock buffer solutions were prepared from the

_The_ results also have important implications for the character- following stocks: 1 M stock solutions of 420, and NaHPQ,
ization of a novel class of DNA damage products. (buffering range: pH 1.123.12) 1 M stock solutions of citric acid
and NaOH (buffering range: 2.3#¥.40), 1M stock solutions of
NaH.PO, and NaHPO, (buffering range: pH 6.218.21) 1 M stock
Synthesis of 1, 2, 46. The synthesis of the MDA-modified  solutions of bicine buffer with NaOH (buffering range: pH 7-3535);
nucleosides were accomplished as previously desctfoed. 1 M stock solutions of NaHC®and NaCO; (buffering range: pH
HPLC. HPLC analyses and purifications were performed on a 9-30-11.30) 1 M stock solutions of NaHPO, and NaPC, (buffering
Beckman Coulter solvent delivery system with a diode-array UV range: pH 11.7613.70). Buffers were prepared at selected pH's using
detector operated by Karat 32 software (v. 6.0). Separations were @ AG/AgCI electrode. Buffers were diluted to 200 mM. An aqueous

performed on a YMC ODS-AQ S-5 column (120 A 4.6 mm250 stock solution of4 was dissolved in 50 mM sodium phosphate or
mm) with a 1.5 mL/min flow rate. The solvent gradient was as sodium carbonate buffers at the selected pH'’s to a final concentration

follows: (A, water; B, acetonitrile): initial conditions were 1% B; a  0f 40 uM. A 50 mM buffer solution was used to zero the instrument
linear gradient to 10% B over 15 min; a linear gradient to 20% B over at each pH. The UV spectrum was then recorded from 220 to 420 nm
5 min; isocratic at 20% B for 5 min; 3 min linear gradient to 80% B; at each pH. The intensities at the major absorbances (324 and 372 nm
isocratic at 80% B for 2 min; B, 2830 min: a linear gradient to the ~ for 4, 322 and 372 nm foB, 314 and 354 nm fof) were plotted vs
initial conditions over 3 min. pH and then fit to a sigmoidal function using Kaleidagraph (v. 4.03).

Mass Spectrometry.LC-MS data were collected on a ThermoFinni- ~ The midpoint of the curve was assigned as thg @f the dissociable

gan LCQ instrument using a YMC HPLC ODS-AQ narrow-bore HPLC ~ Proton. Measurements were performed in duplicate, and the error was
calculated to a 67% confidence level. Th&,s were 10.5+ 0.15 for

(16) Niedernhofer, L. J.; Riley, M.; Schnetz-Boutaud, N.; Sanduwaran, G.; 4and5 and 8.3+ 0.2 for 6.

Chaudhary, A. K.; Reddy, G. R.; Marnett, L.Qhem. Res. Toxicol997, Stock solutions of cross-linked nucleosidesind 8 (1 mM) were
7 }??ggﬁf}s_%mr\l Pratt. D. A Voehler. M. Daniels. J. S. Marnett. L1.J. diluted 100-fold in the stock buffer solutions (20 mM) at the desired
Am. Chem. So004 126, 10571-10581.
(18) Riggins, J. N.; Daniels, J. S.; Rouzer, C. A.; Marnett, L1.JAm. Chem. (19) Wang, H.; Marnett, L. J.; Harris, T. M.; Rizzo, C.Qhem. Res. Toxicol.
S0c.2004 126, 8237-8243. 2004 17, 144-149.

Materials and Methods
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pH’s, and the UV spectra were recorded from 220 to 420 nm. The
intensities of the UV absorbances at at 344 and 380 nri ford 338
and 365 for8 were plotted versus pH. The data were fit as described
above to obtain ak, value of 8.8+ 0.2 and 6.3+ 0.2 for 7 and§,
respectively.

Reaction of 4 and 6 withN*-Acetyllysine. Stock solutions ofN*-
acetyllysine (200 mM in 200 mM sodium phosphate buffér4 mM
in deionized water), anél (4 mM in deionized water) were prepared.
To a stock solution oN*-acetyllysine (20Q:L) was added the stock
solution of modified nucleosidé or 6 (200uL). The final concentra-
tions of the reactants were 100 mM“-acetyllysine and 2 mM
nucleosidet or 6 in 100 mM sodium phosphate buffer (2@Q). The
cross-linking reaction was monitored by HPLC for 24 h. New products

ARTICLES
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Figure 1. HMBC spectra ob. IH—13C correlations between the N1-methyl
group and C6 and N2 (right}H—13C correlation between thé-proton of

were isolated by reversed-phase HPLC using conditions describedthe N2-oxopropenyl group and C2.

above.7: 'H NMR (DMSO-dg) 6: 8.58 (HH, s, H8); 8.45 (1H, s, H2);
8.02 (1H, d, oxopropenyl-H1] = 7.5 Hz); 7.98 (1H, d, oxopropenyl-
H3, J = 7.2 Hz); 6.40 (1H, t, H1 J = 7.8 Hz); 6.10 (1H, dd,
oxopropenyl-H2J = 7.2, 7.8 Hz); 4.40 (1H, m, H} 4.05 (1H, dt,
Lys-Hq, J = 4.8, 7.8 Hz); 3.85 (1H, dd, H4J = 4.2, 7.2 Hz); 3.60
(1H, dd, HB, J = 4.2, 12.0 Hz); 3.55 (1H, dd, H5] = 4.2, 12.0 Hz);
3.34 (2H, t, Lyse-CH,, J = 6.6 Hz); 2.75 (1H, m, H2; 2.30 (1H, m,
H2); 1.8 (3H, s, CH);1.68-1.30 (6H, m, Lys-Chj). *C NMR (DMSO-
ds) 0: 174 (acetyl carbonyl), 170 (CH), 163 (oxopropenyl-C1), 162
(oxopropenyl-C3), 152 (C2), 151 (C4), 142 (C8), 122 (C5), 104
(oxopropenyl-C2); 85 (C%, 79 (C1), 66 (C3), 57 (C8B), 53 (Lys<-
CHy), 45 (Lys-G), 35 (C2), 27 (Lys-CH), 26 (Lys-CH), 19 (Lys-
CHy); 18 (CHy). LC-ESI-MS: m/z calcd for GiHszoN7Og [M + H],
476.23; found, 476.178: *H NMR (DMSO-ds) 6: 8.68 (1H, d,
oxopropenyl-H3,J = 8.2 Hz), 8.05 (1H, s, H8), 7.59 (1H, d,
oxopropenyl-H3J = 8.0 Hz), 6.20 (1H, t, H1J = 8.1 Hz), 5.57 (1H,
dd, oxopropenyl-H2) = 8.4, 8.0 Hz), 4.53 (1H, m, H} 3.82 (1H, d,
H4',J= 4.5, 7.2 Hz), 3.76 (1H, dd, H5J = 4.5, 7.2 Hz), 3.72 (1H,
m, Lys-H,), 3.70 (2H, t, Lyse-CH,, J = 6.0 Hz), 3.45 (3H, s, N1-
CHs), 2.63 (1H, m, C2, 2.20 (1H, m, C2, 1.7 (3H, s, CH), 1.6-1.2
(6H, m, Lys-CH). 13C NMR (DMSO-s) 6: 168 (oxopropenyl-C1),
159 (oxopropenyl-C3), 158 (C4), 155 (C2); 154 (C6); 137 (C8), 119
(C5), 99 (oxopropenyl-C2), 88 (04 83 (C1), 71 (C3), 62 (CB), 55
(Lys-e-CHy), 54 (Lys-G), 39 (C2), 33 (Lys-CH), 30 (N1-CHy); 29
(Lys-CHy), 22 (Lys-CH), 25 (CHy). LC-ESI-MS: mvz calcd for
C22H32N707 [M + H], 50624, found 506.08.

Hydrolytic Stability of 7 and 8. The UV spectrum of a solution of
7 or 8 (10 uM) in sodium phosphate buffer (20 mM, pH 7.4) was
recorded from 220 to 450 nm at 15 min intervals. A spectral shift from
344 to 324 nm for7 and 365 to 314 nm fol8 was observed,

C1), 53 (Lys-G), 49 (Lys<-CHy), 48 (propyl-C3), 40 (C32, 32 (Lys-
CH,), 28 (propyl C2), 27 (Lys-Ch), 23 (Lys-CH), 23 (CHy). [M +
H], 480.26; found, 480.1Q.0: *H NMR (DMSO-dg): 6 10.20 (1H, br
s, CQH), 8.49 (1H, s, H8), 8.31 (1H, s H2), 7.40 (1H, d, propenyl-
H1,J = 7.2 Hz, 6.40 (1H, tJ = 7.2, H1), 5.50 (1H, m, propenyl-
H2), 4.52 (1H, m, H3, 3.95 (1H, m, H%), 3.87 (1H, m, Lys-H), 3.60
(1H, dd, H8, J = 4.0, 9.0 Hz), 3.53 (1H, dd, H5J = 4.0, 9.0 Hz),
3.50 (2H, m, Lyse-CHy), 2.72 (1H, dd, H2 J = 7.0, 13.2 Hz), 2.67
(2H, m, propenyl-H3), 2.29 (1H, dd, H2 = 3.6, 13.2 Hz), 1.81 (3H,
s, CH), 1.65-1.35 (6H, m, Lys-CH). 13C NMR (DMSO<g): 6: 174
(acetyl CO), 169 (CeH), 168 (propenyl-C1), 153 (C4), 152 (C2), 149
(C6), 141 (C8), 121 (C5), 105 (propenyl-C2), 88 (T84 (C1), 72
(C3), 62 (CB) 54 (Lys-G,), 49 (Lys<-CH,), 46 (propenyl-C3), 40
(C2), 32 (Lys-CH), 23 (Lys-CHy), 22 (CH;). LC-ESI-MS calcd for
C21H32H7OG [M + H], 47824, found, 478.11.

An identical procedure was used for the reduction of cross8ink
A single product was observed and was isolated by reversed-phase
HPLC using the conditions described aboté: 'H-NMR (DMSO-
ds), 7.94 (1H, s, H8), 6.21 (1H, t, H1J = 7.0 Hz), 4.42 (1H, t, H3
J=3.0 Hz), 3.93 (1H, d, Lys-H J= 6.6 Hz), 3.88 (1H, dd, H4J =
4.5, 7.5 Hz), 3.61 (1H, dd, H5J = 5.4, 11.4 Hz), 3.54 (1H, dd, H5
J=5.4, 11.4 Hz), 3.50 (2H, m, Lys-CH,), 3.40 (3H, s, N1-Ch),
2.83 (2H, m, propyl-H3), 2.74 (2H, m, propyl-H1), 2.70 (1H, m,’'H2
2.28 (1H, m, H2), 1.9 (2H, m, propyl-H2), 1.85 (3H, s, GH 1.65~
1.60 (1H, m, Lys-CH), 1.58-1.55 (1H, m, Lys-CH), 1.48-1.58 (2H,
m, Lys-CH), 1.33-1.40 (1H, m, Lys-CH), 1.23-1.31 (1H, m, Lys-
CH,). 13C-NMR (DMSO-ds) 6 174 (acetyl carbonyl), 168 (COOH),
157 (C2), 153 (C6), 149 (C4), 137 (C8), 117 (C5), 88')C43 (C1),

corresponding to the hydrolysis of the cross-link to modified nucleosides 71 (C3), 63 (C8), 53 (Lys-G,), 48 (propyl-C1), 47 (propyl-C3), 40

4 and®6, respectively. A plot of the absorbance versus time was fit to

(Lys-e-CHy), 39 (C2), 33 (Lys-CH), 28 (N1-CH), 28 (Lys-CH), 27

an exponential function, and the rates of hydrolysis were calculated to (Propy-C2), 23 (Lys-CH). LC-ESI-MS calcd for GHzeN-O7 [M +

be 0.14+ 0.013 h! for 7 and 0.029+ 0.02 h'! for 8.

Reduction of Cross-Links 7 and 8.Cross-link7 (1 mg, 2.0umols)
was dissolved in sodium phosphate buffer (1.3 mL, 100 mM, pH 7.4)
and vortexed for 30 s. A stock solution of NaBE.00 mM) was made
by adding NaBH (50 4L of a 2 M solution in diglyme) to 95Q:L of
deionized water. Equal volumes of the solutiong @ind NaBH were
mixed; 7 was completely consumed within 15 min resulting in five
products in additions to dA. The two major products were isolated by

H] and GoHssN7O7Na [M + Naj, 510.27 and 532.25; found, 510.05
and 532.14.

Results

Synthesis of MDA-Modified NucleosidesNucleosidesl,
4, and 5 were prepared as previously described by our
laboratories?® N1-Methyl-N?-(3-oxopropenyl)-dG &), which
serves as a model f& with a nondissociable N1-group, was

reversed-phase HPLC using the conditions described above andprepared from MdG. MydG was treated with base to affect ring-

characterized b$H and**C NMR and LC-ESI-MS. The minor products
were only characterized by LC-ESI-MS: 'H NMR (DMSO-dg): 0
8.35 (1H, s, H8), 8.20 (1H, s, H2), 6.33 (1H,Jt= 7.2 H1), 4.45 (1H,
m, H3), 3.86 (1H, m, H4), 3.70 (1H, m, Lys-H), 3.65 (1H, ddJ =
4.0, 12.0 Hz, HY, 3.53 (1H, dd,J = 4.0, 12.0, H5, 3.50 (2H, m,
Lys-e-CHy), 3.30 (2H, m, propyl-H1), 2.75 (2H, m, propyl-H3), 2.61
(1H, t,J= 2.0, H2), 2.38 (1H, t,J = 2.0, H2), 1.95 (2H, m, propyl-
H2), 1.81 (3H, s, Ch), 1.65-1.10 (6H, m, Lys-CH). *C NMR
(DMSO-dg): 0: 179 (CQH), 169 (acetyl CO), 153 (C4), 151 (C2),
139 (C8), 121 (C5), 88 (C¥% 84 (C1), 72 (C3), 62 (CB), 58 (propyl-

opening to the anion & and then quenched with iodomethane
resulting in6. The site of methylation was determined by HMBC
(Figure 1) and chemical correlation. A three-bond correlation
between the N1-methyl resonande= 3.50 ppm) and the C2

(6 = 156 ppm) and C64 = 150 ppm) carbon resonances of
the guanine ring was observed. Alkylation @ would be
expected to give a correlation between the methyl group and
C6 only. The C2 resonance was unambiguously assigned by
the observation of a three-bond correlation toghenyl proton

J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008 2197
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Scheme 2. Structures of the 2'-Deoxynucleoside—
A 0.6 # ﬁ Malondialdehyde Adducts (4—6) Used in Our Investigations
05 N -CHO NN g™
N pKy=10.5+0.15 N O
y Sy = « T
dR dR
= 0.3 ] 4
< 0.2 N -CHO NN N0
Ka=10.5+0.15 X
0.1 fi’]; kel f\i
ySo N
0 dR dR
240 260 280 300 320 340 360 380 400
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» lyzed to N1-methyl-dG provides further support thatd®
f: undergoes methylation at N1.
pKa Measurements The Ky's of nucleosidesA—6 were
determined by monitoring the shift in the UV absorbance versus
pH. Buffers (50 mM) were chosen to maintain a proper buffering
capacity at the given pH. Thinaxs of nucleosidegl—6 were
324 nm € = 60000 M1 cm™Y), 322 nm € = 45000 M1
0 — 1 ‘ 1 | | ! | cm1), and 314 nm4{ = 30 000 M1 cm™1), respectively, in
: pH 6.0 buffer. Deprotonation resulted in a hypochromic shift
240 260 280 300 :2(onm)340 360 380 400 of the Amaxto 372 nm for4 and5 and 354 nm fo6 (Figure 2).
% An isosbetic point was clearly observed at 342 nm for the
C 038 4 titration of 4 and5 and at 354 nm for titration of. Additional
07 4 isosbestic points were observed at 234, 244, and 266 n#h for
and 234, 244, and 266 nm fér The K4's were determined by
0.6 - plotting the intensity of the UV absorbance versus pH and then
0.5 fitting the data to a sigmodial function (Figure 2, insets). The
a8 pKay's of 4, 5, and6 are 10.5+ 0.15, 10.5+ 0.15, and 8.2+
< 04 0.10, respectively (Scheme 2). Nucleositiesd2 did not show
0.3 4 similar optical transitions over a pH range of 3.03.0,
0.2 suggesting that the exocyché-proton does not dissociate under
' these conditions. This is presumably the resul afready being
0.1 4 negatively charged, which is likely to increase th€, pf the
0. N2-protont”
, T ' v ' : ‘ * Reaction of MDA-Modified Nucleosides 4 and 6 withN®-
240 260 280 300 320 340 360 380 400 Acetyllysine. Compounds4 and 6 were reacted individually
A (nm) with excessN*-acetyllysine in pH 7.4, phosphate buffer (Figures

Figure 2. UV titration of (A) 4, (B) 5, and (C)6 from pH 8.0 to 13.0 in

the appropriate buffer (50 mM). TheKgs were determined by plotting
the UV absorbances of the two major peaks vs the pH and then fitting
them to a sigmoidal function (insets). ThE4s of 4—6 are pH 10+ 0.15,
10.5+ 0.15, and 8.2+ 0.10, respectively.

of the N2-oxopropenyl groupd = 8.35 ppm). Furthermore, no

3A and 4A) resulting in cross-linkg and 8. In addition,
oxopropenyl transfer was observed to affde(3-oxopropenyh
N*-acetyllysine. Cross-linkg and 8 were relatively stable
following HPLC purification. Cross-link’ hydrolyzed back to

4 with a first-order rate of 0.14- 0.013 ttin pH 7.4, phosphate
buffer; the rate of hydrolysis o8 to 6 was slower, 0.029t
0.002 . The alternative hydrolytic pathway resulting in overall

correlation was observed between the methyl carbon resonanceransfer of the oxopropenyl group to tkeamino group ofN*-

and the oxopropenyl! vinyl protons, therefore ruling out alky-
lation atN2. Above pH 10, MdG undergoes ring-opening and
hydrolysis of the oxopropenyl group to d&Base hydrolysis

of 6 resulted in N1-methyl-dG, which was correlated to an

acetyllysine was very slow but essentially irreversible under
these conditions. The methyl ester M (3-oxopropenyl)N*-
acetyllysine is modestly mutagenic 8almonella typimurium
which may be reflective of its low reactivity with DNA basgs.

authentic standard by its HPLC retention time and mass As anticipated, compoun@ did not form cross-links withN®-

spectrometric fragmentation. The observation thé hydro-
2198 J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008

acetyllysine under these conditions.
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Figure 3. (A) Reactivity of cross-link7. (B) UV titration of cross-link7, pKa = 8.8 + 0.2. (C) UV spectrophotometric analysis of the hydrolysi§.ofD)
Determination of the first-order rate of hydrolysis Bf0.144 0.013 hL,

The structures of and8 were initially assigned by LC-ESI-  function (Figures 3D and 4D). In pH 7.4 medium, cross-lihk
MS. For the reaction o4, a new product with am/z of 475.2 is predicted to be largely protonated, whi& is largely
Da was observed, consistent withA daughter ion ain/z 360.2 unprotonated. The rate of hydrolysis of cross-lihkk = 0.14
Da corresponding to the neutral loss of deoxyribesgl6 Da) + 0.013 hY) is nearly 5-fold faster than that f@& (k = 0.029
was also observed. Similarly, the reaction ®fyave a new + 0.002 hY).
product of m/z 506.1 Da with a daughter ion at 390.2 Da, Treatment of the cross-link in water with excess NaBH
consistent with cross-linB. Two-dimensional NMR was used  (in diglyme) gave two major products and three minor ones, in
to confirm the structures of cross-linkd and 8. Proton addition to a small amount of dA (Scheme 3). The major
resonances were assigned by COSY spectra based on chemicgroducts were consistent with the addition of 1 and 2 eq@iv (
shifts and scaler couplings. The carbon resonances were therl0) of hydride to thea,3-unsaturated imine. LC-ESI-MS and
assigned by one-boritH—13C correlation (HMQC) spectra. A NMR were used to determine the structures of the major
three-bond'H—13C correlation between the imine carbon and reduction products. The minor products were analyzed by LC-
thee-methylene protons of the lysine moiety was observed and ESI-MS; their masses were consistent with being derived from
confirmed the structures af and8. hydrolysis of the imine and subsequent reductiod. éteduction
The Ky's for 7 and 8 were determined by UV titration as  of cross-link8 gave a single product, which was identified as
described above and found to be 880.2 and 6.3+ 0.2, the fully reduced cross-linki(l).
respectively (Figures 3B and 4B); the dissociable proton is
presumably the protonated imine. The hydrolytic stability’ of
and 8 are reflective of their Ky's. Hydrolysis back to the The present experiments, taken with the results of a previous
oxopropenyl nucleosides and*-acetyllysine is predicted to  study, define the acidity of the exocycheoxopropenyl adducts
occur through their respective protonated imine. The hydrolysis of dG, N1-Me-dG, dA, and dC as 6.9. 8.2, 10.5, and 10.5,
of the cross-links is associated with a spectral shift from 343 to respectivel\:” The oxopropenyl group is an effective electron-
323 nm for7 and 362 to 316 nm fo8 (Figures 3C and 4C).  withdrawing group that lowers thekp of 2 by ~4 pKj units
The rates of hydrolysis were determined by plotting the UV relative to dG and theky, of 4 by >2 pK, units relative to dA.
intensities versus time and then fitting the data to an exponential The significant difference ink, between2 and4 or 5 (6.9 vs

Discussion
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Figure 4. (A) Reactivity of cross-link8. (B) UV titration of cross-link7, pKa = 6.3+ 0.2. (C) UV spectrophotometric analysis of the hydrolysi8.ofD)

Determination of the first-order rate of hydrolysis &f0.029+ 0.002 ht.

10.5) suggests that the dissociable protog ia the N1-imino ~ >¢"eme 3
proton rather than the exocycI¥ proton. Indirect confirmation 7
of this is provided by the finding that the reaction of methyl Hzol NaBH,
iodide with deprotonate® occurs exclusively on N1. The in glyme
position of alkylation was established by multidimensional NMR NHAc HNS"N0H
experiments and by base hydrolysis of the product to N1-Me- COH N A
dG. The K, of 8.2 for 6 is significantly lower than those fa¥ 2 ¢ N
and5. HN/\/\H N N/)
Reaction o# and6 with N*-acetylysine at neutral pH readily </N | SN Ry
formed the imine conjugate® and 8. These conjugates are N N/) AN XA"NoH
models for cross-links that could form between the oxopropenyl  gr 9 Ne AN
DNA adducts and lysine residues of proteff$n contrast to4 + NHAc 4 f\/j‘
and6, 2 did not form cross-links even on prolonged exposure J/\)\COQH NTON
to an excess ofN*-acetylysine. This is consistent with our AN~ dR +
hypothesis that the inability & to form cross-links is due to HN N HNS-CHO
its low pK, which renders it predominantly anionic and, </N | SN NS
therefore, much less reactive at neutral pH. Hypothetic2lly, N N/) ¢ J
might be able to react withN*-acetyllysine at pH’s below its dr 10 dR,N N
pKa of 6.9. However, it is unlikely that even a large excess of
N*-acetylysine could compete with the intramolecular cycliza-
. o . . NHAc
tion of 2 to 3. Cyclization occurs very rapidly following
protonation of the anion o2, and 3 ultimately dehydrates to NaBH, 0 COzH
1.17 Dehydration is general acid-catalyzed and can also be rapid in glyme </N:karCHs
depending on pH and buffer concentration. Addu actually H,0 NSNS
dR H H

(20) Voitkun, V.; Zhitkovich, A.Mutat. Res1999 424, 97—106.
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significantly more reactive to nucleophiles tharundoubtedly
because it is neutral and because it possessegamsaturated
imine group!® Nucleophiles add at C-8, and hydride reducing
agents add at C-8:21

The N-oxopropenyl group is a vinylogous formamide and is
expected to have low reactivity toward nucleophiles due to
resonance delocalization of the nitrogen lone pair into the
aldehyde. However, the nitrogen lone pairs2p¥, and6 are
likely to have strong resonance interactions with the electron-
withdrawing nucleoside bases, making the aldehyde more
reactive toward nucleophiles. It is likely that the electron-
withdrawing nature of guanine is significantly reduced when
deprotonated at N1 (Scheme 4). ConsequentlyNfalene pair
would be free for strong resonance interactions with the
oxopropenyl aldehyde, making the anior2afuch less reactive
toward cross-linking reactions.

The Ky's of 7 and 8 were determined to be 8.8 and 6.3,
respectively. This implies that exists primarily as the proto-
nated derivative, where@sexists as the deprotonated derivative
at neutral pH. The higherifa of 7 is consistent with its higher
rate of hydrolysis at neutral pH compareddtdHydrolysis of 7
and8 occurred primarily to yieldlt and6, respectively. A small
percentage of the alternative hydrolysis occurred to produce dA
or N1-Me-dG plus oxopropeny*-acetyllysine. The net result
of the latter transformation is oxopropenyl transfer frémor 6
to N*-acetylysine. Nair and co-workers observed a related
oxopropenyl transfer from 9-ethNé-(oxopropenyl)adenine to
methylglycine??

The differential in the ability oR and4 (and presumabl)
to form cross-links is striking and suggests that, under physi-
ological conditions, the principal source of base propenal- or
malondialdehyde-induced DNADNA or DNA—protein cross-
links is 4. Adduct4 is generated in amounts corresponding to
20% of 1 + 2 although a detailed comparison of their levels
has not been conducted under different conditions or fiom

©o0
- «NfN
@,
1 CHO N N/)\HM\OG
H drR

(21) VanderVeen, L. A.; Druckova, A.; Riggins, J. N.; Sorrells, J. L.; Guengerich,
F. P.; Marnett, L. JBiochemistry2005 44, 5024-5033.
(22) Nair, V.; Cooper, C. S.; Vietti, D. E.; Turner, G. Ripids 1986 21, 6—10.

vivo sampleg2 The ability to reduce7 or 8 to dihydro or
tetrahydro derivatives provides a strategy that should be useful
in developing analytical methods with which to quantify these
cross-links.

DNA—DNA and DNA—protein cross-links are of increasing
interest from a biological point of view because of their
production from bifunctional electrophiles and their ability to
block DNA replication and induce mutatidhl520.24,-Hydroxy-
propanodeoxyguanosine ring-opens in duplex DNA to fbFn
oxopropyl-dG in a reaction that is analogous to the ring-opening
of 1 to 2.25 N?-Oxopropyl-dG condenses with th@-amino
groups of amino acids at the N-termini of peptides or with the
e-amino group of Lys residues within peptides to form imine
conjugateg® However, these imine conjugates are in rapid
equilibrium with the carbinolamine and aldehyde precursors.
The imines are stabilized for detection and biological evaluation
by hydride reduction. In contrast, conjugatésand 8 are
relatively stable even as the deoxynucleosides and can be
isolated by HPLC and characterized spectroscopically. Thus, it
seems likely that if cross-links form betwed&hoxopropenyl
adducts in duplex DNA (i.e4 and5) and Lys residues of DNA-
binding proteins, they will be quite stable especially if the
enamine-imine linkage is protected from hydrolysis by the
association of the protein molecule with DNA. Our results
further predict that the major-groove oxopropenyl adddcts
a better candidate for cross-link formation. The most common
DNA —protein binding motif involves interactions afhelices
of transcription factors and restriction enzymes with the major
groove?’
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