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Abstract: Methylglyoxal is a highly reactive a-ketoaldehyde that is produced endogenously and present in
the environment and foods. It can modify DNA and proteins to form advanced glycation end products (AGEs).
Emerging evidence has shown that N?-(1-carboxyethyl)-2'-deoxyguanosine (N>-CEdG) is a major marker
for AGE-linked DNA adducts. Here, we report, for the first time, the preparation of oligodeoxyribonucleotides
(ODNSs) containing individual diastereomers of N2-CEdG via a postoligomerization synthesis method, which
provided authentic substrates for examining the replication and repair of this lesion. In addition,
thermodynamic parameters derived from melting temperature data revealed that the two diastereomers of
N?-CEdG destabilized significantly the double helix as represented by a 4 kcal/mol increase in Gibbs free
energy for duplex formation at 25 °C. Primer extension assay results demonstrated that both diastereomers
of N2-CEdG could block considerably the replication synthesis mediated by the exonuclease-free Klenow
fragment of Escherichia coli DNA polymerase |. Strikingly, the polymerase incorporated incorrect nucleotides,
dGMP and dAMP, opposite the lesion more preferentially than the correct nucleotide, dCMP.

Introduction substrates to form advanced glycation end products (AGES).
If remain unrepaired, those AGEs could eventually lead to the
inhibition of enzyme activity;* transcription activatiof® and
apoptosig®
Several MG adducts of DNA have been previously reported,
and guanine is the predominant modification site induced by
| MG when calf thymus DNA was used as substPéte.*#In an
earlier studyN?-(1-carboxyethyl)-9-methylguanine was formed
from the incubation of 9-methylguanine with glucose or MG;
thus it was postulated that?-(1-carboxyethyl)-2deoxygua-
In this respect, as high as 3&M of methylglyoxal was detected ~ N0Sine (-CEdG) could be induced |n2DNA by M&.Indeed
in Chinese hamster ovary cell$n addition, a previous clinical Frischmann et "’i_ﬁ showed recently that*CEdG was the stable
study indicated that the median level of MG increased by several adduct formed in calf thymus DNA upon prolonged exposure

fold in blood samples from type | and Il diabetic patients, and to MG at physiological concentration and temperature. These
the concentration of MG correlates positively with the duration 2Uuthors further proposed that thé-CEdG could be produced
and development of type | diabetes. from either direct coupling of'2deoxyguanosine (dG) with MG

As a reactive dicarbonyl compound, MG is involved in or from the conversion of lN2-(1,2-dihydroxy-2-methyl)ethano-

numerous pathological proces$e®ivo by binding irreversibly 2-deoxyguanosine (CMG-dG) (Scheme 1).
to proteins, primarily on arginine residu&s! DNA, and other

Humans are exposed to methylglyoxal (MG), a highly reactive
o-ketoaldehyde, from a variety of sources. General exogenous
sources of MG include cigarette smokéod, and beverages
such as soy sauce, coffee, and whiské&pn the other hand,
the fragmentation of triose phosphate during glycolysis, me-
tabolism of acetone, and catabolism of aminoacetone al
contribute to the endogenous formation of M&Wany factors,
including aging, hyperglycemia, inflammation, oxidative stress,
and uremia, could enhance the accumulation of MGivo.6
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Scheme 1. Formation of N2-CEdG.
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N2-CEdG was also detected in urine samples from healthy = Mass Spectrometry (MS), NMR, and Circular Dichroism (CD).
human subjects using immunoaffinity chromatography with a Electrospray ionization-mass spectrometry (ESI-MS) and tandem MS
polyclonal antibody raised against-CEdG2° and the lesion (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap
was found to occur more frequently in kidney and aorta cells mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A mixture
of diabetic and uremic patier#s.Moreover, the lesion was of acetonitrile and water (50:50, v/v) was used as solvent for

. . electrospray. The spray voltage was 3.0 kV, and the temperature of
found in cultured human smooth muscle cells and bovine aorta . o2 ; .
the heated capillary was maintained at 3@ High-resolution mass

endo_thellum_ cells with the same immunoassay techrigue. spectra (HRMS) were acquired on an Agilent 6210 TOF LC/MS
Prior studies have demonstrated that methylglyexsNA instrument (Agilent Technologies, Palo Alto, CA) equipped with an

adducts could induce single strand breaks and high mutationejectrospray ionization (ESI) sourcéd NMR spectra were recorded

frequencies irEscherichia col(E. coli) cell?and G:C— C:G at 300 MHz on a Varian Inova 300 NMR spectrometer, &RINMR

and G:C— T:A transversions insupF gene in mammalian  spectra were acquired at 80 MHz on the same instrument. CD spectra

cells?3 In these previous mutagenesis studies, lesion-containingwere recorded on a JASCO J-815 CD spectrometer (JASCO Inc.,

DNA substrates were prepared via the direct treatment of Easton, MD).

undamaged DNA with dihydroxyacetone or methylglyox- HPLC. The purification of ODNs was performed on a Beckman

al 1416.2223The identity and homogeneity of adducts, however, HPLC System (32 Karat software v_ersi_on 3.0, pump module 125) with

were not carefully examined. In this context, it is known that & UV detector (module 126) monitoring at 260 nm. A 4.6 mm

the commercially available methylglyoxal is likely to be 250 mm Apollo C18 column (&m in particle size and 300 A in pore

contaminated with formaldehyde and other impurities such as size, Alltech Associate Inc., Deerfield, L) was used, and a 50 mM
y P triethylammonium acetate buffer (TEAA, pH 6.6, Solution A) and a

pyruvate, Ia_‘Ctate' an(_j form&ﬁb‘vhmh may induce side reactions mixture of 50 mM TEAA and acetonitrile (70/30, v/v, Solution B) were
and complicate the interpretation of the results. We sought t0 gmpjoyed as mobile phases. The flow rate was 0.8 mL/min. Three
understand the biological implications &>-CEdG at the ifferent HPLC gradients were used: (I) 5 mir20% B, 40 min 26-
molecular level. As a first step toward that goal, herein, we 40% B, 10 min 46-100% B, and 5 min at 100% B; (II) 5 min-eB0%
developed a postoligomerization method for the site-specific B, 40 min 36-50% B, 10 min 56-100% B, and 5 min at 100% B;
and stereospecific insertion 6f-CEdG into ODNs. We also  (ll) 5 min 0—30% B, 40 min 36-60% B, 10 min 66-100% B, and 5
examined the effects 2-CEJG on duplex stability and carried min at 100% B. The purified ODNs were desalted on the same HPLC

outin vitro replication studies on the lesion-bearing substrates System with HO as mobile phase A and acetonitrile as mobile phase
with a Klenow fragment B where a gradient of 25 min 0% B, 2 min-80% B, and 25 min at

60% B was employed.

Experimental Procedures Synthesis of 50-(4,4-Dimethoxytrityl)-2-fluoro- O8-(trimethyl-
silylethyl)-2'-deoxyinosine (5, Scheme S1Eompoundb was prepared
following the previously published procedures (spectra shown in the
Supporting Informationj>2¢

Materials. All chemicals, unless otherwise specified, were from
Sigma-Aldrich (St. Louis, MO) or EM Science. Common reagents for
solid-phase DNA synthesis were obtained from Glen Research Co. g ) ) )
(Sterling, VA), and unmodified ODNs used in this study were purchased ~_ Synthesis of 50-(4,4-Dimethoxytrityl)-2-fluoro- O°(trimethyl-
from Integrated DNA Technologies (Coralville, IA)y£2P]ATP was silylethyl)-2'-deoxyinosine-3-O-[(2-cyanoethyl)-N,N-diisopropyl-
obtained from Amersham Biosciences Co. (Piscataway, NJ). phosphoramidite] (6, Scheme S1)To a flask, which was suspended
in an ice bath and contained a solution of compo&n{l00 mg,
(20) Schneider, M.; Georgescu, A.; Bidmon, C.; Tutsch, M.; Fleischmann, E. 0.149 mmol) in dry CHCI, (1.5 mL), was addedl,N-diisopropylethy-

Z'é?QPOPOVv D.; Pischetsrieder, MAol. Nutr. Food Res2006 50, 424- lamine (DIEA, 52uL, 0.298 mmol) followed by the dropwise addition
(21) Li, H.: Nakamura, S.; Miyazaki, S.; Morita, T.; Suzuki, M.; Pischetsrieder, of 2-cyanoethylN,N-diisopropyl chlorophosphoramidite (5@L,
M.; Niwa, T. Kidney Intl.2006 69, 388-392. 0.224 mmol). The mixture was stirred at room temperature for 30 min

(22) Pischetsrieder, M.; Seidel, W.; Munch, G.; SchinzelBRchem. Biophys.
Res. Commurl999 264, 544—-549.

(23) Murata-Kamiya, N.; Kamiya, H.; Kaji, H.; Kasai, HMutat. Res.200Q (25) Harris, C. M.; Zhou, L.; Strand, E. A.; Harris, T. M. Am. Chem. Soc.
468 173-182. 1991 113 4328-4329.

(24) Pourmotabbed, T.; Creighton, D.Jl. Biol. Chem.1986 261, 14240~ (26) DeCorte, B. L.; Tsarouhtsis, D.; Kuchimanchi, S.; Cooper, M. D.; Horton,
14244, P.; Harris, C. M.; Harris, T. MChem. Res. Toxicol996 9, 630-637.
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Table 1. Sequences of Synthesized ODNs Scheme 2. Postoligomerization Method for the Incorporation of
N?-CEdG into ODNs
obsd theor _

ODNs sequences? miz miz o~ Sies
ODN1/2 B-GAG TAG XAT GAG-3 3845.0 3845.5 NF N\
ODN3/4 B-ATG GCX CAC TAT GAT CCT AG-3 6188.0 6188.1 FAN | N>

& ODN1/ODN3,X = S-NCEG; ODN2/ODN4X = R-N2-CEG. 5-HO O
under an argon atmosphere. The reaction was quenched by cooling
the mixture in an ice bath followed by slow addition of bH 0.1 MNaOH 6-8 h, R.T.

(0.40 mL). The solution was quickly extracted with EtOAc (8 mL),

and the organic layer was washed with saturated NaH@@nL) and ~_SiMes
brine (4 mL) and then dried with anhydrous48&,. The solvent was ¢
evaporatedn vacuoto yield 6 in white foam that was used directly NZ | N\>
for ODN synthesis®'P NMR (CDCE): ¢ 149.9, 149.8. ESI-MSm/z .:)*N N
873.1 [M+ H]*. 5'HO | OH3'
Synthesis of Standard S- and RN?-CEdG. L- or b-Alanine (2 mg,
24.5 umol) was added to a mixture containing 2-flud@s-(trimeth- a. HzN*CH(CH3)COOH, DMSO, DIEA, 55°C
ylsilylethyl)-2'-deoxyinosine (2 mg, 5.8mol), DMSO (500u«L), and b. conc. NH4OH, 55°C, 6 h
diisopropylethylamine (DIEA, 10Q:L). The resulting solution was c. HPLC Separation
stirred at 55°C for 48 h, and the solvent was removiedvacua The S

dried residues were dissolved in 5% acetic acid and stirred at room

temperature for 1 h. The S- andMR-CEdG were then isolated from CHy NF i “\>

the resulting reaction mixtures by HPLC. HD\EJHNkN N
SN2CEdG. *H NMR (300 MHz, DO, 25°C): 6 7.96 (s, 1H, H-8), o |

6.35 (t, 1H, H-1, J = 6.6 Hz), 4.66 (m, 1H, H-3, 4.29 (q, 1H, cH, 9O

J=7.3Hz), 410 (m, 1H, H4J = 9.9, 4.1 Hz), 3.78 (m, 2H, H!5 .

and H-8), 2.97 (m, 1H, H-2, 2.54 (m, 1H, H-2), 1.47 (d, 3H, CH, a. 5% CH,COOH, RT., 2h

J= 7.3 Hz) (Figure S6). HRMS (ESI): [M- NaJ* calcdmiz362.1077, b-HPLG Separation

found 362.1078.

OH-3'

o]

R-N2-CEdG. 'H NMR (300 MHz, DO, 25°C): & 7.92 (s, 1H,
H-8), 6.33 (t, 1H, H-1 J = 6.9 Hz), 4.66 (M, 1H, H-3, 4.24 (q, 1H, o »JUIB
CH,J = 7.3 Hz), 4.09 (m, 1H, H4J = 6.3, 4.1 Hz), 3.85 (M, 2H, ”C’jHHN*m T
(8]

H-5' and H-8'), 3.11 (m, 1H, H-2, 2.44 (m, 1H, H-2), 1.47 (d, 3H,
CHs, J = 7.3 Hz) (Figure S7). HRMS (ESI): [M+ Na]* calcdm/z
362.1077, found 362.1082.

ODN Synthesis. ODNs (sequences shown in Table 1) were

synthesized on a Beckman Oligo 1000S DNA synthesizer (Fullerton, Which contained sodium acetate (300 mM, pH 5.0) and zinc acetate
CA) at the 1umol scale. The synthesized phosphoramidite building (10 MM), were added to a 2k solution of ODN1 or ODN2 (10 nmol).

block was dissolved in anhydrous acetonitrile at a concentration of 1N€ digestion was continued at 3 for 6 h. To the digestion mixture
0.07 M. Normal phosphoramidite building blocks (Glen Research Inc., Were then added 10 units of alkaline phosphatase, 0.05 unit of snake
Sterling, VA) of dA, dC, dG, and dT were employed, and a standard venom phosphodiesterase, angdl50f 0.5 M Tris-HCI (pH 8.9). The
ODN assembly protocol was used without any modification. digestion was continued at 3%C for 6 h, and the enzymes were
After synthesis, the products were cleaved from the controlled-pore removed by passing through a 10-kDa cutoff Centricon membrane
glass (CPG) support and partially deprotected with 0.1 M NaOH (3 (Millipore, Billerica, MA). The resulting mixtures were subjected
mL) at room temperature for-812 h. The supernatant was removed, subsequently to HPLC analysis, which was carried out on an Agilent
and the beads were washed withQH(2 x 3 mL). The combined 1100 HPLC system with a UV detector monitoring at 260 nm. A
aqueous solution was neutralized with 0.1 M acetic acid to pH 7.0 and 4.6 mm x 250 mm Apollo C18 column was used, and a 10 mM
lyophilized to dryness. The dried residue was mixed with DIEA ammonium formate buffer (pH 6.9, Solution A) and a mixture of 10
(150uL, 0.86 mmol),.-alanine om-alanine (4 mg, 0.045 mmol), and  mM ammonium formate and acetonitrile (70/30, v/v, Solution B) were
DMSO (500uL). After being stirred at 58C for 4872 h, the reaction  employed as mobile phases. The flow rate was 0.8 mL/min where a
mixture was allowed to cool to room temperature and dried. Concen- gradient of 5 min 6-10% B followed by 40 min 1640% B was
trated NHOH (600uL) was added, and the tightly sealed vial was employed.
heated at 55C for 6—8 h. After cooling to room temperature, the
solvent was removed by using a Speed-Vac. The dried pellet was
reconstituted in water and purified by using reversed-phase HPLC with
gradient | for ODN1/ODN2 and gradient Il for ODN3/ODN4 (Table
1) to give OS-trimethylsilylethyl (O°-tse)-protected oligomers. The
fraction containingD®-tse-protected oligomer was collected and dried, B
and the dried residue was treated with 5% acetic acid &)@t room concentrgtlon (Ct) of 1.0, 2.0, 4.0, 8'0’_ or/JTHI. The absorbance was
temperature for 2 h, neutralized with 1.0 M NaOH, and purified by recorded in the reverse and forward directions for a temperature range
reversed-phase HPLC to yield the fully deprotected ODNs (Scheme ©f 80-10°C at the rate of ZC/min, and the melting temperaturg
2). In this respect, gradient | was employed for the purification of value was obtained by the derivative method. The thermodynamic

ODN1/ODN2, whereas gradient Il was used for the purification of Parameters were obtained from the van't Hoff ffotn which the

5'-HO
a “*" indicates the chiral carbon.

OH-3'

Thermodynamic Studies.UV absorbance-versus-temperature pro-
files were recorded on a Varian Cary 500 spectrophotometer (Varian,
Inc., Palo Alto, CA). The modified ODNs and their complementary
strands were dissolved in a 1.2-mL solution containing 100 mM NacCl,
10 mM sodium phosphate (pH 7.0), and/&@ EDTA at a total ODN

ODN3/ODNA. reciprocal ofT, was plotted against 1@/4):
Enzymatic Digestion of Synthetic ODNsOne unit of nuclease P1,
0.01 unit of calf spleen phosphodiesterase, angP &f buffer solution, (27) Breslauer, K. IMethods Enzymoll995 259, 221—-242.

J. AM. CHEM. SOC. = VOL. 129, NO. 40, 2007 12125
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TizA_FLm%ug 10, ---- S-N’-CEdG
81 —— R-N’-CEdG
and 6
= 4
AG=AH — TAS g 5l ;o
'g \ I/ \\
whereR is the universal gas constant (1.987 cal M&{~1). The error E‘ 0 ; X et
limits for AG, AH, and AS derived from fitted parameters were O 24 !
calculated by using the previously described equati®ifs. \ /
In Vitro Replication Studies with Exonuclease-Free Klenow -4 N /
Fragment of E. coli DNA Polymerase | (Kf~). The primer extension -6 ' /!
experiments were carried out under staneistart conditions. The 8 !

20mer lesion-containing template (ODN3/4) or normal template (5 nM) j ! i ‘ !

with dG in lieu of theN>-CEdG was annealed with &-F?P]-labeled 240 280 320 360 400

15mer primer (10 nM), to which were then added a mixture of all four Wavelength [nm]

dNTPs (200uM each) and the Klenow fragment. The reaction was Figure 1. CD spectra of N2-CEdG and RN2-CEdG (50uM).

carried out in a 2Q¢L solution containing 10 mM Tris-HCI (pH 7.5),

10 mM MgC, 50 mM NaCl, and 1 mM dithiothreitol (DTT) at 3T previously reported data (Figures S6 and 87 addition, the

for 60 min. In uitro replication experiments were also carried out in measured masses for these two modified nucleosides were in

the presence of one type of dNTP at a time; the concentration of dNTP keeping with the calculated ones (see Experimental Procedures)

was 1.0 mM, 0.1 unit of Klenow fragment was added, and the reaction . '
! ’ Moreover, the independently prepared R- and\N’ScEdG

was continued at 37C for 10 min. o S . . .
The reaction was terminated by adding8 of gel-loading buffer, exhibited similar traces yet opposite features in CD signals

which contained 80% formamide, 10 mM EDTA at pH 8.0, 1 mg/mL  (Figure 1), supporting that they are indeed diastereomers.
xylene cyanol, and 1 mg/mL bromophenol. The products were resolved ~Having established the synthetic route for the SUCCESSfm
on 20% denaturing polyacrylamide gels containi® M urea. Gel preparation of the R- and 8%-CEdG, we next synthesized the

images were obtained by using a Typhoon 9410 Variable Mode Imager phosphoramidite building block of 2-fluor@®-(trimethylsilyl-
(Amersham Biosciences Co.) and ImageQuant 5.2 software (Amershamethyl)-2-deoxyinosine following the published procedures
Biosciences Co.). except that compoun8l (Scheme S1) was phosphitylated with
2-cyanoethyIN,N-diisopropylchlorophosphoramidite instead of

) ) o _ B 2-cyanoethylN,N,N',N'-tetraisopropyl phosphoramidite26By

. Synthegls of NZ-CEdG-pontaln|ng ODNSs. Site-specific using this building block, we then synthesized several ODNSs.
incorporation ofN*-CEdG into ODNs ha§ not begn reported, After being cleaved from the CPG support, the partially
though treatment of unmodified DNA with 1,3-dihydroxyac-  geprotected ODNs were treated with eitheror p-alanine to
etone or methylglyoxal was previously employed for the ,chieve stereospecific formation ofN8-CEAG and RN*CEdG,
!n”&dllé‘;tz'cz’g‘ of the lesion into DNA for mutagenesis stud- regpectively (Scheme 2). The temperature and time for this
ies 4 1>#4=*However, the identity and homogeneity of the {eatment were optimized to minimize the degradation and
products induced by 1,3-dihydroxyacetone or methylglyoxal maximize the formation of the desired product. It turned out
were not carefully assessed. Herein, we developed a postoli-\hat the best results were obtained after ODN1/ODN2 and
gomerization method for the site-specific insertioM8fCEdG ODN3/ODN4 were treated with alanine at 86 for 48 and
into ODNs (Scheme 2). The method utilized the activity of the 75 jy respectively. In this regard, the reaction did not proceed
precursor nucleoside, 2-fluoro-@eoxyinosine (Fdl), whichwas 4 completion in a reasonable incubation time at lower temper-
first synthesized and applied for the postoligomerization syn- ature, whereas slightly more side products and the spontaneous
thesis of\?-guanine-adduct-containing ODNs by Harris and co- e moval of the OP-trimethylsilylethyl protecting group were
workers?26 We reasoned that the nucleophilic attack by the gpserved at higher temperature.

NH group of alanine sh2c>uld also displace the fluoride in Fdl - Atter incorporating theN?carboxyethyl functionality into
and afford the desiretd\>-CEdG adducts. Additionally, the  opNs, we removed completely the protecting group on normal
availability of two enantiomers of alanine should offer us the ,cjeobases by treatment with concentrated ®H, under
opportunity to generate separately ODNs carrying either of the \yhich conditions theO®-trimethylsilylethyl protecting group
two diastereomeric lesions (Schemes 1 and 2). remained intact. Because tB&-(trimethylsilylethyl)N2-CEdG-

To test this idea, we first carried out the reaction at the pearing ODNs could be readily resolved by HPLC from the
mononucleoside level. In this respect, we treated 2-fli@to-  ¢5responding ODNs containing unmodified dG or Fdl (Figures
(trimethylsilylethyl)-2-deoxyinosine with.- or p-alanine, re- >3 and 3a), we separated the mixture by HPLC prior to removing
moved the trimethylsilylethyl group in the resulting nucleoside o trimethylsilylethyl protecting group. After the HPLC separa-
with 5% acetic acid, isolated the modified nucleoside from the tion and the removal of the trimethylsilylethyl group with 5%
reaction mixtures by HPLC (see Experimental Procedures), andacetic acid treatment, we separated again the resulting mixture

characterized the products by NMR, MS, and circular dichroism by HPLC to obtain the desired lesion-bearing ODN substrates
spectroscopy. It turned out that thel NMR spectra for the (Figures 2b and 3b).

above synthetic S- and R:-CEdG were consistent with the We next assessed the stability of lesion in ODNs by
incubating the ODNs in 50 mM phosphate buffer (pH 7.0) at

Results

(28) Persmark, M.; Guengerich, F. Biochemistry1l994 33, 8662-8672.
(29) Santalucia, J.; Kierzek, R.; Turner, D. Bl. Am. Chem. S0d.99], 113
4313-4322. (30) Ochs, S.; Severin, Liebigs Ann. Chem1994 8, 851—853.

12126 J. AM. CHEM. SOC. = VOL. 129, NO. 40, 2007
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(b) d(ATGGAXCACTATGATCCTAG), X = SN*-CEdG.

37°C for up to 72 h; LC-MS/MS analysis revealed that there
is no obvious degradation of the lesion (data not shown).
ESI-MS and MS/MS Characterizations of ODNs Contain-

we chose to use d(GAGTAGXATGAG) (ODN1, X represents
S-N2-CEdG) as an example to illustrate how we use ESI-MS
and MS/MS to confirm the site df>-CEdG incorporation. ESI-
MS showed that the deconvoluted mass of ODN1 is 72 Da
higher than the calculated mass of the unmodified d(GAGTAG-
GATGAG) (Table 1, Figure 4a), which is consistent with the
presence of amN>-CEdG adduct in this substrate. Moreover,
high-resolution ESI-MS results revealed that the measoved
for the monoisotopic peak of the [M 3H]®~ ion was 1280.550,
which differed from the calculatedvz of 1280.558 for the
corresponding peak by only 6.3 ppm (Figure S9). Moreover,
the experimentally determined isotope profile was consistent
with the calculated one (Figure S9).

The product-ion spectrum of the [M 4H]*~ ion (m/z 960.6,
Figure 4b) of the ODN showed the formation of wns, that
IS, Wi, Wo™, Wsq, Ws, Wez_, W72_, W93_, W103_, and V\114_
and [g — Base] ions, that is, fa— A] 7, [as — G] 7, [as — A] 7,
[as — G]7, [ar — X]*", [as — A]*", and [ao — GJ* ions
[nomenclature for fragment ions follows that reported by
McLuckey et al3! “A”, “C", and “G” represent adenine,
cytosine, and guanine, respectively]. The measured masses for
the wi, Wy, Ws, and w ions were the same as the calculated
masses for the corresponding ions of the unmodified ODN,
whereas the wy wy, Wy, Wio, and w1 ions exhibited 72 Da higher
in mass than the corresponding fragments formed from the
unmodified d(GAGTAGGATGAG). These results are consistent
with the presence of aN>-CEdG at the seventh position in the
ODN. The above conclusion is further substantiated by the
observed masses for the,[& Base] ions. In this respect, the
measured masses for the; fa A] and [a,o — G] ions are 72
Da higher, whereas the measured masses of the [4], [as
— GJ, [as — A], [as — G], and [g — X] ions are the same as
the calculated ones of the corresponding fragment ions for the
unmodified d(GAGTAGGATGAG). The sequences of ODN3
and ODN4 were also confirmed by the similar ESI-MS and MS/
MS analyses (Figure S8 shows the MS and MS/MS for ODN3).

Homogeneity and Purity of Synthetic ODNs.To confirm
the stereospecific incorporation of S- andNRCEdG into
ODNSs, we further digested ODNs 1 and 2 into mononucleosides
(see Experimental Procedures) and separated the digestion
mixtures by HPLC. For comparison, we also analyzed synthetic
SN2-CEdG, RN2-CEdG as well as standard dG, dT, and dA
by HPLC under identical experimental conditions (Figure 5).
Indeed the HPLC traces revealed the presence NF-REJG
in the digestion mixture of ODNZ2 (the 17.1-min fraction, Figure
5b and d), whereas thel¥-CEdG was not detectable. Likewise,
S-N?-CEdG, but not RN2-CEdG, was present in the digestion
mixture of ODNL1 (the 20.2-min fraction, Figure 5c and e). The
above results, therefore, demonstrated unambiguously that the
postoligomerization method allowed for the independent incor-
poration of the two diastereomersN#-CEdG into ODNSs. It is
worth noting that the presence of residual adenosine deaminase
in the commercial enzymes caused the deamination of some
dA into 2-deoxyinosine (dl, Figure 5d and e). The identities of
the mononucleosides liberated from the enzymatic digestion
were confirmed by ESI-MS measurements (data not shown).
In this context, it is important to emphasize that high-resolution

. 2 .
ing an N*-CEdG. We next characterized the above ODNs by (31) McLuckey, S. A.; Vanberkel, G. J.; Glish, G.L.Am. Soc. Mass Spectrom.

ESI-MS and MS/MS (Table 1, Figure 4, and Figure S8). Here,

1992 3, 60-70.
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Figure 4. ESI-MS and MS/MS characterizations of d(GAGTAGXATGAG),=XSN?-CEdG: (a) negative-ion ESI-MS; (b) product-ion spectrum of the
[M — 4H]*" ion (m/z 960.6).

ESI-MS results supported the absence of adenine deaminatiorintercept and slope found in the van't Hoff plot following the

in the ODNSs prior to the enzymatic digestioside suprg. equations described in the Experimental Procedures (Figure 6).
We further integrated the peak areas CEdG, dT, and It turned out that the presence of\8-CEdG and RN?-CEdG

dG in the HPLC traces for the digestion mixtures of ODNs 1 destabilized, respectively, the duplex by 3.8 and 4.0 kcal/mol

and 2 and estimated the molar ratios of these nucleosides baseth free energy at 23C (Table 2). Correspondingly the presence

on the peak area ratios with the consideration of the molar of N>-CE-dG results in a marked decrease in melting temper-

extinction coefficients of the three nucleosides. In this regard,
we measured, by using a previously describéti NMR
method®? the extinction coefficient oN2-CEdG at 260 nm,
which was 13 600 L moft cm™2. It turned out that the estimated
molar ratios ofN>-CEdG:dT:dG were 1.0:2.0:5.1 and 1.0:2.0:
5.2 for ODN1 and ODNZ2, respectively, which are consistent
with the presence of o#*-CEdG, two dT, and five dG residues
in these two ODNs. Because of the deamination of dA to dli
during enzymatic digestiorvide suprg, the peak area for dA
was not determined.

Thermodynamic Properties of Lesion-Containing DNA
Duplexes.To examine how the presence N#-CEdG affects
duplex stability, we further determined the thermodynamic
parameters for the formation of duplex DNA harboring aN%s-
CEdG, RN2-CEdG, or unmodified dG by melting temperature

ature; at the total ODN concentration of 2.8, the replacement
of dG with an SN>-CEdG or RN2-CEdG leads to a drop in
melting temperature from 43.6C to 29.9°C and 29.2°C,
respectively.

In Vitro Replication Studies with Klenow Fragment.We
next examined the bypass ®?-CEdG with the Klenow
fragment by carrying ouin vitro primer extension assays. To
this end, we assessed the ability of the Klenow fragment, which
has been used extensively as a model replicative polymerase,
to extend a 5[32P]-labeled 15-mer primer annealed with a 20-
mer, N>-CEdG-bearing template in the presence of all four
dNTPs. The primer extension results unveiled that the synthesis
stops mostly after the incorporation of one nucleotide opposite
N2-CEdG for the lesion-bearing substrates, though a small

measurements. The ODN sequences used in this study Weréaercentage of bypass product could also be detected. However,

listed in Table 1, and thAH and ASwere calculated from the

(32) Hong, H.; Wang, YJ. Am. Chem. So2005 127, 13969-13977.
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the full-length products from the replication of the undamaged
template can be readily obtained (Figure 7a). In this regard, the
percentages of the full-length products formed from the exten-
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Table 2. Thermodynamic Parameters for Duplex Formation
Tl AH AS AGosec AAGos:c”
duplex (°C) (kcal mol™) (cal mol~tK™) (kcal mol™) (kcal mol~?)
5-CTCATCCTACTC-3
3-GAGTAXGATGAG-5
X=G 43.6+ 0.1 —87.0+£ 4.5 246+ 16 —13.7+ 0.6
X = SN2-CEG 29.9+0.2 —77.7+1.0 228+ 4 —9.9+0.2 3.8
X =R-N>-CEG 29.2+ 0.1 —722+19 210+ 6 —-9.7+£0.3 4.0
aCy = 2.0uM. P AAGysc = AGysc (lesion-containing duplex)- AGzs:c (unmodified duplex).
dA
() CIc] 0.00335 - " de
- 5 ® S-N-CEdG
= y=-275x10°%#0.00201 | | 2o C°
}\ T, Reoow N
0.00330 .-
0 5 10 15 20 25 30 35 |
(b) R-N2-CEAG y=-2.56x10°x+0.00293 2
~ 000325 R’=0.996
x
E
£
0 5 10 15 20 25 30 35 0.00320 y=-2.28x10x+0.00283
(c) S-N?-CEdG 1 R'=0.991
0.00315 \
0 5 10 15 20 25 30 35 \-\
dG 0.00310 T T T T T T T T T T T T T 1
(d) g 155 150 -145 -140 -135 -13.0 -125 -120
R-N?-CEJG dT In(C/4)
dA Figure 6. Plots of 1y, vs In(Ci/4) for the duplex ODNs containing dG
0 5 10 15 20 25 30 35 andN?-CEdG adducts. The duplex is d(GAGTAGXATGAG)/d(CTCATC-
dG CTACTC), where X represents dil), SN2-CEJG @), and RN2-CEdG
(€) S-N2-CEdG (4).
diigr dA
v
A f\ /\ Discussion
0 5 10 15 20 25 30 35

. . . Recently, a number of studies have shown that methylglyoxal
Retention Time (min) is mutagenidn viv0.222333Under physiological conditions, the

Figure 5. HPLC traces for the separation of: (a) the mixture of dG, dT  major MG adduct of DNA was shown to bW?-CEdG13
and dA; (b) RN2-CEdG; (c) SN2-CEdG; (d) the enzymatic digestion P ; S s :
mixture of ODN2; and (e) the enzymatic digestion mixture of ODN1. A Obtaining O.DNS bea”n.g a site speC|f|caIIy'|r'1(:orporaF¢?d .
UV detector was set at 260 nm for monitoring the effluents. The presence _CEd_G constitutes a CrL_1C|3| step toward examining the _b|0|09|03|
of residual adenosine deaminase in the commercial enzymes caused thémplications of the lesion at the molecular level. In this study,
deamination of some dA to dI. we developed a facile postoligomerization method for the site-
specific incorporation of individual diastereomersNgtCEdG

. i 2 i . :
sion of the normal, S- and RE-CEdG-bearing substrates in into ODNSs, which provided an opportunity to investigate the

the presence of 0.3 unit of Kfwere estimated to be 80%, 22%, stereochemical effect on the replication and repaM®CEdG.

and 5%, respectively_ (Figure 7a). . . We demonstrated that the method facilitated the preparation of
When the above primer/template complex was incubated with 12- and 20mer ODNs in reasonably good yield. After HPLC

K™ in the presence of one type Of. nucleotide at a “”?e’ we separation and desalting, we were able to obtata D nmol
fou.nd th.at dGMP and dAM.P, were incorporated opposite _the of the lesion-bearing ODNSs from aidmol scale synthesis. Thus,
lesion with much greater efflcllency.than the correct nucIeoﬂde, the synthetic strategy facilitates the availability of sufficient
dCMP. Moreover, the dAMP insertion was more f?“’ore‘j \_Nh'le ODN substrates for future NMR structural studies. In addition,
the ten;plate strar_1d bears arNSC_EdG than while it co_n_talns these lesion-bearing substrates can be readily employed to
an RN*-CEdG (Figure 7b). In this context, we quantified the construct, by enzymatic ligation, longer lesion-bearing ODNs

percentages of nucleotide incorporation by integrating the bandfor in vitro DNA repair studieg? Likewise, the lesion-housing
intensities for the unextended primer and the extended products.

. ) substrates can be ligated into plasmid DNA for vivo
It turned out that the percentages for the incorporation of dAAMP

4GMP. dCMP. and dTMP S Q- 109 ’ replication and repair studiés.

A ’a(? q opg)osne - E | W(;reS 1 /O'd Thermodynamic parameters for duplex formation, as derived
724 4%, 11+ 3%, and 8+ 1%, respectively. The correspond- 5 mejting temperature measurements, revealed that the
ing percentages for the incorporation of these nucleotides

. introduction of arlN2-CEdG into duplex DNA led to an increase
opposite RN2-CEdG were 37 8%, 85+ 3%, 94 1%, and 9

; . in AG at 25°C by 3.8 kcal/mol and 4.0 kcal/mol for the S- and
+ 2%, whereas the percentages for the insertion of correspond-
ing nucleotides opposite dG in the control substrate werg 30
1%, 73+ 2%, 88+ 1%, and 61+ 0.2% (these results were
based on three or more independent measurements).

(33) Seidel, W.; Pischetsrieder, Mell Mol. Biol. 1998 44, 1165-1170.

(34) Gu, C.; Zhang, Q.; Yang, Z.; Wang, Y.; Zou, Y.; Wang,Blochemistry
2006 45, 10739-10746.

(35) Delaney, J. C.; Essigmann, J. Methods EnzymoR00§ 408 1—15.
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Figure 7. In wvitro replication studies oN2-CEdG-bearing and control
undamaged substrates with Klenow fragmentEofcoli polymerase. A
template, d(ATGGCXCACTATGATCCTAG) (where X representNs-
CEdG, RN*-CEdG or unmodified dG), and a'-%P-labeled primer,
d(p*GCTAGGATCATAGTG), were employed. The concentrations of the
primer and template were 5 and 10 nM, respectively, and the reaction
volume was 2QL. (a) The primer extension was carried out in the presence
of all four NTPs at a concentration of 2@d1 each, and the amounts of
Kf~ were as indicated in the figure. The reactions were continued €37
for 60 min. (b) The reaction was performed in the presence of one type of
dNTP at a time ([dNTP}E1.0 mM) at 37°C for 10 min, and 0.1 unit of
Kf~ was used.

R-diastereomers, respectively (Table 2). The increas&Gn
for duplex formation is in a similar range as those reported for

8-oxodG, and thymidine glycol suggests that the presence of
anN?-CEdG in duplex DNA may also cause a significant change
to local DNA structure.

The destabilization to duplex DNA induced by lesions may
provide insights into recognition of the lesions by a repair
enzyme?© In this respect, nucleotide excision repair (NER) has
been proposed to be involved in both the repair and the fixation
of methylglyoxal-induced mutatiorfd.

The N2 position of guanine, located in the minor groove of
duplex DNA, is a major site for modification induced by various
carcinogeng? Previous studies showed tHdét-methylguanine
could stall slightly the Klenow fragment-mediated primer
extension reaction one base prior to the lesion, but DNA
synthesis past the lesion was readily completed with a small
amount of misincorporation of dTMf3.0n the other hand\?-
ethylguanine could retard DNA synthesis but preferentially
miscodes with dGMP when Klenow fragment was emploffed.

Our primer extension experiments with Klenow fragment
demonstrated thaN2-CEdG blocked markedly the Klenow
fragment-mediated DNA synthesis past the lesion site. In
addition, the polymerase incorporated dGMP and dAMP op-
posite the lesion much more efficiently than the correct
nucleotide, dCMP. This result suggests that the presence of the
bulky N2-carboxyethyl group in the minor groove may render
the hydrogen-bonding property of the modified guanine not to
be recognized by the Klenow fragment during nucleotide
insertion. Under such circumstances purine nucleotides can
conceivably be incorporated more efficiently than pyrimidine
nucleotides because the former nucleotides exhibit a more
favorable stacking interaction with the nucleotide at the 3
terminus of the primer than the latter nucleotides addition,
the result of thein vitro replication study is consistent with
previous studies showing that MG induced G:€C:G and
G:C — T:A transversions irsupFgene in mammalian celfS.
Moreover, the insertion of JAMP opposite the S diastereomer

some other single-nucleobase lesions. For instance, 8-oxo-7,80f N>-CEdG occurs more readily than that opposite the R

dihydro-2-deoxyguanosine (8-oxodG) and 5,6-dihydroxy-5,6-
dihydrothymidine (thymidine glycol) caused a%.and 4.7 kcal/
mol” increase in free energy for duplex formation. In this
context, it is of note that the presence of a carboxyethyl
functionality on theN? position of guanine is expected to alter
the Watsor-Crick base pairing property of this nucleobase
thereby destabilizing duplex DNA. Although the oxidation of

dG to a 8-0xodG does not alter the hydrogen-bonding properties

of the nucleobasper se the N-glycosidic linkage in 8-oxodG

is known to equilibrate between tegnandanti conformations,
with the former being energetically more favoraBieThe
presence of 8-oxodG in theyn conformation renders this
nucleobase to base pair preferentially with #¥&Similarly, the
formation of thymidine glycol does not change the hydrogen-
bonding portion of the nucleobase itself; however, NMR

structure studies indicated that thymidine glycol induces a large,

localized structural change in duplex DNA with the modified
nucleobase being extraheliédlTherefore, the similar extent
of destabilization to a DNA double helix induced Ny-CEdG,

(36) Plum, G. E.; Grollman, A. P.; Johnson, F.; Breslauer, KBidchemistry
1995 34, 16148-16160.

(37) lwai, S.Chem—Eur. J.2001, 7, 4343-4351.

(38) Grollman, A. P.; Moriya, MTrends Genet1993 9, 246—249.

(39) Kao, J. Y.; Goljer, I.; Phan, T. A.; Bolton, P. H. Biol. Chem1993 268
17787F17793.
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diastereomer, highlighting the effect of difference in stereo-
chemistry on the selectivity of nucleotide incorporation.

Future steady-state kinetic measurements on nucleotide
incorporation andn »ivo mutagenesis studies with the struc-
turely defined lesion-carrying substrates as described in this
paper will further illuminate the genotoxic effects of MG at the
molecular level.
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