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ABSTRACT: A variety of exocyclic modified bases have been shown to be formed in DNA from various
procarcinogens (e.g., acrolein, malonaldehyde, vinyl chloride, urethan) and are also found in untreated
animals and humans, presumably arising as a result of lipid peroxidatidi-Efhenoguanine (I?-e-

Gua), a product known to be formed from several 2-carbon electrophiles, was placed in a known site
(6256) in bacteriophage M13MB19 and mutations were analyz&sdamerichia coliwith 2.05% G—A,

0.74% G~—T, and 0.09% G-C changes found in uvrA bacteria. 5,6,7,9-Tetrahydro-7-hydroxy-9-
oxoimidazo[1,2a]purine (HO-ethanoGua), formally the hydrated derivative ®i23-Gua, is a stable

DNA product also derived from vinyl halides. When this base was placed in the same context, the mutation
rate was 0.0070.19% for G~A, C, or T changes. The saturated etheno ring derivative N#4-Gua,
5,6,7,9-tetrahydro-9-oxoimidazo[1d@purine (ethanoGua) produced-€A and G—T mutations (0.71%

each). All mutants were SOS-dependent and were attenuated by uvrA actikitgati. In vitro studies

with four polymerases showed strong blocks to addition beyond the adduct site in the order ethanoGua
> HO-ethanoGua 1,N?%e-Gua. BothE. coli polymerases (pol) | exoand Il exo and bacteriophage

pol T7 exo showed extensive misincorporation opposite ethanoGua in vitro, with polliagorporating

G and T, pol Il exo incorporating A, and pol T7 exoincorporating A and G. All modified bases
reduced the use of the minus strand bearing the modified guanigednli cells. It is of interest that

even though the normal base pairing site of guanine is completely blocked, all of the five-membered ring
derivatives incorporate the normal base (C)iB0% of the replication events . coli. Major differences

in blockage and misincorporation are seen due to what might appear to be relatively modest structural
differences, and polymerases can differ dramatically in their selectivities.

Modification of nucleic acids with bifunctional electro- exocyclic bases are major contributors to the mutagenicity
philes results in the formation of a number of different base of these chemicals3j. In support of this view, the five-
derivatives that contain an exocyclic five- or six-membered membered exocyclic derivatived? 3-<-Gual! 1,Nb-¢-Ade,
ring (1-4). Some similar compounds have been identified and 3N*¢-Cyd (Scheme 1) have all been shown to produce
in tRNAs (6). In DNA, most of the chemicals that form  some mutations when examined in various systems, although

such derivatives are known mutagens and carcinogens, an@jirect comparisons have not been maie 10). The six-
there is considerable interest in the hypothesis that the

1 Abbreviations: €, etheno; Gua or G, guanine;NE;e-Gua, 1N
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Scheme 1: Structures of (A) Five-Membered Ring Scheme 3: Synthesis of EthanoGua
Exocyclic Gua DNA Adducts Considered in This Work and o
(B) Other Adducts 1 s, 7 7_8 )9 ,1‘
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the closely related six-membered ring homologuesiva
and propanoGual(, 12. The work was also extended to

B o) [r\\, [’;‘ comparisons with the saturated model ethanoGua (Scheme
HN N N N N 3). This adduct, which has not been identified in DNA, was
)\ > :I S )\/j used to provide in vivo and in vitro comparisons with the
N f‘\l o ’i‘ other two five-membered ring exocyclic derivatives.

N,3-e-Gua 1,NP-e-Ade 3,N*-e-Cyt EXPERIMENTAL PROCEDURES

Scheme 2: Structures of Six-Membered Ring Exocyclic Gua  Reagents Reagents for oligonucleotide synthesis were
DNA Adducts purchased from PerSeptive Biosystems (Framingham, MA).
o (o} OH O Polymerases (all exonuclea3evere purified by L. L. Furge
N N N (Department of Biochemistry) from recombinant expression
Z N N N . . K
C)\ ™ (\)\\ T BN T » vectors described elsewherg3(-25), and the extinction
SN SN N N“ N7 N N~ NN coefficients cited were used to determine concentrations of
| H l H | diluted enzymes.
Instrumental Analysis UV spectra were recorded using
M;Gua propanoGua HO-propanoGua a modified Cary 14/OLIS instrument operating at ambient
temperature (On-Line Instrument Systems, Bogart, GA).
membered ring derivatives {@ua and propanoGua (Scheme Positive ion electrospray mass spectra were obtained using
2) have been previously considered for mutagenicity in one direct loop injection into a Finnigan TSQ 7000 instrument
of our laboratories and elsewhere and shown to be miscoding(Finnigan, Sunnyvale, CA). NMR spectra were recorded in
in vitro and in vivo (L1, 12). Itis of particular interest that  the Vanderbilt facility using a Bruker AM-300 instrument
some of these adducts have been found not only in DNA of (Bruker, Billerica, MA). CGE was done with a Beckman
animals treated with chemicals but also in DNA of animals P/ACE 2000 or P/ACE 5000 instrument (Beckman, Fullerton,
and humans not knowingly exposed to known precursors CA) using a ssDNA 100 gel capillary. Samples were applied
(13), except perhaps certain chlorinated compounds found at —5 kV and run at—10 kV and 30°C.
in disinfected drinking waterld). N?3--Gua, 1Né-¢-Ade,
3 N-e-Cyt, M;Gua, and HO-propanoGua have all been found Synthesis of EthanoGua-Modified Oligonucleotides
at levels of 1 per 18-10° bases in liver DNA 13, 15-18).
The contribution of such bases to diseases such as cancer EthanodGuo. The approach (Scheme 3) was patterned
and to aging is a matter of interestq 20. after that used by Marinelli et al2¢) for propanodGuo.
Recently we have been interested in questions related todGuo (270 mg, 1.0 mmol) and MaO; (212 mg, 2.0 mmol,
mechanisms of misincorporation opposite the five-memberedfinely ground with a pestle) were stirred in 4.0 mL of (g
exocyclic Gua adducts containing the ring structure shown SO under dry argon. 1,2-Dibromoethane (86 mL, 190 mg,
in Scheme 1A [the so-called “linear” (as opposed to 1.0 mmol) was added in a single portion, and the mixture
“angular”) adductsZ1)]. We previously quantified N?-e- was stirred at room temperature overnight. The reaction was
Gua and HO-ethanoGua in DNA treated with 2-chlorooxirane diluted with 2 vol of HO, and the pH was adjusted teb
(vinyl chloride epoxide)22). Methods were developed for  with CH;CO,H. HPLC analysis was done with a 20250
the synthesis of oligonucleotides containing each of thesemm Beckman Ultrasphere octadecylsilane columnufs;
two bases at a defined position, and in vitro misincorporation Beckman, San Ramon, CA) and mixtures of two solvents,
studies were done with several purified polymerass. ( (A) 50 mM NH4CH;CO,, pH 5.5, and (B) 90% CkDH/
The results collectively showed that both bases tend to 10% HO, v/v, with a flow rate of 4.0 mL min' and UV
strongly block replication at and beyond the site of substitu- detection at both 254 and 290 nm. The system was
tion and to favor the misincorporation of dATP and dGTP programmed from a solvent mixture of 95% A/5% B~
across from both adducts. The selectivity of the polymerases0) to 7% A/30% B (at 25 min) and then to 60% A/40% B
varied. Analysis of steady-state kinetic results suggested that(at 30 min) (all v/v). Residual dGuo eluted tat12.5 min
both Escherichia colpol | (Kf~) and pol IIF misincorporated (14% of the totalAzs, area), followed by two major peaks

>35% of the time, and frameshifts were also seen. (tr 17.2 and 30.7 min) and three minor ones. Thd7.2
In this work we examined miscoding opposite these two min peak accounted for50% of the totalAzs, area and was
adducts, IN*e-Gua and HO-ethano Gua, in da coli/ subsequently shown to be ethanodGuo. Further reaction (to

M13MB19-based system that has also been used to studyd0 h) did not appreciably change the HPLC profile. The
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gradient was modified slightly to improve the preparative treated with 0.10 N NaOH at room temperature overnight

separation of the peak of interest (85% A/15% B at O, to deprotect.
78% A/22%B at 15 min, 60% A/40% B at 20 min, 85% Oligonucleotide Purification. The different oligonucleo-
A/15% B at 25 min; elution of ethanodGuo @t9.4 min). tides were purified using a 18 250 mm octadecylsilane

CH3OH was removed in vacuo, and MEH;CO, and HO reversed-phase HPLC column (YMC-Pack ODS-AQy,
were removed by repeated lyophilization to yield 71 mg of YMC, Wilmington, NC), first with a linear gradient of
ethanodGuo, characterized by the following properties. UV 0—30% CHCN (v/v) in 50 mM NH,CH;CO, buffer, pH
(in HPLC solvent) Amax, nm: 253, 285. Positive ion 5.0, over 50 min. Solvent was removed in vacuo and by
electrospray mass spectrumz 294.4 (rel abundance 100, lyophilization, and the oligonucleotides were further purified
MH™), 178.8 (24, M-116, loss of deoxyribose}H NMR using a second linear gradient of-206% CHCN (v/v) in
(300 MHz, (CH3),S0)06 2.22 (m, 1H, H-2), 2.48 (m, 1H, the same buffer over 50 min. The oligonucleotides were
H-2'), 3.53 (m, 1H, H-5 or -5), 3.51 (m, 1H, H-5 or -5"), then purified on 20% polyacrylamide (w/v) gels buffered
3.54 (app t, 2H;—CH,— of ethano ring), 3.78 (m, 1H, H% with sodium MOPS (pH 7.0). Purity of all oligonucleotides
4.04 (app t, 2H;-CH,— of ethano ring), 4.30 (m, 1H, HB was checked by CGE, and purity 6f99% was achieved
4.95 (bs, 1H, 50H), 5.27 (bs, 1H, 30H), 6.09 (app t, 1H, before use (Figure 1, vide infra).
H-1'), 7.81 (s, 1H, NH), 7.91 (s, 1H, H-2)}*C NMR (75 Characterization of Modified Oligonucleotideghe 10-
MHz, (C?H3),S0O) o 42.2 (C-3), 87.6 (C-1), 70.7 (C-10), mer “primer” oligonucleotide d(5STCAATTCGGA-3) was
135.4 (C-2), 150.4 (C-3a), 155.4 and 155.5 (C-6 and C-9) prepared by automated synthesis and purified as described
(the two ethano-CH,— peaks were not observed but were previously @3). The 8-mer d(5GGTGTCCG-3) was
presumed to be obscured by the solvent-38 ppm). prepared in the same manner: ES M 2441.0 (MH),
5'-0-(4,4-Dimethoxytrityl)ethanodGuoThe ethanodGuo  theor 2441.6. The l-e-Gua and HO-ethanoGua monomers
(57 mg, 0.19 mmol) from above was dried under vacuum in were synthesized as described and used to prepare the same
a P,Os desiccator and then reacted with '4gdmethoxytrityl 8-mer with the most central Gua substituted N%s-Gua
chloride and\,N-diisopropylethylamine in pyridine (6 mL)  8-mer, ES MSm/z 2465.0 (MH"), theor 2465.0. HO-
under argon for 15 h at 4C using the general procedure ethanoGua 8-mer, ES M#&/z2483.2 (MH"), theor 2483.0.
described elsewher@?). A 2-fold excess of 4,4dimethoxy- The 19-mer “template” oligomers, {6EAGTGGGTG*TCC-
trityl chloride and N,N-diisopropylethylamine was then GAATTGA-3") (G* = modified G), were prepared as
added, and the reaction was allowed to proceed for anotherdescribed previously2@).
4 h, after which the reaction was quenched with 26 mL of  The 8-mer and 19-mer containing ethanoGua were char-
CH;OH (with stirring for 10 min) and concentrated to acterized after digestion with 89 of nuclease P(Sigma
dryness in vacuo. The residue was dissolved inClHand Chemical Co., St. Louis, MO) at 3TC for 3 h followed by
washed with 10% aq #CO; (w/v), and the product was digestion with 9ug of snake venom phosphodiesterase
purified by flash chromatography on silica gel, eluting with (Sigma) and G:g of alkaline phosphatase (Sigma) at“§7
a mixture of CHCI/CH;OH/(CHs)sN (95:5:0.3, viviv). The for another 3 h. Digested products were then analyzed by
fractions containing the product, as judged by TLC, were HPLC using a 10x 250 mm YMC octadecylsilane column
combined and concentrated in vacuo to yield 51 mg'ef 5 (vide supra) and a gradient formed with 50 mM MHHs-
O-(4,4-dimethoxytrityl)ethanodGuo (48% yield}:H NMR CO,, pH 4.5, (A) and CHCN (B): 0 min (100% A, 0% B),
(CHCl3) 6 2.44 (m, 1H, H-2), 2.69 (m, 1H, H-2, 3.32 25 min (90% A, 10% B), 35 min (80% A, 20% B), 45 min
(m, 1H, H-8 or -5"), 3.67 (m, 1H, H-50r -5"), 3.73 (app (50% A, 50% B), 55 min (50% A, 50% B), and 60 min
t, 2H, —CH,— of ethano ring), 4.12 (m, 1H, H*}} 4.23 (t, (100% A, 0% B) (flow 1.0 mL min?). Under these
2H, —CH,- of ethano ring), 4.60 (m, 1H, H*8 5.15 (s, 1H, conditions ethanodGuo was elutedt@B8 min (Figure 2).
3'-0OH), 6.19 (s, 1H, TOH), 6.80 and 6.82 (s, 3H;OCH; For all oligonucleotides, extinction coefficients were
groups), 7.227.42 (aromatic region), 7.59 (s, 1H H-2). estimated using the method of Bor&gJ.
3'-O-[(N,N-Diisopropylamino)-(2-cyanoethyl)phosphoinyl]-

5/-0-4,4-dimethoxytrityl)ethanodGuo. The 5-O-(4,4- General Methods for Site-Specific Mutagenesis
dimethoxytrityl)ethanodGuo from above (16.2 mg,260l) Bacterial Strains ThreeE. coli strains were used in this
was dried by using repeated evaporation from anhydrousstudy: LM102 (AB1157 F[traD36 proAB laclQlacAM15]),
pyridine and reacted withH-tetrazole (6.9 mg, 3Lmol, LM103 (AB1157 uvrA6 F[traD36 proAB laclQlacAM15]),

1.2 equiv) and 2-cyanoN,N,N',N'-tetraisopropylphospor-  and JM105$upE thi rspL endA sbcB15 hsd R@ac-proAB)
amidite (12uL, 37 mg, 38umol, 1.5 equiv) in 2 mL of F' [traD36 proAB laclQZAM15])).
CH.CI, for 2 h (27), and the progress of the reaction was = M13MB102 Preparation The general approach described
monitored by TLC. The product was purified by extraction by Benamira and Marnett20, 30 was used. Briefly,
(with 10% aq NaHC@ wl/v, from CHCl,) and flash bacteriophage M13MB102 corresponds to a M13mp19
chromatography (CHCIl,/CH;OH/(CHs)3N, 95:5:0.5, viv/ genome in which 27 bp of théisD3052 sequence of
v) to yield 29 mg of the phosphoramidite3P NMR Salmonella typhimuriunhas been incorporated at position
(C®H3CN) 6 27.83. 6256 B0). Single-stranded M13MB102 was grown in the
The product was dissolved in GEIN and used in the  presence of IM105, and the Qiagen (Chatsworth, CA) Maxi-
synthesis of the 8-mer d&GTG*TCCG-3) and the 19- prep procedure was followed to extract double-stranded
mer d(3-CAGTGGGTG*TCCGAATTGA-3) for these stud- DNA, while single-stranded DNA was recovered by pre-
ies (G*= ethanoGua). The coupling efficiency wa®0% cipitation with 2.5% poly(ethylene glycol) 8000 (w/v).
at the site of addition in both cases. The oligonucleotides DNA Construction, Transfection, and Mutagenes&apped
(with 4-tert-butylphenoxyacetyl protecting groups) were duplex DNA was obtained by dialysis of DNA linearized
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b_y Bs¢ll and Kspl in the presence of a 12-fold e)fcess of Table 1: Percentages of Base-Pair Substitutions opposite Gua and
single-stranded DNA, from 95% (v/v) to 0% formamidBg). Gua Derivatives in Pre-Irradiate. coli

Phosphorylated 8-mer oligonucleotides (containing or not TVIA GA T G—C
containing the adduct) were ligated into the gapped duplex base phenotype A probe (%) T probe (%) C probe (%)
for 4 h at 16°C with 400 units of DNA ligase (Boehringer-

) . . _ ) Gua + <0.09 <0.07 <0.10
Mannheim, !ndlanapolls, IN) in 50 mM_ s_odlum MOP_S buf_fer 1 N%e-Gua + 0.34+ 016 0.25+0.12 <0.08
(pH 7.0). Ligated products were purified by centrifugation Gua - <0.10 <0.05 <0.11
through Ultrafree Probind filters (0.44m, Millipore, Bed- go-ethaHOGua N g-ggi 0.20 g-ggi 0.25 g-lolgi 0.02
0 _ . _ . ua <Q. <0. <0.
ford, MA), recpvered _from a 0.8% (w/v) low: meltlng point " anoGua 4+ 0144 0.09 0.09:003 012t0.04
agarose gel with 5 units qﬁ-agarase'(New England Blolab_s, Gua - <0.07 <0.07 <0.07
Beverly, MA), and concentrated with a Microcon 3 device HO-ethanoGua — 0.114+0.04 0.19£0.09 0.07+0.04
(Amicon, Beverly, MA) following the manufacturer’s in- Gl;a o + <8-2§ 014 <%118]:tOOS <8-8g
; ; i ethanoGua + A7+ 0. . .05 <O0.
structions. E. coli cells were grown to mid-log phase, Gua N <0.07 <0.07 <0.06

isolated, resuspended, and irradiated with a hand-held UV ghanocua
I(;ght (ﬁsﬁ gm)_lfﬁ Igduce ftBeVSOSdSyStem’ %S. previously aResults are expressed as percent mutation frequeticl® and
esc”_ edg3). e O_S’e 0 was et_ermme n separa_te were obtained by screening1000 plaques per experiment for each
experiments (varying time from 0 to 3 min) to reduce bactrial probe. Values are the average of@ independent experiments. An
survival to 1-10%. Transfection of DNA intd. coli was experiment with Gua was done at the same time as each experiment
performed by electroporation using a Gibco BRL Cell-porator With @ Gua derivative. The<" designations indicate that no mutations

: : : were observed at the indicated limit of detection. Limits of detection
E. coli system (Gaithersburg, MD). Bacteria were plated differ because of differences in the number of plagues among

on LB plates in the presence of iSOprOVSVb'thiOQalaCt_OSide experiments. Values for G probes approach 100% but are not shown.
(31) and grown overnight. The phage population was Vvalues for nonirradiated cells were all in the range<df.06 to<0.18
recovered by shaking the plates in 10 mM Tris buffer in all cases but are not shown.

containing 1.0 mM EDTA (pH 7) for 3 h.E. coli IM105

was then infected with the phage DNA population and plated \jops puffer (pH 7.0) containing 2g/mL bovine serum

in the presence of 5-bromo-4-chloro-3-indoB¢b-galacto- albumin, 4 mM dithiothreitol, and 8 mM Mgglin the

isopropyl-p-thiogalactoside to obtain 36@100 blue plaques
per plate.

Hybridization Single-stranded DNA+ strand) was lifted
onto nitrocellulose membranes (Schleicher and Schull
Keene, NH) after chilling fo 2 h and then baked under
vacuum at 80C for 2 h. Hybridizations were performed at
32 °C with the following hybridization media: 2 SSPE,

20% formamide (v/v), 10% SDS (w/v), 2.5 mg/mL calf 1o products were analyzed on 20% (wiv) denaturing

thymus D.NA' and 2'5% Denhart’s SOIUtiQBZ)' Labeled. polyacrylamide-urea gels and exposed using a Molecular
13-mer oligonucleotides bearing the four different nucleotides Dynamics model 400E Phosphorimager (Molecular Dynam-
opposite position 6256 were used as specific probes andiog ¢ sunnyvale, CA). Representative details of concen-

designated as follows: probe A (for-®A mutations), d(5 trations and time are presented in the appropriate tables and
GCCGCGGRTCCG-3); probe G (wild type), d(5GC- g o P pprop

CCCGETGTCCG-3), probe € (G-C), d(8-GCCCCE- Sequence analyses were performed by following the
GTCTCCG-3); and probe T (&), d(S-GCCGCCGT- procedure described by Maxam and Gilb&%,(39 except

TTCCG-3). Finally, washes were performed inx2SSC o . N .
, : o for the T-specific reaction, where the modification described
twice for 20 min at the hybridization temperature, and the .
by Friedman and Brown3({7) was used.

membranes were exposed to X-ray film for 4 h at—80
°C. o , RESULTS

T Construct To study the strand utilization and estimate
the blockage of replication that occurred in the presence of Mutagenicity of 1,Re-Gua and HO-EthanoGua in E. coli.
the adducts, another vector, termed the “T construct” in this Oligonucleotides containing ?-e-Gua and HO-ethanoGua
study, was used. This construct differed by the presence ofwere synthesized and characterized as described previously
a T in the plus strand at position 6256, corresponding to the (23), ligated into an M13MB102 gap duplex genome,
adduct site 12, 33. The same procedure was used with transfected into LM102 (a wild-typ&. coli strain), and
this construct as with M13MB102, except that only hybrid- compared to a construct containing Gua at the same position
izations with the A probe were performed. (6256). When IN?%-e-Gua was substituted for G, the

In Vitro Experiments The general experimental proce- frequency of mutation to A was 0.34%, the frequency of
dures used were as described previously for the related mutation to T was 0.25%, and mutation to C was undetect-
adducts23). Briefly, a 10-mer primer (ZM) was 3-labeled able (Table 1). Lower mutation frequencies were observed
with T4 kinase (Boehringer-Mannheim), annealed af@0  when HO-ethanoGua was incorporated into the same G site
for 10 min, and slowly cooled to room temperature with a of M13MB102 phage (0.14 0.09% A, 0.09+ 0.034% T,
19-mer template containing Gua or ethanoGua at positionand 0.12+ 0.04% C). These changes were all highly
11. Either a mixture of of the four dNTPs (1G0/) or a dependent upon induction of the SOS response by UV
single dNTP (10QuM) was incubated in 50 mM sodium irradiation. Without induction, no mutants were observed

0.71+£0.18 0.71+0.23 <0.19

The concentration of a single dNTP was varied to
determinek o andKp, which were estimated from measure-
ments of the percent extension of the primer with a nonlinear

' fitting program (kcat, BioMetallics, Princeton, NJ), using
an approach patterned after that of Boosalis et 24).(
Concentrations of polymerases and reaction times were
varied to keep the extent of primer extension less tha@%.
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Ficure 1: CGE profiles of oligonucleotides containing ethanoGua. In panel A, three preparations of an 8-mer containing ethanoGua were
end-labeled with®?P and subjected to electrophoresis in a polyacrylamide-urea gel (20%, w/v), and the results were visualized by
phosphorimaging. The three preparations are labeled a, b, and ¢ and were analyzed by CGE in panels B, C, and D, respectively. The
conditions were different in the three CGE runs, which were done at different times, so the migration times are not directly comparable.
Only preparation ¢ was used for mutagenesis studies.

after hybridization for any of the three misincorporation A
products opposite the adduct.

The uvrA protein plays an essential role in the nucleotide
excision repair system in wild-tyde. coli, and comparisons
were made with a deficient strain, LM103. No mutants were
detectable without induction (of the SOS system) (Table 1).
With induction, 1N?-e-Gua increased the -6A mutation B dGuo
frequency to 2.05%, the 6T frequency was 0.74%, and
the G—C frequency was still very low (0.0% 0.02%).
Interestingly, no significant increase of the overall mutation dCyd
frequency due to HO-ethanoGua was detectable in the uvrA-
deficient strain.

Synthesis of EthanoGua, the Saturated Homologue éf 1,N

dThd

ethano-
dGuo

e-Gua. Different mutation results were observed witiNZ, ™

e-Gua and HO-ethanoGua, which formally differ only by a

molecule of HO (Table 1). A third exocyclic Gua adduct, 6 1'0 2'0 30 40
ethanoGua, the saturated homologue dbF%-Gua (Scheme iR, min

1), was examined. dGuo was modified to form ethanodGuo

(Scheme 3), which was incorporated into oligonucleotides = . .

. . . . containing ethanoGua. The 8-mer was digested enzymatically as
after prOteCt'.on of the hydroxyls with dlmgthoxytrltyl and described in Experimental Procedures. (A) HPLC with no materials
phosphoramidite groups. After deprotection, HPLC, and injected. (B) HPLC of a digest of the 8-mer. Standard deoxyribo-
electrophoretic purification, purity was evaluated using two nucleosides were used to identify the peaks in a separate HPLC

different techniques: (#P-labeling of oligonucleotides with ~ separation (not shown).

T4 polynucleotide kinase and analysis on 20% acrylamide 8-mer and 19-mer oligonucleotides containing ethanoGua
gels and (ii) CGE. Three preparations of the 8-mer oligo- were digested with nucleases and phosphatases, and the
nucleotide containing ethanoGua are shown (Figure 1). products were analyzed by HPLC (Figure 2). The impurities
Electrophoretic analysis showed a single band in all three in preparations a and b were not identified. Preparation ¢
cases. In contrast, CGE analysis demonstrated that preparawas ligated into the vector for mutational analysis. These
tion a contained an impurity and preparation b was a mixture and other observations with oligonucleotides indicate that
of two major peaks. Preparation ¢ was of high purity. The caution needs to be taken regarding purity of oligonucleotides

FIGURE 2: Characterization of the 8-mer {GGTGTCCG-3)
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Ficure 3: Extension of 10-mer primers by polymerases in the presence of all four dNTPs and various 19-mers containilé?<Gaal,
or ethanoGua at position 11. Results are shown for the unmodified 19-mer and the 19-mer templates coM&iaiGga and ethanoGua,
with varying concentrations of (A) Kf, (B) pol Il-, (C) T7-, and (D) HIV RT. The reaction time was 30 min in all cases, anddG@&ach
of dATP, dCTP, dGTP, and dTTP was present.

Scheme 4: Oligonucleotides Used in EthanoGua
Misincorporation Assays
dNTP
32P l
5' \TCAATTCGGA 3 *

3' AGTTAAGCCTG*TGGGTGAC 5'

1 5 104912 174819 ”

used in such studies, particularly in vivo work, and underline
the necessity of using high-resolution, independent technigues dATP dCTP dGTP dTTP
such as CGE to verify the purity of oligonucleotides Ficure 4: Extension of 10-mer primer with Kfin the presence
following separations. of single dNTPs.
Misincorporation of dNTPs opposite EthanoGua in the . ) i
Presence of Purified Polymerase&xtension of a 10-mer _Full-length extension products obtained by primer exten-
primer annealed with a 19-mer template containing ethano-SIon in the presence of all four dNTPs were sequengéd (
Gua was compared with an unmodified template (Scheme36)- Analysis clearly showed that the 19-mer product
4) using each of four polymerases, Kfpol 1=, T7-, and obtaln_ed by extension in the presence of chrresponded
HIV RT, as in a previous study2@). Full-length extension [0 @n incorporation of G opposite the adduct, while A was
(in the presence of the four dNTPs) was highly retarded with Incorporated at this site in the presence of pol dF T7
all four polymerases (Figure 3). Blockage of extension by (datanotshown), as reported earlier fdW¢-Gua and HO-
ethanoGua was more extensive than in the caseNet, ethanoGua 23) and also seen with HIV RT an&
Gua. Some 11-mer product was observed with &ifid, to glutathionylethyl-substituted Gua derivatives.
a lesser extent, with pol1| corresponding to blockage after ~ Primer extension assays were done in the presence of
incorporation of one base opposite the adduct (Scherfe 4). individual dNTPs (Figure 4), and G was mainly incorporated
in the presence of Kf C and T were also incorporated. The
2 Some degradation of the primer was observed with HIV RT, when incorporation of more than one base with dCTP, yielding a

the template contained eithemE;e-Gua or ethanoGua (Figure 3D).  +3-mer product, can be explained by a slippage to the three
The basis of this is unknown, but similar results have been seen with following G’s present (two nucleotides after the adduct)
other blocking lesions23; M.-S. Kim and F. P. GuengerictChem.
Res. Toxicol.in press)] and with several commercial preparations of
HIV RT (with M;Gua). 3M. S. Kim and F. P. GuengerictChem. Res. Toxicolin press).
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Table 2: Products of Polymerase Extension Assays of 10-mer
Primer in the Presence of All Four dNTPs (Extension Assays) or a
Single dNTP (1-Base Incorporation) in the Presence of 19-mers

products

polymerase base Gua base= ethanoGua

extension assays Kf 19+ 20 mer 11+ 17+ 18+ 19+ 20 mer
pol 1~ 18+ 19 mer 18+ 19 mer
T7- 19+ 20 mer 1%+ 20 mer
HIVRT 18+ 19 mer 9+ 8+ 7 mer

1-base Kf C>AG T G>T,C

incorporation pollit C>A G, T AC

T7- C A G
HIVRT - -

(Scheme 4). Similar experiments were performed in the
presence of pol il and T7 (Table 2); A was mainly
incorporated, as well as some C in the presence of pol Il
and some G in the case of T.7

Steady-state kinetic assays of single dNTP incorporation

Langoue et al.

estimation of the frequency of utilization of the plus strand
in vivo (12). The plus strand was used as a template 30%
of the time in both LM102 and LM103 strains when no
adducts were present in the plus strand (Table 4). However,
in the presence of W2-e-Gua, the minus strand was used
78% and 82% of the time in LM102 and LM103, respec-
tively. The difference reflects blockage of replication by
polymerases in the presence of the adduct or replication
following repair of the adduct. Taking these results into
account, a corrected value of 16% total mutation frequencies
in the uvrA-deficient strain can be calculated witiN%¢-

Gua (Table 4). The presence of ethanoGua in the vector
led to 51% plus strand use in LM102 and 33% in LM103.
Such observations allow correction of the total mutation
frequency to 2.2% for ethanoGua in LM103. HO-ethanoGua
also increased the use of the plus strand (to 72% in LM102
and 56% in LM103), yielding a corrected total mutation
frequency of~0.8% in the uvrA strain.

were used to characterize incorporation parameters moreDISCUSSION

quantitatively (Table 3; Figure 5). In the presence of Kf
a significant decrease ¢f, was observed when dGTP or

A key result of this study is that N2-e-Gua and ethanoGua
were both mutagenic irE. coli, yielding both G-A

dTTP was incorporated, compared to the normal base dCTP ansitions and 6T tranversions, while HO-ethanoGua was

In contrast k.o values with Kf* were similar for dCTP and
dTTP incorporation and increased slightly for dGTP. With
pol 117, the ke value for dATP incorporation opposite the
adduct was increased compared to dCTP, an&thealues
were similar for the two nucleotides. When comparisons
are made between rates of incorporation of ANTPs opposite
ethanoGua with pol I, the k.o values are similar to that
seen for misincorporation of dATP opposite Gua. With Kf
the k.ot values were all lower for all incorporations opposite
ethanoGua than for any dNTPs opposite Gig, values
varied considerably. The misincorporation ratios [defined
as keal Km)ante (Keal Km)acte, Where dNTR= dCTP @7)] were
all very high compared to the values obtained fdx?1s-
Gua and HO-ethanoGua under the same conditions {0.15
1.2 23)] and indicate a strong preference against incorpo-
ration of dCTP.

EthanoGua-Induced Mutations in E. colBoth LM102,
the wild-type strain for DNA repair, and LM103, the uvrA-
deficient strain, were transformed with phage DNA contain-
ing ethanoGua or Gua at position 6256 of the minus strand.
No mutations were detectable without SOS induction (by
UV light) in either the LM102 or the LM10E. coli strain
(Table 1). After induction, &A (0.17%) and G-T

much less mutagenic. The work clearly establishes thgt 1,
e-Gua, long recognized as a reaction product of Gua
nucleosides or DNA treated with several bifunctional alkyl-
ating agents38), is mutagenic in vivo. All mutations seen
with 1,N?*-e-Gua, ethanoGua, and HO-ethanoGua were de-
pendent on SOS induction by UV light, suggesting that
polymerase lll is involved in adduct bypass and introduction
of mutations. The mutations seen withNi-¢-Gua and
ethanoGua were attenuated by the presence of a functional
uvrA gene, indicating the involvement of nucleotide excision
repair in removal (Table 1). The levels of mutations seen
with HO-ethanoGua were too low to readily determine
whether nucleotide excision repair has a role or not\1,
€-Gua, ethanoGua (Figure 3), and HO-ethano@B fjose
strong blocks to replication by several polymerases. A partial
block also appears to occur in vivo i coli, as shown by

the increased replication from the opposite plus strand (Table
4). These results can be used to normalize mutation
frequencies to reflect the percent of misincorporation events
occurring as polymerases insert nucleotides opposite the
lesion (in uvrA” E. coli) (39). The result is a trend of
miscoding in the order N*-e-Gua (16%)> ethanoGua
(2.2%) > HO-ethanoGua (0.8%) (Table 4). Thus, even

mutations (0.11%) were detected with the ethanoGua deriva-though the entire base-pairing region of Gua is blocked,
tive in E. coliLM102. Significant increases of mutation to polymerases still appear to insert C more than 80% of the
T and A at the adduct site were observed in the nucleotide time, assuming that the mutation frequencies are not further
excision repair deficient background (Table 1). The mutation jnfluenced by other DNA repair processes. The incorpora-

frequencies reached equivalent values fer&and G—T

mutation frequencies (0.71% each). In contrast, theG5

mutation frequency (corresponding to G incorporation op-

posite the adduct) remained below the limit of detection.
Effect of Fve-Membered Exocyclic Ring Gua Deatives

on Template Strand UtilizationTo evaluate the utilization

tion of any nucleotide, particulary dATP, should not preserve
the overall geometry of a canonical purine:pyrimidine pair.

The misincorporation patterns seen here with these five-
membered exocyclic Gua derivatives can be compared with
those observed with the six-membered homologues (Scheme
3) (11, 19. Ininvitro studies with Kf, propanoGua led to

of the plus versus minus strand in the presence of each ofthe misincorporation of mainly G and A(Q), similar to the
the three exocyclic Gua adducts, we performed experimentsresults seen with both N2-e-Gua and HO-ethanoGua with

using M13MB102 containig a T positioned opposite the

adduct and probed with an oligonucleotide containing A at
the position equivalent to 6256. Determination of the
percentage of plaques that hybridize with A permitted

Kf~ (pol II7, T7-, and HIV RT tended to insert only A)
(23). With ethanoGua, the preference for incorporation by
Kf~was G> T ~ C > A (Figure 3; Table 3). IrE. coli,
both propanoGua and {@ua produced &A and G—T
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Table 3: Steady-State Kinetic Parameters for dNTP Incorporation opposite EthanoGua

polymerase template base substrate Keat (Min~1) Km (uM) misincorporation rati®
Kf~ ethanoGua dCTP 9.90.9) x 104 950+ 190
ethanoGua dGTP 24FQ.7) x 1074 45+ 9 53
ethanoGua dTTP 4.5(0.2) x 104 38+7 11
Gua dCTP 165 0.044+ 0.024
Gua dGTP 3.8£0.4)x 10t 39+7 2.7x10°°
Gua dTTP 1.8¢0.3)x 101 28+11 1.8x 10°°
pol I~ ethanoGua dCTP 1.20.2)x 10 26+ 10
ethanoGua dATP 5.340.5) x 104 11+ 4 6
Gua dCTP 152 3+1
Gua dATP 3.5¢1.2)x 1073 287+ 111 2.5x 10°®

aMisincorporation ratio= (Keal Km)ante/(Keal Km)acte, where dNTP= dCTP (4) (also termed the misincorporation frequency in this and other
references). Results indicate SE within experiments as calculated by the analysis program. The values for dCTP incorporation include incorporatio
of 2- and 3-base addition products that occur due to slipped intermed2®esafid values for dATP include the 2-base extension product that
results because of the rapid addition of an additional dATP opposite thefTtle ethanoGua adduct. See Figure 5 for plots of results obtained
with Kf~ and ethanoGua. In experiments done with poldhd ethanoGua, the concentration of polWas 5 nM, the concentration of primer
template complex was 100 nM, and the dNTP concentrations were 1, 5, 10.25, 50, 75, arid; 108 reaction time was 30 min. In experiments
with Kf~ and Gua-containing template (100 nM), the concentration ofwéds 1 nM in the case of dCTP (reaction time 5 min); with dGTP and
dTTP the concentration of Kfwas 10 nM, and the reaction time was 30 min. With pol dnd the Gua-containing template (100 nM), the
concentration of pol I was 0.1 nM with dCTP (reaction time 5 min) and 100 nM with dATP (reaction time 30 min).

25 Table 4: Strand Usage oppositdNd-¢-Gua, HO-ethanoGua, and
dGTP EthanoGua in T Constructs
201 { (+) —T—
c =) G*
2 1]
5
7] d4CTP % use of plus strantibase= G*
wwi
2 10+ E. colistrain Gua N2eGua ethanoGua HO-ethanoGua
LM102 29+ 6 78+ 7 51+ 13 72+ 8
5/(" LM103 (uvrA) 2842 82+5 33+1 56+ 2
dTtp * corrected total mutation frequency (%)
o LM103 (uvrA?) 16 2.2 0.8
0 200 400 600 aResults are presented as mean$D of three experiments, with
[dNTP], uM the percentage being determined by dividing the number of plaques

Ficure 5: Incorporation of dNTPs opposite ethanoGua by K$

a function of dNTP concentration. Incubations were done with 80
nM primer—template concentration for 30 min with the indicated

concentration of each dNTP. The concentration of hs 25 nM

with DNA hybridized to a *P——A—— probe divided by the total
number of plaquesl@). ® Results from Table 1 are divided by the
fraction of use of the minus strand containing the Gua derivative.

in the experiments with dGTP and dTTP and 75 nM in the 3 also reinforces the observation of blockage by the ethano-

experiments with dCTP. The percent primer extension, determined ;5 |esion although it must be emphasized that the rate-

by phosphorimager analysis, is shown as the me&D of three S . . .
determinations at each dNTP concentration, without correction for limiting step in these reactions is unknown (under the

the enzyme concentration. Calculated kinetic parameters: dCTP,conditions used in the assays). The misincorporation patterns

keat 9-9(0.9) x 1074 min~2, Ky, 950:190)uM; dG TP, Kear 25(2)
x 1074 min~L, Ky 45(9) uM; dTTP, keat4.5(0.2) x 104 min-2,
Km 38(+7) uM (Table 3).

mutations at equal frequenciekl( 12, and a similar result
was observed with ethanoGua (Table 1). WitN4¢-Gua,
there was a consistently greater fraction ef-@ than G—T

seen inE. coli, where pol Il is probably involved, are quite
different from those observed with pol I (Kfand pol II".

Pol 11l requires the SOS response for all activities observed
here (Table 1). Other DNA adducts have been shown to
yield varying misincorporation results with different poly-
merases 43—25).3 These results argue that mutagenesis

mutations, most readily seen in the absence of uvrA (Table should be considered a kinetic process, as opposed to a

2). PropanoGua was more mutagenic thanGMa in

previous studiesl(, 12, with the total mutation frequency

thermodynamic process, and that details of mutagenesis
cannot be understood only through structural studies, at least

rising to ~39% when corrected for strand use. With the in the absence of polymerases.

five-membered exocyclic rings, the unsaturated adduif{1,

The three five-membered exocyclic rings considered here

e-Gua) was more mutagenic than the saturated analogueappear similar at a casual glance (Scheme 1AN*-4;Gua

(ethanoGua) (Table 1).

was more mutagenic i&. coli and also showed a shift to

Differences were seen in the manner in which polymerasesG—A transitions, in the absence of uvrA (Table 1). This
process the five-membered exocyclic adducts. Some varia-might possibly be explained by the increased tendency of
tions were seen when the purified polymerases were usedthe saturated ethanoGua to pucker. It is possible that this
with the ethanoGua-containing template (Table 3), as with minor structural variation is responsible for the consistently

1N%e-Gua and HO-ethanoGua23), although all were

greater blocking of purified polymerases by ethanoGua

strongly blocked (Figure 3). The work presented in Table 1,N?¢-Gua (Figure 3). Indeed, in most cases there is very
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Scheme 5: Equilibration of Forms of OH-EthanoGua
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limited information available regarding the mechanisms treatment of isolated DNA with 2-chlorooxirane yields
underlying blockage of polymerases by adducts. HO- adducts in the order Mif-e-Ade > HO-ethanoGua N?,3-
ethanoGua has biological properties quite different from e-Gua> 3,N*¢-Cyt > 1 N>-e-Gua @2). Definitive studies
those of 1N?*-e-Gua or ethanoGua. The saturation of the of the rates of removal of all of these adducts from
ring (sp’® binding) cannot be responsible for the differences mammalian systems have not been completed, and few other
in considering ethanoGua. The low mutation frequency seendirect comparisons of mutagenicity have been made in
with HO-ethanoGua is not the result of a strong in vivo block bacterial or mammalian systems.
to replication, as demonstrated in the results of strand use |n summary, a total of five structurally related DNA

(Table 4). One possibility that cannot be excluded is that adducts have now been compared for site-specific mutagen-
other repair systems, for example, glycosylases, are highlyesis at one site in a single vector system, in this and previous
active and have not been accounted for in this study. work (12, 39. The significance of this direct comparison
Bacterial glycosylases have been shown to have activity js emphasized, because assessments of mutagenicity are often
toward some of the adducts 41). Another explanation for  nfluenced by sequence contexts and vect8ys A general

the low mutagenicity of HO-ethanoGua is that the structure similarity was seen in that the saturated and unsaturated five-
exists in multiple forms, as shown previously (Scheme 5) and six-membered exocyclic ring derivatives are similar, in
(23). The two epimers at the carbinol exist, as shown by that all are mutagenic and produce-@ transitions and

CD measurements with the nucleosi@®3)( However, if G—T transversions in vivo (Tables 1 and 4)2( 39. All

one epimeric fo_rm were misincorporating and the other were mytations were strongly SOS-dependent, and nucleotide
not, the mutation frequency would presumably only be excision repair was implicated. The presence of a (hemi-
decreased 2-fold. However, the ring-opened foN#(2-  aminal) hydroxyl group in the saturated (five-membered) ring
oxoethyl)Gua, might be more prominent at the replication attenuated the mutagenic response in this system, and if the
fork complex and be less mutagenic. A suitable model for analogy holds, then HO-propanoGua (Scheme 2) might be

this might beN*-(2-acetamido)Gua, but to our knowledge, expected to show low mutagenic acitivity as well.
no studies have been done with this adduct.

Other stable Gua hemiaminal products include those ACKNOWLEDGMENT
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