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ABSTRACT: FapydG is produced in DNA as a result of oxidative stress from a precursor that also forms
OxodG. Bypass of FapgG in a shuttle vector in COS-7 cells produces—T transversions slightly

more frequently than does OxodG (Kalam, M. A., et al. (2086kleic Acids Res. 32305). The effect

of FapydG on replication inEscherichia coliwas studied by transfecting M13mp7(L2) bacteriophage
DNA containing the lesion within thiacZ gene in 4 local sequence contexts. For comparison, experiments
were carried out side-by-side on OxodG. The efficiency of lesion bypass was determined relative to that
of a genome containing native nucleotides. Fd@/ was bypassed less efficiently than OxodG. Bypass
efficiency of FapydG and OxodG increased modestly in SOS-induced cells. Mutation frequencies at the
site of the lesions in the originally transfected genomes were determined using the REAP assay (Delaney,
J. C., Essigmann, J. M. (2008)ethods Enzymol. 408). G— T transversions were the only mutations
observed above background when either Fd@yor OxodG was bypassed. OxodG mutation frequencies
ranged from 3.1% to 9.8%, whereas the-GT transversion frequencies observed upon Fa@ybypass

were <1.9% in wild-typeE. coli. In contrast to OxodG bypass, Fag mutation frequencies were
unaffected by carrying out experimentsnimutM/mutYcells. Overall, these experiments suggest that Fapy

dG is at most weakly mutagenic B coli. Steady-state kinetic experiments using the Klenow fragment

of DNA polymerase | fronE. coli suggest that a low dA misincorporation frequency opposite feipy

and inefficient extension of a FaG:dA base pair work synergistically to minimize the levels of-G

T transversions.

A wide variety of DNA modifications are formed when Scheme 1: Fap@gG and OxodG Arise from a Common
the biopolymer is exposed to oxidative conditions. In general, Intermediate

DNA lesions are of significant interest due to their possible o
genotoxic effects. Considerable attention has been paid to HN—( gﬂ
the effects of DNA lesions derived fron-8eoxyguanosine, 0 0 o 04N N e
which has the most favorable oxidation potential of the native N TNH N NH o W@
nucleotides ). OxodG and FapydG, which form from a ¢\ N/)\NHZ Hoo/” ) N/)~NH2 el > Oxode
common intermediate, are two frequently detected Iesionswo'\<17N Hor w0 Jo ) Red™a o=(H 3
derived from the damage of dG (Scheme 2)) Bypass of > b HNKL Bﬂ
Oxo0dG inEscherichia coliand COS-7 cells gives rise to G "o o A e
— T transversions 3—8). Recently, FapyddG bypass in :

A X Owmn FapyedG
COS-7 cells was shown to result in & T transversions

more frequently than that of Oxod@)( We now report that

very low frequencies of G> T transversions occur when produces comparable amounts of OxodG and Fa@y(10,

FapydG is bypassed irE. coli and describe the genetic 19y The ratio of OxodG to FapyG increases to-4 under
effects of the lesion in several different sequence contexts. yergbic conditions, which is consistent with the involvement

of O, in the formation of OxodG from the radical intermedi-
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nuclease and postlabeling. ultimate measure of its biological importance is how it affects

Irradiation of DNA in vitro under @deficient conditions
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replication, transcription, and whether it is capable of being T e 1 Oligonucleotides Used in This Study

repaired 16—19). Biochemical experiments suggest that
FapydG and OxodG interact similarly with DNA polymerase
and base excision repair enzyme&g)( For instance, Fpg
selectively excises the lesions when opposite dC compared
to when they are part of promutagenic base pairs with dA
(21, 22). In addition, dA is incised by MutY when opposite

5-GAAGAC CTXYGC GTCC
la—d, X = FapydG
2a—d, X = OxodG
3¢, X=G
a,Y=A;b,Y=C;c,Y=G;d,Y=T

5-CAAGGT GCXAAGTGG T

FapydG, albeit considerably less efficiently than when the 4, X = FapydG
native nucleotide is opposite Oxod@1( 23). OxodG and 5-AGC ACG TCC CAT
FapydG also misdirect DNA polymerases to incorporate dA 5
opposite them when the lesions are present in synthetic 5-ACGTGCTACCACTT
templatesZ4—26). Misinsertion frequencies are greater when 6
OxodG is copied than when FajG is in the template. In 5'-CAA GGT GCX AAG TGG TAG CAC GTC CCAT
addition, misincorporation of dA results from OxodG bypass £ XBZXFE%'C’G
even when the polymerase contains proofreading capability. : ’
Previously, translesion synthesis of templates containing 5-GGTCTTCCACTG ’SAT CAT GGT CATAGC
FapydG was examined only with a polymerase that lacked
pror;)};reading activity (Klenov}\// exofragpmgnt oft. coliDNA S-AAMAACG ACG GCCléGT GAATTG GAC GC
Polymerase 1). The experiments de;cnbed .here|n using 5-ACC ATG GGA CGT GCT GTY
Klenow exa that retains a proofreading function suggest 11aY=C
that this property affects the outcome of replication of a 11b, Y =A
single-stranded genome containing Faify in E. coli 5.ACC ATG GGA CGT GCT GA
Replication of vectors containing OxodG I coli consis- 12
tently yield G— T transversions?, 27). Using the recently 5-ATG GGA CGT GCT ACC AC
developed restriction endonuclease and postlabeling (REAP) 13
method, Essigmann and co-workers found that OxodG gives 5-ATG GGA CGT GCTACCACT T
rise to between 2.7% and 6.8%-GT transversions in wild- 143 $ =g

14b, Y =

typeE. coli (5, 6, 28). In this investigation, the REAP method
was used to compare the replication of OxodG and Fapy 5-AGG CGT TCA ACG TGC AGT XAC AGC ACG TCC CATGGT

. . 15, X = FapydG

dG in E. coli. 16, X = dG

EXPERIMENTAL PROCEDURES SACE COTTCAACE I? iiGFTa;(deCGAGC AeeTECCATEsT
18 X=G

Materials and General Method®ligonucleotides were
prepared on an Applied Biosystems Inc. 394 DNA synthe- mM Tris-HCI (pH 7.6), 10 mM MgCJ, 5 mM DTT), 1%
sizer. Commercially available DNA synthesis reagents, (w/v) DTT, andy-32P-ATP (30uCi) with 60 pmol of a 12
including the phosphoramidite for OxodG, were obtained mer ) for 1 h at 37°C (35 uL total volume). The DNA
from Glen Research Inc. All oligonucleotides except those was purified using a G-25 Sephadex column. The 14 mer
containing FapydG were deprotected using concentrated scaffold @, 90 pmol) and the 16 mer containing Fag
aqueous ammonium hydroxide as prescribed by the manu-(4, 90 pmol) were added td8%°P-5in 1 x ligase buffer (50
facturer’s protocol. Oligonucleotides containing Faj mM Tris-HCI (pH 7.5), 10 mM MgC4, 1 mM ATP, 10 mM
were prepared as previously describ2e-<31). The oligo- DTT, and 25ug/mL BSA), heated for 5 min at 80C, and
nucleotides used are listed in Table 1. Oligonucleotides wereslowly cooled to room temperature (10Q total volume).
radiolabeled with*?P on the 5terminus by treatment with  The sample was counted using a liquid scintillation counter,
T4 polynucleotide kinase angt3?P-ATP at 37°C for 1 h. and 10 nmol of ATP and 1000 units of ligase was added to
Excess ATP and salts were removed by passing the DNAthe hybridized sample and reacted fbh at 16°C. The
through a G-25 Sephadex (Sigma) column in TE pH 8.0. sample was partially concentrated in the Speed-vac, diluted
All other procedures involved standard protocolZ2)( with formamide loading buffer (10@L) without dye, and
Samples were counted on a Beckmann Coulter LS6500separated on a 1.5 mm thick 20% denaturing PAGE gel. The
scintillation counter, and gels were quantified using a Storm ligated product band7j was excised from the gel, eluted
840 phosphorimager and analyzed using Imagequant 5.1for 9 h in elution buffer (100 mM NaCl, 1 mM EDTA),
DNA manipulations were carried out using standard proce- desalted on a C18-Sep pak (Waters), and dried in the Speed-
dures. Klenow fragment, BSA, dNTPBbd, Hadll, T4 vac. The product was resuspended in /0 water and
polynucleotide kinase, and T4 DNA ligase were obtained recounted on a liquid scintillation counter to determine the
from New England Biolabs. Inorganic pyrophosphatase and yield.
y-32P-ATP were from USB and Perkin-Elmer, respectively.  Proofreading of dA/dC Opposite dG and Fagg by
T4 polynucleotide kinase folE. coli experiments was  Klenow exd. Klenow exo (368 nM) was reacted with 0.02
purchased from USB. Turbo Pfu polymerase was from unit of pyrophosphatase for 10 min at room temperature.
Stratagene and Nuclease P1 was from Sigma-Aldrich. 5'-32p-114(11b) was hybridized to 1.5 equiv of the template

Enzymatic Ligation of FapgdG Containing Oligonucle- (15, 16) to form 19ab and20ab by heating at 60C for 5
otides. Phosphorylation was carried out by combining T4 min and cooling to room temperature. Reaction mixtures
polynucleotide kinase (20 units) in & kinase buffer (70 containing varying concentrations of dupled©g = 1-50
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nM, 19b = 1-30 nM, 20a= 3—15 nM, 20b = 3—25 nM) not be saturated so the data was fit linea®g, (34). The
were prepared by mixing DNA (gL) with a 2 x enzyme (Vma{Km)ret Was determined from the average of three
solution (5ulL) containing Klenow (1.472 nM) in 20 MM separate experiments each carried out in triplicate.
Tris-HCI (pH 7.5), 10 mM MgC}, 15 mM DTT. Reactions Kinetics of Extension Past dG:dC, dG:dA, and Faify:
were run for 30 min194), 6 min (L9b), 12 min @08, 0r20 4 primers (532p-144 -14b) and templates7 8, 320 nM)
min (20b) and then quenched with 95% formam_ide loading were hybridized by heating for 5 min at 9C ar’1d cooling
buffer (20uL). Samples were denatured for 1 min atqQ to room temperature. Klenow ekavas treated with pyro-

cooled on ice, and separated on a 20% denaturing PAGE hosphatase as described above. A énzyme solution (4
gel. Kinetic parameters reported represent the average opr P taining 0.4 ma/mL BSA ' d 4 y tion buff
three separate experiments each carried out in triplicate. nM) containing 0.4 mg/m an reaction butter

Standing Start Synthesis Opposite dG/Fd@/by Klenow (40 mM Tris-HCI (pH 7'5)’ 20 mM MQQL and 30 mM
exo” and gexo . Klgnow exo p(?r exo was ?e/a)éted with DTT) was added to varying concentrations of dGTZEa(
pyrophosphatase as described abot82%12 was hybrid- 1-30 nM; 24b, 0.1-1 mM; 253 0.1-2.5uM, and a final
ized to 1.5 equiv of the templatd, 18) to form 21 and22 concentration of2_4 or 25 of 80 nM). The reactlon was run
by heating at 60°C for 5 min and cooling to room at 25°C for 3 min 244, 15 min @4b), or 7 min @53),
temperature. Duplex DNA({, 22, 20 nM) was mixed with guenched with 95% formamide loading buffer, and placed
varying concentrations of dCTR1 = 1—100 nM, 22 = on ice. The samples were denatured for 1 min at®@@&nd
1-500 nM) or dATP 21 = 10—500uM, 22 = 1—-50 uM). put back on ice, after which they were separated by 20%
Klenow exo/exo (1 nM) in 2 x reaction buffer (20 mM  denaturing PAGE. The amount of extended primier:)
Tris-HCI (pH 7.5), 10 mM MgCJ, 15 mM DTT) was added  divided by the amount of primer exciseld ¢) was quanti-

(5 uL) to the dNTP/DNA mixture (5uL). Reactions were  tated. The ratiol(;1/l-1) was plotted versus the substrate
run at room temperature (20 min for dCTP and 15 min for concentration and fit via nonlinear regression analysis. The
dATP) and quenched with 95% formamide loading buffer. K, was determined in the same manner as other standard
Samples were denatured for 1 min at®@and loaded onto  kinetic reactions, but instead of calculatinya., a ratio of

a 20% denaturing polyacrylamide gel. extension versus excision was determinedkagkeo (33,

Velocities were calculated by using the equation [100  34).

(Io + 0.919)]t wheret is the time of the reaction, is the
amount of product formed (18 merl is the amount of
starting material, ant is less than 25% df, (33, 34). Each
reaction was carried out in triplicate, and thgax and Ky
were determined by a nonlinear curve fit.

M13 Genome Construction and Replication in E. coli
Each insert1—3) was cloned into the M13mp7(L2) vector
in triplicate as previously describe@®%, 36). Briefly, the
insert (10 pmol) was phosphorylated and ligated into 6 pmol

Running Start Kinetics of Translesional Synthesis of Fapy of EcaRI-digested M13mp7(L2) using complementary scaf-

dG by Klenow exb Klenow exd” was treated with pyro- folds. After digestion of the sc.a.ffolds with T4 DNA
phosphatase as described above. The priméeRsL3) and polymera;e, the vectors were pgnﬂe_d by phenol extraction
template ) were annealed together at 200 nM to produce and Centricon 100 membrane filtration. The recovery was
23 by heating at 9C°C and cooling to room temperature, guantitated by UVdps0=7.152x 107 L/mol-cm). For SOS-
Klenow exd" was diluted to 25.7 nM in 5 reaction buffer ~ induction, AB1157 cells were grown to an @pof 0.3,

(50 mM Tris-HCI (pH 7.5), 25 mM MgG} 37.5 mM DTT, pelleted, and resuspended in 10 mM MgSThe cells were
and 0.5 mg/mL BSA). The enzyme was adde@3do make irradiated with 254 nm light at 45 JAnadded to 50 mL of

a 2 x enzyme/DNA cocktail (final DNA concentratior 2xYT media, and incubated at 3T for 40 min @82). SOS-
100 nM; enzyme= 10 nM). This 2x solution was incubated  induced and noninduced AB1157 cells were pelleted, washed
for 1 min at room temperature and then addegl(bto a 2 with ice-cold water, and finally resuspended in 10% glycerol.
x dNTP solution (5«L) containing running start and rescue Competent AB1157 cells (1Qd.) were electroporated with
nucleotides (dTTP and dGTP, respectively, 48l) and 1 pmol of the vector £2.64 kV, 4.74 ms), and a portion
substrate dNTP (dCTP (28600 nM) or dATP (2-20 uM)). was immediately plated with X-Gal and IPTG to assess lesion
The reactions were run for 8 min (dCTP) or 12 min (dATP) bypass, by comparing the number of blue transformants from
at room temperature, quenched with 95% formamide/1 mM the vector containing the lesion of interest to the number of

EDTA, denatured by heating for 1 min at 9 and placed  transformants of a control vector containing dG at the
on ice. The reactions were loaded on a 20% denaturing gppropriate position.

PAGE gel and electrophoresed at 25 mA for 3.5 h. Relative . . .
velocities were calculated by taking the ratio of translesional REAP Assay To Determine Mutation Frequertdytation

synthesis product plus extension product versus the insertior2N@lySis was carried out using the restriction endonuclease
of the products resulting from incorporation of running start and postlabeling (REAP) assay which has previously been
nucleotides [y + 1)/(let + 1i—5)], wherel, and 1 are described 5, 36). Briefly, viral DNA was recovered from

the amounts of translesional incorporation and extendedthe growth medium and PCR amplified. Following digestion
products, respectively, ; andl;—, correspond to the amounts ~ With Bbd and shrimp alkaline phosphatase, the DNA was
of products due to incorporation of running start nucleotides *P-labeled and further digested wittaelll. The desired 18
prior to reaching the lesion. The ratio was plotted versus mer product was purified using 20% denaturing PAGE and
substrate concentration, and Ka, and relative Vipay of desalted using a G25 Sephadex column. Finally, the samples
translesion incorporation were calculated. The insertion of were digested with nuclease P1 and nucleotides separated
dC opposite FapylG was fitted using nonlinear regression on a PEI cellulose TLC plate which was run with saturated
analysis, while the insertion of dA opposite Fag§ could (NH4),HPO, and HPO,, pH 5.8.
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FiGure 1: Percent bypass of FamG (la—d, light gray) and FIGURE 2 Percent nucleotide incorporation in place of Fal§y
OxodG Qa—d, dark gray) in wild-typeE. coli as a function of (1a—d) as a function of flanking sequence following replication in

ﬂanking sequence. Wlld-type E. CO|i. X = Fapde
100 4
RESULTS 3 i
f mdC
FapydG Bypass Efficiency in E. coliSingle-stranded .
vectors containing dG, OxodG, or Fap$ flanked by dT 10 P I

on the 5-side and dA, dC, dG, or dT on thé-Side were
prepared fronEcadRl linearized M13mp7(L2) vectors. The
oligonucleotide inserts were incorporated within ez
gene, enabling one to detect replication through the insert 1 [
by measuring the number of blue plaques. The percent bypass ]

for OxodG or FapydG was determined by comparing the
number of blue plaques obtained upon transfection with a

plasmid containing the appropriate lesion to those obtained o ;XT TXG TXC TXA
from a plasmid containing dG (Figure 1). Fag® bypass Local Sequence

ranged from 31+ 6% to 43+ 9% depending upon the Ficure 3: Percent nucleotide incorporation in place of Oxo@&~(

identity of the 3-adjacent nucleotide. The bypass efficiency ) as a function of flanking sequence following replication in wild-
of OxodG (51-66%) was consistently higher than that of typeE. coli. X = OxodG.

FapydG in otherwise identical sequences. Because bypass
is slowed when the FapyG is present, we investigated Table 2: G— T Transversions Resulting from Faps
whether replication is aided by the SOS polymerases (Pol Replicatiort

% Nucleotide
—

I, Pol IV, or Pol V), whose production is upregulated when  sequence (5-3) % dG— dT transversions P valug
cells are exposed to UV irradiation. When SOS-induced cells ™ 1 rapydcT 13+ 06 0.021
were transfected with FapyG (1c), the average bypass T-FapydG-G 1.3+ 0.7 0.012
efficiency increased to 59% but there was a large variation ~ T-FapydG-C 19+1.2 0.008
(38%) resulting in no statistically significant change. OxodG ?(ngde'A é-éi 8'3 2}202

(20) bypass efficiency increased to a level commensurate
with that of the native nucleotide.

Nucleotide Incorporation Opposite FaqG in E. coli
Using the REAP Assayrhe mutation frequencies of Fapy
dG were determined i&. coliin 4 sequence contexts (Figure - _ —
2). For comparison, the mutation frequencies of the bio- Table 3: G— T Transversions Resulting from OxodG Replication

a2Values are the averagesgtd dev) of at least 2 independent
experiments each run in triplicateDetermined using a MarfWhitney
test.

chemically related, and well-studied OxodG (Figure 3) in  sequence (5-3) % dG— dT transversions P value
the same sequence contexts, as well as dG were determined  T-OxodG-T 3.1+ 1.1 0.004
in side-by-side experiments. The data presented are an  T-OxodG-G 4.8-£0.8 0.004
average of at least two experiments for Faiy and OxodG, 18@3%;? g-gi i-g 8-882‘
in which each experiment consisted of 3 replicates. The levels  1.5g 0.54 02 na

of dA and dC present in the progeny produced upon
replication of plasmid containing FafyG were statistically
indistinguishable from the levels detected in the REAP
analysis of plasmid containing dG. The levels of dT measured
in the REAP assays of FamG (Table 2) and OxodG (Table dA, OxodG had a mutation frequency that wag-fold

3) replication resulting from dA misincorporation were higher than in any of the other sequences studied. The
consistently greater than those obtained from dG. Consistentmutation frequencies obtained upon OxodG replication were
with previous reports, OxodG gave rise t0 348% G— consistently higher than those detected from the respective
T transversions in wild-type cells. When flanked by 'a 3 sequences containing Fapgg. Replication of FapylG in

aValues are the averagesgtd dev) of 2 independent experiments
run in triplicate.” Determined using a ManrfAWhitney test.
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Table 4: G— T Transversions Resulting from Replication of Table 5: Steady-State Kinetic Parameters for the Excision of dA
FapydG and OxodG irmutM/mutYCells? and dC Opposite dG and Faplz*P

sequence (5-3) % G— T transversions 3-TGG TAC CCT GCA CGA CAX TGA CGT GCA ACT TGC GGA

T-FapydG-T 1.6+05 5-ACC ATG GGA CGT GCT GTY

T-FapydG-G 1.2+0.2 19X=G ayY=C_

T-FapydG-C 21+ 04 20 X=FapysdG bY=A

T-FapydG-A 0.7+ 0.3

T-Ox0dG-G 37.65 3.5 l Klenow exo*

aValues are the average-$td dev) of 1 experiment run in triplicate.

3'-TGG TAC CCT GCA CGA CAX TGA CGT GCA ACT TGC GGA
5-ACC ATG GGA CGT GCT GT

wild-type E. coli gave levels of dT that ranged from only template-primer Ko Ku kedKon

1.2% to 1.9% depending on the sequence context. Because  pagse pair (min-?) (M) (min-t-nM-)
the mutation frequencies of Famlfs were so low and  4=ryrqo 71+08x 102 143+16 50+0.7x 1073
bordered on the detection limit of the REAP assay, we qg:da(19b) 92+19%x 102 65+19 15+0.3x 102

applied a nonparametric MantWhitney test to verify that FapydG:dC(20a) 3.4+ 1.3x 102 254+ 1.0 1.44+0.3x 102

they were statistically distinguishable from the levels detected FapydG:dA(20b) 7.1+1.7x 10 3.9+0.6 1.8+0.2x 102

in plasmids produced from dG replication (Table 2). In all  2Reactions carried out at 298 KKinetic values presented are the

sequence contexts, the higher mutation frequencies of bothaverage of at least 3 experiments. Each experiment consists of 3

FapydG and OxodG than the background observed from replicates.

dG bypass were statistically significant. In addition, the

different levels of G— T transversions obtained when Steady-State Kinetic Analysis of Translesional Synthesis

OxodG was bypassed in various sequences were significantlyby Klenow Fragmentincorporation of dC and dA opposite

different (° < 0.025) from the other sequence contexts tested FapydG and dG were examined under standing start and

with the exception of the T-OxodG-G compared to T- running start conditions3@, 34). In running start experiments

OxodG-C sequence (data not shown). However, the mutationthe lesion is positioned 3 or more nucleotides downstream

frequency of FapydG did not significantly vary among  from the 3-end of the primer. In a standing start experiment

sequences. the first nucleotide to be incorporated is opposite the lesion.
Differences in the replication of plasmids containing Fapy Standing start measurements were made using Klenow exo

dG mutM/mutYand OxodG were also evident when the (Table 6) and Klenow exo(Table 7). Only the latter form

corresponding plasmids were transfected into cells lacking of the Klenow fragment was employed in running start

the Fpg and MutY repair proteins (Table 4). OxodG bypass €xperiments. Standing start experiments were carried out

resulted in a nearly 8-fold increase in-6 T transversions.  using primer-template complexel and22 These duplexes

However, replication of FapyG was unaffected. Finally, differ from those used previously in that the-a&ljacent

the percent of G— T transversions in SOS-induced wild- flanking nucleotide is dT instead of d2¢). Klenow exo

type cells produced following transfection of plasmid exhibited comparable misinsertion frequenéy,d of dA

containing the T-Fap@G—dG (1c) sequence (0.3%) was Opposite dG ir21l as it did when the '3adjacent nucleotide

statistically indistinguishable from the level of thymidine was dA. However, th&s of dA opposite FapylG decreased

found in the progeny produced from replication of an almost 60-fold when the downstream flanking nucleotide in

identical plasmid containing dG¢). While the level of G the template was changed from dA to ). The decrease

— T transversions resulting from bypass of the respective is due mostly to a reduction in the efficiency with which

OxodG Qc) lesion was above background (6.6%), it was dA is incorporated opposite FamG (~15-fold) and only

not significantly different from the mutation frequency modestly by an increase in théna/Ky for translesional

observed in non-SOS-induced wild-type cells. incorporation of dC €4-fold). Even in this less mutagenic

Steady-State Kinetic Analysis of Proofreading by Klenow S€duence, Klenow exomisincorporates dA opposite the
exo’. The effect of exonucleolytic excision on nucleotide '€Sion ~20-fold more frequently than when the native
misinsertion was probed directly by determining the steady- Nucleotide is present in the template.
state kinetic parameters for the removal of &9I) and dC Translesional synthesis i1 and 22 by Klenow exd
(208) opposite FapydG (Table 5). For comparison, excision differed slightly from experiments carried out using enzyme
of dA (19b) and dC (94) opposite dG was also carried out. that lacked proofreading activity (Table 7). Comparifig./
These experiments indicate that, when opposite dG, dA isKw for dC and dA incorporation opposite dG indicates that
excised by Klenow exo ~3-fold more efficiently than is  the fidelity of Klenow exd was ~7-times greater than
dC. However, when the template contains Fai@, dC and  Klenow exo. The decreasefins for dA opposite dG was
dA are excised with comparable efficiencies that are on par attributed mostly to a decrease Mn./Ku translesion
with that of a dG:dA mispair. With the exception of the Fapy incorporation of dA. In contrast, the misinsertion frequency
dG:dC base pair, differences Ky are mostly responsible  for dA incorporation opposite FapyG increased-3.5-fold
for the variation in the specificity constant. The negligible when Klenow exd replaced Klenow exa Thus, FapydG
difference in Klenow exb excision efficiencies between has a misinsertion frequency that+%00-fold higher than
FapydG:dA and FapydG:dC base pairs contrasts with those dG, even when the polymerase has proofreading activity.
determined for OxodG opposite the respective native nucle- However, the increasei,s was due entirely to a decrease
otides, where excision is several-fold higher when the lesion in the Vi,./Ky for dC incorporation opposite the lesion. The
is in a promutagenic base paB7). misinsertion frequency for dA opposite Fagd® in 22 is
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Table 6: Steady-State Kinetic Parameters for Nucleotide Incorporation Opposite dG andG&yyKlenow Exo under Standing Start
Conditiong®

3'-TGG TAC CCT GCA CGA CTX TGA CGT GCA ACT TGC GGA
5-ACC ATG GGA CGT GCT GA

21 X=G 22X =FapysdG

dNTP

3-TGG TAC CCT GCA CGA CTX TGA CGT GCA ACT TGC GGA
5'-ACC ATG GGA CGT GCT GAN

l Klenow exo”

KM Vmax Vma)JKM
X dNTP (M) (Yormin—1) (Y%ormin~1-M~1) Fins
dG (21) C 4.6+2.4x%x 103 1.6+0.8 3.5+ 25x 10° 1.0
dG (21 A 54.2+ 23.2 0.8+ 0.3 1.5+ 0.9x 10¢ 43x 10°°
FapydG (22) C 5.6+ 1.8 x 1072 42405 7.5+ 2.6x 107 1.0
FapydG (22) A 493465 3.0+ 0.9 6.1+ 2.0 x 10* 8.1x 104

a Reactions carried out at 298 KKinetic values presented are the average of at least 3 experiments. Each experiment consists of 3 replicates.
¢ Fins = (VmaKm, X = dG or FapydG, dNTP= A, “incorrect”)/(Vma/Ku, X = dG or FapydG, dNTP= C; “correct”).

Table 7: Steady-State Kinetic Parameters for Nucleotide Incorporation Opposite dG and@agyKlenow Exd under Standing Start
Conditiong®

3-TGG TAC CCT GCA CGA CTX TGA CGT GCA ACT TGC GGA
5-ACC ATG GGA CGT GCT GA
21 X=G 22 X =FapysdG

Klenow exo™
dNTP

3-TGG TAC CCT GCA CGA CTX TGA CGT GCA ACT TGC GGA
5-ACC ATG GGA CGT GCT GAN

KM Vmax Vma>/KM
X dNTP (uM) (%min?) (Y%rmin~-M™Y) Fins
dG 1 C 1.0+ 0.3x 1073 474+13x10° 474+0.1x 1C 1.0
dG @1 A 52.04+34.0 1.1+ 0.1x 101 28+ 1.7x 1C¢° 6.0x 107
FapydG (22) c 45+ 1.4x% 1072 1.0+£0.3 2.1+ 0.1x 107 1.0
FapydG (22 A 8.5+0.2 5.0+ 0.7 5.9+ 0.9 x 10 2.8x 108

a Reactions carried out at 298 KKinetic values presented are the average of at least 3 experiments. Each experiment consists of 3 replicates.
¢ Fins = (Vma{Km, X = dG or FapydG, dNTP= A; “incorrect”)/(Vma/Km, X = dG or FapydG, dNTP= C; “correct”).

still only <1%, which in contrast, is an order of magnitude experiments, each carried out in triplicate (see Figure 4A
lower than itsFi,s when the lesion is flanked on its-Side for the results of a representative experiment). In contrast,
by dA (26). the velocity of dA incorporation opposite Faps varied
linearly with respect to dATP concentration (see Figure 4B
for the results of a representative experiment). TWg.{
Kwm)rel Of 3.2+ 0.5 x 10* was obtained as the average of 3
experiments by determining the slope of the linear depen-

; ; : ; ; dence of velocity on dATP concentration. Thgs (1.5 x
Carrying out translesional synthesis using a running start . . :

provides more insight into the competition between polym- 10°%) obtained by determmmg the.rauo of the avera‘g.eaq
erization and proofreading than does a standing start experi-KM)’e' for. dA versus dC mcorporatlon_from the running start
ment 33, 34). Duplex 23 was used in running start meth_o_d is comparable to _tha_t determined under_standln_g start
experiments. Thymidine triphosphate and dGTP were usedconditions (Table 7). This linear dependence is consistent
as the running start and rescue nucleotide triphosphatesith @ situation in which translesion synthesis is very slow
respectively. These nucleotides were present at saturating?"d/r proofreading is significantly increased compared to
concentrations, but control experiments showed that neitherWhen & cognate nucleotide is incorporatég, 34).
dTTP nor dGTP was incorporated opposite Fa@ under Steady-State Kinetic Analysis of Extension Past Fé@y
these conditions (data not shown). The incorporation velocity by Klenow FragmentPrevious experiments using Klenow
of dC opposite FapgG (Vmaxreny= 1.9+ 1.0,Ky = 99.0+ exo  indicated that extension past a Fapd@:dC(dA) base
59.0 NM, VmalKm)rel = 2.2 & 0.9 x 10") under running pair was~100-fold slower than a dG:dC base p&6). The
start conditions exhibited a nonlinear dependence uponratio of the efficiency for the polymerase to extend past the
triphosphate concentration as expected for a process undebase pair versus its exonuclease activikjolkexs) Was
Michaelis-Menten conditions, and were the average of 7 determined using duplexe®lab and25ab by measuring

3'-TAC CCT GCA CGA TGG TGA AXC GTG GAAC
5'-ATG GGA CGT GCT ACC AC

23 X = FapyedG
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Ficure 4: Running start kinetics describing nucleotide incorpora-

tion opposite FapylG in 23 by Klenow exd. Incorporation of
dCTP (A) or dATP (B) opposite FapgG.

the ratio of extended product versus excised product as a

function of nucleotide triphosphate concentrati®3, (34).

For comparisonio/kexo Was determined for dG:dC and dG:
dA base pairs (Table 8). As expected, the primer in the
duplex containing the correct base pa2dg is extended
much more rapidly than it undergoes excision, wheigas
Kexo IS much less than 1 for the dG:dA containing duplex
(24b). Although extension of a FapyG:dC base pair is 3
times more efficient than excision (Figure 5, Table 8), the

ratio of these rate constants is much smaller than in a duplex

containing a dG:dC base pair. Finally, extension of dA
opposite FapydG (25b) was not observed at concentrations

of dGTP (the next nucleotide to be incorporated) as high as

2.5 uM, indicating that excision is far more efficient than
extension.

DISCUSSION

Formamidopyrimidines are common DNA lesions:
Alkylated forms result from mild alkaline hydrolysis bI7-
alkylated purines 38—40). The simplest of these that is
derived from 2deoxyguanosiné\7-Me-FapydG, is a potent
block of DNA polymerase41). The respective unsubstituted
formamidopyrimidine lesion, FapgG, is formed from the
most readily oxidized native nucleotide via a common
intermediate from which OxodG is also produced. Although
the two lesions are formed in comparable amounts, Fapy
dG is less well studied?(Q). This situation has been changing

Patro et al.

Table 8: Steady-State Kinetic Analysis for Nucleotide Extension
Past dG and FapgiG Relative to Excision by Klenow Exounder
Standing Start ConditioAs

3-TAC CCT GCA CGA TGG TGA AXC GTG GAAC
5-ATG GGA CGT GCTACCACTT

Klenow exo*
(Kexo)

3'-TAC CCT GCA CGA TGG TGA AXC GTG GAAC
5'-ATG GGA CGT GCT ACC ACTTY

2 X=G aY=C Klenow exo*
25 X = FapysdG bY=A l dGTP

(kpol)
3'-TAC CCT GCA CGA TGG TGA AXC GTG GAAC
5'-ATG GGA CGT GCT ACC ACT TYG

X Y kpoI/kexo
dG (244) c 60
dG (24b) A 0.1
FapydG (253 C 3.0+ 0.3
FapydG (25b) A

aReactions carried out at 298 KKinetic values presented are the
average of at least 3 experiments. Each experiment consists of 3
replicates.

25+

2.0+

1.0 4

."‘|

0.0 ettt
05 10 1.5

[dGTP] (aM)

Ficure 5: Determination of efficiency of extension versus excision
in 25a by Klenow exad.

over the past 5 years, since chemical methods for the
synthesis of oligonucleotides containing Fegi$ have been

reported 29—31).
jXNHQ

.

Oo
HN

5
e, 2
. KJ

Access to chemically synthesized oligonucleotides con-

taining FapydG enabled us to construct single stranded
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genomes that were used to transféctcoli. Experiments Scheme 2: FapylG and OxodG Can Base Pair with dA
were carried out alongside genomes containing dG andWhen in thesynConformation

OxodG in order to calibrate the observations made regarding H
FapydG. FapydG was bypassed less efficiently & coli o-—-—H—N/ N\\\
than was the native nucleotide and OxodG in all 4 sequence HN—( Z’\S/N;\
contexts examined (Figure 1). The bypass efficiency of Fapy H2N4<\ }N«H"‘N\;N

dG was comparable to those of other monocyclic guanine N CH(O)

lesions such as oxazalone (Oz) and aminoimidazalone (1z).- “i  syn-FapyedG:dA

(6, 42) In contrast, FapyG bypass was significantly greater "

than the Sp1 and Sp2 spirocyclic dihydantoins (derived from o H);o-.H\N'
OxodG oxidation) and abasic lesiors 28, 43). We posit HN N, N\7
that the qualitative differences and similarities in bypass SN H-e N
levels are a reflection of the structures of the lesions. Fapy 2 N WNWH \s
dG, Oz, and Iz share a common more conformationally 1" syn-FapyedG:dA
mobile structural motif in which the glycosidic nitrogen is H N

no longer part of a ring but serves as the covalent link to 9--"H—N N
the remaining cyclic component. In addition to greater N PN H---NWNFA‘
conformational flexibility compared to dG or OxodG, the 2 _<\N /N7 \=N
acyclic glycosidic nitrogen in FapglG, Oz, and Iz facilitates N

o

a,3-configurational isomerization, because the nitrogen lone e syn-OxodG:dA
pair is no longer part of the aromatic ring system, and is
therefore free to participate in a transient iminium bond with the deoxyribose destabilize tlaati-conformational isomer,
the glycosidic carbon. Indeed, facile epimerization is ob- the rotational freedom of FapyG may enable the formamide
served in the formamidopyrimidineg4, 45). These con- group to adopt a conformation in which the respective steric
formational and configurational stereochemical effects may interactions between the carbonyl oxygen and deoxyribose
be responsible for the greater difficulty that DNA poly- are alleviated46—49). This explanation is consistent with
merase(s) experiences when bypassing these lesions. Thkinetic studies using the Klenow fragment of DNA poly-
spirocyclic lesions (Spl, Sp2) and abasic sites may be evenmerase |, which show that translesion incorporation of dA
more difficult to bypass due to their distorted structures and is considerably less efficient opposite Fagh@ (Table 6, 7)
complete absence of a nucleobase, respecti&®I9g, 43). than OxodG 24—26).
The relatively modest distortion present in OxodG and Fapy  The Klenow fragment is often used as a model enzyme to
dG, as well as the monocyclic lesions (Oz, 1z), is also study replication irE. coli. Steady-state kinetic experiments
consistent with the absence of a significant effect of SOS- were used to illuminate the contributions of various steps of
induction on bypass efficiency. In contrast, bypass of Spl, FapydG bypass toward the low mutation frequencies we
Sp2, and abasic lesions increases considerably when errorebserved irE. coli. Measuring proofreading directly using
prone polymerase production is upregulated following SOS- duplexes in which a'&erminal dC or dA is opposite dG or
induction 6, 43). FapydG indicated that either nucleotide opposite the lesion

The fact that FapylG replication in wild-typeE. colidoes is excised more rapidly than dC opposite dG (Table 5).
not require bypass polymerases is an important consideratiorHowever, the excision rate is only 3-fold greater than when
when explaining the observed mutational frequencieks 9% dC is opposite dG (Table 5), suggesting that proofreading
G — T transversions). The mutation frequencies detected plays a minor role in maintaining genomic integrity when
from FapydG are significantly lower than any of the FapydG was bypassed. Nucleotide incorporation kinetic
aforementioned lesions derived from dG, but statistically experiments on FapgiG containing templates substantiated
distinguishable from dG background levels. Comparing the this proposal. Standing start translesional synthesis experi-
structure of FapydG to other dG derived lesions enables us ments using Klenow exo(Table 6) and Klenow exo(Table
to speculate why FapglG gives rise to such low G> T 7) resulted in similar dA misincorporation frequenci€gd.
transversion frequencies. The extremely high mutation Fi,swould have been much greater when using Klenow exo
frequencies of Oz, 1z, and the spirodihydantoins (Sp1, Sp2) if proofreading played a major role in Fapis bypass.
can be rationalized based upon their hydrogen-bonding Furthermore, the similarity wheifr,s was measured in
patterns that are distinct from dG, 6, 28, 42). In contrast, standing start (Table 7) and running start experiments (Table
OxodG and FapylG, which exhibit lower mutation frequen-  8) also indicated that Klenow exts exonuclease activity
cies than Oz, Iz, Spl, or Sp2, share a common structuralhad little effect on FapylG replication. We would have

feature. When OxodG and Faphc are in the anti- observed a lowefFi,s when using Klenow exoif proofread-
conformation, they present a hydrogen-bonding pattern to aing played a large role in nucleotide incorporation opposite
polymerase that is identical to that of dG. Although &émdi- FapydG.

conformation lesions can form two hydrogen bonds when The modest increase of proofreading compared to a native
base paired with dA, this is disfavored for steric reasons. nucleotide not withstanding, th&,s of dA by Klenow exo,

One explanation for why FapgG is less mutagenic iE. which was as high as 4.8%, suggests that there must be
coli than OxodG could be that it is less prone to adopt the another step that mitigates replication errors opposite +apy
synconformation in which thymine-like hydrogen-bonding dG in E. coli (26). Steady-state kinetic experiments (Table
patterns are presented to the polymerase (Scheme 2). While) indicate that slow extension past Fagp@:dA base pairs
steric interactions between the C8-substituent in OxodG andprotects against mutations. Comparing the ratio of extension
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relative to excision Kpol'kexg) Of @ duplex containing dC  In addition, it is not known whether error prone polymerases
opposite FapydG (259) to that of a native base pai24a) are utilized in the mammalian cells when bypassing Fapy
shows that extension past the lesion is inhibited significantly. dG. Our own experiments show that the analogous family
These data are qualitatively consistent with those reportedof polymerases need not play a major role in the bypass of
previously using Klenow exo(26). Moreover, extension past  FapydG in E. coli. Why FapydG is so much more

a FapydG:dA base pairZ5b) is so difficult that excision is mutagenic in COS-7 cells than B. coli is an unanswered
able to compete. Extension is not observed, &p@kexo guestion. However, the results described here clearly show
cannot be measured. It should be noted that extension ofthat FapydG is at most weakly mutagenic in wild-tyge
OxodG:dA base pairs is sufficiently rapid that no evidence coli.

for excision is observed in the presence of the appropriate

frequencies observed upon Fap@ bypass are considerably

lower than those of OxodG because of an inherently lower  Es)-MS of synthetic oligonucleotides (4) containing Fapy
Fins Of dA and subsequent slow extension, which enables 4G (1a—d) used to prepare the single stranded plasmids. This

the polymerase’s exonuclease activity to correct its mistake. material is available free of charge via the Internet at http:/
The kinetic studies are fully consistent with the results in pubs.acs.org.
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