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ABSTRACT. FapydA is produced in DNA as a result of oxidative stress. Recently, this lesion and its
C-nucleoside analogues were incorporated in chemically synthesized oligonucleotides at defined sites.
The interaction of DNA containing FagyA or nonhydrolyzable analogues with Fpg and MutY is described.
Fpg efficiently excises FapgA (Kn = 1.2 nM, kear = 0.12 mi!) opposite T. The lesion is removed as
efficiently from duplexes containing FamA:dA or FapydA:dG base pairs. Multiple turnovers are observed
for the repair of FapydA mispairs in a short period of time, indicating that the enzyme does not remain
bound to the product duplex. MutY does not incise dA from a duplex containing this nucleotide opposite
FapydA, nor does it exhibit an increased level of binding compared to DNA composed solely of native
base pairs. MutY also does not incise Faj#y when the lesion is opposite dG. These data suggest that
FapydA could be deleterious to the genome. Fpg strongly binds duplexes containifigtimeicleoside
analogue of FapylA (5-C-FapydA) opposite all native nucleotide&f < 27 nM), as well as thet-C-
nucleoside ¢-C-FapydA) opposite dCKp = 7.1 + 1.5 nM). A duplex containing #-C-FapydA:T

base pair is an effective inhibitoK( = 3.5 £ 0.3 nM) of repair of FapydA by Fpg, suggesting the
C-nucleoside may have useful therapeutic properties.

Exposure of DNA to reactive oxygen species (e.g., Scheme 1: Exposure of DNA to Oxidative Stress Produces
hydroxyl radical) and other forms of oxidative stress (e.g., Formamidopyrimidine and 8-Oxopurine Lesions from a
UV irradiation) result in the formation of base lesiords-( ~ Common Intermediate
3). The DNA lesions can be cytotoxic and/or premutagenic. NHz
Consequently, their formation and accumulation in genomic
DNA is implicated in aging and genetic diseases, such as
cancer 4—6). An elaborate network of repair enzymes and NH,
cofactors that is conserved from prokaryotes to humans exists \\N °§‘,’Z§;’e " f ) bl Wg
to defend cells against DNA lesion§<10). The base <N / - °><
excision repair (BER) pathway protects against DNA base Red™a °=(
damage. The initial step in this process involves hydrolysis — OM -0 ‘/(:,
of the lesion’s glycosidic bond by an appropriate glycosylase N
(BER enzyme), which may also be able to effect a subsequent Ome FapysdA
lyase reaction of the remaining abasic site, resulting in a
strand break. Subsequent steps in the repair process utilize
other enzymes that remove sugar fragments, fill in the NH
exmsgd rjl_JcIeoude, apd rellggte the fragmented biopolymer. \E\N o:{‘ \ f‘NHz
The significance of this chemistry is underscored by the fact N)\N”z o N
that excision of a base lesion from a mispair followed by o_\i_j
filling in and ligation produces a genetic mutation. In vitro O F"’""’G . e
examination of the interaction between base lesions and
appropriate BER enzymes provides important information that make up the “GO” system. These enzymes are respon-
concerning their biological effects. Similar analysis of sible for the repair of oxidized purine§)( One enzyme,
designed analogues may provide the basis for using thesdormamidopyrimidine DNAN-glycosylase (Fpg, MutM),
molecules as therapeutic agents targeted to BER enzymegeal’s the name of the lesion of interest. Fpg is a bifunctional
(10). We report on the interaction between the formami- enzyme that hydrolyzes the glycosidic bond (glycosylase)
dopyrimidine lesion (FapgA, Scheme 1) produced from of damaged purines and effectg @-elimination (lyase) of

deoxyadenosine (dA) with two of the three BER enzymes the remaining abasic site. The other enzyme that has been

examined is the mismatch repair enzyme MutY, a glycosy-
T?UPpﬁrted by NIH Géant CA-Z49|345 " d Department fIase that removes the incorrect nucleotide inserted opposite
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Chemistry, Johns Hopkins University, 3400 N. Charles St., Baltimore, the mOdlf!ed purine 7). We also describe the.use of

MD 21218. E-mail: mgreenberg@jhu.edu. C-nucleoside analogues of Fagi as probes of the interac-
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Chart 1: Structures of Lesions and Duplex Substrates Used tion of these nucleotides opposite OxodA under similar

in This Study conditions (4). Comparable experiments using templates
5-d(CGTTCAACGTGCACTXACAGCACGTCCCAT containinga- or ﬁ-C-nucIeoside analogues of Fadﬁ (0.-
9B CAAGTTACACGTGAYTGTCATGCAGGAT A or 5-C-FapydA, respectively) revealed that these molecules
1ad are significant blocks of Klenow exq27, 30). The relative
a: X =FapysdA, Y =T preferences for nucleotide insertion directed®¢€-Fapy
2;:25,".321:32 dA closely match those exhibited by Fagy, indicating
d:X=dA, Y =dG that the analogue and lesion present similar hydrogen

bonding patterns to the polymerase. In contrast, a template

gjj%%gg%;;g%gg%g;g;gg;gg;@gg;ggg;;%g;} containingo-C-FapydA strongly prefers that Klenow in-
corporate dC opposite it. These data also suggest that despite
2a-e the fact that oligonucleotides are synthesized containing
LA M readily epimerizable anomeric mixtures of Fagh, it is the
zfﬁzggzl;:yv::zjgg p-anomer that is responsible for the observed effects on
e: X = a-C-FapyedA, ¥ = dC Klenow exo. The ability of FapydA, o-C-FapydA, and
f: X=dAY=T pB-C-FapydA to instruct nucleotide incorporation by Klenow

exo raises the issue of whether the lesions are recognized
by BER enzymes in duplex DNA.

H NH oﬁﬁ e
LA
wo-@m \ N/) -~ | /) ~0 N EXPERIMENTAL PROCEDURES
N N H
O Owr ow

Materials and General Method#\Il H,O was obtained
FapydA a-C-Fapy-dA PC-Fapy-dA from a Nanopure Barnstead still. Commercially available
The formamidopyrimidines (FapyA and FapydG) are DNA synt_hesis_reagents were o.btained from Glen Research
derived from the purines in DNA as a result of oxidative 'N¢. Radionuclides were obtained from Amersham. T4
stress. These molecules and the respective 8-oxopurind?0lynucleotide kinase was obtained from New England
lesions (OxodA and OxodG) are believed to arise from a Biolabs. Fpg was either a gift from J. Milligan of the
common intermediate (Scheme 1). The 8-oxopurines haveUniversity of California at San Diego (La Jolla, CA) or
been well studied using in vitro and in vivo methods. The Purchased from Trevigen. MutY was provided by S. David
latter types of experiments, carried out in several systems, 0f the University of Utah (Salt Lake City, UT). Concentra-
consistently indicate that OxodG gives rise predominantly tions of Fpg and MutY were determined using the Bradford
to G — T transversions1(1—13). OxodA exhibits a lower ~ assay. Oligonucleotides were synthesmed on an Ap_pl|ed
mutation frequencyl(l, 13, 14). The formamidopyrimidines ~ Biosystems Inc. 394 DNA synthesizer. Oligonucleotides
are produced in greater amounts underdeficient condi- ~ containing FapydA or its C-nucleoside analogues were
tions, but considerably less is known about their interactions Prépared as described previousBb,(27). All others were
with polymerases and repair enzymes than the effects 0fsynthe5|z_ed using _standard protocols. DNA menlpu_latlons
8-oxopurines on these enzymes-@, 7, 9, 11—24). This were carried out using standard proceduﬁgs).(Redmactlv_e
imbalance can be attributed to the absence of a method forsS@mples were counted via Cerenkov counting, using a
preparing oligonucleotides containing the formamidopyri- Packard T(|—Carb 1500 scmullauen counter. Phosphor imag-
midines at defined sites, which facilitates in vitro and in vivo N9 analysis was carried out using a Storm 820 Molecular
studies on DNA lesions25). We recently described the ~Dynamics Phosphorimager equipped with Imagequant soft-
synthesis of oligonucleotides containing formamidopyrimi- Ware (Version 5.1). All duplexes containing Fagi were
dine lesions at defined sites. Fagp and FapydG were hybridized at 60°C (5 min), followed by slow cooling to
introduced using phosphoramidite chemistry as anomeric "©0M temperature. All other duplexes were hybridized at 90
mixtures @6, 27). The use of mixtures was not considered ~C (5 min).
detrimental because the formamidopyrimidines rapidly epimer-  Fapy-dA Excision and Inhibition Kinetics\ 2x solution
ize in water 28, 29). Prior to the synthesis of oligonucle- of Fpg protein (final concentration of 1.755 nM,x 104
otides containing FapgA or FapydG, studies on these unit) was added to a2 solution containind.a in which the
lesions relied upon their random production in DNA or strand containing FapgiA was labeled withf?P at its 3
introduction of N-methylated analogue&l( 23, 24). Experi- terminus (final concentration of 0:2.0 nM) and inhibitor
ments using a template containing Fepd at a defined site (24, final concentration of 87.5 nM) in 2x Rec buffer [20
show that the frequency of misincorporation of deoxyad- mM HEPES/KOH (pH 7.4), 200 mM KCI, 20 mM EDTA,
enosine (dA) or deoxyguanosine (dG) opposite the lesion and 0.2 mg/mL BSA]. The inhibitor concentration was kept
by Klenow exo increases by~50% compared to an  constant throughout a series of reactions while the substrate
otherwise identical template containing dA in place of the concentration was varied. When Fagi excision was being
formamidopyrimidine 80). For comparison, incorporation assessed, the reactions were quenched after 5 min with
of thymidine (T) or deoxycytidine (dC) is inhibited4—6- formamide loading buffer (2@L). Inhibition reactions were
fold. The kinetic preferences exhibited by Klenow exo quenched after 30 s. The samples were denatured @90
correlate with duplex stability as determined by van’t Hoff for 1 min and immediately cooled to°C) prior to separation
analysis of UV melting studie80). Moreover, the frequency  on a 20% denaturing PAGE gel and quantitative analysis
of misinsertion of dA or dG opposite FafmA is ~8- or by phosphorimaging. The amount of cleavage product due
3-fold greater, respectively, than the frequency of incorpora- to Fpg was corrected for the amount of cleavage seen in the
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Table 1: Effect of the Base Pair on Excision of Fepd from 1 by Fpg

duplex base pair Km (NM) Vimax (NM min™2) Keat (Min2) KealKm (NM™1 min™1)
la FapydA:T 1.16+0.20 0.214+ 0.08 0.124+0.05 0.10+ 0.05
1b FapydA:dA 3.34+0.25 0.33+0.22 0.19+0.13 0.06+ 0.04
1c FapydA:dG 4.63+0.41 0.97+ 0.03 0.55+ 0.02 0.12+0.01
controls (those samples with no Fpg protein present). The 0.35
apparentK/Vmax Values were obtained from a nonlinear
least-squares analysis of a plot of the initial velocity versus 0.304
substrate concentration. Tlkg was determined by plotting 1 {
the apparenK,/Vmax vVersus the inhibitor concentratioB2). 0.25-
At least three experiments were run for each inhibitor &~ !
concentration. £ .20
Fpg Turnaer. An enzyme/substrate solution containing E
Fpg protein (1.755 nM), & Rec buffer, andla—c (10 nM) % 0.154
was incubated at 37C. Aliquots (10uL) were taken at O, ; ]
1, 2,5, 10, 15, and 30 min and the reactions quenched with 0104
formamide loading buffer (20L). Samples were denatured '
(90 °C for 1 min and immediately cooled to @) before ]
separation by 20% denaturing PAGE. 0.05+
MutY Cleaiage A solution of duplex DNA containing a
mispair in which one of the strands was labeled at its 5 0.00 T T T
terminus with3?P (1b—d, 20—100 nM) was equilibrated at 00 02 04 06 08 10 12 14 16 18 20 22
37°C in 20 mM Tris, 10 mM EDTA, and 0.1 mg/mL BSA [S] (nM)

(pH 7.5). MutY (100 nM) was added, and the solution was
incubated at 37C with aliquots removed between 1 and
120 min (60 min forld). The aliquots (1QiL) were added

to 1 M NaOH (2uL) and heated at 90C for 5 min.
Formamide loading buffer (1L) was added, and the
samples were heat denatured (3D for 3 min and im-
mediately cooled to 0C). Cleavage products were separated
by 20% denaturing PAGE and analyzed quantitatively via
phosphorimaging. The amount of deglycosylation was de-

termined by subtracting the amount of cleavage measured

in a reaction mixture that was not treated with enzyme from
those exposed to MutY.

Determination of the Extent of Binding of DNA by MutY
and Fpguia Gel Shifts Duplex DNA (lb, 50 pM) was
equilibrated at 37C in 20 mM Tris, 10 mM EDTA, 0.1
mg/mL BSA, and 10% glycerol (pH 7.5) before addition of
varying concentrations (run in triplicate) of MutY {00
nM). The protein/DNA solution was incubated at 32 for
20 min. Nondenaturing glycerol loading buffer 42, 30%
glycerol, 0.5< TBE, 1% xylene cylanol, and 1% bromophe-
nol blue) was added to the solutions (20) before they
were loaded on a 6% nondenaturing gel run at 500 V for 2

Ficure 1: Excision of FapydA when opposite T as a function of
substrate concentration (S is).

the temperature was increased at a rate of C/nin over

a range of 60°C (25—-85 °C). Melting temperatures were
calculated by a computer fit of the first derivative of
absorbance with respect 10! (33).

RESULTS

Interaction of FapydA with Fpg and MutY In vitro
experiments showed that Klenow eximcorporated dA and
dG in addition to thymidine opposite FajolA at elevated
levels compared to templates containing dA at the same site
(30). The velocity of FapydA excision by Fpg from duplexes
containing the lesion opposite these three nucleotides, which
are considered most likely to be incorporated opposite it,
was measured as a function of DNA concentration (Figure
1 and Table 1). FapgA repair was assessed by quantifying
the formation of direct strand breaks using denaturing gel
electrophoresis. The'-8ermini of the oligonucleotide frag-
ments were composed entirely of phosphates and are
consistent with thes,o-lyase activity of Fpg 7). Kinetic

h in a 4°C refrigerator. Binding of DNA containing- and parameters were extracted from a nonlinear least-squares
p-C-FapydA by Fpg was assessed in a similar manner, analysis of a plot of the initial velocity versus substrate
except that the Fpg concentration was varied from 0 to 200 (DNA) concentration. These experiments showed that Fpg
nM and equilibrations were carried out at 26. did not discriminateK../Km, Table 1) between the duplexes
UV Melting ExperimentsThe samples (see Table 3) for containing the three FapyA base pairs. In addition, multiple
UV melting studies contained a 1:1 molar ratio of comple- turnovers were rapidly observed under conditions where
mentary oligonucleotides and were composed of a total DNA was in excess (Figure 2), indicating that product
oligonucleotide concentration ranging from 1 to 14/d. inhibition was not an issuel§). For comparison, we verified
The samples were prepared by the addition of appropriatethe literature report and determined that OxodA is removed
amounts of complementary oligonucleotide stock solutions extremely slowly byEscherichia coliFpg when it is opposite
to 200uL of PIPES buffer [20 mM PIPES (pH 7.0), 20 mM T (16).
MgCl,, and 200 mM NacCl] followed by dilution to 406L The facile excision of FapgA by Fpg regardless of the
with H,O. Samples were hybridized at 9G for 5 min and nucleotide opposite it was in stark contrast to its reaction
allowed to cool to room temperature overnight. The absor- with MutY. MutY (100 nM) did not incise dA (37C, 2 h)
bance of the samples was then monitored at 260 nm whilefrom a duplex {b, 20 nM) containing the nucleotide opposite
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Ficure 2: Excision of FapydA as a function of time.la] = 10
nM, and [Fpg]= 1.755 nM.

FapydA. Less than 3% incision was detected after 15 h.
Furthermore, no incision of FapyA was observed under
identical conditions when the lesion was opposite dA)(

or dG (Lc). Examination of an otherwise comparable duplex
containing a dG:dA base paitd) showed that 77% of dA
was incised under identical conditions in 1 h, indicating that
the observations involving oligonucleotides containing Fapy
dA could not be attributed to technical issues. The lack of
incision by MutY of oligonucleotides containing FajhA
was reinforced by gel shift experiments, which showed that
the enzyme bound the duplekh)) containing the FapgA:

dA base pair Kp = 44.0 + 3.9 nM) significantly more
weakly than DNA containing a dG:dA or OxodG:dA base
pair (22). MutY binding of the FapydA:dA base pair was
comparable to the enzyme’s affinity for duplexes composed
entirely of native base pairs.

Binding of Fpg by and UV Melting Studies of DNA
Containing C-Nucleoside Analogues of Faghx Although
Klenow exo incorporates dNTPs opposifeC-FapydA
significantly more slowly than it does opposite Fagh, the
relative frequency of insertion is similaB@). These data

[Fpal (nM)

Ficure 3: Gel shift analysis of DNA containing-C-FapydA:dC
(26 base pair binding by Fpg.
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FIGURE 4: Inhibition of Fpg-mediated excision of FajhA in 1a
by DNA containing g3-C-FapydA:dC base pairda). Plot of the
apparenK/Vmax @s a function of inhibitor concentration (1 2g).

were interpreted to mean that the analogue presents a
hydrogen bonding pattern similar to that of Fagh. Table 2: Assessment of the Fpg Binding of Duplexes Containing
Modeling experiments are consistent with this proposal (data C-Nucleoside Analogues of FamA (a-C-FapydA and

not shown), and we anticipated that the interaction between#-C-FapydA) in 2

DNA containingf-C-FapydA and Fpg would follow suit. duplex base pair Ko (nM)
Gel shift experiments utilizing duplexes containifigC- 2a B-C-FapydA:T 10.54+ 1.3
FapydA and Fpg support this hypothesis. Strong binding 2b B-C-FapydA:dA 12.84+2.9
of duplexes containing-C-FapydA opposite all four native 2¢ B-C-FapydA:dG 26.5+3.5

: : s 2d [-C-FapydA:dC 109+ 1.3
nucleotides is observed (Table 2). In contrast, Fpg exhibits e 0-C-FapydA-dC 71+ 15
specific binding to a comparable duplex containing-&- of dA'T 170+ 37.5

FapydA:dC base pairde Figure 3), but not to duplexes in
which the analogue is opposite any other nucleotide. Specific UV melting thermodynamics were determined for dodecam-
binding is not observed for an analogous duplex containing ers containinga- and 3-C-FapydA (Table 3). The local

a dA:T base pair Zf). The low Kp determined for Fpg  sequences were the same as those in DNA containing the
binding by duplexes containing-C-FapydA was cor- C-nucleoside analogues that were used in the experiments
roborated by inhibition studies (Figure 4). Determination of described above and were compared to a template containing
the apparenK,, and V. for FapydA excision by Fpg in dA. Duplexes containing-C-FapydA:T or -C-FapydA:T

the presence of fixed concentrations of a comparable duplexbase pairs were destabilized considerably relative to the
containing g5-C-FapydA:T base pairZa) gave rise to & native template. Additionally, unlike in FamA, the extent

of 3.5+ 0.3 nM. of duplex stabilization was not measurably increased when
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Table 3: UV Melting Thermodynamics of Duplexes Containing _adve_r_se biological effect_ of FamA is magnlfled b_y the
o-C-FapydA andg-C-FapydA Compared to dA inability of MutY to incise dA opposite the lesion. In
' comparison, MutY incises dA from DNA containing OxodG:
ggfgglg}gﬁg}gg;; dA base pairs and remains bound to the product, presumably
to protect the duplex from the subsequent action by Fpg,
AH AS AGpgs Tw? which would result in a double-strand bredls(22). MutY
base pair (kcal/mol) ~ (eu)  (kcal/mol)  (°C) also recognizes and removes dA from duplexes containing
a-C-FapydA:T 80.0 222.4 13.7 46.8 OxodA:dA base pairs2Q). It appears that although Fpg treats
a-C-FapydA:dA 66.9 182.2 12.6 46.6 the presence of FapyA in DNA as dangerous, MutY does
a-C-FapydA:dG 731 204.4 121 418 not recognize this lesion at all.
a-C-FapydA:dC 73.9 203.9 13.1 46.4 ) . .
B-C-FapydA:T 77.8 215.6 135 46.8 Why FapydA is treated in a manner different from that
B-C-FapydA:dA 81.9 229.2 13.5 46.4 of OxodG and OxodA is uncertain. We have considered two
B-C-FapydA:dG 76.0 213.5 12.4 42.6 possible explanations. Perhaps Fpg has not evolved to prevent
g'A(::%FapydA:dC 52725 5&258 1135 365"2 conversion of FapylA:dA(dG) base pairs into permanent
dAdA 751 207.6 13.2 46.7 mutations, because they are not formed in vivo in significant
dA:dG 73.9 202.1 13.6 48.3 amounts. This thought is consistent with some but not all
dA:dC 87.2 246.7 13.6 44.7 related observations. The observation that Fafys formed
2 Total oligonucleotide concentration of 4uM. in at least 10-fold smaller amounts than Fef in y-ir-

radiated human leukemia cells is consistent with this
Ihypothesis, but inconsistent with irradiation of chromatin (
3). When viewed in the context of OxodG, the absolute
values ofk./Km for Fpg excision of FapgA may also
DISCUSSION suggest that this process is not biologically relevant. Fpg
excises OxodG from DNA when it is paired with dG or T
FapydA is efficiently excised by formamidopyrimidine  significantly more efficiently than when the lesion is opposite
DNA glycosylase (Fpg, MutM). FapgA and OxodA are either of the two native nucleotides (dC and dA) that are
produced from a common intermediate, but Fpg repairs the actually incorporated translesionally by polymeraskg).(
formamidopyrimidine much more efficiently when the le- Although it could be a coincidence, FapA removal by
sions are opposite thymidine. This is consistent with previous Fpg is comparable in efficiency to the excision of OxodG
studies on the repair of OxodA by Fpg proteir6(19, 20). when it is opposite biologically irrelevant nucleotides (dG
It is interesting to note that Fpg excises Fapy as rapidly and T).
as OxodG 16, 17). The relative preference of Fpg for these ~ The biological relevance of in vitro polymerase experi-
lesions is also qualitatively consistent with that reported by ments involving FapydA can be interpreted either way. On
Dizdaroglu using DNA substrates containing randomly one hand, FapgA induces Klenow exo to misinsert
produced lesions by a variety of forms of oxidative stress nucleotides opposite it more often than does OxodA, but the
(20). TheKrm andVmax values measured in those experiments misinsertion frequency is significantly lower than that for
implied considerably less efficient repair overall. However, OxodG (12, 14, 30). If mispairs involving FapydA are not
in those experiments, many other lesions were present informed frequently in vivo, then it is unnecessary for BER
the DNA substrate and presumably competed for the BER enzymes to evolve to properly repair them. In vivo experi-
enzyme. ments indicate that OxodA is at most weakly mutagenic, with
A significant distinction between Fpg repair of Fagp Oxo0dG being more deleteriou84—36). The question that
and OxodG concerns the activity of the enzyme on duplexesremains unanswered is whether the in vivo mutation fre-
containing mispairs. Other than dC, polymerases are mostquency of FapydA is sufficiently high to warrant suitable
likely to insert dA opposite OxodG. Fpg excises OxodG from protection by BER enzymes.
Ox0dG:dA base pairs20—200 times more slowly than from We also considered the possibility that the duplexes
a comparable duplex containing an OxodG:dC base p&jr ( containing FapydA:dA and FapydA:dG base pairs are
17). Removal of a lesion from a premutagenic base pair efficiently recognized by Fpg because either the lesion is
leaves the incorrect nucleotide as the sole source of genetianore likely to adopt a conformation in which it is extrahelical
information and makes the polymerase’s infidelity perma- or less energy is required for Fpg to “flip” the lesioB7.
nent. The inefficiency of OxodG removal from a mispair This scenario is consistent with UV melting studies of
with dA by Fpg in effect protects the genome againstG  duplexes containing FapyA opposite T, dA, or dG30).
T transversions. Our in vitro results suggest that the genomeDuplexes containing FapgA opposite these nucleotides
would not be protected in a similar manner against Fapy undergo similar changes in free energy upon melting, but
dA. Experiments using Klenow exoshowed that dA and  considerably less energy is needed to melt them than an
dG are the nucleosides most likely to be misincorporated otherwise identical duplex containing a dA:T base pair. UV
opposite FapydA. However, the specificity with which Fpg  melting and Fpg binding studies gftC-FapydA show
excises FapylA from duplexes in which the lesion is similar trends. Gel shift experiments reveal tight binding of
mispaired with dA or dG is equal within experimental error duplexes containing the C-nucleoside analogue opposite any
to that when it is opposite T (Table 1). This observation of the four native nucleotides (Table 2). UV melting studies
suggests that the formamidopyrimidine could be more do not reveal any stabilization by specific base pairs
deleterious to the genome than one would predict solely oninvolving 5-C-FapydA, and all are considerably destabilized
the basis of polymerase fidelity experiments. The possible compared to the control duplex containing a dA:T base pair

the C-nucleoside analogues were opposite any of the othe
three native nucleotideS().
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Ficure 5: Hypothetical base pairing betweenC-FapydA and
dcC.

(Table 3). Unfortunately, a similar correlation is not observed
between Fpg recognition of OxodG and thermal stability
studies of duplexes containing this lesidr6,38).

In addition, the recognition of thg-C-FapydA by Fpg
(Table 2) is significant independent of the above issues. Tight
binding of duplexes containing the C-nucleotide opposite any
of the four native nucleotides mirrors the observed excision
of FapydA opposite T, dA, and dG. The binding studies
also indicate thgf-C-FapydA presents a hydrogen bonding
pattern to the enzyme comparable to that of the lesion and
that the glycosidic nitrogen is not involved in base pairing.
The tight binding of Fpg by DNA containing dC opposite
a-C-FapydA is difficult to interpret. One can draw theC-
FapydA:dC base pair like a dG:dC base pair in which the
analogue adopts theynconformation, but this should induce
significant distortion in the helix (Figure 5). Although UV
melting experiments do not substantiate this concept, it is
pertinent to note that the binding of DNA containing@&t-
FapydA:dC base pair by Fpg is not anomalous. WheG-
FapydA is present in a DNA template, it preferentially
directs Klenow exo to incorporate dC opposite itsel3@).

Hence, experiments with polymerase and repair enzymes

indicate that there is something unique aboutdh@-Fapy
dA:dC base pair.

The strong binding of Fpg by duplexes containing/th€-
nucleoside analogue of FajlA (3-C-FapydA) is compa-
rable to that of nonhydrolyzable analogues of other DNA
lesions (8, 39). The independently measured inhibition
constant for a duplex containingfaC-FapydA:T base pair
indicates that the molecule could have useful therapeutic
properties provided it can be incorporated enzymatically into
DNA. As has been pointed out, inhibition of BER is a mostly
unexplored process visaas therapeutic applicationglQ).

It is possible if BER enzymes are unable to repair DNA
containing molecules such AsC-FapydA, these analogues
may be lethal.

CONCLUSIONS

The combined observations of the interactions of Fapy
dA-containing DNA with the Fpg and MutY repair enzymes
suggest that miscoding by polymerases resulting in Fapy
dA:dA and FapydA:dG base pairs will result in mutations.
These observations need to be verified using in vivo methods
in which the formamidopyrimidine lesion is introduced at a
defined site in a plasmid, which is then transfected into a
host (L1, 13). The observations described above evoke the
question of whether if the genome is not protected from
FapydA by the GO system as well as it is from OxodG
there is another repair pathway that recognizes the forma-
midopyrimidine. In addition, given the conflicting reports
concerning the prevalence of Faggp lesions and that the

Biochemistry, Vol. 41, No. 52, 20025843

in vitro misincorporation frequency by a polymerase is lower
for this lesion than for OxodG, is it possible that repair
systems have not evolved to protect the genome against the
formamidopyrimidine because it is unnecessansj? This
guestion may be addressed by judicious use of in vivo
experiments.

Experiments utilizing the nonhydrolyzable analogues of
FapydA are of mechanistic value and indicate that these
molecules are potentially useful in other avenues. Exploita-
tion of inhibition of BER by nucleotides incorporated in
DNA is a therapeutic approach that is largely unexplored.
The C-nucleosides studied here show promise in this respect.
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