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SUMMARY

Fpg is a bacterial base excision repair enzyme that
removes oxidized purines from DNA. This work
shows that Fpg and its eukaryote homolog Ogg1 rec-
ognize with high affinity FapydG and bulky N7-ben-
zyl-FapydG (Bz-FapydG). The comparative crystal
structure analysis of stable complexes between
Fpg and carbocyclic cFapydG or Bz-cFapydG nucle-
oside-containing DNA provides the molecular basis
of the ability of Fpg to bind both lesions with the
same affinity and to differently process them. To ac-
commodate the steric hindrance of the benzyl group,
Fpg selects the adequate rotamer of the extrahelical
Bz-cFapydG formamido group, forcing the bulky
group to go outside the binding pocket. Contrary to
the binding mode of cFapydG, the particular recogni-
tion of Bz-cFapydG leads the BER enzymes to un-
productive complexes which would hide the lesion
and slow down its repair by the NER machinery.

INTRODUCTION

Reactive oxygen species (ROS) and alkylating agents are respon-

sible for numerous types of DNA base damage which can inter-

fere with DNA transactions such as replication, transcription,

and recombination (Lindahl, 1993). Base damage persistence

in cellular DNA plays a role in cell death, mutagenesis, carcino-

genesis, aging, and various degenerative diseases (Beckman

and Ames, 1997; Sedgwick et al., 2007; Wilson and Bohr,

2007). The most abundant lesions formed in DNA from guanine

are 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapydG)

and 7,8-dihydro-8-oxoguanine (8-oxodG) (Douki et al., 1997).

Usually resulting from ROS action, Fapy-derivatives can also be

generated in DNA from intermediate alkylated products of pu-

rines at the N7 position (Figures 1A and 1B). To counteract the del-

eterious effects of these damages, cells have evolved many DNA

repair strategies which have been conserved from bacteria to

higher eukaryotes (Wood et al., 2005). The main way to repair

base damages is the base excision repair (BER) pathway.

The formamidopyrimidine-DNA glycosylase (Fpg or MutM)

was initially identified as a BER enzyme able to specifically
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excise FapydG (Chetsanga and Lindahl, 1979). More recently,

it has also been shown that Fpg efficiently removes the major ox-

idation product of purines, 8-oxodG (Tchou et al., 1994; Castaing

et al., 1993). In addition to its DNA glycosylase activity, Fpg also

displays an efficient AP lyase activity allowing the successive

cleavage of the phosphodiester bonds at the 30 and the 50 sides

of the abasic (AP) site, respectively. As a consequence, a one

nucleoside gap is formed in DNA (O’Connor and Laval, 1989).

The recent crystal structures of Fpg bound to damaged DNA

(AP site, 8-oxodG or FapydG) reveal that through binding, Fpg

flips the damaged nucleoside out of the DNA helix in an extrahel-

ical conformation inside an enzyme binding pocket and exposes

it to the nucleophilic attack of the N-terminal proline, P1 (Serre

et al., 2002; Fromme and Verdine, 2003; Coste et al., 2004).

However, these comparative data suggest that Fpg uses several

different binding modes to recognize the damage. In order to

better understand the Fpg binding modes of Fapy-derivatives,

we have solved the crystal structures of the wild-type L. lactis

Fpg enzyme bound to 14-mer DNA duplexes containing either

a cFapydG or a N7-benzyl-cFapydG (Bz-cFapydG) residue.

The latter is a model for bulky Fapy-DNA adducts (Figure 1C).

The present work provides new structural and functional insights

into the ability of this enzyme class to accommodate bulky DNA

adducts in its substrate binding pocket and to process it.

RESULTS AND DISCUSSION

Bulky Bz-cFapydG-Containing DNA Is a High Affinity
Ligand for the Fpg and Ogg1 Proteins
The chemical replacement of the heterocyclic oxygen of the

deoxyribose by a –CH2– group in FapydG leads to a Fpg

substrate analog (cFapydG, Figure 1C) which is recognized but

cannot be processed by the enzyme (Coste et al., 2004; Ober

et al., 2003, 2005). Here, we investigate the ability of Fpg to

bind to a different analog which mimics a bulky adduct FapydG

lesion (Bz-cFapydG, Figure 1C and Supplemental Experimental

Procedures, available online). To this end, the binding to Bz-

cFapydG-containing DNA was quantified using electrophoretic

mobility shift assays (EMSA) and the data were compared with

the binding of Fpg to cFapydG-DNA (Figure 2). Both oligonucle-

otides were recognized by L. lactis Fpg (LlFpg) with about the

same high affinity (Figure 2B). Previous works have shown that

N7-alkyl-Fapy derivatives, such as AFB1-FapydG, PM-FapydG
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(Figure 1B, compounds 4 and 3, respectively), and AF-irodG

(AF = aminofluoren, iro = imidazole ring-opened), are very poor

substrates for Fpg (Chetsanga et al., 1982; Tchou et al., 1994;

Alekseyev et al., 2004). The Fpg glycosylase activity is strongly

affected by the steric bulk at the N7 position of FapydG (Tudek

et al., 1998). Our data therefore suggest that the difficulty in

excising bulky-Fapy adducts is not inevitably related to the Fpg

ability to bind damaged DNA. It is however possible that the alkyl

group N7-substitution leads the enzyme to form a quasi-abortive

complex. A similar explanation can be proposed for the eukary-

ote Fpg homolog, the Ogg1 protein. Like Fpg, yOgg1 forms a sta-

ble complex with cFapydG- and Bz-cFapydG-DNA (Figure 2).

Based on the EMSA studies, we therefore propose that Fpg

(Ogg1) uses a tight but unproductive binding mode for the recog-

nition of N7-bulky adducted FapydG lesions quite different from

those which were so far structurally characterized (Fromme and

Verdine, 2003; Coste et al., 2004). To characterize the molecular

basis of thisunproductivecomplex, we initiateda structural study.

Because we cannot exclude that the mutation present in the pre-

viously crystallized Fpg versions (DP1-LlFpg, E2Q-BstFpg) might

influence the recognition of the damage, we performed the struc-

tural study of the wild-type enzyme bound to cFapydG-DNA.

Accommodation of the Bz-cFapydG Steric
Hindrance by Fpg
The crystal structures of the wild-type LlFpg bound to a 14-mer

DNA duplex containing either cFapydG or Bz-cFapydG were

Figure 1. Guanine Oxidized

(A) Different pathways to produce the major

oxidized products of guanine in DNA.

(B) Fapy derivatives. As shown in (A), unsubsti-

tuted FapydG (1) is radiation-induced in DNA and

N7-substituted FapydG residues result from the

destabilization of the imidazole ring followed by al-

kylation at the N7 position of guanine: alkylation by

(2) the dimethylsulfate (DMS), (3) the phosphora-

mide mustard (PM), (4) the aflatoxin B1 (AFB1),

and (5) the 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) (Tudek, 2003).

(C) Fapy analogs used in this study. These analogs

were stabilized by the chemical replacement of the

deoxyribose of the damage nucleoside by a cyclo-

pentane (Supplemental Experimental Procedures).

solved (Table 1). Between both models,

the global fold of Fpg and DNA is un-

changed as compared with previous

structures (RMSD of 0.37 Å is observed

between the protein Ca-backbones of

both models). Few structural rearrange-

ments of Fpg are limited to the aF-b9

loop. Both lesions are stabilized in an ex-

trahelical anti conformation inside the

Fpg binding pocket. No difference was

observed between the FapydG bound

by the wild-type LlFpg versus the so-far

used defective mutant DP1-LlFpg (Coste

et al., 2004). However, the Fpg binding

modes of cFapydG and Bz-cFapydG

are significantly different and damages are not superimposed

inside the Fpg binding pocket (Figure S1). The pyrimidine moie-

ties of FapydG derivatives are not coplanar and the Bz-cFapydG

appears slightly less extrahelical than cFapydG. Only the

sugar moieties of both damages (here the cyclopentane) are

quasi-superimposed (Figure S1).

The enzyme does not select the same rotamer of the for-

mamido group of FapydG derivatives (Figure 3). The steric

hindrance of the benzyl group of Bz-cFapydG is reduced by

changing the conformation of the formamido group (Figure 3A).

We thus observe a difference of almost 180� of the dihedral angle

of the formamido group between cFapydG and Bz-cFapydG

(Figure 3B). In DNA, the exact conformation of the different

Fapy lesions is not well understood and, possibly, a mixture of

multiple interconverting isomeric forms is present. This structural

complexity is increased by the possibility of anomerization

(Haraguchi et al., 2001; Greenberg et al., 2001; Brown et al.,

2006). Although four N-formyl geometrical isomers are possible

for the Fapy-derivatives (Figure 3C), only a subgroup was exper-

imentally observed for the nucleobases, nucleosides, and nucle-

oside-containing DNA. Using NMR spectroscopy and HPLC

analysis, it was shown that the N7-Me-FapyG base, N7-Me-

FapydG, and N7-S-Et-GSH-FapydG nucleosides exist in equilib-

rium between the geometrical isomers I and II of Figure 3C which

are related to each other by a 180� rotation about the C5-N7 and

N7-C8 bonds (Boiteux et al., 1984; Humphreys and Guengerich,

1991). Tomasz and coworkers have identified the geometrical
Chemistry & Biology 15, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved 707
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isomers II and III as the minor and major rotamers of the N7-Et-

FapydG nucleoside, respectively, whereas the rotamer I is not

significantly populated contrary to N7-Me-FapydG (Tomasz

et al., 1987). It was also shown that the major separated HPLC

fraction of AFB1-FapydG base and the corresponding nucleo-

side (Figure 1B) can be attributed to two geometrical isomers,

the major rotamer III and the minor rotamer II (Lin et al., 1977;

Hertzog et al., 1982; Brown et al., 2006). Taken together, these

results suggest that the nature of the substituent at the N7 posi-

tion modulates the conformational equilibrium. The solution

structure of AFB1-FapydG-containing DNA duplex has revealed

that the formamide group adopts the rotamer IV (Mao et al.,

1998). It was proposed that the E. coli Fpg protein preferentially

recognizes in DNA the geometrical isomer II of the N7-Me-

FapydG, which is a very efficient Fpg substrate (Boiteux et al.,

1984). Based on the crystal structure of wtLlFpg/cFapydG-

DNA, it is easy to replace the N7-proton of the FapydG base in

its rotamer II by a methyl group without creating a steric clash

in the binding pocket (data not shown). This suggests that the

N7-Me-FapydG can be indeed bound as its geometrical isomer

II and processed by the enzyme like the unsubstituted FapydG.

Such a mechanism is not possible for Fapy-derivatives

N7-substituted by bulky adducts. As illustrated by the present

work, the enzyme can accommodate the N7-bulky lesion as

the rotamer IV which enables the bulky group to stay outside

the binding pocket (Figure 3A).

Fine Structural Determinants for the Recognition
of the Flipped-Out Fapy-Nucleobases inside the Fpg
Binding Pocket
The ability of the enzyme to bind either the rotamer II (FapydG) or

the rotamer IV (Bz-FapydG) of FapydG-derivatives is accompa-

Figure 2. Fpg and Ogg1 Binding to cFapydG-

and Bz-cFapydG-Containing DNA

(A) EMSA. Binding experiments were carried out as

described elsewhere (Castaing et al., 1999). As indi-

cated, cFapydG- and Bz-cFapydG-14-mer DNA

duplexes were incubated with increased protein

concentrations and the resulting mixtures were an-

alyzed by EMSA.

(B) Apparent dissociation constants (KDapp).

nied by drastic changes of the molecular

interactions between Fpg and the extra-

helical damaged base (Figure 4). All

the hydrogen donors and acceptors of

FapydG are contacted by the enzyme

(Figure 4C). In particular, all the specific

determinants of the damaged guanine

(as compared to a normal guanine) are

recognized: the N7-proton by the side

chain of T221, the C8-keto by the hy-

droxyl of Y238 through a w325-mediated

interaction, and the N9-proton by the side

chain of E76 and the main chain of M75

through w215-mediated interactions

(Figures 4A and 4C). Between FapydG

and Bz-FapydG, only the three interac-

tions with the N1, N2, and O6 groups of the damaged guanine

are conserved (highlighted by a gray background in Figure 4C),

while N3 and N7 of Bz-FapydG are not directly contacted. The

spatial position of the N7-benzyl group of Bz-FapydG is con-

strained by the structural water molecules w323 and w182 which

play a similar role to that of T221 in the case of FapydG. Whereas

11 amino acid residues of the enzyme are mobilized for the rec-

ognition of FapydG, only seven are involved in the interaction

with Bz-FapydG. However, most of these interactions are estab-

lished by residues conserved in Fpg primary structures indicat-

ing a high level of specificity in the recognition of both lesions.

The flipping out of the lesion by the enzyme exposes C10 of the

damaged nucleoside to the nucleophilic attack of the active

site P1 residue. Indeed, P1 forms an imino enzyme-DNA inter-

mediate during catalysis which can be easily trapped by irrevers-

ible reduction (Zharkov et al., 1997). In both structures, the C10 of

the damage is located at 3.6–3.7 Å away from the P1 amino

group. Interestingly, because of the rotamer IV selection, the cat-

alytic proline P1 is used by the enzyme for the recognition of the

formyl group of the Bz-FapydG whereas no such interaction is

established in the case of FapydG binding. Thus, the amino-

proton and the Cb groups of P1 are contacted directly, and via

w185, by the C8-keto group of the Bz-FapydG formyl group

(Figures 4B and 4C). Considering the essential catalytic role of

P1, the (C8-P1) interactions observed in the structure of LlFpg

bound to Bz-cFapydG-DNA appear to be functionally unfavor-

able for the subsequent processing of the bulky adduct.

In addition, when we compare the binding mode of FapydG by

the wt-LlFpg protein (this work) and by the defective mutant

DP1-LlFpg (Coste et al., 2004), we observe differences in the

flexible part of the loop aF-b9. This loop adopts a precise fold

in the wt-LlFpg/cFapydG-DNA model, whereas in the previous
708 Chemistry & Biology 15, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved
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Table 1. Data Collection and Refinement Statistics

Fpg/DNA models

wt-LlFpg/cFapydG wt-LlFpg/Bz-cFapydG

Data Collection Statistics

Radiation source ESRF BM30A ESRF ID23-1

Wavelength (Å) 0.92004 0.97935

Spacegroup P41212 P41212

Cell dimensions a = b = 92.513 Å, c = 142.867 Å a = b = 91.356 Å, c = 140.943 Å

Total observations 212432 331651

Unique reflections 41650 47718

Completeness (%) 91.4 (91.4)a 100.0 (100.0)b

Redundancy 5.1 (4.8)a 7.0 (7.1)b

Rsym
c 6.9 (28.4)a 9.9 (45.1)b

<I/s> 17.1 (3.6)a 17.0 (3.3)b

Refinement and Model Statistics

Resolution (Å) 17.25-1.95 45.69-1.90

Number of reflections used 39561 45259

Rwork (%)d 17.6 17.2

Rfree (%)d 20.9 20.0

Average B values

All atoms (Å2) 36.08 23.37

Protein atoms (Å2) 32.03 19.88

DNA atoms (Å2) 44.71 32.87

Water atoms (Å2) 45.34 32.62

Root mean square deviation from ideality

Bond lengths (Å) 0.020 0.018

Bond angles (�) 1.776 1.745

Torsion angles (�) 5.971 5.825

No. of atoms

Protein 2128 2147

DNA 569 576

Glycerol 6 6

Water 397 335
a Values in parentheses refer to data in the highest resolution shell (2.06–1.95 Å).
b Values in parentheses refer to data in the highest resolution shell (2.00–1.90 Å).
c Rsym =

P
jI� hIij=

P
I, where I is the observed intensity and < I > is the average intensity from multiple observations of the symmetry-related

reflections.
d R =

P
jjFobsj � jFcalcjj=

P
jFobsj. Rfree is the R-value for a subset of 5% of the reflection data, which were not included in the crystallographic

refinement.
DP1-LlFpg/cFapydG crystal structure (Coste et al., 2004), the

loop segment R222-A224 was not visible and the loop segment

L225-T228 adopted a quite different fold (Figure 5A). Interestingly,

the global fold of the visible part of this loop in DP1-LlFpg/cFa-

pydG was also found in previous crystal structures of LlFpg

bound to abasic site analogs (Pereira de Jésus et al., 2005;

Figure 5A). Taking into account all these structural studies, we

propose that: (1) the very flexible part of the loop aF-b9 can

adopt two global folds which we term ‘‘open’’ and ‘‘closed’’ con-

formation and (2) P1 is absolutely required for observing the

‘‘closed’’ conformation of the loop when the enzyme recognizes

the damaged guanine. The transition from the ‘‘open’’ to the

‘‘closed’’ conformation depends on three strictly conserved

hinge residues G216, G226, and G229, separating the two seg-
Chemistry & Biology 15
ments of the flexible part of the aF-b9 loop (Figure 5B). One of

these ‘‘open’’ conformations was observed in the crystal struc-

ture of wt-LlFpg bound to tetrahydrofuran-containing DNA (in

brown, Figure 5A; Pereira de Jésus et al., 2005). The ‘‘closed’’

conformation of the loop has already been observed in the crys-

tal structures of Fpg from B. stearothermophilus (BstFpg) bound

to 8-oxodG-containing DNA duplex and in the model of the free

Fpg enzyme from T. thermophilus (TtFpg) (Fromme and Verdine,

2003; Sugahara et al., 2000). In spite of length and sequence

differences (Figure 5B), the ‘‘closed’’ conformation of the loop

in the Fpg proteins are perfectly superimposed (except for amino

acid insertions; Figure 5C). Consequently, the ‘‘closed’’ confor-

mation is directly associated with the recognition of the dam-

aged guanine. Although the damage can be stabilized in an
, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved 709
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anti or syn conformation (for FapydG and 8-oxodG, respectively),

the stabilization of the loop in the ‘‘closed’’ conformation de-

pends on the recognition of the O6 group of the damaged

guanine (Figure 5D). The ‘‘closed’’ conformation allows the stabi-

lization of the extrahelical damage and its confinement in the

substrate binding pocket. The loop segment S217-Y222 plays

the role of a mechanical valve which wraps the damaged base

and closes the enzyme substrate binding pocket (Figure 5D).

Like a ‘‘cap,’’ the conserved aromatic residue Y222 fills the area

defined by the loop in the ‘‘closed’’ conformation. The dynamic

behavior of the loop enables the size and the volume of the bind-

ing pocket to be modulated for the various Fpg substrates. We

further suggest that the ‘‘closed’’ conformation is essential for

the catalytic process mediated by Fpg. This proposition is also

supported by molecular dynamics simulations and structural

studies in solution (Amara et al., 2004; Perlow-Poehnelt et al.,

2004; Buchko et al., 2005; Amara and Serre, 2006). Amara and

coworkers in particular have proposed that when Bst-Fpg is

bound to normal guanine in DNA, the flexible part of the loop rap-

Figure 3. Fpg Rotameric Selection of the

Formamido Group of Fapy Derivatives

(A) Focus views of the extrahelical damaged

nucleoside inside the Fpg binding pocket. Left

panels show a zoom-in of the substrate binding

pocket in LlFpg/cFapydG-DNA (top) and LlFpg/

Bz-cFapydG-DNA (bottom). The solvent accessi-

ble surface and the ribbon drawing of the protein

are indicated in gray. DNA is represented by its

space filling model. Carbons of the DNA are col-

ored in vivid green for both lesions and the

sugar-phosphate backbone in yellow and green

for cFapydG and Bz-cFapydG, respectively.

Schematic representations of the structure of

the damaged nucleoside are shown in the right

panels.

(B) Base lesion geometry (footnote a = differences

between cFapydG and Bz-cFapydG).

(C) Four geometrical isomers of Fapy derivatives.

One rotamer can be obtained from another by

180� rotation about the C5-N7 and/or N7-C8

bonds.

idly adopts a conformation significantly

different from that of the enzyme bound

to 8-oxodG-DNA. NMR studies of E. coli

Fpg bound to 1,3-propanediol-DNA pro-

vided similar results (Buchko et al.,

2005). We therefore propose that the flex-

ible part of the aF-b9 loop is necessary to

discriminate a substrate from a nonsub-

strate inside the binding pocket of the en-

zyme. Indisputably, an energetic and/or

physical coupling exists between the

catalytic P1 and the loop since the cata-

lytic defective mutant DP1-LlFpg bound

to cFapydG-DNA displays the ‘‘open’’

conformation (Coste et al., 2004). On the

contrary, the ‘‘closed’’ conformation is

apparently not required for the AP lyase

activity of the enzyme since all crystal structures of Fpg bound

to abasic site analogs show the aF-b9 loop in the ‘‘open’’ confor-

mation. Interestingly, the loop adopts its ‘‘open’’ conformation

when the wt-LlFpg binds to Bz-cFapydG-DNA duplex (peptide

chain in blue, Figure 5A). Due to the fact that Bz-FapydG is sta-

bilized in its rotamer IV, the benzyl group of the damage is ex-

pelled from the binding pocket on the side of the flexible loop

and thus prevents the enzyme from completely imprisoning the

base damage inside the binding pocket (Figure 3). The C8-P1

interactions (see below) and the ‘‘open’’ conformation of the

observed aF-b9 loop together provide a structural explanation

of the difficulty of Fpg in processing bulky Fapy-adducts as

compared with the canonical substrates FapydG and 8-oxodG.

Biological Implication of the Recognition by DNA
Glycosylases of FapydG Derivatives N7-Substituted
by Bulky Adducts
Fapy lesions and especially bulky-Fapy lesions in DNA represent

challenges for DNA replication and repair enzymes (Tudek,
710 Chemistry & Biology 15, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved
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2003). Numerous in vitro and in vivo studies have shown that

Fapy lesions constitute fairly strong but not absolute blocks to

DNA synthesis (O’Connor et al., 1988; Aguilar et al., 1993; Asa-

goshi et al., 2002; Smela et al., 2001, 2002; Kalam et al., 2006;

Patro et al., 2007). Bypass of the lesions can occur at low fre-

quency in bacteria and eukaryotic cells which generally results

in G to T transversions. Very interestingly, previous works have

obtained evidence that replication blocking or bypass of bulky

Fapy lesions is conditioned by the precise structure of the

damage, i.e., its rotameric conformation and/or anomeric config-

uration (Smela et al., 2002; Brown et al., 2006). To prevent the

interference of Fapy-lesions with the replication machinery, cells

have evolved DNA repair strategies. Even though the major way

to repair Fapy lesions is base excision repair (BER), Essigmann

and coworkers have unambiguously demonstrated that AFB1-

FapydG is not a substrate for Fpg and Ogg1 as compared to

8-oxodG and N7-Me-FapydG (Tudek et al., 1998; Alekseyev

et al., 2004; Hu et al., 2005). Until now, the explanation for this

observation was the steric bulk of such lesions, preventing the

enzyme from stabilizing the damage properly in its binding

pocket. Here, we show that Fpg recognizes both the Bz-FapydG

lesion and the unsubstituted FapydG lesion with the same affinity

(Figure 2). This result correlates with the ability of the enzyme to

stabilize both lesions in an extrahelical conformation inside its

binding pocket (Figures 3 and 4). To accommodate the benzyl

group of Bz-FapydG, the rotamer IV of the formamido group is

stabilized by the enzyme, which leads to the expelling of the

bulky group outside the binding pocket, whereas the FapydG

base moiety of the damage is maintained inside. Based on the

binding mode of Bz-FapydG, it is now possible to propose

a model for the binding of the extrahelical AFB1-FapydG by

Fpg by replacing the benzyl group of Bz-FapydG by the AFB1

adduct (Figure 6). This model supposes that Fpg is first able to

melt the DNA duplex at the intercalated damaged site. We there-

fore propose that the stabilization of the rotamer IV is one of

the lesion binding modes selected by the enzyme to accommo-

date bulky Fapy adducts in its substrate binding pocket.

However, recognition of larger bulky Fapy adducts with interca-

lative properties, such as AFB1, needs further investigation

(Figure 1B).

The present work confronted with previous structural and

functional studies provides a detailed understanding of the abil-

ity of Fpg to recognize and process bulky DNA adducts. Based

on the binding mode of FapydG (selection of the rotamer II),

we can easily substitute the N7-proton of the damaged base

by a methyl group without disturbing the local structure

observed. The (d+) N7-methyl group can displace the water

molecule w304 and establish a direct interaction with the (d�) hy-

droxyl group of T221 (Figure 4). Based on these observations,

the rotamer II of the Fapy lesion probably corresponds to the

conformation present during catalysis because the N7-Me-Fa-

pydG is excised in DNA very efficiently by the enzyme. A similar

replacement by an ethyl group still seems to be possible but

might already slightly disturb the local structure. N7-Et-FapydG

and AF-iroG are described as substrates 7-fold and 30-fold

less efficiently excised by Fpg than N7-Me-FapydG, which is in

good agreement with our present crystal structures (Boiteux

et al., 1989; Tudek et al., 1998). For N7-substituents of FapydG

that are bulkier than an ethyl group, the rotamer II cannot be
Chemistry & Biology 15
bound by the enzyme without creating a serious clash with the

walls of the binding pocket. On the contrary, such adducts can

be bound in their conformation IV which results in a reorganiza-

tion of the interactions and of the water molecules inside the

binding pocket. This structural induced-adjustment leads the

formyl group of the damage to contact the amino group of

the catalytic P1 (Figure 7A). Given the very low electrophilic char-

acter of the formyl group, this interaction is strong and stabilizes

the protonated state of P1. This interaction therefore increases

the real pKa value of P1 and decreases its nucleophilicity. In

such a situation, the nucleophilic attack at C10 by P1 is signifi-

cantly compromised. On the contrary, the catalytic activation

of P1 when Fpg binds FapydG in the rotamer II can be related

to a key water molecule, w44 (Figure 4). Indeed, the strictly con-

served E2 and E5 residues of Fpg collaborate with the N2 and

N3 of the flipped-out nucleoside to exquisitely position w44

(Figure 7B). Thus, E2 can activate w44 which plays the role of

general acid-base catalyst to deprotonate P1. E5 and the dam-

aged nucleoside itself can contribute to drive the activated

w44 to its target, the ammonium proton of P1 (Figure 7B). In

such a model, the flipped-out damaged nucleoside acts as a

cocatalyst as it has been already proposed for the human

Ogg1 (Fromme et al., 2003). Such a scenario is supported by

the fact that the E2Q mutant of Fpg is completely defective in

the DNA glycosylase activity and that the E5Q mutant is signifi-

cantly less efficient than the wild-type Fpg (Lavrukhin and Lloyd,

2000). In addition, the crystal structure of the abortive complex

E2Q-BstFpg/8-oxodG-DNA indicates that the replacement of

E2 by Q results in the absence of w44 in the binding site of the

enzyme (Figure 7A). The interaction E2-w44 is also observed in-

side the binding pocket of the wild-type LlFpg bound to abasic

site-containing DNA which is in agreement with the fact that

the AP lyase activity of the enzyme also depends on the ability

of P1 to attack the C10 of the AP site. The absence of w44 inside

the binding pocket of E2Q-BstFpg bound to 8-oxodG-DNA

suggests that the same observation in the crystal structure of

wt-LlFpg bound to Bz-FapydG-DNA is also associated with the

inability of the enzyme to process bulky Fapy-DNA adducts as

demonstrated for AFB1-FapydG (Alekseyev et al., 2004).

Consequently, bulky Fapy-DNA adducts such as the Bz-

FapydG may be in vivo molecular traps leading Fpg into unpro-

ductive complexes (Figure 7A). By the same argument, the

Fpg eukaryote homolog, Ogg1, may also be trapped by bulky

Fapy-derivatives because we show that this enzyme also recog-

nizes FapydG and Bz-FapydG with similar efficiency (Figure 2).

The formation of such unproductive complexes would hide le-

sions, which strongly impairs the ability of other DNA repair sys-

tems to approach the damaged site. This hypothesis would be

supported by the observation that in contrast to its cationic

precursor AFB1-dG, the AFB1-FapydG-DNA adduct is highly

persistent in bacteria and cells treated with aflatoxin B1

(AFB1), a toxin produced by the common soil fungus Aspergil-

lus flavus (reviewed in Wang and Groopman, 1999). Exposure

to this toxin is significant in regions of the world where certain

foods are improperly stored and it is considered to be one of

the most potent known liver carcinogens (Smela et al., 2001).

It has been clearly shown that AFB1-dG and AFB1-FapydG

lesions are preferentially repaired by the nucleotide excision

repair pathway (NER) in bacteria and mammalian cells and,
, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved 711
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Figure 4. Interactions between the Extrahelical Fapy-Derivatives and Fpg inside the Active Site Binding Pocket

(A and B) Stereoviews of the elaborated interaction network between Fpg and cFapydG (in yellow) and Bz-cFapydG (in green). The Ca backbone of Fpg is in gray

and residue side chains in pink. Covalent links in protein and DNA are drawn by ball-and-stick representation. N, O, S, and P atoms are represented by blue, red,

yellow, and magenta balls, respectively. Inferred hydrogen bonds are shown as red dashed lines and water molecules mediating interactions as small red

spheres. For both structures, the distance between the ammonium group of P1 and the C10 of the target nucleoside is indicated and depicted by a light-blue

dashed line.
712 Chemistry & Biology 15, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved
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that the contribution of BER enzymes for repair of such lesions

in bacteria is negligible (Alekseyev et al., 2004). Based on NMR

studies, it was postulated that the enhanced stabilization of

DNA duplexes harboring AFB1-FapydG adduct as compared

to that of AFB1-dG could be one factor in its ability to escape

repair (Mao et al., 1998). However, this explanation is question-

able because repair of both lesions by UvrABC endonuclease

(bacterial NER) occurs with similar efficiency in vitro (Oleykow-

ski et al., 1993). This suggests that in vivo, some cellular factors

can negatively interfere with the repair efficiency of AFB1-

FapydG by NER. Based on our present data, we propose that

BER enzymes can prevent the efficient repair of bulky Fapy-

DNA adducts by NER. We surmise that this repair inhibition

would be connected to the ability of BER enzymes such as Fpg

and Ogg1 to form stable unproductive complexes with these

bulky lesions. Such BER interference is not observed for

N7-Alkyl-dG, such as the cationic N7-Me-dG, because these

lesions are not recognized and processed by Fpg (or Ogg1)

(Laval et al., 1991).

SIGNIFICANCE

DNA glycosylases are key enzymes in the cellular defense

against the genotoxic (mutagen or lethal) effects of DNA

base damage. They initiate the base excision repair pathway

by removing a damaged base from the genome. Consider-

able interest surrounds the molecular mechanism by which

these enzymes search, recognize, and excise one base le-

sion among a vast excess of normal bases. Numerous

structural and functional insights about the recognition of

oxidized purines (8-oxoguanine and FapyG) by Fpg and

hOgg1 have been provided by coupling the synthesis

Figure 5. ‘‘Open’’ and ‘‘Closed’’ Conforma-

tion of the Very Flexible Part of the Fpg

aF-b9 Loop Involved in the Damaged

Base Recognition

(A) Superposition of the backbone of the aF-b9

loop (from L214–K231) of the wild-type LlFpg

bound to DNA duplex containing either an abasic

site analog (1,3-propanediol and tetrahydrofuran

in light-brown and brown, respectively; Pereira

de Jésus et al., 2005), cFapydG (in green; this

work) Bz-cFapydG (in blue; this work), and of the

defective mutant DP1-LlFpg bound to cFapydG

(in pink; Coste et al., 2004). The strictly conserved

glycine residues (G216, G226, and G229) which

act as a hinge in the ‘‘closed’’ and ‘‘open’’ config-

urations of the loop are indicated in red. Residues

labeled by a red sphere are involved by their main

chains in the recognition of the O6 of the damaged

guanine and are often missing in the electron den-

sity map of the crystal model. Residues labeled by

a blue sphere belong to a part of the loop which

presents different folds in the ‘‘open’’ and

‘‘closed’’ conformations of the loop.

(B) Sequence alignment of the flexible part of the

aF-b9 loop from L. lactis Fpg (LlFpg), B. stearo-

thermophilus (BstFpg), and T. thermophilus

(TtFpg). Identical residues are colored in bold

red, similar residues in bold black and noncon-

served residues in black. The strictly conserved

glycine residues are shown in white on a red

background. Labeling by red and blue spheres is

defined in (A).

(C) ‘‘Closed’’ conformation of the aF-b9 loop. Here

is represented a superposition of the E200–H228

segment of the loop of free TtFpg (in pink; Suga-

hara et al., 2000), the E213–L239 segment of the

defective mutant E2Q–BstFpg bound to 8-oxodG-DNA duplex (in gray; Fromme and Verdine, 2003), and the L210–K235 segment of the wild-type LlFpg protein

bound to cFapydG-DNA duplex (in green; this work).

(D) Stereoviews of the superposition of the loops of E2Q-BstFpg bound to 8-oxodG-DNA (gray) and wild-type LlFpg bound to cFapydG-DNA (green) showing the

interactions of the loop residues with oxidized guanines (see also Figure 4). Residues indicated are those of the wild-type LlFpg (this work). Labeling by red and

blue spheres is defined in (A).
(C) Direct interactions and water molecule-mediated interactions. Direct interactions between hydrogen bond donors (D) and acceptors (A) established between

enzyme residues (in green) and functional groups of the FapydG (F, in red) and Bz-FapydG (BzF, in magenta) are indicated above the dashed line of the table.

Water molecules which mediate interactions between the enzyme and the damaged base are indicated in blue below the dashed line of the table. Interactions

which are common between the structures of Fpg bound to cFapydG- and Bz-cFapydG are highlighted in gray. The underlined water molecule interacts only with

the base moiety of the damage. See also Figure 5 to visualize each interaction in space.
Chemistry & Biology 15, 706–717, July 21, 2008 ª2008 Elsevier Ltd All rights reserved 713



Chemistry & Biology

Structure of Fpg Bound to a N7-Benzyl-FapydG-DNA
of damaged nucleobase-containing oligonucleotides with

high-resolution crystallographic structures of stable en-

zyme/DNA complexes. Structural information on the recog-

nition of bulky-base lesion by these enzymes has, however,

been lacking to date.

Here, we report the use of synthetic carbocyclic Fapy-

derivatives-containing oligonucleotides to solve the X-ray

structures of Fpg bound to DNA containing either FapydG

or bulky N7-benzyl-FapydG (Bz-FapydG). These structures

lend key support to the ability of Fpg (or Ogg1) to accommo-

date bulky Fapy-DNA adducts inside its binding pocket. As

already shown for DNA synthesis, the present study high-

lights the importance of the ability of Fapy lesions to adopt

different stable conformations. However and differently

Figure 6. Proposed Model for the Recognition of the AFB1-FapydG

DNA Adduct by Fpg

(A) Overview of the model and (B) enlargement at the level of the extrahelical

damaged nucleoside. The graphic representation and the orientation in (B)

of the model are similar to those used in Figure 3A. The benzyl group of

Bz-cFapydG in the crystal structure of wt-LlFpg bound to Bz-cFapydG-DNA

is replaced by the AFB1 group. Rotation around the C5-N7-C8A-O7 dihedral

angle leads to a position for which no steric clashes were observed between

the AFB1 adduct and the protein. In such a position, the AFB1 moiety points

toward the solvent outside the Fpg binding pocket. The structure of the

AFB1 adduct we used to construct the model is that observed in the solution

structure of the AFB1-FapydG-DNA (1hm1; Mao et al., 1998).
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from FapydG, the rotamer IV selection of Bz-FapydG by

Fpg observed in the structure forces the enzyme to form

a stable but unproductive complex and provides new

insights about reactions catalyzed by Fpg.

If we consider Bz-FapydG as a model for other bulky-Fapy-

DNA adducts, we propose that in vivo, such unproductive

BER enzyme-DNA complexes could negatively interfere

with the NER machinery for the efficient repair of such dam-

age. This interference could be responsible for the long per-

sistence of these lesions in organisms, which is connected

with a real cancer risk. Further investigations are however

needed to extrapolate our findings to larger bulky Fapy

adducts especially those which intercalate in DNA.

EXPERIMENTAL PROCEDURES

Proteins and DNA Duplexes

The open reading frame of the wild-type LlFpg is isolated by PCR using the

plasmid pVE1064 as a template (Duwat et al., 1995) and the oligonucleotide

primers GGGAACATATGCCTGAATTACCAGAAGT and TTTTTCCCGGGTTA

TTTTTGCT-GACAAACTGGGCAAAAATGAG. After NdeI/XmaI digestion of

the PCR DNA product, the resulting DNA fragment was inserted by ligation

into the linear NdeI/XmaI pFlag-CTC expression vector (Sigma-Aldrich). After

sequence checking, the recombinant plasmid (pFlag-WT-LlFpg) was used to

transform the Fpg defective E. coli strain BH540 (Castaing et al., 1993). The

WT LlFpg protein was then overproduced in the recombinant strain BH540/

pFlag-WT-LlFpg. The homogeneous WT LlFpg protein was purified as previ-

ously described with the following modifications (Pereira de Jésus et al.,

2002). After lyses, QMA (Waters) and SP Sepharose FF (Pharmacia) purifica-

tion steps, the SP active pool was fractionated by AcA54 gel filtration chroma-

tography. The AcA54 pool was then dialyzed and loaded onto an HS POROS

cation exchanger (PerSeptive Biosystem) and eluted by a linear NaCl gradient.

The homogeneous WT LlFpg protein eluted between 250 and 350 mM NaCl

was concentrated and stored at�80�C after mass spectroscopy and N-termi-

nal micro-sequencing checking. The yeast 8-oxoguanine-DNA glycosylase

(yOgg1) was donated by Serge Boiteux.

The unmodified single-strand oligonucleotides were purchased from Euro-

gentec and purified by MonoQ anion exchanger chromatography as previously

described (Pereira de Jésus et al., 2002). The 14-mer oligonucleotide contain-

ing the cFapydG residue CTCTTT(cFapydG)TTTCTCG (SUP1) was synthe-

sized and purified as previously described (Ober et al., 2003). For synthesis

data of N7-Benzyl-cFapydG phosphoramidite and oligonucleotide (SUP2),

see the Supplemental Experimental Procedures.

The purified strands SUP1 and SUP2 were then annealed with the comple-

mentary strand INF to generate 14-mer DNA duplexes containing either

cFapydG or N7-Benzyl-cFapydG opposite cytosine. For binding experiments,

modified strands SUP1 and SUP2 were 50-[32P]-labeled before annealing as

previously described (Serre et al., 2002).

Apparent Dissociation Constants of LlFpg and yOgg1 Bound

to FapydG Derivative-Containing DNA

Apparent dissociation constants (KDapp) of both DNA glycosylases (Fpg and

Ogg1) for 14-mer DNA duplexes containing cFapydG-derivatives were deter-

mined by electrophoresis mobility shift assays. The same experimental condi-

tions were used for both enzymes. Briefly, 50-radiolabeled DNA duplex

(200 pM) was incubated for 20 min at 4�C with or without enzyme in 10 ml of

30 mM HEPES/NaOH (pH 7.6), 140 mM NaCl, 2.4 mM Na2EDTA, 2.4 mM

b-mercaptoethanol, 10% glycerol, and 3% BSA. Assays were then analyzed

by EMSA and quantified as previously described (Castaing et al., 1999).

Crystallization, X-Ray Data Collection, and Structure Determination

Crystallization of the two complexes was performed as described elsewhere

(Coste et al., 2004). X-ray diffraction data were collected at 100K at the Euro-

pean Synchrotron Radiation Facility. The diffraction images were processed

with MOSFLM (Leslie et al., 1996) and scaled with SCALA from the CCP4

package. The two structures were solved by molecular replacement with the
td All rights reserved
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AMoRe program (Navaza, 1994) using the Fpg complex with the Protein Data

Bank accession code 1TDZ minus the solvent molecules as a search model.

The Dundee PRODRG2 server (van Aalten et al., 1996) was used to generate

molecular topology files of the Bz-cFapydG nucleobase. Several cycles of

manual model building performed in TURBO-FRODO (Roussel and Cambillau,

1991) and maximum-likelihood refinement performed in Refmac5 (Murshudov

et al., 1997) yielded the final models. During the last refinement steps, aniso-

tropic B factor parameters were introduced for the Zn atom. The final model

of wt-LlFpg/cFapydG-DNA contains all of the 271 protein residues, 28 nucle-

otide residues, one glycerol molecule, one zinc ion, and a total of 397 water

molecules. Concerning the wt-LlFpg/Bz-cFapydG model, the residues 221

and 222 of the aF-b9 loop were omitted because of insufficient density in

the corresponding electron density maps. The model also contains 28 nucle-

otide residues, one glycerol molecule, one zinc ion, and a total of 335 water

molecules.

Data collection and model refinement statistics are summarized in

Figure S1. The crystallographic figures were prepared with the program

PyMOL (DeLano, 2002).

ACCESSION NUMBERS

The atomic coordinates of the wt-LlFpg/cFapydG-DNA and wt-LlFpg/N7-Ben-

zyl-cFapydG-DNA complexes have been deposited in the Protein Data Bank

under the accession codes 1XC8 and 3C58, respectively.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures and one

figure and can be found with this article online at http://www.chembiol.com/

cgi/content/full/15/7/706/DC1/.
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