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ABSTRACT

DNA base-damage recognition in the base excision
repair (BER) is a process operating on a wide variety
of alkylated, oxidized and degraded bases. DNA
glycosylases are the key enzymes which initiate
the BER pathway by recognizing and excising the
base damages guiding the damaged DNA
through repair synthesis. We report here bio-
chemical and structural evidence for the
irreversible entrapment of DNA glycosylases by
5-hydroxy-5-methylhydantoin, an oxidized thymine
lesion. The first crystal structure of a suicide
complex between DNA glycosylase and unrepaired
DNA has been solved. In this structure, the
formamidopyrimidine-(Fapy) DNA glycosylase from
Lactococcus lactis (LlFpg/LlMutM) is covalently
bound to the hydantoin carbanucleoside-containing
DNA. Coupling a structural approach by solving also
the crystal structure of the non-covalent complex
with site directed mutagenesis, this atypical
suicide reaction mechanism was elucidated. It
results from the nucleophilic attack of the catalytic
N-terminal proline of LlFpg on the C5-carbon of the
base moiety of the hydantoin lesion. The biological
significance of this finding is discussed.

INTRODUCTION

The life of an organism and its durability from generation
to generation depends on the stability of the genetic
material contained in the DNA double helix. However,

DNA is continuously exposed to harmful agents, from
environmental and endogenous metabolic sources, which
can modify its native structure (1). Among these agents,
reactive oxygen species (ROS) cause numerous DNA base
lesions that can interfere adversely with DNA metabolism
(replication, transcription and recombination; 2,3). Thus,
oxidized DNA base accumulation can lead to genomic
instability resulting in cancer and age-related disorders
(4). The deleterious effects of base damages are counter-
acted by specific DNA repair processes.
Oxidized base lesions are mainly repaired by base

excision repair (BER; 5,6). The DNA glycosylases
(monofunctional or bifunctional) initiate the BER
pathway by recognizing and removing the base lesion
thus leading to an abasic (AP) site in DNA. In the case
of monofunctional enzymes, the resulting AP site is
recognized by an AP endonuclease which cleaves the
DNA backbone at the 50 side of the AP site to generate
a 50-deoxyribose phosphate- (50-dRp-) end (itself
eliminated by the DNA polymerase 50-dRp-lyase
activity) and a free 30-hydroxyl end for DNA polymerase
repair synthesis. The bifunctional DNA glycosylase/AP
lyase enzymes are responsible for the elimination of
oxidized bases from DNA. In this case, the removal of
the oxidized base (DNA glycosylase activity) is followed
by the AP site cleavage at its 30 side according to a
b-elimination process (AP lyase activity) leading to a
30-dRp, a substrate for AP endonucleases. In the course
of both successive activities, DNA glycosylase/AP lyase
enzymes remain covalently bound to DNA (imino–
enzyme DNA complex, Figure1a). These enzymes have
been classified as a function of their substrate specificities
(oxidized purines or pyrimidines) and more recently, as a
function of their 3D-folds (7,8). Most oxidized
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pyrimidines are excised by the bacterial Nth (EndoIII) and
Nei (EndoVIII) enzymes and by their eukaryote function-
al homologues NTH1 and NEIL1, while oxidized purines
are removed by the bacterial formamidopyrimidine-DNA
glycosylase (Fpg or MutM) and its eukaryote homologue,
the 8-oxoguanine-DNA glycosylase 1 (OGG1; 9).
During the past decade, our understanding of the

general mechanism by which DNA glycosylases recognize
base lesions has been greatly facilitated by combining ex-
pertise in synthetic chemistry of lesion- or analogue-
containing short DNA duplexes and X-ray structures of
DNA glycosylase bound to damaged DNA (8,10).
From this point of view, Fpg is among the best docu-
mented enzymes (11–16). Crystal structures of
Fpg/damaged DNA complexes reveal that through
binding, the enzyme flips the damaged nucleoside [AP
site, 8-oxo-7,8-dihydroguanine (8-oxoG), 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyG) and N7-
benzyl-2,6-diamino-5-hydroxy-5-formamidopyrimidine
(N7-benzyl-FapyG)] out of the DNA helix in an
extrahelical binding pocket thus leading to the exposure
of C10 of the damage to the nucleophilic attack of the
conserved N-terminal proline, P1, the catalytic residue re-
sponsible for the formation of the Schiff base (SB) (11–
13,15) (Figure 1 and Supplementary Figure S1). Although
Fpg has been identified as a DNA glycosylase/AP lyase
specific for oxidized purines such as 8-oxo-7,8-
dihydropurines (8-oxoG and 8-oxoA) (17,18) and
imidazole-ring opened purines [FapyG and formamido-
pyrimidine derived from adenine (FapyA)] (11,12,19,20),

some oxidized pyrimidines are also processed by the
enzyme (21–23). This broad substrate specificity of Fpg
seems to be shared by DNA glycosylases belonging to the
helix-2 turns–helix (H2TH) structural superfamily
(Fpg, Nei, NEIL1, etc.), whereas its eukaryotic functional
homologue OGG1 [from the helix–hairpin–helix (HhH)
superfamily] is rather specific for oxidized purines (8). In
order to ascertain the Fpg substrate specificity limit and
the functional and/or structural features determining an
oxidized pyrimidine as a substrate for Fpg, we
characterized the recognition and the excision of
5-hydroxy-5-methylhydantoin (Hyd) (Figure 1b) by Fpg
from Lactococcus lactis (LlFpg or LlMutM). By studying
the Hyd excision mechanism, we show that this lesion can
entrap LlFpg, Nei and hNEIL1 but not Nth and OGG1 in
an unproductive DNA–protein covalent (DPC) complex.
We elucidated at the atomic level, the determinants of
LlFpg binding to Hyd-DNA and the molecular mechanism
of the suicide reaction by solving the crystal structures of
LlFpg bound to Hyd-containing DNA in non-covalent and
covalent binding modes.

MATERIALS AND METHODS

Proteins and DNAs

All the biochemical and structural experiments presented
in this study were carried out with Fpg from L. lactis
(LlFpg). In the text, for reasons of convenience, the
simplified annotation of ‘Fpg’ is generally used instead

Figure 1. Repair of oxidized base by DNA glycosylase/AP lyases and structures of the nucleoside used in this study. (a) Glycosylase/lyase process. In
the first reaction step, the base lesion (B*) contained in DNA (S, for substrate) was removed by the catalytic cleavage of the N-glycosydic bond
(DNA glycosylase). An active site amino group (from an internal lysine or from the N-terminal amino group of the enzyme) was used as a
nucleophile. This led to the formation of a covalent imino-enzyme DNA intermediate (SB, for Schiff base) between the C10 of the damaged
nucleoside and the catalytic amino group of the enzyme. In the second step of the reaction, the transient Schiff base intermediate underwent
base-catalyzed b-elimination (AP lyase), resulting in strand scission at the C30 side of the abasic site (P, for DNA cleavage product). In the case
of Fpg, the b-elimination product underwent a d-elimination process leading to the excision of the sugar and the formation of a one-nucleoside gap
in DNA (Supplementary Figures S1 and S2). The formation of the Schiff base intermediate can be easily demonstrated by its irreversible stabilization
in the presence of sodium borohydride (RSB, for reduced Schiff base). (b) Nucleoside and analogue used in the study. Preparation of
5-Hydroxy-5-methylhydantoin (Hyd, blue) and its carbanucleoside (cHyd, red) and their incorporation in synthetic oligonucleotides are described
in the Supplementary Data.
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of LlFpg. To obtain DP1, P1G and E2Q mutant versions
of Fpg, single mutations were achieved using the
QuikChange� site-directed mutagenesis kit (Stratagene)
with the pFlag-WT-LlFpg- plasmid as DNA template
(12). The recombinant plasmids were then used to trans-
form the Fpg defective E. coli strain BH540 (17).
Overexpression and purification of the wild-type (wt)
and mutant proteins were carried out as previously
reported for the wt-LlFpg protein (12). The purified
E. coli Endonuclease III (Nth) was a gift from Dr Serge
Boiteux. The recombinant plasmids encoding
Endonuclease VIII (Nei) and the human Nei-like protein
1 (hNEIL1) were a gift from Profs Susan Wallace and
Sylvie Doublié. Overexpression of Nei and hNEIL1 in
Escherichia coli and the protein purifications were
carried out in the lab using procedures already described
(24,25). The open reading frame of the wild-type yOGG1
was isolated by PCR using the plasmid pYSB160 as a
template (26) and the oligonucleotide primers AAATGT
CTTATAAATTCGG and CTCGAAGCTTCCCTAATC
TATTTTTGCTTC. After EcoRI/HindIII digestion, the
resulting PCR fragment was inserted by ligation into the
linear EcoRI/HindIII pET30a expression vector
(Novagen) and yOgg1 was overexpressed in the E. coli
BL21(DE3) strain. After immobilizing by metal-affinity
chromatography (IMAC) using Talon resin (Clontech),
the homogeneous His-tagged protein was obtained after
AcA54 (IBF-LKB) gel filtration chromatography and HS
Poros perfusion chromatography (PerSeptiveBiosystem).

The protected phosphoramidites of Hyd (h) and cHyd
(ch) (Figure 1b) were synthesized as described in the
Supplementary Data, incorporated into oligonucleotides
CTCTTT(h/ch)TTTCTCG (d2-Hyd and d2-cHyd, respect-
ively, Supplementary Table S1), purified by MonoQ
anion exchanger (Amersham Biosciences) and desalted
by C-18 SEP-PAK cartridge (Waters). The G- or
8-oxoG-containing oligonucleotide in the same sequence
was a gift from Dr Didier Gasparutto and the complemen-
tary strands GCGAGAAA(X)AAAGA (where X=A, T,
C, G) were purchased from Eurogentech and also purified.
Damage-containing strands were then annealed with their
complementary strands to generate blunt-ended 14-mer
DNA duplexes containing either G or 8-oxoG opposite
C, Hyd opposite C or A and cHyd opposite X (where
X=A, G, C or T). For the crystal structure analysis of
Fpg bound to cHyd-containing DNA, we used, ‘d2-cHyd’
as complementary strands, GCGAGAAACAAAGA
(INF1) and GAGAAACAAAGAGC (INF2). DNA
duplexes [d2-cHyd:INF1] and [d2-cHyd:INF2] were used
with LlFpg for the crystallization of the lesion recognition
complex (LRC) and the DPC complex, respectively.

Enzyme assays

For DNA binding experiments (electrophoresis mobility
shift assay, EMSA), DNA cleavage (glysosylase/lyase) and
trapping assays, damaged strands were 50-[32P]-labeled
before annealing as previously described (15). Standard
experimental conditions of EMSA and DNA cleavage
assays have been already described (12,15). For the
trapping assay (SDS–PAGE–TRAP), the 50-[32P]-labeled

Hyd- or cHyd-containing 14-mer DNA duplex (100 nM
final concentration) was incubated with DNA glycosylase
in 10 ml of 25mM Hepes/NaOH, pH7.6, 125mM NaCl,
1mM Na2EDTA, 1.5mM b-mercaptoethanol, 0.1mM
PMSF and 6.5% glycerol with or without 0.18M
NaBH4 for 20min or 10 h, respectively. After incubation
at 37�C, reactions were stopped by adding Laemmli
sample buffer at pH 8.8 and heated at 85�C for 2min.
The resulting reaction mixtures were then analyzed by
10–16% discontinuous SDS–PAGE without stacking gel.
After electrophoresis, gels were exposed for autoradiog-
raphy, revealed using STORM-Imager and quantified
using ImageQuant software.

Crystallizations of the cHyd/Fpg complexes, X-ray data
collection and structure determination

The stock solutions of DNA/protein complexes (8mg/ml)
were prepared at 4�C by mixing the cHyd-containing
14-mer DNA duplex (where cHyd is opposite a cytosine,
[cHyd:C] with 50 and 30 one overhanging bases
[d2-cHyd:INF1] and [d2-cHyd:INF2], respectively) in 1.3
molar excess with the wild-type LlFpg. For the initial
crystal screen exploration, we used three batches of
cHyd-DNA, one containing d2-cHyd-1, the second
d2-cHyd-2 or third, a mixture of both species (V/V)
(Supplementary Table S1). Crystallization assays were
performed by the hanging-drop vapor-diffusion method.
At 20�C, crystals of the non-covalent lesion-recognition
complex (LRC), suitable for X-ray analysis, were
obtained in a few days by mixing the complex (with
[d2-cHyd:INF1]) at 2.5mg/ml with an equal volume of a
well solution containing 0.1M HEPES/NaOH, pH7.6 and
1.4M sodium citrate. To obtain crystals of DPC, the stock
solution of the complex (8mg/ml, with [d2-cHyd:INF2])
was first incubated at 37�C for 1 h and then mixed with an
equal volume of a well solution containing 0.1M HEPES/
NaOH, pH 7.6 and 1.6M sodium citrate (pre-equilibrated
at 37�C). Crystallization assays were then carried out at
37�C. After 3–4 days, small crystals appeared and were
slowly grown for 1 month. Both the LRC and DPC
crystals were directly flash-frozen in liquid nitrogen for
X-ray data collection.
Diffraction data were collected at 100K on beamline

ID23-1 (ESRF, Grenoble), processed using XDS (27)
and scaled in SCALA (28). The structures were solved
by molecular replacement with PHASER (29) using only
the protein of a previously published Fpg/DNA complex
(PDB 1XC8) (11) as the search model. DNA molecules
were built manually using COOT (30) and the complexes
were then refined using simulated annealing procedures
implemented into the PHENIX suite (31). The translation
libration screw (TLS) refinement was used in the final
cycles of the refinements. The loop residues 219–223 are
missing in both final models. Calculations with
MOLPROBITY (32) revealed that the percentages of
amino acids in the most favored, allowed and disallowed
regions of a Ramachandran plot are: 96.5%, 3.5%, 0.0%
for LRC and 96.0%, 4.0%, 0.0% for DPC, respectively.
We solved the crystal structures of Fpg bound to DNA
duplex containing d2-cHyd-1, d2-cHyd-2 or a mixture of
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both epimeric species (Supplementary Table S1). The
three structures are strictly identical. The best diffracting
data set and structure refinement statistics were obtained
with the epimeric mixture and are listed in Table 1. All
structural descriptions in the text refer to this structure.
Composite omit maps were calculated with PHENIX (31).
Structure figures were generated with PyMOL (DeLano
Scientific; http://www.pymol.org).

RESULTS AND DISCUSSION

Evidence for Hyd-mediated stable DPC formation
with Fpg

Among thymine oxidation and fragmentation products,
Hyd is an abundant DNA lesion generated by hydroxyl
radical-mediated oxidation, UV-A sensitized one-electron
oxidations and ozone perepoxydation (Figure 1b) (33–35).
Identified in both isolated and cellular DNA (36,37), this
lesion constitutes either a replication block for some DNA
polymerases (21) or can also be efficiently by-passed by
low fidelity polymerases studied so far (38). The DNA
replication interference studies thus revealed that Hyd
lesions may be involved in mutagenesis and carcinogenesis
processes if there is a failure in the cellular repair
machineries. In previous works, Fpg, Nth, Nei, Ntg1,
Ntg2 and NEIL1 DNA glycosylases were proposed to
remove Hyd from DNA (21–23,39,40). With a view to
study the substrate specificity of Fpg from L. lactis
(LlFpg), single turnover experiments of the damaged
base removal were carried out using the Hyd-containing

DNA opposite A ([Hyd:A], see Supplementary Data Sup-
1 for the chemical synthesis of Hyd-containing strand) and
its canonical substrate 8-oxoG opposite C ([8-oxoG:C])
(17) as reference (both lesions being in the same DNA
sequence context) (Figure 2a and b). Under our experi-
mental conditions, 8-oxoG opposite C is >250 times
better excised than Hyd opposite A (red and blue
curves, respectively, in Figure 2b). Similarly, to
lesion-containing single-stranded DNA (ss[8-oxoG] and
ss[Hyd]), the [Hyd:A] duplex is a poor substrate for the
LlFpg. This Fpg preference for lesion-containing
double-stranded DNA was already observed for
imidazole-ring opened purines (FapyG) (41). The E. coli
Nth protein also displays this preference for
Hyd-containing double-stranded DNA (green curves in
Supplementary Figure S2a and b). Since Fpg is known
for its susceptibility to the base opposite the lesion (17)
and the error-prone effects of Hyd on DNA synthesis (38),
we examined the excision of Hyd opposite a cytosine
([Hyd:C]) in the same sequence context (green curve and
filled triangles in Figure 2b). Contrary to the [Hyd:A]
duplex, Fpg excises Hyd opposite C with an efficiency
similar to the excision of 8-oxoG opposite C and thus
the [Hyd:C] duplex constitutes an excellent substrate for
the enzyme. As already described for 8-oxoG and other
oxidized purines (17,42,43), we found that an adenine
opposite Hyd strongly affects its excision rate by Fpg
(Hyd opposite A is 2000� less efficiently excised than
Hyd opposite C). Clearly, this is not the case for Nth
which similarly excises Hyd opposite either A or C
(Supplementary Figure S2b). The excision mechanism of
Hyd was confirmed by trapping with NaBH4 the transient
SB intermediate (reduced SB, reduced Schiffe base (RSB),
green pathway in Figure 1a) formed between the enzyme
and the DNA duplexes [Hyd:A] and [Hyd:C] (Figure 2c).
The stable RSB was resolved by SDS–PAGE–TRAP
(lanes 3 and 6, Figure 2c). Unexpectedly, without
NaBH4, a DPC complex displaying a similar apparent
molecular weight to that of RSB was also observed with
both DNA probes (lanes 2 and 5, Figure 2c). As observed
for the DNA glycosylase/lyase process (Figure 2b), the
formation of both RSB and DPC was significantly
stimulated when Hyd was opposite C. The formation of
a NaBH4-independent DPC was not observed with Nth
and Hyd-containing DNA duplex or with Fpg incubated
with the [8-oxoG:C] duplex. Considering the glycosylase
process (Figure 1a), we can propose that DPC did not
result from a nucleophilic attack of the catalytic proline
1 (P1) on the C10 carbon of the damaged nucleoside
(Supplementary Figure S1).

C10 of Hyd is not the electrophile of the damaged
nucleotide targeted by Fpg for DPC formation

In order to exclude the possibility that a stable covalent
bond was formed with the C10 of Hyd due to an uncon-
trolled reduction in the absence of NaBH4 (Figure 1),
DNA duplexes containing a carbanucleoside derivative
of Hyd (cHyd; (Figure 1b, see Supplementary Data Sup-
1 for its chemical synthesis) were tested. In this nucleoside
analogue, a methylene group replaces the ring oxygen in

Table 1. Data collection and refinement statistics

LRC (293K) DPC (310K)

Data collection
Space group P41212 P41212
Cell dimensions

a= b, c (Å) 91.6, 142.8 91.7, 134.2
Resolution (Å) 48.0–1.8 (1.9–1.8)a 48.1–1.8 (1.9–1.8)a

Rmerge 0.057 (0.51) 0.093 (0.48)
I/sI 25.3 (4.5) 11.4 (3.1)
Completeness (%) 99.1 (96.5) 99.9 (99.9)
Redundancy 9.2 (9.0) 5.0 (5.1)

Refinement
Resolution (Å) 47.96–1.80 48.08–1.82
No. reflections 56 346 55 438
Rwork/Rfree 0.159/0.191 0.157/0.189
No. of atoms

Protein 2139 2162
DNA 566 565
Zn 1 1
Glycerol 6 6
Water 489 488

B-factors (Å2)
Protein 22.41 22.50
DNA 36.59 36.70
Zn 21.20 23.54
Glycerol 27.30 29.08
Water 40.78 37.49

R.m.s. deviations
Bond lengths (Å) 0.008 0.022
Bond angles (�) 1.254 2.108

aValues in parentheses are for highest resolution shell.
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the 2-deoxyribose moiety of Hyd; consequently, the glyco-
sidic bond is stable to nucleophilic attack at C10 by Fpg or
Nth. Such nucleoside analogues have been extensively
used for studying catalytic and DNA binding processes
of DNA glycosylases and for analyzing structural deter-
minants of these enzymes bound to damaged DNA bases
(8,10). In previous work, we have used carbanucleosides of
FapyG to solve the crystal structures of Fpg bound to
FapyG-containing DNA (11,12). The carbanucleoside of
8-oxoG (c8-oxoG) was also used to characterize the inter-
action of Fpg with 8-oxoG-containing DNA and to eluci-
date its catalytic mechanism (44). Such chemically
derivated nucleosides are considered as realistic substrate
analogues for DNA glycosylases since their base pairing
properties in duplex DNA are similar to those of the cor-
responding natural nucleosides (45,46). Molecular
dynamic simulations of Fpg bound to FapyG-DNA
in which the carbanucleoside has been replaced by a
true 2-deoxyribose also provided evidence that
carbanucleoside-containing lesions mimic well the corres-
ponding natural lesions (47). Though, not a substrate for
DNA glycosylases, DNA duplex containing cHyd
opposite C ([cHyd:C]) constitutes a strong inhibitor of
the Hyd-DNA glycosylase/AP lyase activity of Fpg
when a normal DNA duplex [G:C] has little effect
(Figure 3a). This immediately suggested that Fpg specific-
ally interacts with DNA containing the cHyd analogue.
To quantify this interaction, we determined the apparent
dissociation constants of Fpg bound to cHyd opposite C,
T, G or A by EMSA (Figure 3b). All DNA duplexes
[cHyd:X] are high affinity ligands for the enzyme with
KDapp values in a nanomolar range. However, Fpg
displays an affinity 3-fold higher for cHyd opposite C
than cHyd opposite A, whereas intermediate affinities
were observed for cHyd opposite the other two bases.
Similar binding affinities have been observed for 8-oxoG
and FapyG (12,17). As we observed for the excision of
Hyd by Fpg (Figure 2), the lesion recognition is also
modulated by the nature of the base opposite cHyd with
a preference for a C rather than an A. However, a strong
substrate analogue interaction is not necessarily connected
with an efficient excision of the damage. As an example,
Nth binds the [cHyd:A] duplex less efficiently than does
Fpg, while Hyd is better excised by Nth than by Fpg
(Supplementary Figure S2). Based on the crystal struc-
tures of Fpg bound to oxidized purine-containing DNA
(12,48), one can propose that a purine opposite the
damage is associated with a steric hindrance inside the
substrate binding pocket of the enzyme preventing the
formation of a productive enzyme–substrate complex.
Considering all these observations, the cHyd

analogue-containing DNA constitutes an ideal ligand to
test the possibility of trapping Fpg in a stable DPC
complex different from the imino enzyme–DNA inter-
mediate (SB) trapped by NaBH4 (RSB) (Figures 1a
and 2c). Such an experiment is presented in Figure 3c.
Unambiguously, Fpg is entrapped by DNA duplex con-
taining cHyd opposite A or C and thus the trapping
does not result from an artifactual NaBH4-independent
reduction. Although not a catalytic process (the
enzyme is modified after the suicide reaction), the DPC

Figure 2. Classical and atypical processing of Hyd-containing DNA by
Fpg (a) and (b) Single turnover Glycosylase/lyase assay of base
damage-containing strand. 50-[32P]-labeled double-stranded [X:Y] or
single-stranded (ss[X]) oligonucleotides (100 pM) were incubated with
Fpg at 5 nM (for [8-oxoG:C] and [Hyd:C]) or 1 mM (for [Hyd:A],
ss[Hyd] and ss[8-oxoG]) as described in the ‘Materials and Methods’
section. In the time course, samples of the reaction mixture were
analyzed by sequencing gel electrophoresis as previously described
(15). Gels were then autoradiographed, (a) is an example done with
the duplex [Hyd:A]) and the b�, d-elimination product reaction
product (P, see also Supplementary Figures S1 and S2) was quantified
(b) for each experiment. (c) Formation of a stable DPC complex with
Hyd-containing DNA duplexes visualized by SDS–PAGE–TRAP.
Trapping assays with (+) or without (�) NaBH4 were carried out as
described in ‘Materials and Methods’ section. The final Fpg concentra-
tion was 25 mM. A gel autoradiography is presented for the [Hyd:A]
and [Hyd:C] DNA probes as indicated. DPC is for DNA-protein
covalent complex NaBH4-independent and RSB for reduced Schiff
base (Figure1a). Both DPC and RSB covalent complexes were not
resolved by electrophoresis.
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formation is time- and protein concentration-dependent
(Supplementary Figure S3a). Since that was observed for
the glycosylase activity and cHyd-DNA binding, the DPC
formation is more effective when the analogue is opposite
a C and contained in DNA duplex rather than
single-stranded DNA (Supplementary Figure S3b and c).
Thus, the suppression of the electrophilicity of C10 in the
carbanucleoside cHyd did not prevent the DPC formation
indicating that the structural nature of DPC is significant-
ly different from the RSB (Figures 2c and 3c). The DPC
formation seems to correspond to an irreversible and
abortive reaction because it is not associated with DNA
cleavage. In addition, cHyd is more efficient than Hyd in
promoting DPC formation (Figure 3d and Supplementary
Figure S3c) suggesting a competition between productive
and unproductive reactions with the natural substrate
Hyd (Figure2c). From this point of view, cHyd can be
considered as a suicide inhibitor for Fpg.

The 3D structures of Fpg bound to Hyd reveal that the
catalytic P1 of the enzyme is involved in the suicide
reaction

To unravel the molecular mechanism of the enzyme en-
trapment by Hyd and to elucidate the precise nature of
DPC, we solved the crystal structure of Fpg from L. lactis

bound to a 14-mer DNA duplex [cHyd/C]. Exploiting
the temperature sensitivity of the DPC formation
(Supplementary Figure S4a), we obtained crystals of
DPC and of the non-covalent complex (referred
to lesion recognition complex, LRC, representing
the enzyme–substrate complex before catalysis)
(Supplementary Figure S4b also see ‘Materials and
Methods’ section). Both complexes crystallized in the
space group P41212. The structures of LRC and DPC
were solved by molecular replacement using the crystal
structure of Fpg bound to FapyG-containing DNA as
starting model (11) and refined to 1.8 Å resolution
(Table 1). Both crystal structures are very similar to
each other and also to the crystal structure of Fpg/
cFapyG-DNA complex (Figure 4a, b and c). Only
residues 219–223 of the flexible part of the loop aF-b9
[also named the lesion-capping loop (LCL)] are missing
in the electron density maps of the present structures test-
ifying to the dynamic behavior of LCL (12) in protein/
DNA complexes (Figure 4d). The RMSD between both
structures is 0.322 Å and only 0.101 Å on protein Ca if we
exclude DNA in the calculation. RMSD differences essen-
tially depended on the ends of DNA duplexes we used for
crystallization (see ‘Materials and Methods’ section). As
previously observed with the abasic (AP) site, 8-oxoG and

Figure 3. The carbanucleoside of Hyd (cHyd) is a suicide inhibitor for Fpg (a) Inhibition of the Fpg Hyd-DNA Glycosylase/lyase activity by
cHyd-containing DNA duplex inhibition was carried out in standard conditions (see ‘Materials and Methods’ section) in the presence of the
radio-labeled undamaged DNA [G:C] (red curve) or [cHyd:C] (green curve). (b) Apparent dissociation constants extracted from EMSA titration
experiments. The autoradiography of a titration experiment of [cHyd:C] DNA duplex by increasing Fpg concentrations is presented. Under the
chosen incubation conditions (20min at 4�C), only the non-covalent lesion recognition complex (LRC) is formed. The apparent dissociation con-
stants (KDapp) were determined for [cHyd:X] DNA probes where X=A, G, C or T (table). (c) Stable DNA-protein covalent complex (DPC) with
cHyd-containing DNA duplexes. SDS-PAGE-TRAP was carried out as described in Figure2d using [cHyd:A] and [cHyd:C] as DNA probes.
(d) Comparative analysis of trapping assays performed with Hyd and cHyd Quantifications were extracted from the SDS-PAGE-TRAP experiments
of Figures 2c and 3c.
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FapyG residues (11–15), through DNA binding Fpg
induced a strong torsion of the DNA helical axis
centered on the damaged nucleoside. Protein residues
involved in the recognition of the DNA backbone are
identical to those identified previously (15). In both struc-
tures, the electron density maps in the vicinity of the active
sites of the enzyme are perfectly resolved and show the
damaged nucleoside cHyd in an extrahelical ‘syn’ con-
formation (Figure 5b and Supplementary Table S5).
Similar to 8-oxoG, FapyG or dihydrouracil (DHU) and
as expected for an efficient Fpg substrate, the Hyd base
moiety in LRC is positioned by the enzyme inside the
substrate binding site (Supplementary Figure S5 and
upper panels in Figure 6). In such a localization, the C10

of the damaged nucleoside is positioned at 3.55 Å from the
catalytic amine of P1 and thus, exquisitely exposed to its
nucleophilic attack.

Unambiguously and in contrast to LRC, the electron
density between the C5 of the cHyd base moiety and the
nitrogen atom of the N-terminal proline (P1) of Fpg is
continuous in DPC, indicating the presence of a
covalent link between the protein and the damaged
DNA as expected by biochemical analysis (compare
Figure 5b and c). Surprisingly, the length of the covalent
link (1.64 Å) is slightly longer than that generally expected
(1.47 Å) for a C-N linkage. This lengthening is concomi-
tant with a slight deformation of the hydantoin ring

moiety which appears slightly non-planar in DPC in
contrast to LRC. This deformation probably results
from a slight shortening of some cHyd-ring bonds. This
geometrical phenomenon is possibly connected to the
presumed n!�* orbital interaction for the bonds in the
axial C5 epimer of the hydantoin ring moiety (the lone
pair-lone pair repulsion within C–N is expected to
enhance the n!�* donation) and is classically described
as the anomeric effect (49). The local superimposition of
DPC and LRC structures indicates that the covalent link
results in bringing the cHyd base moiety closer to P1
(without significantly changing the torsion angles of the
cyclopentane ring moiety; Supplementary Table S5).
Although P1 undergoes some changes in its ring torsion
angles it remains at about the same position in both struc-
tures (Figure 5d). Thus, instead of attacking the C10 of the
damaged nucleoside (Figure 1a), P1 performs a nucleo-
philic attack on the epimeric C5 carbon of the cHyd
base moiety. Indubitably, the suicide reaction leads to
an unproductive complex as expected by biochemical
experiments with Hyd- and cHyd-containing DNA
(Figures 2 and 3).

The atypical binding mode of Hyd by Fpg is responsible
for the enzyme entrapment

Contrary to Fpg bound to 8-oxoG, FapyG or
5,6-dihydrouracil, the residues 219–223 of LCL were not

Figure 4. Overview of the LRC and DPC structures. (a, b and c) Overall structures of Fpg Hyd recognition complex (LRC, blue), Hyd-DNA Fpg
covalent complex (DPC, pink) and Fpg FapyG recognition complex (LRCFapy, green, pdbid:1XC8). The ribbon representation of Fpg is in grey and
the lesion-capping loop (LCL) is highlighted in yellow. In the structure of LCRFapy, the highly flexible part of LCL is ordered and highlighted in
orange. (d) Close-up views of LCL. The partially disordered LCL (thick cylinder) from LRC is superimposed with the full LCL from LRCFapy (thin
cylinder).
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visible in the electron density maps of LRC and DPC
structures (Figure 4d). In previous works, we defined
two extreme conformations for LCL: (i) a closed conform-
ation in which the highly flexible part of the loop is
ordered and where its peptidic backbone is directly
involved in the binding of the extrahelical damaged
nucleobase (the O6 group for 8-oxoG, the O6 formyl

group of FapyG and the O4 group for DHU) and (ii)
an open conformation in which LCL is partly disordered
(with AP site and N7-Benzyl-FapyG) (12,15). In the case
of Hyd, the O4 group is not in a position which enables its
stable interaction with LCL. Interestingly, mutations in
LCL, which alter its conformation near the residues
involved in lesion recognition, completely abrogate the

Figure 6. Protein–DNA contacts inside the base lesion recognition pocket of Fpg. Upper panels show focus views of the extruded damaged
nucleoside, free and covalently bound (LRC and DPC, respectively) inside the substrate binding pocket of Fpg. The solvent accessible surface
area and the ribbon drawing of the protein are indicated in grey. The side chain of P1 is also indicated. The damaged strand of DNA is represented
by a cylinder and the lesion by its ball-and-stick model (in pale blue and pink for LRC and DPC, respectively). The missing part of LCL (residues
218–224) is represented by a gray dotted line. Small red spheres are for structural water molecules. Lower panels show the interaction network (grey
dashed lines) between the enzyme and the damaged nucleobase. The Fpg binding residues are in grey and water molecule-mediated interactions are
represented by red balls. N, O, S and P atoms are represented by blue, red, yellow, and orange balls, respectively.

Figure 5. Close-up views of Fpg active site region in both LRC and DPC complex (a) Hyd lesion atom nomenclature. (b and c) View showing sA-
weighted 2Fo�Fc simulated annealing omit maps contoured at 1.3 SD for LRC and DPC complexes, respectively. Elements of protein (gray) and
DNA (blue or pink) are represented in stick models with oxygen, nitrogen and phosphate atoms colored in red, dark blue and orange, respectively.
(d) Superimposition of both LRC and DPC crystal structures.
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Fpg 8-oxoG-DNA glycosylase activity without affecting
its AP lyase activity (50). The ‘open’ conformation of
LCL in the LRC structure was unexpected since Hyd
opposite C is an efficient substrate similar to 8-oxoG
opposite C (Figure 2). The LCL ‘open’ conformation is
similar to those observed in wild-type Fpg bound to AP
site (14,15,23,48) or to N7-benzyl-FapyG (12) and in the
deltaP1-Fpg mutant bound to FapyG (11). In the present
state of knowledge, it therefore appears difficult to extract
a general rule for the precise role of LCL in the Fpg base
excision process. On the basis of our present structures, we
can propose that, contrary to 8-oxoG and FapyG, the
closed LCL conformation is probably not required for
the recognition and removal of extrahelical Hyd.

Another intriguing point about Hyd recognition
concerns the interaction network established between the
enzyme and the extrahelical Hyd nucleoside inside the
catalytic site. Compared to the recognition of 8-oxoG,
FapyG or DHU, few interactions are observed in the
LRC structure though the base moiety of the damage
completely enters inside the substrate binding site (left
upper panel in Figure 6 and Supplementary Figure S5).
The recognition of Hyd rests on only one direct hydrogen
bond established between the amine position of the
N-terminal P1 and the hydroxyl group at the C5
position of Hyd. Three water molecule-mediated inter-
actions are also found and involve the hydroxyl group
of Y238, the carbonyl backbone of the intercalated M75
for the recognition of the O2 position of Hyd and the
hydroxyl group of S217 (one residue of LCL) for the rec-
ognition of the O4 position of Hyd. For comparison, all
the hydrogen donors and acceptors of the FapyG base
moiety are contacted by the enzyme (eight direct inter-
actions and seven interactions mediated by water mol-
ecules; 12). Therefore, the correct positioning of the
extrahelical Hyd inside the substrate binding site results,
first, from the flip-out of the damaged nucleoside
(numerous interactions with the DNA backbone especially
those bordering the damage) and, second, essentially rests
on the direct hydrogen interaction P1-Hyd. In addition,
the peculiar Hyd binding mode we observed in LRC is
also significantly different from that of DHU (a fully
reduced pyrimidine base lesion) which is achieved by six
direct interactions neutralizing the hydrogen donors and
acceptors of the base moiety (Supplementary Figure S6)
(13). However, all protein residues contacting Hyd are
strictly conserved in the Fpg family testifying to a
relative specificity of the recognition. S217 (equivalent to
S219 in Fpg from Bacillus stearothermophilus) is also
involved in the recognition of 8-oxoG, FapyG,
N7-benzyl-FapyG and DHU, whereas Y238 and M75
are recruited only for the recognition of Fapy derivatives.

The use by Fpg of the catalytic P1 as a substrate binding
residue was also unexpected for an efficiently metabolized
substrate. Indeed, P1 is free of interaction in the crystal
structures of Fpg bound to 8-oxoG, FapyG-, DHU- and
AP site-containing DNA. However, an exception can be
made for the recognition of the bulky lesion, Bz-FapyG, in
which P1 directly interacts with the O8 formyl group of
the purine opened imidazole-ring (12). Compared with the
recognition of FapyG, we proposed that this interaction is

unfavorable for an efficient excision of Bz-FapyG by the
enzyme. In the present case, the P1-Hyd interaction results
in keeping P1 in the immediate vicinity of the electrophilic
C5 atom of Hyd. Therefore, in LRC, P1 is exquisitely
positioned to perform a nucleophilic attack on C5 of the
damaged nucleobase which results in the formation of the
suicide complex DPC (see the proposed reaction mechan-
ism in ‘Conclusions’ section). The most significant differ-
ence between LRC and DPC is the P1-Hyd covalent link.
As in LRC, Hyd remains extrahelical in DPC and has lost
the interactions with Y238 and S217. A new interaction
mediated by water molecules involves G77 of Fpg, a
residue also recruited for the recognition of Bz-FapyG
(12). By comparing the structures of LRC and DPC, the
atypical binding mode of Hyd in LRC provides a satisfac-
tory explanation for the formation of DPC.

Structural and functional insights into the molecular
mechanism of Hyd-mediated DPC

In both LRC and DPC structures, electron density in the
substrate binding pocket of Fpg is plainly visible and in-
terpretable for the atoms of Hyd (Figure 5); although the
Hyd-DNA used in crystallization consisted of a [5R,5S]-
mixture of the damage (see ‘Materials and Methods’
section and Supplementary Data), Hyd appears to bear
only the R-configurated C5 in our structures, thus suggest-
ing stereochemical selectivity in the binding and suicide
reaction. Considering the probable stereochemical hetero-
geneity of the cHyd-containing DNA in solution (see the
preliminary epimerization study in Supplementary Data)
and the binding experiments (Figure 3b), the apparent
configuration retention can result from at least three
possibilities: (i) under the biochemical and crystallization
conditions we used, the 5R-diastereomer was the more
abundant species in solution (passive process) or (ii) Fpg
efficiently binds only to the 5R-diastereomer according to
an extruded binding mode and thus causes a 5S* to 5R*
epimerization shift in solution or (iii) Fpg binds both
epimers and performed the 5R-configuration retention
inside the binding pocket by an unknown mechanism
(the latter two possibilities corresponding to an active
process mediated by Fpg). The stereochemical selection
of the 5R-configuration is clearly supported by both, the
strong interaction between the ammonium group of P1
and the hydroxyl group of Hyd in LRC and the
covalent link P1-Hyd in DPC (see above). Such an inter-
action in LRC cannot mature with C5-OH of Hyd har-
boring the 5S-configuration. The atypical binding mode of
Hyd involving P1 as a residue contacting the damage is
probably directly connected to the stereoselectivity of the
suicide reaction.
Biochemical experiments with the natural Hyd indicate

that Hyd can be both, a true substrate and a suicide sub-
strate whereas cHyd just behaves as a suicide substrate
with a significant preference for a C opposite the
damage (Figures 2 and 3). Comparison between Hyd
and cHyd allowed us to obviously demonstrate clearly
that the suicide reaction is different from the DNA
glycosylase process. Interestingly, X-ray structures of
Fpg bound to cHyd-DNA unambiguously demonstrate
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that the N-terminal P1 is the nucleophile involved in both
reactions (Figure 7). According to this result, the suicide
reaction corresponds to condensation associated with the
loss of a water molecule. The structure of LRC supports
the possibility of achieving both reactions with the cata-
lytic P1. Indeed, the nitrogen group of P1 is exquisitely
positioned to perform either a nucleophilic attack on C10

(DNA glycosylase activity) or on C5 (suicide reaction) of
Hyd (Figure 7). From the chemical point of view, the
direct attack of C5 by P1 appears however unlikely con-
sidering that in the LRC crystal structure the observed
angle of attack of the amine nucleophile is highly unfavor-
able for C5-OH bond cleavage. Thus, we can propose a
reaction mechanism in which the 5R-OH group of Hyd
can be involved in the activation of P1 through proton
transfer (Supplementary Figure S7). In such a mechanism,
the extruded Hyd acts as a co-factor of the enzyme by
activating P1 through its C5-OH group. According to
this mechanism, the P1 nucleophile and the Hyd
OH-leaving group are activated in one step. This leads
to a planar transition state (an iminium cation in equilib-
rium with a carbocation) which then undergoes the P1
nucleophilic attack either on C10 (DNA glycosylase)
or on C5-Hyd (suicide reaction) (Supplementary Figure
S7). In the case of the suicide reaction, only the 5R-DPC
is formed because the P1 nucleophilic attack on C5 comes
from one site dictated by the precise architecture of the
Fpg substrate binding pocket. The involvement of P1 in

the suicide reaction supported by X-ray structures
(Figure 7) was confirmed by a site directed-mutagenesis
study of the known Fpg catalytic residues (Figure 8a)
(12,14,15,51). As expected, the substitution or deletion
of P1 (P1G and �P1) significantly affects the suicide
reaction. Likewise, the DNA glycosylase inactive mutant
E2Q is also affected in the suicide reaction. The position
of E2 in the present structures as compared to that of the
structures of Fpg bound to the AP site or FapyG is iden-
tical. Thus, the precise role played by E2 remains to be
elucidated but its involvement in both Hyd-DNA
glycosylase and Hyd-mediated suicide reaction is clearly
demonstrated.

Since an active amine (an internal lysine or the
N-terminal residue) is used as nucleophile by the
bifunctional DNA glycosylases (8), we then examined
the possibility of entrapping other DNA glycosylases by
Hyd. Interestingly, and whatever the experimental condi-
tions we used, Nth and yOGG1 escape from the entrap-
ment by Hyd, whereas Hyd opposite A or C is a very
efficient substrate for Nth (Supplementary Figure S2)
and is not processed by yOGG1 when paired with the
four normal nucleobases (22). In the absence of knowledge
of the crystal structure of Nth bound to the oxidized
pyrimidine-containing DNA, we are unable to explain
this fact. However, we can propose that Nth (and
OGG1) has selected a substrate binding mode significantly
different from that of Fpg which prevents its entrapment

Figure 7. Molecular mechanism of the suicide reaction compared to that of the DNA glycosylase catalytic reaction. The crystal structure of the
lesion recognition complex (LRC) between Fpg and cHyd-DNA duplex can be considered as the non-covalent (enzyme/substrate) recognition
complex (ES) formed between Fpg and Hyd-DNA duplex. The structural view indicates the hydrogen bond between P1 and the damaged base
(gray dashed line) and the distances between the enzyme nucleophile and both electrophiles of the damaged nucleoside (pale green dashed lines).
After its activation (ammonium deprotonation, Supplementary Figure S1), the amino group of the N-terminal proline (P1) of Fpg can act as a
nucleophile to attack either C10 (red pathway) or the 5R-epimer conformation of C5 (green pathway) of the nucleoside. The Hyd-DNA glycosylase
activity of the enzyme leads to the imino-enzyme DNA intermediate (SB) (associated with the removal of the base damage) which can be intercepted
by its irreversible NaBH4 reduction (reduced Schiff base, RSB). The nucleophilic attack at the C5 position of the damaged base leads to the
unproductive DPC complex (see Supplementary Figure S7 for a proposed reaction mechanism). A superposition view of the crystal structures of the
borohydride trapped complex (RSB, in green, pdbid: 1K82) and DPC (in pink, this work) is shown.
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by Hyd. In contrast to Nth and OGG1, it was relatively
easy to entrap the E. coli Nei protein and its human func-
tional homologue, the Nei-like protein 1 (hNEIL1), both
bifunctional DNA glycosylases specific for oxidized pyr-
imidines (Figure 8b). The apparent molecular weights of
DPCs observed with the three enzymes are compatible
with those of the free enzymes (�30, �31 and 44.7 kDa
for Nei, Fpg and hNEIL1, respectively). The molecular
basis of Nei and hNEIL1 entrapment remains to be
elucidated. However, considering that both enzymes are
members of the same structural superfamily of Fpg, we
can propose that their N-terminal catalytic P1 are also
involved in the suicide reaction mediated by these
enzymes (23). In conclusion, Hyd-containing DNA poten-
tially constitutes a molecular trap for several bifunctional
DNA glycosylases in Prokaryotes and Eukaryotes from
the H2TH structural superfamily (Fpg, Nei, NEIL1,
NEIL2, etc.) whatever their canonical substrate specificity
(8). On the contrary, the bifunctional DNA glycosylases
belonging to the HhH structural superfamily such as Nth
and OGG1 were not entrapped by Hyd.

CONCLUSION

Although involved in genome stability, repair pathways
might potentiate intrinsic problems for the cell in
peculiar situations, as observed with the DPC formed
when DNA glycosylase/AP lyase enzymes encounter a
Hyd residue in DNA. This results in transforming a
simple base lesion into a more complex bulky lesion. In
this work, we deciphered at the molecular and atomic

levels, the cross-linking reaction happening between Hyd
and Fpg. We showed that the catalytic amine of the
enzyme (P1) is directly responsible for the Fpg entrapment
by Hyd. Nevertheless, the unproductive reaction we
describe here is not very efficient and the currently avail-
able data indicate that evolution has disfavored a rapid
reaction that generates stable DPC. However, under
strong oxidative stress, Hyd might be formed at such a
rate that its complete excision by the bacterial Nth or its
eukaryote homologue (NTH1) is compromised, thus
causing accumulation of DPC involving DNA
glycosylases such as Fpg and Nei (NEIL1 and NEIL2 in
eukaryotes). Two scenarios can be considered: (i) DPC
compromises repair by hiding the lesion from the DNA
glycosylases able to correctly excise the damaged base and
by ‘hijacking’ other DNA glycosylases from their natural
substrates in DNA and (ii) the deleterious effect of DPC is
by-passed by constituting a cell signal which permits the
recruitment of other DNA repair systems at the target site
under oxidative stress; both scenarios not being exclusive.
The ‘derailment’ of repair enzymes (first scenario) has
already been proposed for other DPC sources such as
the covalent trapping of Polb and other AP lyases by
2-deoxyribonolactone (dL) and oxanine (Oxa) (Figure 9)
(52–54), the unproductive and stable non-covalent
complex between a DNA glycosylase and a bulky lesion
(12), the covalent entrapment of topoisomerase resulting
from an incomplete reaction at single-stranded cleavage
sites (55) and various chemical and physical agents-
induced DPCs (56). On the other hand, the second
scenario has been proposed to prevent dL-induced DPC
formation by a rapid set up of the long-patch BER
pathway (57). Since major DPCs or unproductive repair
enzyme/DNA lesion complexes could represent typical
bulky/helix distorting adducts (this is the case of Fpg
entrapped by Hyd), which can be considered as replication
blocks, they are expected to be substrates for the nucleo-
tide excision repair (NER) and homologous recombin-
ation (HR) machineries (56,58). Likewise, it has recently
been proposed that the unproductive 50,8-cyclo-20-
deoxyadenosine recognition complex with the DNA
glycosylase/AP lyase NEIL1 (also observed with Fpg;
59) is necessary for its NER repair (60). However, the
biological consequences of Hyd-mediated DPC remain
to be elucidated and the entrapment of other DNA
glycosylases such as Nei and NEIL proteins must be
improved.
Using the carbanucleoside cHyd, we demonstrated that

Hyd-mediated DPC formation corresponds to a suicide
and unproductive reaction and we probed at the atomic
level the structures of LRC and DPC. Therefore, cHyd
behaves as a DNA glycosylase inhibitor of Fpg, Nei and
NEIL1 proteins (suicide process) and hOGG1 and Nth
(unproductive non-covalent process). If we consider that
agents which target DNA repair enzymes would act to
overcome tumor resistance to chemotherapy and radio-
therapy (many of these agents exerting their effects
through their ability to damage DNA), the development
of drugs based on the direct inhibition of DNA repair
enzymes is pertinent in anticancer therapy. This concept
is under investigation for several DNA repair targets such

Figure 8. Trapping assays with Fpg mutants and other DNA
glycosylases (a) The [cHyd:C]-trapping assays were carried out as pre-
viously described with no enzyme (�), the wild-type LlFpg enzyme
(WT) and single-mutation P1G, �P1 and E2Q versions of LlFpg.
(b) Similar comparative assays were performed by incubating the
[cHyd:C] and [cHyd:A] DNA probes (as indicated) with no enzyme
(lanes 1), Fpg (lanes 2), Nei (lanes 3) or hNEIL1 (lanes 4).
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as BER enzymes (61). Therefore, inhibitors of the
Poly(ADP)ribose polymerase (a BER DNA repair
enzyme), currently tested in the pre-clinical phase I,
enhance the cytotoxic effects of ionizing radiation and
DNA-damaging chemotherapy agents (62). More
recently, signal interfering DNA (siDNA) technology
proposed to use short modified DNA molecules
[mimicking double-strand breaks (DSB)], to inhibit the
DSB repair processes in cancer cells in association with
radiotherapy or chemotherapy (63,64). Similarly, one can
imagine that cHyd-containing oligonucleotides delivered
to cancer cells will reduce the BER capacity by DNA
glycosylase/AP lyase covalent trapping. Impairing the
oxidized base removal thus potentiates the efficacy of
anticancer drugs and radiotherapy. From this point of
view, dL- and Oxa-containing DNA are also good candi-
dates for this approach (Figure 9). The structural and
functional determinants of DPC revealed by X-ray struc-
tures provide a starting point for the rational design and
synthesis of more efficient cHyd-derivatives. The future
perspective of designing novel inhibitors rests on a better
understanding of inhibition at the atomic level. With this
aim in view, the crystal structures of Hyd-DPC formed
with Nei structural family proteins are under investigation
in our labs.
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