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Nearly all cells express proteins that confer resistance
to the mutagenic effects of oxidative DNA damage.
The primary defense against the toxicity of oxidative
nucleobase lesions in DNA is the base-excision repair
(BER) pathway. Endonuclease III (Endolll) is a
[4Fe—4S] cluster-containing DNA glycosylase with
repair activity specific for oxidized pyrimidine lesions
in duplex DNA. We have determined the crystal struc-
ture of a trapped intermediate that represents
EndollI frozen in the act of repairing DNA. The struc-
ture of the protein—-DNA complex provides insight into
the ability of Endolll to recognize and repair a
diverse array of oxidatively damaged bases. This
structure also suggests a rationale for the frequent
occurrence in certain human cancers of a specific
mutation in the related DNA repair protein MYH.
Keywords: crystal structure/DNA glycosylase/DNA
repair/endonuclease I1I/[4Fe—4S] cluster

Introduction

Oxidative damage to cellular components is an unavoid-
able consequence of aerobic respiration. Reactive oxygen
species produced as by-products of respiration cause
mutations in the genome through oxidation of DNA bases
(Lindahl, 1993). It is therefore not surprising that virtually
all aerobic organisms have evolved the ability to repair
oxidative DNA damage. The enzyme endonuclease III
(EndollIl), encoded for by the nth gene, is a ubiquitous
DNA repair enzyme that repairs oxidized pyrimidine base
lesions in DNA. Endolll is a bifunctional DNA glyco-
sylase/B-lyase belonging to the helix—hairpin-helix
(HhH)-GPD superfamily (Thayer et al., 1995; Nash et al.,
1996) of DNA glycosylases. The bifunctional glycosylases
are characterized by the dual nature of their biochemical
activity, catalysing excision of a damaged nucleobase
from DNA and subsequent strand nicking 3’ to the lesion
(Dodson et al., 1994). Endolll, like all DNA glycosylases,
is responsible for initiating the base-excision repair (BER)
pathway at sites of DNA base damage. After the lesion is
processed by a DNA glycosylase, downstream enzymes in
the BER cascade complete the repair process by com-
pletely removing the processed lesion nucleoside, then
repolymerizing and resealing the DNA backbone (Lindahl
and Wood, 1999). The burdens of lesion recognition and
base removal thus fall entirely on the DNA glycosylases.
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In addition to the well documented role of Endolll in the
BER pathway, recent evidence from Arabidopsis thaliana
has indicated that homologues of Endolll in plants may
play a direct role in chromosomal DNA demethlyation
(Gong et al., 2002) or an indirect role in genomic
imprinting (Choi et al., 2002).

Endolll was first identified in Escherichia coli as a
nuclease that generates single-stranded nicks in UV-
irradiated double-stranded DNA (Radman, 1975, 1976;
Gates and Linn, 1977). It was soon recognized to have
both N-glycosylase (base excision) and AP endonuclease
(strand nicking or lyase) activities (Warner et al., 1980;
Katcher and Wallace, 1983), and to contain a [4Fe—4S]
cluster (Cunningham et al., 1989). Further studies deter-
mined that EndolII has a broad substrate specificity and is
most active towards oxidized pyrimidine substrates in
DNA such as thymine glycol (Demple and Linn, 1980;
Katcher and Wallace, 1983; Breimer and Lindahl, 1984;
Weiss and Cunningham, 1985; Higgins et al., 1987;
Hatahet et al., 1994). We now know that the coupled
activities of base excision and subsequent strand-nicking
via a B-elimination mechanism (Bailly and Verly, 1987;
Kow and Wallace, 1987; Mazumder et al., 1991) are
performed by a single active site lysine in the bifunctional
DNA glycosylase/p-lyase (Weiss and Grossman, 1987;
Dodson et al., 1994). This lysine, residue 120 in the E.coli
orthologue, was proposed to serve as the key catalytic
moiety in Endolll (Kuo et al., 1992); mutagenesis studies
confirmed the requirement of this residue for glycosylase/
B-lyase activity, and also demonstrated the importance of
another conserved active site residue, Aspl138 (Thayer
et al., 1995). Cloning and overexpression of the E.coli
protein (Asahara et al., 1989) led to the crystal structure of
Endolll (Kuo et al., 1992; Thayer et al., 1995)—the first
determined for any DNA glycosylase.

A characteristic of the bifunctional DNA glycosylases is
their ability to form an irreversible covalent attachment to a
DNA substrate in the presence of borohydride ion through
the reduction of the Schiff base intermediate (Dodson et al.,
1994; Sun et al., 1995; Nash et al., 1996) (Figure 1). This
‘borohydride trapping’ procedure has been useful in the
isolation (Piersen et al., 1995; Nash et al., 1996; Bruner
et al., 1998) and characterization (Sun et al., 1995;
Girard et al., 1997; Nash et al., 1997, Zharkov et al.,
1997, Ikeda et al., 1998; Sidorkina and Laval, 2000) of
numerous bifunctional DNA glycosylases; more recently,
several crystal structures of borohydride-trapped inter-
mediates have been reported (Fromme and Verdine, 2002;
Gilboa et al., 2002; Zharkov et al., 2002; Fromme et al.,
2003; Verdine and Norman, 2003). These covalently
complexed structures are informative both in terms of
DNA substrate recognition and catalytic mechanism.

Here we report the crystal structure of the borohydride-
trapped intermediate of Bacillus stearothermophilus
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Fig. 1. Reaction pathway catalysed by EndolIl. The Schiff base intermediate 2 can be intercepted in sifu by borohydride to furnish the trapped com-

plex 4, which is the subject of this study.

Endolll, representing the first structure of an
EndollI-DNA complex, and the first of any protein with
an iron—sulfur cluster bound to DNA. We describe the
present structure in relation to that of two related but
distinct DNA complexes of HhH-GPD superfamily mem-
bers, human 8-oxoguanine glycosylase (hOggl) (Bruner
et al., 2000), and E.coli 3-methyladenine glycosylase
(AlkA) (Hollis et al., 2000).

Results and discussion

Overall structure of the complex and DNA binding
mode

We determined two structures of the EndollI-DNA
trapped intermediate with different ‘estranged’ bases
opposite the lesion, and one structure of a non-covalent
EndoIlI-DNA complex using MIRAS and difference-
Fourier techniques (see Materials and methods). We
refined the structures using native X-ray data to 1.7, 2.2
and 2.5 A (estranged-G, estranged-A and THF-Iodinel,
respectively) (Table I). The structure of the EndolII-DNA
complex is shown in Figure 2. EndollI consists entirely of
o-helices and connecting loops organized into two
domains, the six-helix barrel domain and the [4Fe—4S]
cluster domain, so named for their characteristic features
(Kuo et al., 1992). The two domains lie astride the DNA
duplex, with the lesion-containing strand sandwiched
between them (Figure 2A and B). The DNA-binding
surface of the enzyme bears few residues with formal
charge (Figure 2D), unlike most DNA-binding proteins but
similar to AlkA and hOggl (Bruner et al., 2000; Hollis
et al., 2000). The overall structure of B.stearothermophilus
Endolll in complex with DNA is very similar to that of the
unbound E.coli enzyme (Thayer et al., 1995) (RMSD =
2.7 A for all main-chain atoms), with most of the
differences being ascribable to the orthologous nature of
the two proteins (43% sequence identity). This lack of
significant structural reorganization upon DNA binding
appears to be a common feature of DNA glycosylases,
irrespective of the structural family to which they belong,
judging from the present comparison of liganded versus
unliganded Endo III, plus comparisons of hOggl (Bruner
et al., 2000; Bjoras et al., 2002), AlkA (Labahn et al.,

3462

1996; Hollis et al., 2000), MutM (Fpg) (Sugahara eft al.,
2000; Fromme and Verdine, 2002; Gilboa et al., 2002;
Zharkov et al., 2002) and Udg (Mol et al., 1995;
Slupphaug et al., 1996).

The enzyme is bound primarily over the minor groove
face of the DNA duplex, with the six-helix barrel domain
invading the locally widened groove space (Figure 2A and
B). The adjacent ends of helices o-B and o-C, plus the
intervening loop segment, contact the estranged base and
enforce extrusion of the lesion nucleoside from the DNA
helix (Figures 2C, 3A and B). This invasion of the minor
groove occurs at the site of a sharp bend (~55°) in the DNA
helical axis (Figure 2). Though the mode of DNA bending
by Endolll is quite similar to that seen in the AlkA and
hOggl DNA complexes, the latter proteins introduce
somewhat more drastic bends (~70°). The overall mode of
interaction of Endolll with DNA is very similar to that
seen with other members of the HhH-GPD family, thus
establishing that these enzymes utilize a conserved DNA
recognition motif, regardless of whether they contain a
[4Fe—4S] cluster.

There is one significant point of divergence between the
Endolll structure and that of the other structurally
characterized HhH-GPD proteins. Whereas hOggl and
AlkA contact the backbone of only the lesion-containing
DNA strand, Endolll contacts the backbone of both DNA
strands. All of these proteins, including Endolll, position
the helix corresponding to o-E so that the cationic end of
its helix dipole can make a favourable electrostatic
interaction with the negatively charged backbone of the
non-lesion-containing DNA strand (Bruner et al., 2000).
However, neither AIkA nor hOgg1 use this helix to contact
the DNA backbone directly. By contrast, in EndollI, both
a-E and the loop preceding it are in intimate contact with
the non-lesion-containing strand. Specifically, the
N-terminal end of o-E is engaged in a helix-capping
interaction with the backbone phosphate p (Figure 3B).
Additional interactions are provided by Arg78, Ser79,
Tyr83, Arg84 and Asn85.

All HhH-GPD proteins insert an amino acid side-chain
from the N-terminus of o-E (or its counterpart) into the
DNA duplex either at, or 5" to, the estranged base. In
Endolll, this helix-intercalating residue is LeuS8l
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Table I. Data collection, phasing and refinement statistics

Estranged-G Estranged-A Nativel THF-Iodinel THF-Iodine2

Data collection statistics?
Radiation source CHESS Al CHESS Al R-AxisIV++ R-AxisIV++ R-AxisIV++
Resolution (A) 30-1.7 30-2.2 50-2.2 50-2.5 50-3.0
Unique reflections 33 490 15 614 15 279 17 421 11 213
Completeness (%)® 98.6 (99.6) 97.9 (99.2) 98.4 (97.5) 89.0 (83.1) 96.9 (95.3)
Redundancy® 7.3 (4.4) 5.1 (4.5) 6.9 (6.7) 3327 2.9 (2.6)
Rinerge?® 0.057 (0.418) 0.056 (0.341) 0.055 (0.432) 0.056 (0.271) 0.105 (0.332)
<l/o>* 23.8 (3.0) 24.0 (4.4) 30.6 (4.9) 19.6 (3.7) 10.4 (3.1)
Phasing statisticsd
Phasing power® (centric/acentric) 0.60/0.63 0.45/0.43
Rcullisf (centric) 0.70 0.74
MIR figure of merit® 0.45
Refinement and model statistics
PDB accession code 10RN 10RP 1P59
Resolution (A) 30-1.7 30-2.2 30-2.5
Ryor®? (%) 23.5 (32.8) 24.1 (34.8) 21.4 (29.5)
Rirec™M (%) R 24.8 (32.1) 26.2 (37.2) 26.9 (34.1)
Mean B-value, all atoms (A2) 39.5 57.2 38.3
R.m.s.d. from ideality

Bond lengths (A) 0.007 0.008 0.008

Bond angles (°) 1.1 1.1 1.2

Dihedral angles (°) 18.9 19.1 19.1
Ramachandran plot' (%)

Most favoured 94.8 91.7 91.6

Additionally allowed 5.2 8.3 8.4

Generously allowed 0.0 0.0 0.0
Non-water atoms 2083 2004 2083
Water atoms 105 71 31

3All native data were processed so anomalous pairs were merged, while both derivatives were processed so as to keep anomalous pairs separate.
Estranged-G, Estranged-A and Nativel are trapped-intermediate complexes, while the THF-Iodine complexes contain a non-covalent abasic site

analogue inhibitor (tetrahydrofuran).

"Values in parentheses refer to the highest of 10 resolution bins: 1.76-1.70 A for 10RN, 2.28-2.20 A for 10RP and 2.59-2.50 A for 1P59.

“Rinerge = 2l — <I>I/Z<I>, where I is the observed intensity.

dCalculated using Nativel, Iodinel and Iodine2 data to 3.0 A by SOLVE (Terwilliger and Berendzen, 1999). ‘Better’ statistics were obtained with
MLPHARE (CCP4), but maps produced with phases from MLPHARE were not interpretable.
¢Phasing power = <IFyl>/<|lFpyl — |[Fp + Fyll>, where Fp is the protein structure factor amplitude, Fy; is the heavy-atom structure factor amplitude and

Fpy is the structure factor amplitude of the heavy-atom derivative.
chullis = Z”Fp].[l - |Fp + FH”/lepH - Fpl

Figure of merit = <TP(0)e%/ZP(01)>, where o is the phase and P(a) is the phase probability distribution.
"Rywork = ZIF, — F/ZIF,l, where F, and F, are the observed and calculated structure factor amplitudes, respectively. Ry, was calculated based on 8%

of the total data omitted throughout structure refinement.
iValues calculated using PROCHECK (Laskowski et al., 1993).

(Figures 3B, 4A and B). HhH-GPD glycosylases also
insert another residue from the aforementioned a-B/o-C
loop into the DNA helix to fill the space vacated by the
extrahelical nucleoside; in Endolll, the lesion-intercalat-
ing role is served by GIn42 (Figures 3B, 4A and B), as
predicted for the corresponding residue in MutY (Thayer
et al., 1995). The side-chain amide of GIn41 m-stacks
against the residue on the 3’-side of the lesion and
hydrogen bonds with its sugar moiety. For comparison
purposes, the role of GIn42 in Endolll is performed by
Leul25 in AlkA and Asnl49 in hOggl.

The hallmark of the HhH-GPD DNA glycosylases is the
HhH motif (Thayer et al., 1995), contained within the six-
helix barrel domain (o-F through -G in Endolll). This
motif plays an identical role in Endolll as in the other
structurally characterized members of its superfamily,
namely binding to the lesion-containing DNA strand on
the 3’-side of the lesion, and presenting the catalytic

nucleophile (Lys121 in the B.stearothermophilus ortholo-
gue) to the substrate nucleoside inserted in the extrahelical
active site (see below). The N-terminal end of helix o-G is
capped by hydrogen bonding to the p'? phosphate, and
phosphate p-3 is coordinated to a metal ion held tightly in
place through coordination to multiple atoms of the HhH
hairpin element (Figure 3C). This metal ion, presumed to
be Nat in our structure, exhibits near-perfect octahedral
geometry, being coordinated to three main-chain car-
bonyls, a non-bridging phosphate oxygen and two water
molecules (Figure 3C). An essentially identical metal
ion was observed in the AlkA co-crystal structure (Hollis
et al., 2000), and is presumably present in hOggl as well,
though it was originally thought to be a water molecule
(Bruner et al., 2000). Thus, the hairpin itself presents a
chelated metal ion to the DNA backbone for electrostatic
association, a direct and most likely critical role in DNA
binding.
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Fig. 2. Overall structure of the trapped complex. (A) Ribbon diagram, with the two domains of Endolll in blue and green; the [4Fe—4S] cluster is
shown in CPK format (Fe, rust; sulfur, yellow). The DNA duplex is shown in gold, with the lesion nucleoside modelled in dark grey (see text) and the
estranged nucleoside in red. (B) Same as in (A), but from a different perspective. (C) Ribbon diagram with distinct colours for a-helices, from the
same perspective as in (A). (D) Electrostatic surface representation (GRASP) (Nicholls et al., 1991) of the protein-DNA interface, from the same
perspective as in (B). Red represents negatively charged surface, blue represents positive charge; only formal charges are represented. (E) DNA duplex
used for crystallization, with phosphate groups in purple, the estranged base in magenta and the lesion in grey. Enzyme interactions are denoted by
arrows. The numbering system corresponds to that used in the text; phosphates are numbered according to the strand on which they reside (L, lesion
strand; C, complementary strand). A dihydrouridine deoxynucleoside was present at the location of the lesion during enzymatic processing, and this
nucleoside sugar has become covalently and irreversibly linked to the protein via borohydride reduction.

Role of the iron-sulfur cluster

A subject of longstanding interest in Endolll is its
[4Fe—4S] iron—sulfur cluster (Cunningham et al., 1989).
Early on, it was considered paradoxical that a DNA repair
protein should deliberately deliver iron, a genotoxic
oxygen-activating metal, to the surface of DNA. This
issue was resolved by the finding that the iron—sulfur
cluster of Endolll appears to be redox-inert (Fu et al.,
1992). Thus Endolll became recognized as a rare example
of a protein in which the iron—sulfur cluster serves to
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stabilize the protein fold, with no attendant redox function.
Based on the crystal structure of Endolll in the absence of
DNA, plus accompanying mutagenesis data, one loop
projecting from the cluster (residues C'¥KAQSPQC!® in
B.stearothermophilus Endolll) was proposed to interact
with the DNA phosphate backbone (Thayer et al., 1995).
A similar proposal was advanced in the case of the related
[4Fe—4S]-containing glycosylase MutY, for which only a
non-DNA-bound structure is available (Guan et al., 1998;
Chepanoske et al., 2000). Inspection of the present EndolIl
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Fig. 3. (A) Global stereoview of the protein—DNA interface modelled as a ball-and-stick representation. Colouring of DNA as in Figure 2A, and side
chains of the protein are coloured teal, except for Lys121 (purple) and Asp139 (green). (B) Interactions of the complementary strand of DNA with the
protein. Hydrogen bonds are shown as dashed lines, and distances are as indicated. Note that phosphate group p® caps the N-terminus of helix o-E.
(C) Role of the HhH-GPD hairpin element in DNA binding. The central metal ion is modelled as Na*, but is probably a magnesium ion under physio-
logical conditions (both are known to exhibit octahedral geometry). Hydrogen bonds are shown as dashed lines with distances, and metal coordination
is shown as dashed lines without distances (measured metal-ligand distances range from 2.3 to 2.6 A).

co-crystal structure, the first of a [4Fe—4S]-containing
glycosylase bound to DNA, provides suggestive evidence
in support of this hypothesis, as the cluster-bound loop
presents its polar residues Lys190 and GInl192 in the
general vicinity of the DNA backbone. Interestingly, most
of the residues on this loop are not well ordered in the
DNA-bound complex and furthermore are not strictly
conserved among different Endolll orthologues (Asahara
et al., 1989; Sorokin et al., 1996; Aspinwall et al., 1997,
Hilbert et al., 1997).

Recognition of the estranged base

Bacillus stearothermophilus Endolll binds most tightly to
lesion-containing DNA with a guanine opposite the lesion
(estranged-G), somewhat less tightly to a duplex with an
estranged adenine, and very weakly to DNA with either
cytosine or thymine in the estranged position (data not
shown), consistent with the primary role of Endolll in
repairing oxidized pyrimidines. We have determined two
different trapped-intermediate complexes: one with an
estranged guanine (estranged-G complex) and the other
with an estranged adenine (estranged-A complex). Many
DNA glycosylases exhibit at least some specificity for the

estranged base, and indeed many co-crystal structures of
glycosylase-DNA complexes exhibit specific intermole-
cular interactions between the estranged base and amino
acid side-chains of the enzyme (Bruner et al., 2000;
Fromme and Verdine, 2002; Zharkov et al., 2002). Instead
of using side-chains to recognize the estranged base,
Endolll employs only backbone carbonyls (Figure 4A); a
similar strategy is employed by the mismatch-specific
uracil glycosylase MUG (Barrett et al., 1998). In the
estranged-G structure, the nucleobase N1-H and N2-H
atoms appear to donate hydrogen bonds to the backbone
carbonyl of GIn42 (Figure 4A), and N2-H donates a
hydrogen bond to the backbone carbonyl of Ile80. Most of
these interactions are not available to an estranged
adenine, due to its lone pair of electrons at N1 and lack
of an exocyclic amine at position 2. Consequently, the
estranged adenine is retracted from the protein backbone,
and the protein conformation near I1e80 rearranges to form
a type II turn (Figure 4B); the latter conformation is
present in the structure of non-DNA-bound Endolll
(Thayer et al., 1995), enforced by a conserved glycine at
position 81. These differences in interactions of the protein
with the estranged base, and perhaps in DNA strain
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Fig. 4. Estranged base recognition. (A) Recognition of an estranged
guanine base. (B) Recognition of an estranged adenine base. Dashed
lines denote hydrogen bonds, with the indicated heavy atom distances;
blue dots denote a van der Waals interaction. The hydrogen bond
between the carbonyl of 11e80 and the amide of Tyr83 can be seen in
this panel (and forms part of a type II turn), but is absent in (A).

energy, are the likely source of the preference to bind G
rather than A in the estranged position. Other factors, such
as base-stacking energies of adenine versus guanine, may
also play a role. These structures, however, provide no
obvious explanation for purines being favoured over
pyrimidines in the estranged position.

The active site

As is characteristic of all known DNA glycosylases acting
on single-base lesions, the enzyme has extruded the lesion
nucleoside from the DNA duplex and inserted it into an
extrahelical active site on the enzyme. The covalent bond
between the catalytic nucleophile, Lys121, and C1” of the
lesion is clearly evident from the electron density
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(Figure 5A and B). The other key catalytic residue,
Aspl39, is observed to serve a characteristic role as an
N-terminal helix cap for helix o-H (Norman et al., 2003).
Aspl138 is also hydrogen-bonded to the O%-hydroxyl
group of the lesion sugar moiety, now available as a
hydrogen-bond donor due to ring-opening in the step
leading to Schiff base formation. Electron density corres-
ponding to the dihydrouridine (DHU) base excised during
the initiation step of repair is not visible in the active site,
presumably because it was released following excision.
Dihydrouracil free base did not load into the active site by
either crystal soaking or co-crystallization, suggesting that
this product base does not bind the active site tightly. This
is in contrast to the active site of the borohydride-trapped
hOgg1-DNA complex, which not only retains the expelled
0xoG for hours but also binds purine analogues upon
crystal soaking. We have reported that the product purine
base assists B-lyase catalysis by hOggl (Fromme et al.,
2003), explaining the need for persistent binding of the
expelled nucleobase; however, we could find no biochem-
ical evidence for product-assisted catalysis in the case of
B.stearothermophilus Endolll. Furthermore, in the ab-
sence of a product base, the rate of strand cleavage by
Endolll is several orders of magnitude faster than by
hOggl (kgps > 0.5 min~! and kgps = 0.001 min~!, respect-
ively; see Materials and methods), indicating that EndolIl
has no need to accelerate the B-lyase cascade by product
assistance.

The phosphate groups flanking the lesion nucleoside are
contacted by several residues of the enzyme, thereby
orienting the lesion nucleoside for insertion into the active
site (Figure 5B). Namely, His141 hydrogen bonds to a
non-bridging oxygen atom of the 5’-phosphate (p?), an
interaction strictly homologous to that made by His271 in
hOggl. The 5’-bridging oxygen of p™0 is also hydrogen
bonded to Argl86. The amide protons of Asp45 and
Thr140 are hydrogen bonded to the non-bridging oxygens
of p*® and p"!, respectively. Additional phosphate inter-
actions are provided by an extensive network of ordered
water molecules observed at the DNA—enzyme interface.

We also determined the structure of a non-covalent
complex between Endolll and a DNA duplex containing
the tetrahydrofuran (THF) abasic site analogue. This
structure does not represent any particular step in the
Endolll reaction pathway, but highlights any possible
effects of covalent linkage between the enzyme and DNA.
This structure is virtually identical to that of the covalent
complex (r.m.s.d. of 0.4 A for all atoms), except for minor
differences in the active site region, some of which are due
to the differences in covalent structure between the
covalent and non-covalent complexes (Figure 5C). There
are two other noticeable differences: (i) the side-chain
conformation of Asp139 is rotated slightly but maintains
its role as a helix cap for helix o-H; and (ii) Asp45 is
situated closer to the lesion nucleotide in the non-covalent
structures, due to a shift in the protein backbone at this
position. The different Aspl139 side-chain rotamer is
possibly due to the slight difference in lesion nucleoside
O¥ position between the covalent and non-covalent
complex structures: in the former, the opened deoxyribose
ring positions O% closer to Asp139, allowing interaction
between the two. In the latter structure, the tetrahydrofuran
ring constrains O* from close contact with Asp139. The
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Fig. 5. (A) Stereoview of the final 1.7 A, cA-weighted (Read, 1986) 2F, — F, electron density map contoured at 1.25 &, superimposed on the active
site region of the final estranged-G model. (B) Active site region of the enzyme. The C-N bond of the reduced Schiff base is shown in pink. Contacts
between the 3’-phosphate and the amide protons of GIn42 and Thr140, and between the 5’-phosphate and the amide proton of Asp45 are not shown
explicitly, for reasons of illustrative clarity. The positions of the C2" protons, though not visible in experimental electron density maps, are inferred
from the geometry of the heavy atom backbone. (C) Structural superimposition of the non-covalent complex (THF-Iodinel) onto the covalent
estranged-G complex. The non-covalent complex is coloured similarly to (B) and the covalent complex (estranged-G) is dark grey.

acid group of Asp139 is directed towards Lys121, but does
not make a close contact with this residue (4.6 A between
NC and 08?). Regarding the movement of Asp45, it is not
clear what causes the change in position, but it is
interesting in light of the presently proposed role of this
residue in catalysis (see below).

The ring-opened sugar in our reduced intermediate
complex is disposed such that one of the C-H bonds at C2’
(that to the pro-R proton) is frans-antiperiplanar to the
C3’-0% bond, a favourable geometry for concerted
B-elimination resulting in 3’-strand scission (Figure 4B).
Using a published procedure (Fromme et al., 2003), we
determined that B.stearothermophilus Endolll does indeed
stereospecifically remove the pro-R hydrogen at C2” with
97% selectivity (£1.1% for a P-value of 0.05). Although
the present structures reveal the geometry of a reduced

species (Figure 1, ‘4’), and not of the actual Schiff base
intermediate (Figure 1, ‘2’), it may be that the sugar adopts
a similar conformation in both. Curiously, E.coli EndolIl
has been reported to remove the pro-S hydrogen at C2’
(Mazumder et al., 1991).

What are the most likely candidates for an acid/base
moiety to catalyse the elimination reaction via proton
abstraction at C2’? The acid group of Aspl39 is 4.5 A
away from C2’, but has been shown to be dispensable for
B-lyase activity in other DNA glycosylases: Asp268 in
hOggl (Norman et al., 2003) and Glu3 in EndoVIII
(Zharkov et al., 2002). An ordered water molecule located
only 3.8 A away from C2” is hydrogen bonded to the acid
group of Asp45 (C2’-O distance 2.6 A; Figure 5B). Asp45
is conserved in Endolll across all species, from bacteria to
humans, but is not conserved in the closely related MutY/

3467



J.C.Fromme and G.L.Verdine

$ lle182 Hlsh"b‘l'

Asp43 Lysi21 - .

Val125

_ oY Leu25 g
XY Sl N

//x:-n;?

T Serd0
Fig. 6. (A) Structure of the active site, with a thymine base modelled
into the base-recognition pocket. (B) Same as in (A), from a different
perspective.

MYH family of monofunctional DNA glycosylases,
members of which are devoid of B-elimination activity.
It is conceivable that the water molecule and Asp45 act as
a proton shuttle to deprotonate C2’, a hypothesis made
more appealing by the direct location of the water
molecule above the pro-R proton at C2”.

Lesion-base recognition

Though the present structures contain no lesion base, they
do contain an active site pocket suitably disposed for
interaction with a lesion base. To gain insight into the
molecular origins of lesion-specific recognition, we
modelled a thymine nucleoside into the active site, using
as a reference structure the hOgg1-0xoG DNA recognition
complex (Bruner er al., 2000) (Endolll operates on
multiple substrates, several of which are closely related
in structure to thymine). We then mutated Lys121 to
alanine, performed a CHARMm minimization (MacKerell
et al., 1998), and then restored Lys121 in order to generate
the model for Figure 6. The model is obviously not a
suitable basis for speculation on specific details, but it does
suggest some general comments regarding the nature of
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the lesion base recognition pocket. First, the pocket
contains both polar residues (Cys23, Asp45, His178 and
Argl76) and branched aliphatic hydrophobic residues
(Leu2s, Val37, Vall25 and Ile182). The enzyme’s broad
substrate specificity may be accounted for by the
amphiphilic character of the recognition site. Enzymes
like Endolll and AlkA, which process a variety of
structurally dissimilar lesions, may take advantage of the
higher lability of the glycosidic bonds in their cognate
lesions as a key aspect of their substrate recognition
strategy (Berdal et al., 1998).

Implications for human cancer

A specific mutation in the BER gene encoding the human
MutY homologue MYH is found in numerous unrelated
patients displaying multiple colorectal adenomas and
carcinoma (Al-Tassan et al., 2002; Jones et al., 2002).
Though no structure of a MutY-DNA complex is avail-
able, the structure of the E.coli MutY catalytic core has
been determined (Guan er al., 1998). It is therefore
possible to map the primary human mutation (Y165C)
onto the present structure of an EndollII-DNA complex,
using both sequence and structural alignments; the
corresponding amino acid in B.stearothermophilus
Endolll is Leu82. As discussed above, the side chain of
Leu82 wedges itself into the minor groove on the 5’-side of
the estranged base, and is actually in van der Waals contact
with this base (Figures 3A and B, 4A and B). In the case of
MutY/MYH, the estranged base would be oxoG (its
partner adenine residue would be inserted into the enzyme
active site). It comes as no surprise that the residue
corresponding to Leu82 should be critical for proper MutY
function, because the Endolll structure suggests that
intercalation of this side chain stabilizes the highly
deformed DNA duplex conformation to which the enzyme
binds. A tyrosine residue is appropriate for this role
because it can provide additional stabilization through 7-
stacking interactions; mutation of tyrosine to cysteine at
this position would reduce both the steric and electronic
ability of the residue to stabilize the DNA conformation
necessary for efficient catalysis in MutY. It has been
suggested that MYH might actually force extrusion of the
estranged oxoG from the DNA helix (Bernards et al.,
2002), thereby allowing it to be inserted into an estranged
base recognition pocket on a separate domain found only
in MutY orthologues. If so, a large residue such as Tyr
could fill the void vacated by the estranged base, and a
smaller residue such as Cys would be less effective in such
a role.

Conclusions

The crystal structures presented here have elucidated the
interaction of Endolll with lesion-containing DNA.
Comparison of the present structure to those of other
family members has revealed some common themes of
DNA recognition among the HhH-GPD superfamily of
DNA glycosylases. Despite the substantial differences in
the chemical nature of the lesions recognized, and in
certain critical features of the protein folds, the overall
architecture of the lesion-recognition complexes formed
by these proteins is remarkably conserved. Finally, the
present structure provides a rationale for understanding the



association of the Y165C mutation in the human MYH
gene with certain hereditary and spontaneous cancers.

Materials and methods

Cloning of endonuclease Il and protein purification

The nth gene was identified in the B.stearothermophilus genome by a
BLAST search (http://www.genome.ou.edu/bstearo.html). Colony PCR
was performed on B.stearothermophilus cells using the primers 5’-
GGCTAACATATGGTGCTGACAAAGCAACAAATCCGCTACTGT-
TTGG-3" and 5-TTATTATGCGGCCGCTCACTTCTGATTTGCCGC-
TTTTTCCTCCCG-3’, and the resulting product was inserted into the
pET28 (Novagen) expression vector using Ndel and Notl (New England
Biolabs). This resulted in an ORF with an N-terminal His tag and
thrombin protease cleavage site followed by the full-length gene. The
plasmid was transformed into C41(DE3) cells (Miroux and Walker,
1996), and expression was carried out at 37°C for 4 h following induction
with 1 mM IPTG. Cells were harvested by centrifugation, resuspended in
Lysis Buffer (50 mM sodium phosphate pH 8.0, 500 mM sodium
chloride, 10 mM imidazole and 0.1% (v/v) PME) and frozen at —80°C for
storage. All remaining steps were carried out at 4°C. The cell suspension
was thawed in cold water and lysed by French press after the addition of
1 mM PMSF. DNase was added and the lysate was clarified by
centrifugation at 20 000 g for 25 min. The clarified lysate was incubated
with 2 ml of Ni**-NTA resin (Qiagen) for 1 h. The resin was washed with
lysis buffer supplemented with imidazole to 20 mM. His-tagged protein
was eluted with a buffer containing 20 mM sodium phosphate pH 8.0,
40 mM Tris pH 8.0, 500 mM sodium chloride, 250 mM imidazole and
0.1% (v/v) BME. The elution was buffer-exchanged into a solution
containing 20 mM Tris pH 7.4, 150 mM sodium chloride, 0.1% (v/v)
BME, and loaded onto a MonoS column (Pharmacia) pre-equilibrated in
the same buffer. A buffered sodium chloride gradient was applied to the
column to elute His-tagged Endolll. An overnight thrombin digest was
performed to remove the His-tag and the protein was again purified using
a MonoS column. Fractions containing EndolIl were pooled and buffer-
exchanged into a solution containing 20 mM Tris pH 7.4, 500 mM
sodium chloride and 0.1% (v/v) BME for storage (the protein was stable
for ~1 week at 4°C under these conditions). The purified protein was used
in DNA cleavage assays as described previously (Norman et al., 2003),
but using dihydrouridine-containing DNA as a substrate, in order to
confirm that it possesses characteristic Endolll enzymatic activity.

P-lyase rate measurement

32P-labelled abasic site-containing DNA was prepared as described
previously  (Fromme et al, 2003). Reactions between
B.stearothermophilus Endolll or hOggl and DNA were allowed to
proceed under single turnover conditions at 8°C, and quenched with the
addition of 1 vol. of 95% formamide, 1X TBE solution. We have
previously demonstrated that hOgg1 Schiff base formation with an abasic
site is fast and that subsequent B-lyase activity is rate limiting (Fromme
et al., 2003). Reactions were resolved on 8 M urea, 20% PAGE gels in 1
X TBE, imaged using a phosphoimager, and reactant/product ratios were
quantified using MacBas (Fuji). Rates were extracted using the equation:
P(t) = P, — P.. - ¢, where P(?) is the amount of product formed at time
t. The ko, for B.stearothermophilus Endolll could only be determined as
a lower limit, owing to the speed of the reaction.

DNA preparation, complex formation and crystallization

The DNA oligomers 5-TGTCCAXGTCT-3" [where X is either 5,6-
dihydro-deoxyuridine (DHU) or a tetrahydrofuran (THF) abasic-site;
phosphoramidites purchased from Glen Research] and 5-AAG-
ACYTGGAC-3’ [where Y is either G (for estranged-G complex) or A
(for estranged-A complex)] were synthesized on an ABI 392 DNA
synthesizer using standard ‘ultra-mild’ reagents. The underlined positions
in the sequences indicate where 5-iodo-deoxyuridine (phosphoramidite;
purchased from Glen Research) replaced thymidine in DNA used for
derivative crystals. All oligomers were purified by urea—PAGE gels,
dissolved in 10 mM Tris pH 8.0, and annealed to each other at a
concentration of 1 mM. The reductively trapped covalent intermediate
complex was prepared by adding a solution containing 30 nmol of
DHU-containing duplex DNA and 80 pmol of sodium borohydride to a
solution containing 12 nmol of Endolll, so that the final composition of
the buffer solution was 5 mM Tris pH 7.4, 150 mM sodium chloride, 5%
(v/v) glycerol, 0.03% (v/v) BME and 100 mM sodium borohydride. The
reaction was allowed to proceed at 4°C until judged complete by
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SDS-PAGE analysis (<3 h). The covalent complex was separated from
free DNA using a MonoQ column (Pharmacia), buffer exchanged into
20 mM Tris pH 7.4, 150 mM sodium chloride and 0.1% BME, and
concentrated to 230 puM. For iodine derivative complexes, THF-
containing iodinated duplex DNA was mixed in 1.5 molar excess with
EndollI to form a non-covalent complex in final buffer solution which
was identical in composition to that of the covalent complex. All
complexes were crystallized by the hanging drop vapour diffusion
method at room temperature using a solution of 100 mM Tris pH 8.5,
20-25% (w/v) PEG 8000 and 5 mM BME. Crystals appeared after several
days and grew to final dimensions of approximately 200 X 200 X 300
um over several weeks. Crystals were serially transferred through
solutions with increasing amounts of glycerol into a final cryoprotectant
solution of 100 mM Tris pH 8.5, 25% (w/v) PEG 8000, 5 mM BME and
20% glycerol, and then frozen in liquid nitrogen for X-ray data collection.

Data collection and structure solution

Data were collected on a Rigaku R-Axis IV++ detector at Enanta
Pharmaceuticals, and at the Al beamline of the Cornell High Energy
Synchrotron Source (CHESS). Data was processed and reduced using
HKL2000 or HKL 1.97, respectively (Otwinowski and Minor, 1997). The
crystals belong to the orthorhombic space group P2;2,2 with unit cell
dimensions of a =68 A, b =107 A and ¢ =42 A. Data collection
statistics are summarized in Table I. We were unable to solve the structure
by molecular replacement methods [using the structure of 43% sequence-
identical E.coli Endolll (Thayer et al., 1995), Protein Data Bank (PDB)
accession code 2ABK, and many variations thereof as a probe], despite
attempting the search with several different software packages [CNS 1.0
(Brunger et al., 1998), and the programs Molrep (Vagin and Teplyakov,
1997), AMORE (Navaza, 1994) and BEAST (Read, 2001) bundled with
CCP4 (CCP4, 1994)]. Single-wavelength anomalous data were collected
on three different estranged-G crystals to yield one native dataset
(‘Nativel’; Table I) and two derivative datasets. The derivatives were
crystals in which either two (‘THF-Iodine2’; Table I) or three (‘THF-
Iodinel’; Table I) of the thymine bases were replaced with 5-iodo-uracil,
and an abasic site analogue (THF) was present instead of a covalent
enzyme—-DNA bond. Iodine positions were unambiguously determined
using anomalous data in SOLVE (Terwilliger et al., 1987; Terwilliger and
Berendzen, 1999). Heavy-atom refinement (ignoring anomalous differ-
ences) and MIRAS phasing (using anomalous differences) were then
carried out using data to 3.0 A in SOLVE. Phases were improved using
DM (Cowtan, 1994) in CCP4. Electron density maps calculated using
these phases were poor, but density for the DNA was clearly observed.
The lesion-containing DNA from the structure of a covalent hOggl-DNA
complex (Fromme et al., 2003) (PDB accession code 1HUO) was
manually fit as a rigid body into the density using the iodine positions as a
guide. Model phases were calculated to 2.2 A from this DNA model and
combined with MIRAS phases using SIGMAA (Read, 1986). Combined
phases were improved with DM, and new electron density maps revealed
clear protein backbone traces for ~70% of the protein. Corresponding
features of 2ABK were manually fit into the density and remodelled as
appropriate. Iterative rounds of simulated-annealing and grouped B-
factor refinement using CNS, and model building in Quanta98 (Molecular
Simulations) were carried out until the Ry... (Brunger, 1993) dropped to
0.35. Individual B-factor and conjugant-gradient energy minimization
refinement using CNS were then included in subsequent rounds. At this
time, higher resolution data of the estranged-G complex and data of the
estranged-A complex collected using synchrotron radiation became
available. These structures were determined using difference-Fourier
methods and the refinement was performed, beginning with simulated
annealing in the same manner as detailed in the later stages above. In
addition, the THF-Iodinel data was used to refine a model of non-
covalently bound enzyme-DNA complex. Water molecules were added
to the models using both automated methods (in CNS) and manual
inspection of difference maps. Amino acid side-chains of some surface
residues were truncated at the o-, -, y- or d-carbon position if electron
density was not visible for the other atoms. The final models consist of
amino acid residues 1-214 (estranged-G and THF-lodinel) or 1-213
(estranged-A), and 21 nucleotides of DNA; phasing, refinement and
model statistics are presented in Table I. Figures were prepared using
Ribbons (Carson, 1997) and GRASP (Nicholls et al., 1991). Coordinates
of the three complexes have been deposited in the PDB (10RN for the
estranged-G complex, 10RP for the estranged-A complex, and 1P59 for
the THF-Iodinel complex).
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