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Lesion (in)tolerance reveals insights into DNA

replication fidelity
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The initial encounter of an unrepaired DNA lesion is likely
to be with a replicative DNA polymerase, and the outcome
of this event determines whether an error-prone or error-
free damage avoidance pathway is taken. To understand
the atomic details of this critical encounter, we have
determined the crystal structures of the pol o family
RB69 DNA polymerase with DNA containing the two
most prevalent, spontaneously generated premutagenic
lesions, an abasic site and 2’-deoxy-7,8-dihydro-8-oxogua-
nosine (8-oxodG). Identification of the interactions be-
tween these damaged nucleotides and the active site
provides insight into the capacity of the polymerase to
incorporate a base opposite the lesion. A novel open,
catalytically inactive conformation of the DNA polymerase
has been identified in the complex with a primed abasic
site template. This structure provides the first molecular
characterization of the DNA synthesis barrier caused by an
abasic site and suggests a general mechanism for poly-
merase fidelity. In contrast, the structure of the ternary 8-
0x0dG:dCTP complex is almost identical to the replicating
complex containing unmodified DNA, explaining the re-
lative ease and fidelity by which this lesion is bypassed.
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Introduction

The accurate replication of DNA is crucial for the mainte-
nance of a functional genome and is accomplished by high-
fidelity DNA polymerases. The basic architecture of the
polymerase domains, the fingers, palm, and thumb, can be
characterized as a ‘right hand’ that is capable of holding DNA
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in its grasp (Joyce and Steitz, 1995; Ollis et al, 1985). DNA
polymerases can be subdivided into several families. Family
B DNA polymerases include the major replicative DNA poly-
merases o and & and the replicative DNA polymerases from
bacteriophages T4 and RB69. RB69 DNA polymerase (RB69
pol) contains two additional domains, an N-terminal domain
and a 3’-5 exonuclease domain. These domains, together
with the polymerase active site domains, extend from a
central opening. Three conformations of RB69 pol have
been observed in crystal structures: the apo state without
DNA (Wang et al, 1997), the editing mode forming a binary
complex with DNA bound to the exonuclease site (Shamoo
and Steitz, 1999) and the replicating mode, a ternary complex
with DNA and dNTP bound in the polymerase site (Franklin
et al, 2001). Differences between these structures indicate the
conformational changes that occur during DNA polymeriza-
tion. The fingers domain undergoes the largest conforma-
tional changes during DNA polymerization. In the apo state
and editing mode, the enzyme is in the ‘open’ conformation,
characterized by a rotation of the fingers domain 60° away
from the palm domain. In the ‘closed’ conformation, Arg 482
and Lys 560 of the fingers domain are involved in hydrogen
bonding to the phosphate groups of the incoming dNTP.
Replicative polymerases demonstrate high fidelity and
processivity when utilizing normal DNA; however, they can
be challenged with modified or damaged DNA, which has
escaped the DNA repair machinery. The polymerase may
then disengage from the primer/template to allow another
DNA polymerase to bypass the DNA lesion (translesion
synthesis), or another damage avoidance mechanism to
occur, or the replicative polymerase may perform translesion
synthesis itself. These events are important in understanding
the mechanism by which DNA damage can result in miscod-
ing, leading to mutagenesis and carcinogenesis. Numerous
studies have shown that the efficiency and fidelity of trans-
lesion synthesis is both polymerase and lesion specific
(Shibutani et al, 1991; Moriya et al, 1999; Lehmann, 2002).
Understanding the molecular and structural events that take
place when a DNA polymerase encounters damage is there-
fore of major importance.
2/-deoxy-7,8-dihydro-8-oxoguanosine (8-oxodG) is an endo-
genous premutagenic lesion generated by reactive oxygen
species as a result of aerobic respiration. 8-OxodG is one of
the most prevalent lesions found in DNA and, if not repaired,
can direct incorporation of dATP, resulting in G—T transver-
sions. Structures of the 8-0xodG:dC pair in duplex DNA show
little disruption of the overall DNA structure (Oda et al, 1991;
Lipscomb et al, 1995), while the glycosidic torsion angle
of the modified dG in the miscoding base pair 8-oxodG:dA
is syn, allowing the stabilization by two hydrogen bonds
(Kouchakdjian et al, 1991; McAuley-Hecht et al, 1994). DNA
polymerases from different families are diverse in their
fidelity of 8-oxodG translesion synthesis (Shibutani et al,
1991). Therefore, it is likely that the structure of the pre-
mutagenic lesion within the polymerase active site deter-
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mines the miscoding properties of the lesion. Recently, the
structure of the repair polymerase, DNA polymerase  (pol
B), with an 8-0xodG:dCTP base pair was solved and shows
that the 5’-phosphate backbone flips 180° in order to accom-
modate the oxygen at C8 (Krahn et al, 2003).

About 10000 abasic sites are created per day in each
mammalian cell (Lindahl, 1979). They arise through sponta-
neous depurination or by the action of DNA glycosylases
during base excision repair. The natural abasic site is un-
stable and we have used tetrahydrofuran (3-hydroxy-2-(hy-
droxymethyl)tetrahydrofuran), an isosteric and isoelectronic
model of the closed form of an abasic site. In vivo and in vitro
studies have shown that dA is preferentially incorporated
opposite tetrahydrofuran and that this lesion represents a
block to DNA synthesis (Takeshita and Eisenberg, 1994;
Shibutani et al, 1997).

Here we present the structure of a replicative family B
polymerase with two of the most common forms of DNA
damage, 8-0xodG and a model abasic site (AP). Based on
these two structures and the ability of RB69 pol to accom-
modate both modified DNA sequences in its active site, we
can make predictions as to which other lesions can be
tolerated in the active site of a high-fidelity DNA polymerase
and which are sterically too demanding to produce the
necessary stability required for polymerization. This snap-
shot of translesion synthesis increases our understanding of
miscoding, a first step in mutagenesis.

Results

Structure determination

To prevent degradation of the oligonucleotides during crystal-
lization, an exonuclease-deficient polymerase mutant of
RB69 pol was used as described (Wang et al, 1995; Franklin
et al, 2001). The dideoxy-terminated primer cannot be ex-
tended, and allows capture of the polymerase during nucleo-
tide incorporation opposite or past 8-oxoguanine (8-0xodG)
and tetrahydrofuran, the abasic site model (Figure 1B). Two
different template strands were designed for both lesions:
one, where the lesion is positioned for nascent base pair
formation (Figure 1A, (1)), allowing analysis of nucleotide
insertion opposite the lesion site, and a second sequence,
where the lesion base pair is poised for extension (Figure 1A,
(2)). Additionally, an unmodified template strand (Figure 1A,
(3)) was used in crystallization trials to study the structures
of mismatched nascent base pairs. Except for the site of
modification, the DNA sequences were identical to those in
the described ternary complex with unmodified DNA and a
nascent Watson-Crick dA:dTTP base pair (Franklin et al,
2001) to ensure that the structural changes observed are
exclusively due to the specific adduct. Two complexes featur-
ing 8-0xodG (8-0xodG:dCTP complex) and an AP lesion
(AP:dG complex) in the polymerase active site were analyzed
(Table I). Four additional primer/template/dNTP combina-
tions led to crystals with the DNA bound to the exonuclease
active site (see below).

Overall structure of the 8-oxodG:dCTP complex and
comparison with the replicative complex

Steady-state kinetics show that, in contrast to other pol a-like
DNA polymerases (Shibutani et al, 1991), RB69 pol incorpo-
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Figure 1 Oligonucleotide sequences and DNA adducts. (A) The
14 nt primers are identical in all trials and terminated by ddC
(indicated by C*). Template strands are 18nt long with a 3’-dG
overhang. X denotes the position of the lesion for primer/template
combinations (1) and (2), and the arrow the position of dNTP
incorporation. (B) Structures of the lesions at position X in the
templates 8-0xodG and tetrahydrofuran (abasic site model).

rates dCTP opposite 8-o0xodG 20-fold more efficiently than
dATP (Table II; see also Figure 6D). The ternary 8-
0x0dG:dCTP complex formed with DNA sequence 1
(Figure 1A, X=8-0x0dG) and dCTP crystallized in the same
space group, with identical cell parameters as the replicative
complex (Franklin et al, 2001). Refinement of 902 protein
residues, the DNA, dCTP, and three calcium ions converged
against an R factor of 20.4% (Rgee 0f 27.1%) for all data from
46.1to 2.8 A (Table I). The overall structure of the complex is
shown in Figure 2A. The DNA is bound to the polymerase
active site similar to that observed for the complex with
unmodified DNA. A superposition of both structures, based
on the Ca atoms of residues 1-901 and all atoms of the DNA
(excluding the 8-oxoguanine base) and the nucleotide tripho-
sphates (excluding C5M of dTTP), reveals a root mean square
(rms) displacement of 0.5 A, showing that the two structures
are nearly identical. The largest difference can be found
between the riboses of the cytidine next to the 5'-end of the
primer, with a maximum displacement of 3.3 A for the C5'
atoms. The maximum deviation with respect to the protein
residues can be found in a loop region (residues 255-259) of
the exonuclease domain, with a peak value of 2.4 A for the
Tyr 257 Ca atoms.

The DNA is well defined in the complex (Figure 2B) and in
the initial difference electron density map additional residual
electron density at 3.0¢ was observed, indicating the position
of N2 and O8 in 8-oxodG (Figure 2C). Both bases of the
8-0x0dG:dCTP base pair retain the anti conformation
around the N-glycosidic bond and form Watson-Crick hydro-
gen bonds. Distances are at 2.7 A each for N4_dC...06_8-
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Table I Data collection and refinement statistics

Data collection statistics

8-0x0dG:dCTP complex

AP:dG complex 8-0x0dG editing complex

Space group P2,2,2;

Unit cell dimensions:

a, b, c(A) 80.8, 118.6, 127.2
o, B, v (deg) 90, 90, 90
Unique reflections 30441

Resolution (highest shell) (A)
Reym (highest shell) 0.116 (0.616)
Completeness (highest shell) (%) 99.9 (100.0)
Average redundancy 4.5
{Iy/<o()) (highest shell) 11.0 (1.8)

Refinement statistics
Number of reflections used in refinement 28854

Final R (Riee) 204 (27.1)
Deviations from ideal values in

Bond distances (A) 0.016
Bond angles (deg) 1.87
Torsion angles (deg) 7.5

Chiral centers (A% 0.09
Planar groups (A) 0.006

Ramachandran statistics (%)

Model contents (number of atoms)

Protein 7356
DNA 652
Waters 84
Bound metals 3
Other ligands 28

46.1-2.8 (2.9-2.8)

88.0/10.9/1.0/0.1

P2, P1

131.9, 122.2, 165.4
90, 96.8, 90

73.1, 124.7, 126.5
118.8, 89.7, 106.8

137338 148642

47.1-2.7 (2.8-2.7) 50.0-2.35 (2.43-2.35)
0.113 (0.434) 0.045 (0.373)

94.7 (73.3) 98.0 (97.1)

4.8 6.3

19.1 (1.8) 10.1 (2.1)

130465
21.5 (28.8)

0.013

1.54

6.5

0.11

0.005
86.7/12.1/0.8/0.4

29460
2692
535

8

61

Rsym =Y _nay_i |i—<I>|/>i <I>, where I; is the ith measurement and (I} is the weighted mean of all measurements of I. {I)/{sigl)
indicates the average of the intensity divided by its standard deviation. Numbers in parentheses refer to the respective highest resolution data
shell in each dataset. Rerysc= > ||Fo|—|Fc||/>_|Fo| Where F, and F, are the observed and calculated structure factor amplitudes. R¢e. same as
Reryst for 5% of the data randomly omitted from refinement. Ramachandran statistics indicate the fraction of residues in the most favored,
additionally allowed and generously allowed and disallowed regions of the Ramachandran diagram as defined by PROCHECK (Laskowski et al,

1993).

oxodG and N2_8-0xodG...02_dC, and 2.8A for NI_8-
0x0dG...N3_dC, in the normal range for dG:dC base pairs
in B-form DNA (2.86-2.98A for N1...N3 and N4...06,
2.80-2.85 A for N2...02; Chiu and Dickerson, 2000).

The size and shape of the polymerase active site binding
pocket plays a crucial role in replication fidelity and thus in
lesion tolerance. A rigid active site is formed by a number
of highly conserved residues located at the base of the
two anti-parallel o-helices of the fingers domain and the
B-sheet of the palm domain. Several of these residues
(Leu 415, Tyr 416, and Tyr 567 on the dNTP side; Tyr 567
and Gly 568 on the template side) are solely involved in
hydrophobic interactions with the DNA and define a tight-
fitting binding pocket at the minor groove side of the nascent
base pair (Figure 3A). Asp 411 and Asp 623, which coordinate
the active site Mg? " ions, complete the pocket at the minor
groove side of the sugar and phosphate backbone of the
incoming nucleotide. Other conserved residues in the active
site, Asn 564 and Ser 565, as well as the type-conserved Leu
561 form a rigid rear wall to ensure a coplanar base arrange-
ment of the nascent base pair (Figure 3C). A hydrogen bond
between the amino group of Asn 564 and the a-phosphate of
the dNTP in the ‘closed’ state (3.2 A) may assist in position-
ing the rear wall of the binding pocket. In the ‘closed’
conformation, Arg 482 and Lys 560 of the fingers are involved
in hydrogen bonding to the phosphate groups of the incoming
dNTP and in this way define the wall of the binding pocket
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that restricts the width of the active site on the primer side.
The amino group of Lys 486 in the ‘closed’ conformation is
not within hydrogen bonding distance (4.1 A) to the v-phos-
phate, but H-bonding to the incoming dNTP during the
transition from the ‘open’ to the ‘closed’ conformation
seems feasible. The size of the binding pocket is sufficient
for the consensus base pair shape of a Watson-Crick base
pair (Kool, 2002), but shows little tolerance for groups
protruding into the minor groove, while the major groove
side is relatively unrestricted.

Notably, the positions of the amino acids in the 8-
0x0dG:dCTP complex forming the polymerase active site
are identical within the error limits to those in the replicating
complex with unmodified DNA. A superposition of the
nascent base pairs (Figure 3A) reveals that the 8-0xodG lesion
can be accommodated without distortions, presumably be-
cause the 8-oxo group of the base projects into the unrest-
ricted major groove of the active site pocket. Another reason
might be a sharp kink in the single-stranded template DNA 5'-
overhang, which in the structure with the unmodified DNA
template prevents a possible C8-H...05 base-backbone in-
teraction that stabilizes the anti conformation of purine bases
in nucleic acids (Shefter and Trueblood, 1965; Rubin et al,
1972; Sussman et al, 1972). In the 8-0xodG:dCTP complex,
however, this kink provides the additional space needed to
accommodate the 8-oxo group without steric clashes with the
backbone.

©2004 European Molecular Biology Organization
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A Exonuclease D Exonuclease
domain domain

Thumb

Figure 2 Structure of RB69 pol/DNA complexes. (A) Overall structure of the replicating 8-0xodG:dCTP complex formed between RB69 pol,
DNA sequence 1 (Figure 1A, X =8-0x0dG), and dCTP. RB69 pol is colour coded according to its five domains (N-terminal domain: residues 1-
108 and 340-382 in yellow; 3/-5" exonuclease domain: residues 109-339 in red; palm domain: residues 383-468 and 573-729 in magenta;
fingers domain: residues 469-572 in blue; and thumb domain: residues 730-903 in green) as well as the primer (dark green) and template (dark
magenta) DNA strands and the dCTP (dark green). (B) Final SIGMAA-weighted 2F,—F, electron density map contoured at 1o, covering the 8-
0x0dG:dCTP base pair as well as the four base pairs preceding the nascent base pair. Ca** ions are depicted as yellow spheres. (C) Top view of
the nascent 8-0xodG:dCTP base pair with the SIGMAA-weighted 2F,—F, electron density contoured at 1c obtained after molecular replacement
with the dA:dTTP-containing structure. Difference electron density at 3¢ is shown in red and marks the positions of the O8 and N2 groups of
8-0x0dG. (D) Overall structure of the AP:dG complex (molecule C) formed by RB69 pol, DNA sequence 1 (Figure 1A, X = AP, including an
additional G at the template 3’-end) and dGMP, colour coded as in (A). (E) Electron density map of the DNA (analogous to (B)). (F) Top view of
the AP:dGMP ‘pair’ featuring the final electron density map contoured at 1c. Figures 2-7 were generated with Molscript (Kraulis, 1991) and
Raster3D (Merrit and Murphy, 1994).

Pol B also shows a similar though less pronounced bend
in the 5-phosphodiester bond of the template strand.
Nevertheless, the 8-oxo group still adopts the nonmutagenic
anti conformation due to a second structural change, the
flipping of the 5-phosphate by 180°. This allows pol B to
incorporate preferentially dCTP opposite an 8-oxodG lesion
as well (Shibutani et al, 1991).

Overall structure of the AP:dG complex and comparison
with other states

Replicative DNA polymerases challenged with an abasic site
tend to follow the ‘A-rule’, the preferential incorporation of
adenine opposite noninstructive lesions. RB69 pol addition-

©2004 European Molecular Biology Organization

ally incorporates dGTP opposite an AP site, albeit less effi-
ciently (data not shown). Crystallization of RB69 pol with
DNA containing an AP lesion in the template position
(Figure 1A, sequence 1, X=AP) and dATP or dGTP was
tried; however, only setups with dGTP were successful (see
Discussion below on extended template strand). The resulting
AP:dG complex crystallized in space group P2, a unit cell
that has not been observed previously for RB69 pol, with
four molecules (A, B, C, and D) in the asymmetric unit.
Refinement of the full-length protein, the DNA, part of the
dGTP molecules, and two calcium ions per complex resulted
in R=21.5% (Rgee Of 28.8%) for all data from 47.1 to 2.7 A
(Table I). As the four complexes only show minor structural
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Figure 3 The active site. (A) Superposition of the 8-oxodG:dCTP
base pair (stick mode) with the dA:dTTP base pair (CPK mode) of
the replicating complex with unmodified DNA. Also shown are the
amino acids of the active site (red: highly conserved, green: type
conserved, black: not conserved). (B) Polymerase active site with
the nascent AP:dGMP ‘pair’. (C) Superposition of active site amino
acids of the 8-0xodG:dCTP complex (colour coded according to the
different domains as in Figure 2A) and the AP:dG complex (in light
gray). Numbers denote displacements of Co main chain atoms (for a
complete list, see supplementary data, Supplementary Table S1).
The dA:dTTP base pair has been included as in part A.

differences, the following discussion is based on molecule C.
The primer/template DNA is bound to the polymerase active
site as seen in the replicating and the 8-0xodG:dCTP com-
plexes (Figure 2D), but the electron density for the incoming
nucleotide, dGTP, is poorly defined in all four molecules. In
molecule C, sufficient electron density was observed to
include a dGMP (Figure 2F), whereas the electron density
in molecules B and D only allowed refinement of the guano-
sine and in molecule A no density was observed for an
incoming nucleotide. Possible explanations for this observa-
tion include (a) hydrolysis of dGTP to dGMP, (b) decreased
binding affinity and thus higher flexibility of dGTP in the
active site compared to the replicating complex, (c) partial
occupancy of the nucleotide triphosphate in the active site, or
(d) a combination of all three.

Superpositions of molecule C with the polymerase in
replicating mode (Franklin et al, 2001), editing mode
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(Shamoo and Steitz, 1999) and the apo enzyme (Wang et al,
1997) (see supplementary data, Supplementary Figure S1)
show that the structure of the AP:dG complex can be de-
scribed as a hybrid structure between the enzyme in replicat-
ing and editing or apo mode, revealing a novel structural
conformation of RB69 pol. Apart from a slight movement of
the exonuclease domain, all domains except the fingers
domain adopt the same conformation relative to each other
and to the bound DNA as in the replicative complex
(Figure 4A). The fingers domain, however, is in the confor-
mation found in the apo enzyme and the editing complex,
leaving the polymerase in the open, catalytically inactive
state (Figure 4B). The closed conformation seen in the
replicative and the 8-0xodG:dCTP complexes is essential for
the catalytic formation of the phosphodiester bond, because
in this state the three highly conserved residues Arg 482, Lys
486, and Lys 560 at the base of the fingers domain are able to
complement the tight-binding pocket on the dNTP side (see
Figure 3). In this way, they ensure correct positioning of the
incoming nucleotide relative to the other residues and metal
ions. A consequence of the open conformation in the AP:dG
structure is a significant movement of the active site amino-
acid residues belonging to the fingers domain ranging from
1.2 to 7.1 A in Co positions compared to the closed replicative
complex (Figure 3C), thereby increasing the distance to the
DNA. The only residue that moves towards the DNA is the
universally conserved Gly 568 (1.9 A) (Hopfner et al, 1999;
Zhao et al, 1999; Rodriguez et al, 2000; Hashimoto et al,
2001), which now fills part of the space occupied by the
adenine base of the template strand in the replicative com-
plex (compare Figures 3A and B). In the AP:dG complex, only
one Ca** ion at the position of the Mg>* ion that is
hypothesized to promote deprotonation of the 3’-OH of the
primer strand (Steitz, 1993) was found. The second metal
ion, which is required for the stabilization of the pentacova-
lent transition state of the a-phosphate and compensation of
the negative charges, is missing as in the editing complex
(Shamoo and Steitz, 1999).

Subunit interactions of the 8-oxodG:dCTP and AP:dG
complexes

Inter-complex contacts in the structure of the 8-oxodG:dCTP
complex are limited to the binding of the template 3'-dG
overhang of one molecule to a pocket formed by amino acids
of the N-terminal domain of a neighboring molecule.
Although the precise function of this binding pocket is still
unclear, guanine binding to this site has been described for
the replicating complex, the editing complex, and the apo
enzyme. In the AP:dG complex, a similar interaction can be
observed (Figure 5A). Surprisingly, analysis of the electron
density map revealed the presence of an additional unpaired
guanine base at the 3’-end of the template strand (Figure 5B),
indicating that RB69 pol is able to add untemplated nucleo-
tides to the 3’-end of an oligonucleotide. To determine
whether RB69 pol exhibits terminal deoxynucleotidyl trans-
ferase activity under crystallization conditions, reactions
were set up as described in Materials and methods. In the
presence of dGTP, nearly 100% of the template strand was
extended by one base (Figure 5C). Extension in the presence
of dCTP, dATP or dTTP, was much less efficient. One-base
extension occurred equally well when the template contained

©2004 European Molecular Biology Organization
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Figure 4 Comparison of the AP:dG and replicative complexes. (A)
Ribbon presentation of the AP:dG complex, colour coded with
respect to rms deviations from the replicating complex. The super-
position is based on the Ca atoms of the palm domain (residues
383-468, 573-729), as they define a relatively rigid unit of the
protein. Rms deviations for the Ca atoms of the other four domains
were calculated using RMSPDB (Kleywegt et al, 2001). Gray colour
denotes virtually no changes, while red colour shows maximum
domain shifts (see depicted colour code). (B) Detail of (A), showing
the fingers, palm, and N-terminal domains of the AP:dG complex
and additionally the fingers domain of the replicative complex (dark
gray) to illustrate the domain shift. The DNA is shown in green/
magenta for the AP:dG complex and yellow for the replicating
complex.

8-0x0dG, and a two-base extension product can be observed
as well. The terminal transferase activity in the presence of
dGTP may explain why better diffracting crystals of the
complex with the AP lesion were obtained with dGTP and
not with the more easily inserted dATP.

To rule out the possibility that the observed open confor-
mation of the polymerase in the AP:dG complex might be due
to packing effects, a superposition of the replicative complex
with each of the four molecules of the AP-containing struc-
ture was performed. For molecules A, C, and D, the closed
formation could also be accommodated in the crystal pack-

©2004 European Molecular Biology Organization
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ing. In the case of molecule B, the ‘closed’ conformation
would introduce steric clashes, which could nevertheless be
easily avoided through minor movements inside the crystal
lattice.

Overall structure of the 8-oxodG editing complex
Attempts to crystallize mismatched nascent base pairs show-
ing incorporation of either dCTP or dGTP opposite dA
(Figure 1A, sequence 3), a complex featuring incorporation
of dATP opposite 8-0xodG (sequence 1, X=8-0xodG) and a
complex showing the extension event past an 8-oxodG:dC
base pair (sequence 2, X=_8-0x0dG), led to another new
crystal form (space group P1, Table I). Of the three molecules
per unit cell, one shows the enzyme in the apo state while the
other two present another example for RB69 pol in the editing
mode. As in the editing complex with unmodified DNA
(Shamoo and Steitz, 1999), the 3’-end of the template, not
the 3’-end of the primer, is bound to the exonuclease active
site. Accordingly, the 8-0xodG lesion near the 5'-end of the
template is exposed to the surrounding solvent, but cannot be
localized due to disorder.

Due to the fact that we were not able to capture these
potentially interesting complexes with the 3’-end of the
primer bound to the polymerase active site and because of
the similarity of the 8-oxodG editing complex to the editing
complex with unmodified DNA published earlier, no further
refinement was performed. Nevertheless, considering the
sequence similarity of the DNA ends in both editing com-
plexes, it is unlikely that the presence or nature of the 8-
oxodG lesion triggers this switching from the replicating to
the editing mode and other reasons must be considered.
Furthermore, the results are valuable in suggesting which
primer/template combinations are likely to result in the
editing complex and which ‘base pairs’ can be tolerated in
the polymerase active site.

Discussion

Formation of replicating versus editing complexes

A number of attempts have been made to obtain structures
of RB69 pol in complex with different DNA sequences to
gain further insights into the reaction catalyzed at the
replication fork. While the presence of unmodified DNA
yielded a model of the binary editing complex, incorporation
of a dideoxy-terminated primer and addition of a correct
incoming nucleotide triphosphate led to the structure in the
replicating mode. These results suggested that the binary
editing complex exhibits a greater stability than a binary
replicating complex. The opposite seems to be true if a
‘correct’ incoming dNTP is provided, suggesting an enhanced
stability of the closed ternary replicative complex compared
to the binary editing complex. Use of a dideoxy-terminated
primer to ‘lock’ the polymerase into a ternary complex
contributes to this stability and can be demonstrated by gel
shift assays, which showed a significant drop in the dissocia-
tion constant when a dideoxy-terminated primer was used
(data not shown).

The importance of the ‘correct’” dNTP becomes apparent in
the study with RB69 pol and mismatched nascent base pairs
described above that led to the formation of editing com-
plexes (analogous to the 8-0xodG editing complex). Thus, the
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Figure 5 Intermolecular interactions in the AP:dG complex. (A)
Contacts between neighboring molecules in the AP:dG complex.
The 3/-dG of each template strand is bound to a specific binding
pocket in the N-terminal domain of an adjacent polymerase mole-
cule. (B) Final SIGMAA-weighted 2F,—F, electron density map of
the binding pocket at 1o for the amino acids, part of the template
(magenta) as well as the primer strand (green) revealing the
presence of an additional unpaired dG at the 3’-end of the template.
(C) Terminal transferase activity of RB69 pol in the presence of
dideoxy-terminated primed templates (P:T) containing an abasic
site (AP) or 8-oxodG. Primer and template bands are indicated with
arrows. P:T was incubated with RB69 pol in the absence (lane 1) or
presence of dGTP (lanes 2 and 6), dATP (lane 3), dCTP (lane 4), or
dTTP (lane 5).

fit of the nascent base pair into the rigid binding pocket of the
polymerase active site seems to be essential to stabilize the
DNA in the polymerase active site. Accordingly, an incorrect
nucleotide prevents the formation of the catalytically active,
closed conformation due to steric exclusion. The resulting
open conformation leads to a diminished binding affinity of
the DNA in the polymerase active site and thus the editing
complex is observed.

Two other DNA/ANTP combinations that led to the forma-
tion of an editing complex support this hypothesis: 8-
0xodG:dATP (Figure 1A; sequence 1, X=8-0xodG; the 8-
0xodG editing complex) and a primed template containing
an 8-0xodG:dC base pair at the penultimate position, with a
nascent dA:dTTP base pair (sequence 2, X=8-oxodG).
Modeling of an 8-0xodG:dATP base pair in the active site of
RB69 pol (Figure 6A) indicates that the fixed width of the
active site forces one of the two purine bases into the syn
conformation. There are fewer steric clashes with 8-0xodG in
syn, but the proximity of the O8 group to the backbone atoms
of Gly 568 is unfavorable and may lower the stability of the
replicative complex such that formation of the editing com-
plex is preferred.

Models of an 8-oxodG:dA (Figure 6B) or 8-oxodG:dC
(Figure 6C) base pair in the penultimate position representing
the extension from the lesion base pair were also generated.
The 8-0x0dG:dC model clearly shows a steric clash between
the O8 and the phosphate group of 8-oxodG. Due to the
proximity to the side chain of Asn 572 on the opposite side of
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the DNA backbone and other nearby residues, the only way
to avoid this clash would be a slight shift of the newly
replicated duplex DNA towards the major groove, thereby
loosening the grip of the polymerase on the DNA. In contrast,
the 8-0xodG:dA model shows that unfavorable steric clashes
with the backbone phosphate can again be avoided through
the syn conformation of 8-oxodG. A water molecule that
forms hydrogen bonds to OH of Tyr 567 (2.7 A) and N3 of
guanine (2.7 A) in the structure with the unmodified template
would be in close proximity to the O8 atom. This water
molecule is only weakly present in the 8-0xodG:dCTP com-
plex, and is not observed in any of the four molecules of the
AP:dG complex. Although it has been proposed to be of
particular importance with respect to the binding affinity of
DNA to the polymerase active site (Franklin et al, 2001), the
08 atom of 8-0xodG in the syn conformation could substitute
for this water and would form a hydrogen bond to OH of Tyr
567 without the loss of protein-DNA interactions. These
structural constraints are reflected in the efficiency of DNA
synthesis on these primed templates. As mentioned earlier,
incorporation of dATP opposite 8-0xodG by RB69 pol is much
less efficient (20-fold) than incorporation of dCTP (Table II
and Figure 6D); in contrast, extension of the 8-oxodG:dA base
pair is more efficient (Figure 6E). Favored extension of an 8-
0x0dG:dA base pair is common among DNA polymerases
(Shibutani et al, 1991; Miller and Grollman, 1997; Haracska
et al, 2002), except for DNA polymerase n (Zhang et al,
2000).

Gly 568 influences DNA binding

According to our hypothesis regarding the relative energetics
of replicating and editing complexes, an RB69 pol-DNA
complex would only be stable in the polymerase site in its
ternary form, requiring the presence of a complementary
dNTP that fits into the rigid active site. However, the forma-
tion of the AP:dG complex seems to contradict this hypoth-
esis as the poor electron density for the dGTP molecule, the
absence of the second catalytic metal ion, and the open
conformation of the polymerase rather indicate that AP:dG
is a binary complex with DNA bound to the polymerase
active site. We propose that this apparent contradiction is a
consequence of the nature of the AP lesion. A comparison of
the AP:dG and 8-0xodG:dCTP complexes reveals that Gly 568
is displaced by 1.9A (Figure 3C) and protrudes into the
binding pocket at the AP site (Figure 3B). It is the only active
site residue that competes for space with a DNA residue and
appears to be ‘pushed back’ by the template 8-oxoguanine or
adenine base in the ternary complexes in the closed confor-
mation (Figure 3A). We therefore define Gly 568 in the closed
complex to be in the strained state (Figure 7, IA/IIA), while
Gly 568 protruding into the binding pocket in the open
complex adopts the relaxed state (Figure 7, IB/IIB). Thus,
for RB69 pol the open conformation and relaxed state seem to
be associated. As a consequence, there is a competition
between Gly 568 and the template base in the active site,
which weakens or even prevents DNA binding (Figure 7, IB,
C/IIB, C). The preferred binding of binary complexes with
unmodified DNA to the exonuclease active site corroborates
this view of diminished binding affinity. The catalytically
active, closed complex can only be formed in the presence of
a correct dNTP. Here the fingers domain closes down and
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pushes the nascent base pair against the active site residues.
In this way, Gly 568 is moved into its strained state and the
phosphodiester bond can be formed (Figure 7, ID). From the
experiments presented here, one can conclude that the closed
complex exhibiting the strained state (Figure 7, ID) seems to
be energetically favored over the open conformation in the
relaxed state (Figure 7, IIB), provided that the nascent base
pair fits into the tight binding pocket (Figure 7, ID).
Therefore, if no binding of a complementary dNTP occurs,
for example due to a lesion, the template DNA is released. In
the special case of an abasic site as in the AP:dG complex, the
absence of a template base allows Gly 568 to adopt the
relaxed state even in the closed conformation (Figure 7,
IID), facilitating the formation of a stable binary complex at
the polymerase active site. Involvement of Tyr 567 in main-
taining replication fidelity has been suggested by the in-
creased error frequency of the Y567A mutant (Yang et al,
1999). The lower fidelity of Y567A may be a result of the
increased size of the binding pocket at the minor groove side
of the nascent base pair. Additionally, it is also feasible that
the smaller Ala residue might ease the strain imposed on Gly
568 in the closed conformation. This would enhance the
binding affinity of DNA to the active site, increasing the
persistence of the complex and the probability for incorpora-
tion of an incorrect nucleotide. Further support for the
importance of Gly 568 comes from the described 8-
0x0dG:dA base pair model. The observed steric clash be-
tween O8 of 8-0x0dG and Gly 568 in the already strained state
should weaken DNA binding even further and thus make
nucleotide insertion more difficult, in accordance with bio-
chemical data (Figure 6D).

Figure 7, part IIE, illustrates why besides dA, RB69 pol
also inserts dG opposite an AP site. For phosphodiester
bond formation, the correct position of the incoming
dNTP is crucial, which is accomplished by the conserved
amino acid residues and by its complementary base. Absence
of the latter boundary, as in the case of an abasic site,
makes the smaller pyrimidine bases less likely to be in
the right position than the sterically more demanding
purine bases A and G. This, together with the superior
stacking ability of adenine and its relatively weak solvation
compared to G, C, and T, is also the rationale behind the
‘A-rule’ (Kool, 2002).

Based on the insights gained from these studies, we are
now able to predict which new lesion/dNTP combinations
0 5 10 15 20 will be tolerated in the active site of a family B DNA

[RBE9 pol], nM

16 T T T

[=-]
(=]

% incorporation ©

m

Figure 6 Modeling of base pairs in the polymerase active site. (A)
Model of an 8-0x0dG:dATP base pair in the polymerase active site of
RBG69 pol. The syn conformation of 8-oxodG (green) leads to steric
interference between 08 and the Ca atom of Gly 568. (B) Model of
an 8-oxodG:dA base pair poised for extension. Modeling the 8-
oxodG base in the syn conformation generates only a contact
(yellow arrow) to a water molecule. (C) Model of an 8-oxodG:dC
base pair poised for extension. The anti conformation of 8-oxodG
leads to a steric clash with the phosphate group. (D) Nucleotide
0 5 10 15 20 selection during insertion opposite 8-oxodG. RB69 pol (0-19nM)
was incubated with P:T (Figure 1A, sequence 1) in the presence of
[RB69 pol], nM 5uM dCTP (closed circles) or dATP (open circles), as described in
Materials and methods. The % of extended primer was plotted
versus the RB69 pol concentration. (E) Extension of an 8-oxodG:dC
(closed circles) or an 8-oxodG:dA (open circles) base pair as
described above, but using 5 uM dTTP instead of dCTP.

% incorporation

©2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 7 | 2004 1501



Structure of RB69 pol with 8-oxodG and AP site
E Freisinger et al

Table II Steady-state incorporation kinetics opposite 8-oxodG

Template dNTP Ky (uM) Kear (min™1) kear/Kin (1M/min) dCTP:dATP

8-0x0dG dCTP 20 31 1.6 20
dATP 270 22 0.08

dG dCTP 0.64 46 72 5 % 10°
dATP 220 0.03 0.00014

Figure 7 Influence of Gly 568 on DNA binding to the polymerase active site. Column (I) shows the event of nucleotide insertion opposite an
unmodified template strand with adenine in the active site, while column (II) depicts the case of a template containing an abasic site as in the
AP:dG complex. Vertical arrows specify the strained (red) or the relaxed state (green), respectively. Diagonal arrows indicate whether the
polymerase is in the closed (red) or open conformation (green). The template strand is depicted in magenta and the incoming nucleotide in
green. The yellow box indicates the position of Gly 568. (IA) and (IIA) show the polymerase in the strained state and the open conformation.
Transition into the relaxed state presumably causes the adenine base of the unmodified template to be pushed back (IB), while the AP-
containing template is unaffected (IIB). (IC) and (IIC) depict an incoming dNTP bound to the base of the fingers domains. Transition to the
closed and strained conformation ensures the correct positioning of all residues to enable the catalytic phosphodiester bond formation (ID). In
the case of AP, a closed and relaxed conformation is feasible (IID). The missing complementary base causes the dNTP to be held in place less
tightly and phosphodiester bond formation is less efficient (IIE).

polymerase and which may be sterically too demanding to groove side; hence, any sterically demanding groups may
enable replication. First, lesions in the template strand must only protrude into the major groove. Second, unless dealing
allow the tight steric fit of the binding pocket on the minor with abasic sites, suitable incoming nucleotides or nucleotide
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derivatives must be provided to allow the formation of a
closed ternary complex. Even if a nascent ‘base pair’ passes
the requirements of the active site binding pocket, further
extension may be inhibited because of an additional size
requirement that has to be fulfilled at the template side upon
DNA translocation. This restraint is enforced by Asn 572 in
connection with the tight arrangement of the surrounding
amino acids, which prohibit movement of this residue. The
presence of an abasic site, however, leads to a catalytically
inactive state that is distinct from the apo or exo states of the
polymerase and explains the replication blockage at the
molecular level.

Materials and methods

Oligonucleotide synthesis and purification

Modified template oligodeoxynucleotides were synthesized and
purified as described (Bodepudi et al, 1992; Shibutani et al, 1993;
Takeshita et al, 1987). A ddC was added to the 3’-end of the primer.
The homogeneity of the oligonucleotides was confirmed by 32P-
labeling and electrophoresis on a 20% denaturing polyacrylamide
gel. Oligonucleotides were desalted and annealed prior to use in
crystallization and were quantified by A, using molar extinction
coefficients.

Protein expression and purification

The plasmid containing exonuclease-deficient RB69 pol mutant
(D222A/D327A) was a generous gift from Dr WH Konigsberg.
The coding sequence was cloned into the expression vector
pQE30 (Qiagen, USA, BamHI and Pstl) and transformed into
strain M15[pREP4]. Cultures were grown in LB medium with
50pug/ml carbenicillin, at 37°C until ODgyo=0.7 was achieved,
transferred to 15°C for 1h, induced with 0.5 mM IPTG, and grown
~20h at 15°C. Cells were harvested, resuspended in buffer
(20mM NaH,P0O,4/Na,HPO, (pH 6.0), 1 mM EDTA), and frozen at
—80°C. Cells were lysed by incubation with 0.1 mg/ml hen
egg white lysozyme (Sigma, USA) for 1h, followed by three
cycles in a French pressure cell. The cleared cell lysate was
passed over a Ni-NTA agarose (Qiagen, USA) column equilibrated
with buffer A (20mM NaH,P0O,/Na,HPO,; (pH 6.0), 500 mM
NaCl, 10% glycerol) and the protein was eluted with in-
creasing imidazole concentrations. After buffer exchange (buffer
B, 10 mM Tris-HCI (pH 7.5), 10mM KCl, 5% glycerol, 3mM DTT),
the protein was applied to a Source Q column (Amersham
Biosciences, USA). The protein eluted at 300-350 mM KCI, was
dialyzed against buffer C (buffer B with 2.5% glycerol) and
concentrated to 12.5 mg/ml.

Complex formation, crystallization, and data collection

RB69 pol and DNA were mixed in an equimolar ratio, incubated at
room temperature for 10min and a 10-fold excess of the
corresponding dNTP was added. After an additional 10 min
incubation at room temperature, hanging drop vapor diffusion
crystallization experiments were set up, resulting in a final
enzyme concentration of 8.6mg/ml. Drops were set up by
mixing equal volumes of complex and precipitant (8-oxodG:
dCTP complex: 18% PEG 350MME, 220mM CaCl,, 50 mM
Tris-HCl 7.5; AP:dG complex: 10% PEG 350MME, 120mM
CaCl,, 50mM Tris-HCl 6.5) and equilibrated against reservoir
solution. Crystals reached their maximum size (~200 x 70 x
70pum®) in 3-6 days (8-oxodG:dCTP) or 2-3 weeks (AP:dG
complex) at 22°C. Crystals were cryoprotected by increasing
the PEG 350MME concentration to 30% and then flash-cooled in
liquid nitrogen.

Data were collected at beam lines X26C (AP:dG) and X25 (8-
0x0dG:dCTP) at the National Synchrotron Light Source at Brook-
haven National Laboratory on an ADSC Quantum 4 detector and a
custom-made CCD detector, respectively, at a wavelength of 1.1 A
and a temperature of 100K. Diffraction data were indexed,
integrated, and scaled using the HKL software (Otwinowski and
Minor, 1997). Data statistics are given in Table I.
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Structure solution and refinement

Crystals of the 8-0xodG:dCTP complex (space group P2,2,2; with
a=80.8A, b=118.6A, and c=127.2A) contain one ternary
complex in the asymmetric unit. Molecular replacement was
performed with the structure of the protein in replicating mode
(PDB code 1IG9). After rigid body refinement with Refmac5
(Collaborative Computational Project, 1994; Murshudov et al,
1997), electron density maps showed an identical binding
mode for the DNA and the latter was added accordingly. The
library for the 8-oxodG base was generated from the crystal
structure of 9-ethyl-8-hydroxyguanine monohydrate (CSD entry
FURGAAOQ3; Marsh, 1999). Water molecules were either added
automatically using ARP/wARP (Lamzin and Wilson, 1993) or
fitted into the electron density using the program O (Jones et al,
1991). Three amino acids of the N-terminal His-tag were included
as well.

Crystals of the AP:dG complex belong to space group P2, with
a=131.9A, b=122.2A, c=165.4A, and =96.8°. Molecular
replacement using MOLREP (Vagin and Teplyakov, 1997) with the
apo structure as a search model (PDB code 1IH7) identified four
copies of RB69 pol in the asymmetric unit. Electron density maps
after rigid body refinement with Refmac5 revealed DNA binding to
the polymerase active site in all four molecules and resulted in an
initial R factor of 50.1% and a correlation coefficient of 34.0% in the
resolution range of 50.0-4.0 A. Loose noncrystallographic symme-
try (NCS) restraints were maintained throughout the entire
refinement process. The tightness of restraints was chosen to
minimize the free R value. The average rms deviation of equivalent
main chain and side chain atoms of NCS-related domains is 0.8 and
1.3 A, respectively.

Terminal transferase activity studies

Terminal deoxynucleotidyl transferase activity was tested in 10 pl
reactions at pH 6.5 with enzyme, DNA, and dNTP concentrations
representing those in the crystallization drop, but without addition
of salts or precipitants. After 1 week incubation at 22°C, the
mixtures were 5'-radiolabeled with [y-3?P]-ATP (Amersham) using
T4 polynucleotide kinase (New England Biolabs) according to the
manufacturer’s protocol, and resolved with 20% denaturing (7 M
urea) PAGE. Labeled DNA was visualized using a Molecular
Dynamics Storm 840 Phosphorimager.

DNA polymerase assays and kinetics

Oligonucleotide primers were 5’-radiolabeled as described above.
Primer/template substrates (sequences as in Figure 1A) were
prepared by annealing 5'-radiolabeled primer to the comple-
mentary oligonucleotide at a 1:1.2 molar ratio. The standard
reaction (10 pul) contained 50 mM Tris-HCI (pH 7.5), 5mM MgCl,,
5/-32p_primer/template at 100nM, and 0-2000puM of the next
correct dNTP. RB69 pol (0.16-0.64nM; 190nM was used for
incorporation of dATP opposite dG) was diluted in a solution
containing 50mM Tris-HCI, pH 7.5, 0.5mg/ml BSA, and 10%
glycerol. Reactions were performed at 25°C for 1 min and quenched
by addition of 10pl of 95% formamide dye mixture (95%
formamide, 0.001% xylene cyanol, 0.001% bromphenol blue).
Samples were heated at 100°C for 3min, and aliquots (2pl)
were subjected to 20% denaturing PAGE. The amounts of
primer and product were quantified using a Molecular Dynamics
Storm 840 Phosphorlmager. Values for the Michaelis constant (Ky,)
and vpax Were obtained by least-squares nonlinear regression to a
rectangular hyperbola. Less than 20% of the primer is extended
under the steady-state conditions used in our kinetic studies,
ensuring single hit kinetics (Boosalis et al, 1987; Goodman et al,
1993).

Accession numbers

Coordinates and structure factors for the 8-0xodG:dCTP and AP:dG
complexes have been deposited in the Protein Data Bank under
accession codes 1Q9Y and 1Q9X, respectively.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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