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ABSTRACT: The oxidation of guanine generates one of the most common DNA lesions, 8-oxo-7,8-
dihydroguanine (8-0x0G). The further oxidation of 8-0x0G can produce either guanidinohydantoin (Gh)
in duplex DNA or spiroiminodihydantoin (Sp) in nucleosides and ssDNA. Although Gh can be a strong block
for replicative DNA polymerases such as RB69 DNA polymerase, this lesion is also mutagenic: DNA
polymerases bypass Gh by preferentially incorporating a purine with a slight preference for adenine, which
results in G-C — T-A or G-C — C-G transversions. The 2.15 A crystal structure of the replicative RB69
DNA polymerase in complex with DNA containing Gh reveals that Gh is extrahelical and rotated toward the
major groove. In this conformation Gh is no longer in position to serve as a templating base for the
incorporation of an incoming nucleotide. This work also constitutes the first crystallographic structure of Gh,
which is stabilized in the R configuration in the two polymerase/DNA complexes present in the crystal
asymmetric unit. In contrast to 8-oxoG, Gh is found in a high syn conformation in the DNA duplex and
therefore presents the same hydrogen bond donor and acceptor pattern as thymine, which explains the

propensity of DNA polymerases to incorporate a purine opposite Gh when bypass occurs.

One of the most prevalent and common lesions in DNA is
the oxidation product of guanine, 8-oxo-7,8-dihydroguanine
(8-0x0G). This lesion is mutagenic due to its propensity to form
a Hoogsteen base pair with adenine (8-0xoG+A), which leads to a
G-C to T-A transversion after replication. Because of its lower
oxidation potential, 8-0xoG is much more prone to oxidation
than guanine (/). The further oxidation products of 8-0xoG are
guanidinohydantoin (Gh)' and the two stable stereoisomers of
spiroiminodihydantoin (Sp1 and Sp2) (Figure 1) (2—4). Gh is the
principal hydantoin product of 8-oxoG oxidation in duplex
DNA, while Sp is more common in nucleoside oxidation (5).
Sp has been detected in genomic DNA in Escherichia coli cells
exposed to chromate, which supports the biological relevance of
the further oxidation products of 8-0xoG (6). The biological
effects of Gh and Sp have been extensively studied in vitro and
in vivo (7—10). Gh-containing DNA can be bypassed by E. coli
DNA pol I, which inserts dAAMP or dGMP opposite the lesion (7).
In contrast, Gh and Sp constitute strong replication blocks for
Pol a (calf thymus) and human pol (7).

"The beamline GM/CA CAT has been funded in whole or in part with
Federal funds from the National Cancer Institute (Y 1-CO-1020) and the
National Institute of General Medical Science (Y1-GM-1104). Use of
the Advance Photon Source was supported by the U.S. Department of
Energy, Basic Energy Sciences, under Contract DE-AC02-06CH11357.
This work was supported by NIH Grants CA52040 to S.D. and

CA90689 to C.J.B.
*Atomic coordinates and structure factor amplitudes have been

deposited with the Protein Data Bank (www.pdb.org) and are available
under the 3L8B accession code.

*Corresponding authors. S.D.: e-mail, Sylvie.Doublie@uvm.edu;
tel, (802) 656-9531; fax, (802) 656-8749. C.B.: e-mail, Burrows@
chem.utah.edu; tel, (801) 585-7290.

Abbreviations: Gh, guanidinohydantoin; PEG 2000 MME, poly-
ethylene glycol 2000 monomethyl ether; RB69 gp43 exo ™, exonuclease-
deficient bacteriophage RB69 DNA polymerase (D222A/D327A); Sp,
spiroiminodihydantoin; Tg, thymine glycol; THF, tetrahydrofuran.

pubs.acs.org/Biochemistry Published on Web 02/18/2010

In vivo mutagenesis assays have shown that Gh and Sp are
both highly mutagenic, leading to a mixture of G-C to T+ A and
G- Cto C-G transversions (8, /7). In the first of these studies, the
Gh lesion in the sequence context 5-TXG-3' (X = Gh) showed
high lesion bypass (~75%) in E. coli, and the resulting mutation
was 98% G- C to C-G. Furthermore, studies with E. coli DNA
pol I (Klenow exo ) showed that dGMP incorporation opposite
Gh was the most efficient compared to any other hydantoin—
nucleotide pair. Taken together, these initial studies suggested
that a base pair could be forming between the Gh lesion and an
incoming dGMP during replication. This prompted us to pursue
crystallographic studies of the Gh lesion in a template DNA
strand bound to a replicative DNA polymerase in order to
examine the orientation of the Gh lesion during nucleotide
insertion opposite the lesion.

Here we describe the first crystal structure of a replicative
DNA polymerase bound to Gh. The structure of RB69 DNA
polymerase in complex with Gh reveals why this oxidized DNA
lesion is a strong block for most DNA polymerases. Moreover,
this 2.15 A structure is also the first structure of Gh which was
found to be in the R configuration.

EXPERIMENTAL PROCEDURES

Enzymes and Oligonucleotides. The exonuclease-deficient
variant (D222A and D327A) of RB69 gp43 (RB69 exo ™) was
expressed and purified as previously described (12). The K279A
RB69 exo™ variant was obtained by creating a point mutation
using the QuikChange XL kit (Stratagene). The resulting con-
struct was sequenced in its entirety prior to expression and
purification (/2).

The 13-mer oligonucleotide primer (5-GCGGACTGCTTAA)
was purchased from The Midland Certified Reagent Co.
(Midland, TX) and was purified on a 16% (w/v) polyacrylamide

©2010 American Chemical Society
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FIGURE 1: Oxidation products of guanine. 8-Oxoguanine is the oxidation product of guanine, and its further oxidation in vitro can yield
diastereomers of guanidinohydantoin (Gh) or spiroiminodihydantoin (Sp) (8). (R)- and (S)-Gh diastereomers are slowly interconvertible, whereas

Sp diastereomers have stable configurations.

gel containing 8§ M urea and desalted on a Sep-Pak (Millipore)
cartridge. The 18-mer DNA template (5-ACT(Gh)TTAAG-
CAGTCCGCG with Gh = guanidinohydantoin) was synthe-
sized as described previously (/3). The 18-mer template was
annealed to the complementary 13-mer primer by mixing the two
strands in a buffer containing 10 mM Tris-HCI (pH 7.5) and
50 mM NaCl, heating to 90 °C for 5 min, and slowly cooling to
room temperature. The primer used in the primer extension
assays was 5-labeled with tetrachlorofluorescein.

Primer Extension Assays. In a volume of 10 «L, 200 nM
enzyme (either RB69 exo™ or K279A RB69 exo ) and 100 nM
duplex oligonucleotide were preincubated in a buffer containing
35 mM NacCl, 10 mM Hepes, pH 7.5, and 2.0 mM DTT. The
reaction was started by adding 10 uL of solution containing
20mM MgCl, and 250 uM of either individual ANTPs or a ANTP
mixture. The final concentrations in the reaction mixture were
100 nM enzyme, 50 nM oligonucleotides, 125 uM dNTP, and
10 mM MgCl,. At the indicated time, 10 uL aliquots were
quenched with 10 uL of formamide. Extended primers were
separated from the template on 16% polyacrylamide gels con-
taining 8 M urea. DNA bands were visualized on a Bio-Rad
(Hercules, CA) Molecular Imager FX at the Alexis 532 setting to
excite the tetrachlorofluorescein label.

Crystallization. The exonuclease-deficient DNA polymerase
(RB69 exo ) was mixed in an equimolar ratio (0.1 mM) with
annealed primer-template DNA and 10 mM dideoxyATP
(Sigma-Aldrich). Hanging drops were made by mixing 0.5 uL
of reaction mixture and 0.5 uL of reservoir solution [12% (v/v)
PEG 2000 MME, 100 mM NaCl, 150 mM MgSO,4, 100 mM
Hepes (pH 7.0), 2 mM [-mercaptoethanol, and 6% (v/v)
glycerol] and equilibrated against 1 mL of reservoir solution at
20 °C. Crystals (160 x 40 x 40 um®) grew within 2 weeks and
were found to belong to space group P2; with unit cell parameters
a="T828A,b=12025A,c = 13696 A,and § = 95.96°. The
cell parameters are substantially smaller than those of the P2,
binary complexes previously published (12, 14, 15) especially for
a and b, which are usually ~130 and ~165 A, respectively. As a
result, the crystal comprises two molecules per asymmetric unit
compared to the four observed previously, with an estimated
solvent content of 65%. The crystals were cryoprotected by
increasing the concentration of PEG 2000 MME and glycerol
to 15% and 18%, respectively, and flash-cooled into liquid
nitrogen.

Table 1: Data Collection and Refinement Statistics

Gh complex

data collection

space group P2,
cell dimensions
a, b, c(A) 78.28, 120.25, 136.96
p (deg) 95.96
resolution (A) 50—2.15(2.23-2.15)"
Rinerge 12.6 (70.7)“
Ijol 9.09 (2.0)¢
completeness (%) 99.9 (99.5)¢
redundancy 4.3 (4.0)°
refinement
resolution (A) 50—-2.15
no. of reflections 583223 (137162)"
Rwork/Rfrcc (%) 2190/2545
no. of atoms 16717
protein 14527
DNA 1182
water 998
average B-factors (/QXZ)
protein (A, B) 26.7,29.8
DNA (A, B) 34.7,36.9
water 322
rms deviations
bond lengths (A) 0.0062
bond angles (deg) 1.208

“Highest resolution shell is shown in parentheses. “Number of all
reflections. Number of unique reflections is in parentheses.

Data Collection. X-ray data were collected at beamline
23-ID-B of the Advanced Photon Source at the Argonne
National Laboratory on a MAR m300 CCD detector. One
complete 2.15 A data set was collected at 100 K at 4 =
1.03321 A. The data set was processed and scaled using HKL
2000 (16). Data collection statistics are reported in Table 1.

Structure Determination and Refinement. The previously
determined structure of RB69 gp43 in a ternary complex with
undamaged DNA (/7) (PDB ID code 11G9) devoid of all
nonprotein atoms was used as a model for molecular replacement
using Phaser (/8). Rigid body refinement was performed on the
solution obtained (RFZ = 36.2, TFZ = 76.6, and LLG =
10182). The structure refinement consisted of cycles of model
building with COOT (19), followed by positional refinement and
individual B-factor refinement with CNS 1.21 (20, 21). The Gh
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F1GURE 2: Ghis a block to replication, but when bypass occurs, a purine (Pu) is incorporated opposite Gh. (A) Primer extension assay with each
nucleotide, dATP (A), dTTP (T), dGTP (G), and dCTP (C), or a mix of the four nucleotides (N), all with an incubation time of 5 min. RB69 exo ™
and RB69 exo™ K279A stall after incorporation of A or G opposite Gh. (B) In this primer extension assay the incubation time was varied from 10s

to 30 min with dATP, dGTP, or the four nucleotide mix (N).

parameter and topology files used for refinement in CNS were
generated by the Dundee PRODRG?2 server (22). The Ry value
was calculated using 10% of the reflections that were set aside
during refinement. Water molecules were added with COOT
during the last refinement cycles.

The final model includes residues 1—903 for molecules A and
B. Residues 254—260 (molecule A) and 253—259 (molecule B)
were disordered in the electron density map and were therefore
not built into the model. These residues belong to a f-hairpin
located in the exonuclease domain, which was shown to be very
flexible (23). The first two bases at the 5'-end of the DNA
template are missing in both protein/DNA complexes. The
quality of the model was assessed with PROCHECK (24): All
non-glycine residues are found in the allowed regions of the
Ramachandran plot except Thr 622 (in both molecules A and B),
a residue that adopts a distorted geometry because of its proxi-
mity to the active site aspartates Asp 621 and Asp 623 (12, 14, 15,
17, 23). No density was observed for the C-terminal trihistidine
tag in either molecule. Refinement statistics are found in Table 1.
Atomic coordinates and structure factor amplitudes have been
deposited with the Protein Data Bank (www.pdb.org) and are
available under the 3L8B accession code. Figures 3—6 were
drawn using PyMOL (25).

RESULTS

Gh Is a Strong Block to the RB69 DNA Polymerase in
Vitro. Earlier work from other groups has established that DNA
polymerases differ in their propensity to bypass Gh: It constitutes
a strong block in vitro for both calf thymus DNA pol a (a B
family polymerase) and human DNA pol 8 (X family) but not for
Klenow fragment (A family) (7, 9, 10). In vivo, E. coli DNA
polymerase can efficiently bypass the Gh lesion in the sequence
context 5-TXG-3' (8). However, a later study, also by the

Essigmann laboratory, examined Gh in the 5'-GXA-3' sequence
context, and the extent of lesion bypass was only ~20% (11). In
addition, the mutation type changed from 98% GC in the first
study to a 57:40 mixture of G-C and G-T in the second. We
performed a primer extension assay of the replicative DNA
polymerase from bacteriophage RB69 (RB69 gp43), a member of
the B family, with DNA containing Gh at the templating
position. Because RB69 gp43 has a potent proofreading activity,
an exonuclease-deficient variant was used (D222A, D327A). The
results indicate that Gh constitutes a very strong pause site for
RB69 DNA pol exo : The polymerase was able to incorporate a
modest amount of purine opposite Gh after 5 min (Figure 2A, left
panel, lanes A and G). Moreover, we observed a difference
between adenine and guanine incorporation: RB69 gp43 exo ™
can incorporate dATP opposite Gh slightly faster than dGTP
(Figure 2B, left panel, lanes A and G at 5 min). Incorporation of
pyrimidines was undetectable in our assay. When a mixture of
dNTPs is added, the primer is not fully extended, and the
polymerase stops after adding one or two bases (Figure 2, left
panel, lane N). These results are consistent with the results
previously reported for DNA pol @, also a polymerase of the B
family (7).

Overall Structure Description of RB69 gp43 exo™ in
Complex with Gh-Containing DNA. An 18-mer oligodeoxy-
nucleotide containing a single Gh lesion was synthesized and
purified by ion-exchange HPLC according to previous proto-
cols (9). Synthesis produces the Gh lesion as a mixture of two
diastereoisomers with configurations differing only at the guani-
dinium-bearing carbon of the hydantoin ring. In nucleoside
studies, we found that the Gh diastereomers interconverted,
presumably via enolization, in a matter of hours after initial
isolation (4, 26). Therefore, the oligomers used in crystallo-
graphic studies contained a diasterecomeric mixture.
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FIiGURE 3: (A) Overall view of RB69 gp43 exo™ in complex with Gh containing DNA. (Only one of the two complexes per asymmetric unit is
shown.) The DNA (shown as a stick model) lies in the polymerase active site (pol). The polymerase domains are colored in red for the palm, green
for the thumb, blue for the fingers, and cyan for the exo domain with the $-hairpin in black and orange for the N-terminal domain. The sequence of
the DNA oligonucleotide is shown. Close-up view of Gh in the polymerase active site in the same orientation as (A). Simulated annealing omit
maps centered on the Gh lesion and contoured at 4.00 (B) and 3.00 (C) are shown (green). Although Ghis observed in the R configuration in both
cases, the position of the guanidinium group above the hydantoin group differs in molecules A and B.

We obtained a stable complex of DNA pol RB69 gp43 exo™
with Gh-containing DNA by mixing the DNA polymerase with
annealed primer/template and ddATP in the presence of mag-
nesium. Crystallization trays were also set up with dATP, but in
the resulting crystals the DNA was found in the exonuclease
active site. RB69 gp43 has two active sites, a polymerase and an
exonuclease active site where proofreading takes place in the
event of a mispair. Different factors can affect the equilibrium of
the primer DNA between the two sites, such as the concentration
of the incoming nucleotide or the presence of a DNA lesion.
Crystals with DNA in the exonuclease site revealed that one
dAMP had been incorporated prior to the DNA switching to the
proofreading site. The structure was not further analyzed because
the Gh lesion on the template strand was disordered and not
visible in the electron density map.

Diffraction data on the complex with ddATP were collected to
2.15 A resolution at the Advanced Photon Source National
Laboratory (Argonne, IL). The structure was solved by mole-
cular replacement using the previously solved ternary complex
(PDB ID: 11G9) of RB69 gp43 exo  with undamaged DNA
devoid of all non-protein atoms (/7). The structure was refined to
Ryork and Ry values of 22.05% and 25.54%, respectively
(Table 1). The crystals grew in the same space group (P2;) as
previously reported for other binary complexes (12, 14, 15, 23).
The unit cell dimensions, however, are smaller, and the crystal
asymmetric unit contains two polymerase—DNA complexes
instead of four (Figure 3A). Our work and that of others have
shown that the DNA can be found in the polymerase or exo-
nuclease active site depending on the nature of the lesion (12, 15, 27).
In the two protein—DNA complexes in the crystal asymmetric
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FiGURE 4: Close-up view of Gh with surrounding bases. Superposi-
tion of the Gh complex (light gray) with an incipient base pair
(A-dTTP) from an RB69 gp43 complex with normal DNA (/7)
(green; PDB ID code 11G9). The adenine (green) overlaid on the Gh
structure (light gray) illustrates that Gh is rotated out of the DNA
helix, and the displacement is such that Gh is no longer in position to
serve as templating base for incoming dNTP. The adjacent T- A base
pair in the postinsertion site (» — 1) shows a high buckle angle. The
hydrogen bonds are shown as black dashed lines in the Gh complex
and as gray dashed lines in the complex with normal DNA.

unit (A and B), the DNA duplex is located in the polymerase site
(Figure 3A). The two complexes are very similar with an overall
rms deviation of ~0.7 A (on Ca). In both polymerase molecules
the fingers domain adopts an open conformation, as expected for
a binary complex (12, 14, 15, 28). We compared the Gh complex
with two other binary complexes with DNA containing either
tetrahydrofuran (THF) (PDB ID code 2P50, monomer C) (/2)
or thymine glycol (Tg) (PDB ID code 2DY4) (12, 14) and found
that the overall orientation of the subdomains in the Gh complex
is very similar to that described for the THF and Tg complexes.

Structure of Gh in the Polymerase Active Site. The Gh
complex crystals comprise two independent RB69 exo  /DNA
copies per asymmetric unit. In the two molecules we observe only
the R isomer of Gh. Gh comprises two moieties, a hydantoin and
a guanidinium group (Figure 1). The hydantoin moiety is well
defined in the residual F, — F_ electron density map (Figure 3B,
C). The guanidinium group, on the other hand, is more flexible
and can adopt two different conformations (Figure 3B,C), as
seen in molecules A and B. This flexibility is illustrated by the fact
that the residual map around the guanidinium group is not as
well defined as around the hydantoin group. Gh is nonplanar, and
the guanidinium group is almost perpendicular to the plane of
hydantoin group, preventing the adjacent 3'-thymine from stack-
ing with the oxidized base. The guanidium group of Gh makes a
van der Waals contact with the 5-methyl group of the 3'-thymine
instead. In both molecules, Gh is extrahelical and rotated toward
the major groove and is thus no longer in position to serve as a
templating base for the incorporation of an incoming nucleotide
(Figure 4). In fact, in the Gh complex, there was no visible electron
density for either an incoming ddATP or incorporated ddAMP
opposite Gh despite the high concentration of nucleotide (10 mM)
used in the crystallization buffer (Figure 3B,C).

Aller et al.
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FIGURE 5: Interactions of Gh with RB69 exo ™. Gh (light gray) forms
a hydrogen bond (red dashed line) with the side chain of lysine 279
(cyan, exo domain). The thymine 5’ of Gh is stabilized via a stacking
interaction with Trp574, as observed previously (14, 15, 23).

As mentioned above, the guanidinium group induces a dis-
placement of the adjacent 3’ thymine, which affects its interaction
with the opposite adenine in the primer strand (Figure 4, black
dashed lines). The hydrogen bond on the major groove side of the
base pair between Oy4 of thymine (template) and Ng of adenine
(primer) is significantly longer than a typical H bond in a
Watson—Crick base pair (distance of 3.5 and 3.4 A for molecules
A and B, respectively, vs 2.8—3.0 A). The T-A base pair also
displays a buckle angle («) with a high value (29) (—21.3° and
—16.5° for molecules A and B, respectively) compared to the
small buckling angle (a few degrees) usually seen in DNA (30),
indicating that the presence of Gh in the insertion site perturbs
the adjacent base pair.

Interaction between Gh and Lys 279. In the two polymerase/
DNA complexes in the asymmetric unit, we observe only one
direct interaction of the polymerase with Gh, a hydrogen bond
between the amino group of lysine 279 and a carbonyl group
(CO5) of Gh (Figure 5), with a distance of 2.7 and 2.6 A for
molecules A and B, respectively. Lysine 279, which is always
either a lysine or an arginine in B family DNA polymerases, is
located in the exonuclease domain.

In order to assess the possible role of lysine 279 in stabilizing
Gh in the observed conformation, we mutated lysine 279 to an
alanine (K279A). As a control, we tested the activity of the RB69
exo  K279A variant with undamaged DNA and found that the
mutation does not affect primer elongation with normal DNA
(data not shown). We then compared the incorporation of all
four dNTPs opposite Gh with the RB69 gp43 exo™ and RB69
gp43exo K279A (Figure 2A). The K279A variant preferentially
incorporated a purine opposite Gh, just like RB69 gp43 exo ™,
and elongation stopped after one purine addition. The kinetics of
purine incorporation (Figure 2B) does not differ from RB69 gp43
exo . Our results indicate that the K279A mutation does not
affect the enzyme’s ability to elongate past Gh, and thus the
hydrogen bond between Gh and lysine 279 is unlikely to play a
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key role in stabilizing Gh in a conformation that is incompatible
with bypass.

DISCUSSION

Our work describes the first crystal structure of a replicative
DNA polymerase (RB69 gp43) in complex with DNA containing
guanidinohydantoin. In fact, it is the first crystal structure for
guanidinohydantoin itself. Gh is the oxidation product of 8-oxo-
7,8-dihydroguanine (4), and it seems relevant to compare the two
lesions in the context of the RB69 gp43 polymerase active site.
The structure of a ternary complex of RB69 gp43 exo™ with
dCTP opposite 8-0xoG was solved by Kisker and collabora-
tors (28). This structure shows that 8-0xoG is in an anti
conformation when cytosine is incorporated. RB69 and T4
polymerases can easily bypass this lesion (28) and preferentially
add a cytosine. When 8-0x0G is in a syn conformation, it can
form a Hoogsteen base pair with adenine (3, 32). A major
difference between Gh and 8-0xoG is that Gh is nonplanar and
adopts preferentially a high syn conformation in DNA (Figure 6A)
(33). The O4 —C,'=Nyg—C, torsion angles are 105° and 118° for
molecules A and B, respectively (19). A decrease in the torsion
angle from 105°/118° (high syn) to around —100° (anti) would
result in a steric clash with Ser 565 and Pro 361.

Gh is poorly bypassed by RB69 DNA polymerase, and the
crystal structure presented here provides a rationale: Gh is
extrahelical and no longer in a templating position. When bypass
does occur, the lesion is highly mutagenic (5): RB69 gpd3
preferentially incorporates a purine opposite Gh, like pol
n (34), albeit with a slight preference for adenine (Figure 2),
which would resultin G-C—T-A or G:C— C- G transversions.
Since Gh is positioned in the crystal in such a way it can no longer
act as a template for incorporation of an incoming nucleotide,
how can we explain the incorporation of dATP and dGTP
opposite the lesion (Figure 2)? As mentioned earlier, it is not
possible to study the two stereoisomers of Gh separately in
solution because of slow isomerization (4). In the crystal, on
the other hand, only the R configuration was captured. The R
configuration is not compatible with nucleotide addition, and
that happens to be the one that crystallized. In solution, the two
configurations coexist, and the S configuration might be better
positioned for incorporation. In contrast to the R isomer, the
S isomer of Gh in a high syn conformation would fit well within
the DNA duplex and could serve as a templating base. When Gh
adopts a high syn conformation, the hydantoin group mimics a
pyrimidine ring and displays the same hydrogen bond donor/
acceptor pattern as a thymine (Figure 6), which explains why
purines are preferentially incorporated opposite this lesion (35).
Only one addition would occur though because the protruding
guanidinium group would prevent the stacking of the next 5
template base. Significant differences have also been observed
between the two isomers of the other hydantoin lesion, Sp: In this
case the R and S stereoisomers are stable and can be separated,
and differences in enzyme activities have been reported for
polymerases, DNA glycosylases, and exonucleases (9, 36, 37).

RB69 gp43 harbors two activities, polymerase and exonu-
clease, and when the DNA polymerase senses a mispair, the
DNA primer switches from the polymerase site to the exonu-
clease site, where the primer 3'-end is degraded (38). In the Gh
complex structure, there are two molecules per asymmetric unit,
and both have the DNA in the pol site. The presence of the lesion
in the insertion site (Figure 3) does not disturb the minor groove
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interactions of the base pair in the n — 1 postinsertion site with
Tyr 567 and Lys 706, two conserved residues which have been
shown to contact the minor groove side of the base pairs at the
n— 1 and n — 2 postinsertion positions and have been posited to
detect mispairs (12, 17). The minor groove interactions are
maintained, in spite of displacement of the adjacent 3'-thymine
(n — 1 postinsertion) toward the major groove, and the DNA
therefore remains in the polymerase site. In the complex obtained
with dATP, on the other hand, the primer strand found in the
exonuclease site included an additional dAMP at its 3'-end,
indicating that the DNA polymerase had incorporated one
dAMP prior to switching the primer strand from the polymerase
to the exonuclease active site. This finding implies that the
Gh-dAMP had been sensed as a mispair. This is consistent with
our primer extension assays where we observed at most one base
extension past Gh (Figure 2).
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Since the presence of the Gh lesion perturbs the adjacent T+ A
base pair (high buckle angle, longer H-bonds between the two
bases), we investigated the conformation of the - hairpin loop
(residues 248—265, from the exonuclease domain, depicted in
black in Figure 3A). This loop was shown to play a role in
maintaining the stability of polymerase—DNA interactions as the
DNA primer migrates to the exonuclease active site for proof-
reading (23) and also facilitates strand separation (39). The
p-hairpin has been captured in two conformations in crystals
(Supporting Information Figure 1), “up” and “down”. The “up”
conformation is generally observed in closed, ternary complexes
with the proper incoming nucleotide and undamaged DNA
(17, 28) whereas the “down” conformation is routinely observed
in binary complexes with DNA containing a lesion (12, /4). In the
latter conformation -hairpin residues make close contact with the
single-stranded 5'-end of the template (12), and these contacts are
lost in the “up” conformation. We superimposed the structure
of the Gh-containing DNA complex with those of a closed ternary
complex with normal DNA (PDB ID: 11G9) (I7), a binary
complex with DNA containing a THF - A pair (/2), and a binary
complex with DNA containing a Tg+ A pair (/4) using SSM (40).
In all of these structures the DNA is located in the polymerase
active site. Even though the tip of the f-hairpin is disordered in the
electron density map, the loop appears to be in the “up” con-
formation in the Gh complex. The T-A base pair in the n — 1
postinsertion site maintains minor groove contacts with the
polymerase and is therefore sensed as a normal base pair despite
the perturbations induced by the neighboring Gh.

In summary, the binary complex of RB69 DNA polymerase with
Gh-containing DNA sheds light on the nature of the strong block to
replication induced by the presence of Gh in the template strand. Our
crystal structure revealed that Gh is extrahelical and rotated toward
the major groove, and in that conformation, the incorporation of the
incoming nucleotide opposite Gh is hindered. This work also
represents the first crystallographic structure of Gh, which was
found in the R configuration. Although Gh is a strong block for
RB69 gp43, bypass does happen. In this case, it is probable that the
isomerization of Gh to the S configuration would allow nucleotide
incorporation opposite the lesion. In the high syn conformation, the
hydantoin group mimics a pyrimidine ring and displays the same
hydrogen bond donor/acceptor pattern as a thymine, which explains
why purines are preferentially incorporated opposite this lesion.
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