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Background: Pol� has been shown to accurately but slowly incorporate nucleotide opposite the cisplatin-1,2-d(GpG)
(Pt-GG) cross-link; however, its structural basis is unknown.
Results: Both guanines of the Pt-GG form Watson-Crick base pairing with the primer terminus dC and incoming dCTP.
Conclusion: Pol� accommodates the Pt-GG adduct with a semiopen conformation.
Significance: Our studies explain why pol� is less efficient at bypassing the Pt-GG than pol�.

Human DNA polymerase � (pol�) has been suggested to play
a role in cisplatin resistance, especially in pol�-overexpressing
cancer cells. Pol� has been shown to accurately albeit slowly
bypass the cisplatin-1,2-d(GpG) (Pt-GG) intramolecular cross-
link in vitro. Currently, the structural basis for the inefficient
Pt-GG bypass mechanism of pol� is unknown. To gain struc-
tural insights into the mechanism, we determined two ternary
structures of pol� incorporating dCTP opposite the templating
Pt-GG lesion in the presence of the active site Mg2� or Mn2�.
The Mg2�-bound structure shows that the bulky Pt-GG adduct
is accommodated in the pol� active site without any steric hin-
drance. In addition, both guanines of the Pt-GG lesion form
Watson-Crick base pairing with the primer terminus dC and the
incoming dCTP, providing the structural basis for the accurate
bypass of the Pt-GG adduct by pol�. The Mn2�-bound structure
shows that pol� adopts a catalytically suboptimal semiclosed
conformation during the insertion of dCTP opposite the tem-
plating Pt-GG, explaining the inefficient replication across the
Pt-GG lesion by pol�. Overall, our studies provide the first
structural insights into the mechanism of the potential pol�-
mediated cisplatin resistance.

Cisplatin (cis-diamminedichloroplatinum(II)) and its related
platinum-based chemotherapeutic agents are widely used in
the treatment of various human malignancies including testic-
ular, ovarian, cervical, and non-small cell lung cancers (Fig. 1).
Cisplatin is activated via intracellular aquation to form cis-
[(NH3)2PtCl(OH2)]� and cis-[(NH3)2Pt(OH2)2]2� (1). The
aquated cisplatin species are potent electrophiles and react with
the nucleophilic N7 atoms of purines in DNA to produce a
cisplatin-1,2-d(GpG) (Pt-GG2 hereafter) intramolecular cross-

link as the major cytotoxic lesion. The bulky cisplatin-DNA
adducts can block DNA replication and transcription, thereby
triggering cell cycle arrest and apoptosis of rapidly dividing can-
cer cells (1). The major limitation to cisplatin-based chemo-
therapy is cisplatin resistance, which arises from various mech-
anisms including uptake/efflux, nucleotide excision repair,
and translesion bypass by DNA polymerases (2). The Y-family
human DNA polymerase � (pol�) efficiently replicates across
the bulky Pt-GG lesion and has been implicated in the accurate
bypass of the Pt-GG lesion in vivo (3, 4).

Several reports suggest that the X-family human DNA
polymerase � (pol�) may play a role in cisplatin resistance. Pol�
has been shown to accurately bypass the Pt-GG cross-links in
vitro (5) and to extend DNA chains of DNA polymerases �, �,
and � that are stalled by the Pt-GG adducts (6). It has been
suggested that pol� may contribute to cisplatin resistance in
pol�-overexpressing cancer cells (7–9). Overexpression of pol�
has been shown to facilitate translesion synthesis of the Pt-GG
adduct and increase cisplatin resistance in vivo (10 –14). Inter-
estingly, pol� inserts dCTP opposite the Pt-GG adduct with an
efficiency of �2% relative to unmodified DNA, whereas pol�
inserts the nucleotide opposite the lesion with an efficiency of
�40% relative to unmodified DNA (5, 15), indicating that the
X-family DNA polymerase is much less efficient at replicating
across the Pt-GG lesion than the Y-family DNA polymerase.

Several crystal structures of pol� and DNA polymerase IV
(Dpo4) complexed with the Pt-GG-containing DNA have
revealed the mechanisms for the accurate and efficient bypass
of the Pt-GG lesion by the Y-family DNA polymerases (16 –20),
providing mechanistic insights into DNA polymerase-medi-
ated chemoresistance to the platinum anticancer drugs. The
structural basis for the accurate but inefficient catalysis across
the Pt-GG lesion by the X-family DNA polymerase pol� is cur-
rently unknown. Herein, we report two crystal structures of
pol� incorporating a non-hydrolyzable dCTP analog opposite
the 5�-dG of the templating Pt-GG in the presence of the active
site Mg2� or Mn2�. These structures provide insights into the
mechanism of the accurate but slow bypass of the Pt-GG by
pol�. These structures also explain why the X-family DNA
polymerase pol� is much less efficient at catalyzing through the
bulky Pt-GG adducts than the Y-family DNA polymerase pol�.
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EXPERIMENTAL PROCEDURES

DNA Sequences Used for X-ray Crystallographic Studies—
The oligonucleotides used for the crystallographic studies were
obtained from Integrated DNA Technologies (Coralville, IA).
The template DNA sequence used for co-crystallization was
5�-CCCACGGCCCATCACC-3� (GG denotes the modifica-
tion site for the Pt-GG cross-link). The upstream primer
sequence was 5�-GGTGATGGGC-3�. The downstream primer
sequence was 5�-phosphate-GTGGG-3�. The platinum-modi-
fied template was prepared following published procedures
(21). In brief, cisplatin (8.3 mM in H2O) was activated by adding
2 molar eq of silver nitrate and incubating the mixture in the
dark at room temperature for 14 –16 h. The reaction mixture
was centrifuged at 13,000 � g for 20 min to collect the super-
natant. The unmodified template DNA (1.5 �mol) in 10 mM

sodium phosphate buffer, pH 6.8 was mixed with the activated
cisplatin (1.7 �mol), and the mixture was incubated at 37 °C for
14 –16 h. The Pt-GG-containing template DNA was purified by
ion exchange column (Mono Q 5/50 GL, GE Healthcare) using
a gradient from 0.1 to 1.0 M NaCl in 10 mM Tris buffer, pH 8.0.
The site-specifically platinated template DNA was desalted
using Sep-Pak C18 cartridges (Waters) and dried under reduced
pressure. The dried Pt-GG template DNA was reconstituted in
water and annealed with upstream and downstream primers to
give a single nucleotide gapped DNA as described previously
(22).

Steady-state Kinetics of Single Nucleotide Incorporation
Opposite the Templating Pt-GG by Pol�—Steady-state kinetic
parameters were determined using the conditions described pre-
viously (23). Oligonucleotides used for kinetic assays (upstream
primer, 5�-FAM (fluorescein amidite)-ATGGGGTTGATGTGC-
3�; downstream primer, 5�-phosphate-GTAGGGATGTTTGGG-
TAG-3�; and template, 5�-CTACCCAAACATCCCTACGGCA-
CATCAACTCCAT-3� where GG denotes the site of cisplatin mo-
dification) were purchased from Integrated DNA Technologies.
The cisplatinated template was prepared using the method desc-
ribed above. To prepare DNA substrate containing a single nuc-
leotide gap opposite the Pt-GG, the template, upstream primer,
and downstream primer were annealed in hybridization buffer
containing 10 mM Tris-HCl, pH 7.5 and 1 mM EDTA. Polymerase
activities were determined using reaction mixtures containing 50
mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2 or MnCl2, 80 nM

single nucleotide gapped DNA, and various concentrations of in-
coming dCTP. To avoid product inhibition or substrate depletion
that could interfere with initial velocity measurements, the pol�
concentrations and reaction time intervals were adjusted for every
experiment to ensure that the insertion product yield was less than
20%. The polymerase reactions were initiated by adding the en-
zyme to the single nucleotide gapped DNA substrate at 37 °C and
stopped by adding a stop solution containing 95% formamide, 20

mM EDTA, 45 mM Tris borate, 0.1% bromphenol blue, and 0.1%
xylene cyanol. The quenched reaction mixtures were separated on
20% denaturing polyacrylamide gels. The gels were analyzed using
a PhosphorImager to quantify product formation. The kcat and Km
were determined by fitting reaction rates over dCTP concentrat-
ions to the Michaelis-Menten equation. Each experiment was
repeated three times. The efficiency of nucleotide insertion
was calculated as kcat/Km. The relative efficiency of dCTP
incorporation opposite the Pt-GG was determined as f �
(kcat/Km)[dC:Pt-GG]/(kcat/Km)(dC:dG).

Co-crystallization of the Pol�:GG�dCTP and Pol�:Pt-GG�
dCTP Ternary Complexes—Pol� was prepared with minor
modifications of the method described previously (22). The
binary pol� complex with the templating GG or Pt-GG in a
single nucleotide gapped DNA was prepared by methods
described previously (22). To prepare a pol� ternary complex
with an incoming nucleotide opposite the templating unmodi-
fied GG or the Pt-GG, non-hydrolyzable dCMPNPP (dCTP*; 5
mM; Jena Biosciences) was added to the mixture of the pol�
single nucleotide gapped binary complex. The ternary pol�-
DNA complex co-crystals with dCMPNPP, paired with the
templating dG, were grown by sitting drop vapor diffusion at
22 °C over several weeks in a buffer solution containing 50 mM

imidazole, pH 7.5, 14 –23% PEG3400, 20 mM divalent metal
ions (MgCl2 or MnCl2), and 350 mM sodium acetate. The pol�:
DNA co-crystals were cryoprotected with 50 mM Tris, pH 7.5,
14 –23% PEG3400, 12% ethylene glycol, and 350 mM sodium
acetate and flash frozen in liquid nitrogen. Diffraction data
were collected at 100 K at the beamline 5.0.3 at the Advanced
Light Source, Lawrence Berkeley National Laboratory. All dif-
fraction data were processed using HKL 2000. The co-crystal
structures were determined by molecular replacement (24)
with a gapped binary complex structure (Protein Data Bank
code 1BPX) and a ternary complex structure (Protein Data
Bank code 1BPY) as the search models (25). The initial model
was built using Coot (26) and refined using CCP4 (27). Ram-
achandran plots were obtained using MolProbity (28). All the
crystallographic figures were generated using the molecular
graphics program PyMOL (Schrödinger, LLC).

RESULTS AND DISCUSSION

We co-crystallized a ternary complex of pol� incorporating a
non-hydrolyzable dCTP analog dCMPNPP (dCTP* hereafter)
opposite the templating 5�-dG of the Pt-GG lesion in the pres-
ence of Mg2� (Fig. 2). The non-hydrolyzable dCTP* was used
for the crystallographic studies because it is isosteric to dCTP
and coordinates with the active site metal ion in a manner com-
parable with that of the natural nucleotide (29). Non-hydrolyz-
able nucleotide analogs such as dUMPNPP (dUTP*) and
dAMPCPP have been shown to tightly bind the pol� active site
(29, 30), and the use of these analogs does not significantly alter
the active site conformation of a pol� ternary complex (29, 31).
The dNTP* analogs have been used to obtain ternary complex
structures of various DNA polymerases (17, 32, 34, 35) includ-
ing pol� in complex with cisplatin- and phenanthriplatin-mod-
ified DNA (32, 35). Unfortunately, our extensive efforts to crys-
talize a ternary complex of pol� incorporating dCTP* opposite
the templating 3�-dG of the Pt-GG lesion failed.

FIGURE 1. Chemical structures of platinum anticancer drugs.
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For comparison, we determined crystal structures of a single
nucleotide gapped binary complex and a ternary complex with
the templating GG-containing DNA (Fig. 2D). As expected, the
overall structures of the gapped binary GG complex and the
ternary GG�dCTP* complex are essentially identical to those of
the published gapped binary and ternary pol� complexes,
respectively (Fig. 2, A and B; see Table 1 for refinement statis-
tics) (31). The root mean square deviation (r.m.s.d.) between
our GG�dCTP* ternary complex (Protein Data Bank code
4TUQ) and the published GG�dCTP* ternary complex (Protein
Data Bank code 4KLE (31)) is 0.325 Å, indicating that pol�
ternary structures are not sequence-dependent. The unmodi-
fied GG gapped binary complex adopts an open protein confor-
mation where the �-helix N that contains the minor groove
edge recognition amino acids is �10 Å away from the active site
(Fig. 2E). The incorporation of dCTP opposite the templating
unmodified dG induces a large conformational change of the
protein to form the GG�dCTP* ternary complex with a closed
protein conformation where the replicating base pair is sand-
wiched between the primer terminus base pair and the �-helix
N (Fig. 2F). In contrast, the Pt-GG�dCTP*-Mg2� ternary com-

plex structure, refined to 2.2-Å resolution, shows that the
incorporation of dCTP opposite the templating 5�-dG of the
Pt-GG induces only a minor conformational change in the pro-
tein. The Pt-GG�dCTP*-Mg2� complex adopts a “semiopen”
protein conformation (Fig. 2, C and G) where the �-helix N
shifts toward the active site �2 Å relative to the position
observed in the GG gapped binary structure. The Pt-GG�
dCTP*-Mg2� ternary complex is structurally more similar to
the unmodified GG binary complex (r.m.s.d. � 0.556 Å) than
the GG�dCTP* ternary complex (r.m.s.d. � 1.396 Å; see Fig. 3E).

The Pt-GG�dCTP*-Mg2� ternary complex structure explains
why pol� accurately but slowly incorporates nucleotide oppo-
site the bulky Pt-GG intrastrand cross-link adduct (Fig. 3). The
DNA-distorting Pt-GG lesion is located in an open region and
is accommodated in the pol� active site without any steric
clashes with the protein (Fig. 3, A and B). The conformational
perturbation of DNA caused by the Pt-GG lesion is mainly con-
fined to the primer terminus and the replicating base pairs (Fig.
3, C and E), which have a large roll angle (�60°) and an
increased distance between N2 of 3�-dG and N2 of 5�-dG (7.6
Å) compared with that in the unmodified complex (3.8 Å). The

FIGURE 2. Structures of the non-modified GG and the Pt-GG-Mg2� complexes. A, overall structure of the unmodified GG gapped binary complex (Protein
Data Bank code 4TUP). The template and primer strands are shown in yellow and orange, respectively. The �-helix N that contains the minor groove recognition
amino acids is shown in red. The two guanines modified by cisplatin are shown in magenta. The primer terminus dC is shown in green. B, overall structure of the
unmodified GG�dCTP* ternary complex (Protein Data Bank code 4TUQ). The incoming non-hydrolyzable dCTP* is shown in green. The active site Mg2� ions are
shown in green spheres. C, overall structure of the Pt-GG�dCTP*-Mg2� ternary complex (Protein Data Bank code 4TUR). D, DNA sequences used for crystallo-
graphic studies. The site opposite the 5�-dG of the Pt-GG is indicated by an arrow. E, active site of the GG gapped binary complex structure. The distance
between N2 of the templating dG and the �-helix N is indicated. F, active site of the GG�dCTP* ternary complex structure. The distance between N2(5�-dG) and
N2(3�-dG) is indicated. G, active site of the Pt-GG�dCTP*-Mg2� ternary complex structure. Platinum and NH3 of the Pt-GG lesion are shown in gray and blue
spheres, respectively. The cisplatination of the GG increases the distance between N2(5�-dG) and N2(3�-dG).
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large roll angle induced by the Pt-GG adduct destacks the two
guanine bases. The most striking feature of the Pt-GG�dCTP*-
Mg2� structure is that, despite the large roll angle, both the
3�-dG and 5�-dG of the Pt-GG form Watson-Crick base pairing
with the primer terminus dC and the incoming dCTP*, respec-
tively. The primer terminus and the replicating base pairs have
large propeller twist angles (22° and 17°, respectively), which
promote the accommodation of the bulky Pt-GG lesion with a
relaxed conformation in the pol� active site while retaining
Watson-Crick base pairing. To base pair with the templating
5�-dG, the incoming nucleotide does not stack with the primer
terminus. The platinum is positioned near N7 of the 5�-dG
found in the GG ternary complex (Fig. 3D), pushing the tem-
plating dG of the Pt-GG lesion toward the minor groove. Tyr-
271 and Arg-283, which typically interact with the minor
groove edges of the primer terminus and the templating base,
respectively, in the pol� structure with correct insertion (22),
do not engage in the minor groove interaction (Fig. 3C). The
primer terminus 3�-OH is 3.3 Å away from the P� of the incom-
ing dCTP* and is aligned with the P� of dCTP* at an angle of
�160° for the nucleotidyl transfer reaction. The Pt-GG�dCTP*-
Mg2� complex shows the presence of the two active site metal
ions, but the catalytic carboxylate Asp-256 is not coordinated to
the catalytic metal ion (3.4 Å), which will decrease the insertion
efficiency of dCTP opposite the Pt-GG lesion. Hence, the
Pt-GG�dCTP*-Mg2� complex structure with a semiopen pro-
tein conformation explains why insertion opposite the templat-
ing 5�-dG of the Pt-GG lesion is much less efficient than the
dCTP insertion opposite unmodified dG. Taken together, the
Pt-GG�dCTP*-Mg2� structure provides mechanistic insights

into the accurate yet inefficient nucleotide incorporation oppo-
site the Pt-GG lesion by pol�.

The Pt-GG�dCTP*-Mg2� structure with a semiopen pro-
tein conformation most likely represents a ground state that
requires a further conformational change to adopt a catalyti-
cally favorable conformation. To gain further insight into how
pol� inserts dCTP opposite the 5�-dG of the Pt-GG lesion, we
determined a ternary structure of the Pt-GG�dCTP* complex in
the presence of the active site Mn2�, which has been shown to
increase the insertion efficiency for various DNA polymerases
(23, 31, 36). The Pt-GG�dCTP*-Mn2� structure, refined to
2.4-Å resolution, is substantially different from the Pt-GG�
dCTP*-Mg2� structure (r.m.s.d. � 1.418 Å; Fig. 4A) and is quite
similar to the GG�dCTP* ternary structure (r.m.s.d. � 0.672 Å).
In the Mn2�-bound structure, Asp-256 is now coordinated to
the catalytic metal ion (2.3 Å), completing the coordination of
the catalytic metal ion. In contrast to the Pt-GG�dCTP*-Mg2�

structure, the protein adopts a nearly closed or slightly open
conformation (Fig. 4B). In particular, the �-helix N shifts
toward the nascent base pair �2.6 – 4.2 Å from the position
observed in the Pt-GG�dCTP*-Mg2� structure (Fig. 4D), sand-
wiching the replicating base pair between the primer terminus
base pair and the �-helix N. The conformational reorganization
of �-helix N triggers an upstream shift (�1.5 Å) of the template:
primer duplex DNA including the replicating and the primer
terminus base pairs but does not induce any significant confor-
mational change of the Pt-GG adduct (Fig. 4D). As observed in
the Pt-GG�dCTP*-Mg2� structure, the roll angle for the Pt-GG
base pairs is �60°, and both guanines of the Pt-GG engage in
Watson-Crick base pairing with the primer terminus dC and

TABLE 1
Data collection and refinement statistics

GG gapped binary GG�dCTP Mg2� ternary Pt-GG�dCTP Mg2� ternary Pt-GG�dCTP Mn2� ternary
Protein Data Bank code 4TUP 4TUQ 4TUR 4TUS

Data collection
Space group P21 P21 P21 P21
Cell constants

a (Å) 54.354 50.820 54.785 54.878
b (Å) 79.257 80.542 79.335 78.417
c (Å) 54.927 55.535 54.786 54.803
� (°) 90.00 90.00 90.00 90.00
� (°) 105.42 107.69 107.81 112.80
� (°) 90.00 90.00 90.00 90.00

Resolution (Å)a 20-1.80 (1.83-1.80) 20-2.37 (2.41-2.37) 20-2.17 (2.21-2.17) 20-2.42 (2.42-2.46)
Rmerge

b (%) 0.068 (0.347) 0.105 (0.485) 0.095 (0.476) 0.101 (0.544)
I/	 26.4 (2.89) 15.7 (2.30) 22.8 (2.18) 17.7 (1.96)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (99.8) 99.9 (99.1)
Redundancy 4.7 (4.1) 4.4 (4.2) 5.4 (4.3) 4.6 (4.0)

Refinement
Rwork

c/Rfree
d (%) 20.5/23.6 20.1/25.9 20.2/25.6 20.0/24.3

Unique reflections 41,437 17,394 23,644 16,369
Mean B factor (Å2)

Protein 24.29 29.41 39.48 42.65
Ligand 25.35 36.79 36.33 44.28
Solvent 27.48 31.66 37.64 40.01

Ramachandran plot
Most favored (%) 97.2 98.1 95.7 96.9
Add.e allowed (%) 2.8 1.9 4.3 3.1

r.m.s.d.
Bond lengths (Å) 0.004 0.004 0.004 0.004
Bond angles (°) 0.822 1.044 1.130 1.120

a Values in parentheses are for the highest resolution shell.
b Rmerge � ��I � I�/�I where I is the integrated intensity of a given reflection.
c Rwork � ��F(obs) � F(calc)�/�F(obs).
d Rfree � ��F(obs) � F(calc)�/�F(obs), calculated using 5% of the data.
e Additionally.
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the incoming nucleotide dCTP*. The propeller twist angles for
the primer terminus and the nascent base pairs (17° and 3°,
respectively) are smaller than those observed in the Pt-GG�
dCTP*-Mg2� structure (22° and 17°, respectively). The non-
stacked conformation of the Pt-GG lesion appears to prevent
the formation of the fully closed protein conformation (Fig. 4E)
and the engagement of Tyr-271 and Arg-283 in the minor
groove edge interaction. The primer terminus 3�-OH is 3.6 Å
away from the P� of the incoming nucleotide, which is poised
for the nucleotidyl transfer reaction. Taken together, the
Pt-GG�dCTP*-Mn2� structure suggests that the pol� catalysis
across the Pt-GG lesion may occur through a “semiclosed” pro-
tein conformation, which is suboptimal for nucleotidyl transfer.

To evaluate the effect of the active site metal ion on the effi-
ciency of dCTP insertion opposite the Pt-GG lesion, we deter-
mined kinetic parameters for dCTP incorporation opposite the
templating dG and Pt-GG (Table 2). In the presence of the
active site Mg2�, the relative efficiency for the dCTP insertion
opposite the Pt-GG was �90-fold lower than that opposite dG,
which is consistent with the Pt-GG�dCTP*-Mg2� structure
with the semiopen conformation and the incomplete active site

metal ion coordination. The substitution of Mn2� for Mg2�

increased the relative efficiency 8-fold, which is consistent with
the Pt-GG�dCTP*-Mn2� structure with the nearly closed con-
formation and the complete active site metal ion coordination.
Mn2� is known to be mutagenic (25, 37) and has been shown to
increase the misincorporation rate and replication infidelity of
various DNA polymerases (32, 33).

Comparison of the pol�:Pt-GG structures with other DNA
polymerase:Pt-GG structures reveals that the replication across
the 5�-dG of the Pt-GG adduct by the X-family DNA polymer-
ase and the Y-family DNA polymerase occurs through distinct
mechanisms. Whereas the conformation of a pol�:Pt-GG�
dCTP-Mg2� ternary complex and the normal pol� ternary
complexes are similar (r.m.s.d. � 0.3– 0.4 Å) (17), the confor-
mations of the pol�:Pt-GG�dCTP-Mg2� ternary complex and
the pol�:GG�dCTP-Mg2� ternary complex are dissimilar
(r.m.s.d. � 1.396 Å), which partially explains why pol� is more
efficient at bypassing the Pt-GG than pol�. The structural com-
parison also reveals that the conformations of the Pt-GG
adduct in the complexes of the Y-family DNA polymerases pol�
(17) and Dpo4 (18) are significantly different from that of the

FIGURE 3. Structure of the Pt-GG�dCTP*-Mg2� ternary complex (Protein Data Bank code 4TUR). A, close-up view of the Pt-GG lesion in the pol�:Pt-GG-
Mg2� complex. Platinum and NH3 are shown in gray and blue spheres, respectively. B, a 2Fo � Fc electron density map contoured at 1	 around the primer
terminus and the replicating base pairs of the Pt-GG lesion. C, close-up view of the active site of the Pt-GG-Mg2� complex. The three catalytic aspartates
(Asp-190, Asp-192, and Asp-256) and the minor groove-interacting amino acids (Tyr-271, Asn-279, and Arg-283) are indicated. D, overlay of the active sites of
the Pt-GG�dCTP*-Mg2� (multicolored) and the unmodified GG�dCTP*-Mg2� (white) ternary structures. E, overlay of the overall structures of the Pt-GG�dCTP*-
Mg2� complex (multicolored; Protein Data Bank code 4TUR) and the unmodified GG�dCTP*-Mg2� complex (white; Protein Data Bank code 4TUQ).
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X-family DNA polymerase pol� (Fig. 5). The roll angles for the
Pt-GG base pairs in the Sulfolobus solfataricus Dpo4 (�20°) and
human pol� (�30°) complexes are smaller than that in the pol�
complex (�60°), and the distance between N2(5�-dG) and
N2(3�-dG) of the Pt-GG lesion for the Dpo4 (4.6 Å) and pol�
(5.2 Å) structures is shorter than that for the pol� structure (7.3
Å). In the Y-family DNA polymerase:Pt-GG complex struc-
tures, the incoming nucleotide stacks with the primer terminus,
which is in contrast to the pol�:Pt-GG complex structures. The
conformational differences in the Pt-GG lesions of the X-family
and Y-family DNA polymerases appear to stem from the differ-
ence in the local environment of the Pt-GG lesion. In the case of
the Y-family DNA polymerase, the Pt-GG lesion resides in an
open cleft created by the finger domain and the polymerase-

associated domain (also known as little finger) (19). The finger
domain interacts with the replicating base pair, and the poly-
merase-associated domain interacts with the phosphate back-
bone of the templating Pt-GG lesion, thereby promoting the
stacked Pt-GG conformation with a relatively small roll angle in
the active site of the enzyme. In the case of the X-family DNA
polymerase pol�, which lacks the polymerase-associated
domain, the templating Pt-GG lesion does not experience any
significant geometric constraints imposed by the protein. In
addition, whereas the finger domains of pol� and Dpo4 are
relatively rigid, the �-helix N in the finger domain of pol� is
flexible, which enables the pol� active site to accommodate the
Pt-GG cross-link with the relaxed conformation and a large roll
angle.

In summary, our studies provide the structural basis for the
mechanism by which pol� performs the accurate but slow rep-
lication across the major cisplatin-DNA adduct. Pol� accom-
modates the bulky templating Pt-GG lesion within its active site
without any steric hindrance and allows the formation of Wat-
son-Crick base pairing between the Pt-GG and the incoming
dCTP, thereby accurately bypassing the Pt-GG lesion. When
complexed with the templating Pt-GG, pol� adopts a catalyti-
cally suboptimal conformation, resulting in the slow replication

FIGURE 4. Structure of the pol�:Pt-GG�dCTP*-Mn2� ternary complex (Protein Data Bank code 4TUS). A, overall structure of the Pt-GG�dCTP*-Mn2� ternary
complex. B, overlay of the Pt-GG�dCTP*-Mg2� (white) and the Pt-GG�dCTP*-Mn2� (cyan) structures. C, close-up view of the active site region of the Pt-GG�dCTP*-
Mn2� structure. D, overlay of the active site region of the Pt-GG�dCTP*-Mg2� (white) and the Pt-GG�dCTP*-Mn2� (multicolored) structures. E, comparison of the
unmodified GG�dCTP*-Mg2� (yellow) and the Pt-GG�dCTP*-Mn2� (multicolored) structures.

TABLE 2
Steady-state kinetic parameters for dCTP insertion opposite the tem-
plating dG by pol�

Template�
dCTP

Metal
ion Km kcat kcat/Km f a

�M 10�3 s�1 10�3 s�1 �M�1

dG�dCTP Mg2� 0.67 	 0.03 164.30 	 6.65 245.2 1
Pt-GG�dCTP Mg2� 5.22 	 1.01 15.76 	 1.24 3.0 1.2 � 10�2

Pt-GG�dCTP Mn2� 1.14 	 0.05 27.60 	 1.62 24.2 9.9 � 10�2

a f � (kcat/Km)[Pt-GG�dCTP]/(kcat/Km)(dG�dCTP).
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across the Pt-GG adduct. Overall, the pol�:Pt-GG�dCTP* com-
plex structures presented here may contribute to understand-
ing of the mechanism of the potential pol�-mediated cisplatin
resistance in pol�-overexpressing cancer cells.
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