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Abstract

Oxaliplatin, together with cisplatin, is among the most important drugs used in cancer
chemotherapy. Oxaliplatin, which contains a bulky diaminocyclohexane (DACH) moiety, Kills
cancer cells mainly by producing (DACH)Pt-GpG intrastrand cross-links that impede
transcription. The Pt-GpG tolerance by translesion DNA synthesis (TLS) polymerases contributes
to the resistance of tumors to platinum-based chemotherapy. In particular, human DNA
polymerase m (Poln) readily bypasses Pt-GpG adducts. While many structural studies have
addressed how TLS polymerases interact with cisplatin-DNA adducts, a structure of DNA
polymerase in complex with oxaliplatin-DNA adducts has not been reported, limiting our
understanding of bypass of the bulky (DACH)Pt-GpG lesion by TLS polymerases. Herein, we
report the first structure of DNA polymerase bound to oxaliplatinated DNA. We determined a
crystal structure of Poln incorporating dCTP opposite the 3°G of the (DACH)Pt-GpG, which
provides insights into accurate, efficient bypass of the oxaliplatin-GpG adducts by TLS
polymerases. In the catalytic site of Poln, the 3’G of the (DACH)Pt-GpG formed three Watson-
Crick hydrogen bonds with incoming dCTP and the primer terminus 3’-OH was optimally
positioned for nucleotidyl transfer. To accommodate the bulky (DACH)Pt-GpG lesion, the Val59-
Trp64 loop in the finger domain of Polm shifted from the positions observed in the corresponding
Poln-cisplatin-GpG and undamaged structures, suggesting that the flexibility of the Val59-Trp64
loop allows the enzyme’s bypass of the (DACH)Pt-GpG adducts. Overall, the Poln-oxaliplatin-
GpG structure provides structural basis for TLS-mediated bypass of the major oxaliplatin-DNA
adducts and insights into resistance to platinum-based chemotherapy in humans.

INTRODUCTION

The platinum-based “alkylating-like” agents cisplatin [c/s-diamminedichloro platinum (11)],
carboplatin [c/s-diammine(1,1-cyclobutanedicarboxylato) platinum(11)], and oxaliplatin [1,2-
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diaminocyclohexane oxalatoplatinum(I1)] are among the most widely used anticancer drugs
(Figure 1)[1-3]. Cisplatin has been shown to effectively treat testicular and ovarian cancer as
well as other types of solid tumors [2, 4, 5]. Upon entering tumor cells, the chloride ligands
of cisplatin are replaced by water molecules to produce reactive aquated platinum species.
The aquated cisplatin attacks the N7 of two nearby guanines to generate DNA intrastrand
and interstrand cross-links, which causes cell death by impeding replication and
transcription [6—-8]. Despite its success, cisplatin’s nephrotoxicity, lack of oral
bioavailability, and intrinsic and acquired resistance prompted development of other
platinum agents, such as carboplatin and oxaliplatin [6, 9, 10].

The kinetics of the intrastrand cross-link formation is highly dependent on the nature of the
carrier ligand [11, 12]. Cisplatin and carboplatin share the diammine carrier ligand, show
similar DNA damage Kinetics, give identical Pt-DNA adducts, and are cross-resistant [13,
14] (Figure 1). In contrast, oxaliplatin, which contains a bulky diaminocyclohexane (DACH)
ligand, is not cross-resistant with cisplatin. Oxaliplatin shows lower reactivity towards DNA
and slower adduct formation, leading to the formation of a significantly smaller number of
intrastrand cross-links than cisplatin at equimolar concentrations. Nevertheless, oxaliplatin
shows equal or higher cytotoxicity compared to cisplatin at equimolar concentrations,
suggesting that the bulkier and more hydrophobic carrier ligand of oxaliplatin is more toxic
than that of cisplatin and carboplatin [10, 15-17]. Although oxaliplatin shares the same
square-planar geometry with cisplatin, the presence of the bulky DACH ligand likely causes
differences in conformational distortions of duplex DNA [10]. In particular, the formation of
oxaliplatin-GpG intrastrand cross-links induces 30° DNA-helix bend toward the major
groove around the platination site [18]. In stark contrast, cisplatin-GpG intrastrand cross-
links causes a greater overall bending of about 80° [19] and a wider minor groove compared
to that of oxaliplatin-damaged DNA. The more distorting nature of cisplatin-modified DNA
was suggested to be responsible for the more favorable interactions with DNA binding
proteins, such as high mobility group proteins [20, 21].

Oxaliplatin is advantageous over cisplatin due to its better safety profile and activity against
cisplatin-resistant cancer cells. Many studies focused on understanding the mechanism of
cisplatin resistance to gain insight into the molecular basis of oxaliplatin activity [10, 22—
25]. Cells can develop resistance to platinum agents in many ways [10], including decreased
cellular uptake of drug, increased drug efflux, increased inactivation of the platinum drug
with glutathione, increased nucleotide excision repair, and increased bypass of the platinum
adduct [10]. Deficiency in mismatch repair (MMR) activity has been shown to be associated
with acquired resistance to cisplatin, but not to oxaliplatin [24, 25]. Oxaliplatin is effective at
killing colorectal cancer cells that are MMR-deficient and resistant to cisplatin treatment
[20, 26-28]. High-mobility group (HMG) proteins have much lower binding affinity to
oxaliplatin-DNA adducts than for cisplatin-DNA adducts [15, 29]. Another tolerance
mechanism involves translesion synthesis (TLS), whereby Pt-DNA lesions are bypassed by
TLS polymerases.

Among TLS DNA polymerases, human DNA polymerase n (hereafter Poln) stands out in
its efficiency to bypass lesions as well as its specificity [30-33]. Mutations in Polr that
occur in the xeroderma pigmentosum type V (XPV) are responsible for impaired repair of
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ultraviolet ray-induced damage, which promotes skin cancer development [34, 35]. XPV
cells are three times more sensitive to cisplatin treatment than normal fibroblast cells [36],
suggesting that Poln plays a role in determining cellular sensitivity to platinum drugs. Poln
efficiently bypasses both cisplatin-GpG and oxaliplatin-GpG intrastrand cross-link adducts
in vitro [37, 38]. Crystal structures of Polr catalyzing past cisplatin-DNA GpG intrastrand
cross-link adducts show that the active site of Polrn readily accommodates cisplatin-GpG
lesions and accurately incorporates dCTP opposite the (NH3),Pt-GpG lesion, providing
critical insights into TLS polymerasemediated chemoresistance to cisplatin therapy [39-42].
Solution structures of duplex DNA containing oxaliplatin-GG and cisplatin-GpG adducts
show that conformations of oxaliplatin-GpG is significantly different from those of cisplatin-
GG [43]. Currently, the structure of DNA polymerase bound to oxaliplatin-induced DNA
lesions is unknown, thereby limiting our understanding of how DNA polymerases interact
with the bulky oxaliplatin-DNA adducts. Herein, we report a crystal structure of Poln
incorporating dCTP opposite the 3’G of the Pt(DACH)-GpG adduct. This structure, which
represents the first structure of DNA polymerase in complex with oxaliplatinated DNA,
provides insight into the efficient bypass of oxaliplatin-DNA adducts by TLS polymerases.

MATERIALS AND METHODS

Human DNA polymerase n expression and purification.

Preparation

Human Poln (amino acids 1-435) was expressed in £. coliBL21 (DE3) cells. Cultures were
grown in LB medium at 37 °C until the ODgqq of 0.6, where cells were induced with 0.3
mM of isopropyl p-D-a-thiogalactopyranoside for eighteen hours at 20 °C. Pelleted cells
were resuspended in Ni-NTA column binding buffer A (50 mM sodium phosphate, pH 7.8,
500 mM NaCl and 10% glycerol) supplemented with 1 mg/ml lysozyme, 0.25% NP-40,
0.25% Triton X-100, and 0.25 mM phenylmethylsulfonyl fluoride. After sonication for 60
seconds, the lysate was centrifuged at 15000 g at 4 °C for 20 min. The supernatant was then
purified using a Ni-NTA column (GE Healthcare). The imidazole-eluted fractions from the
Ni column were combined and further purified using Heparin HiTrap column (GE
Healthcare) followed by size exclusion chromatography (Superdex75, GE Healthcare).
Heparin HiTrap column purification was carried out with a linear gradient of 0.1-1 M NacCl
in 50 mM TrisHCI pH 7.4, 5 mM B-ME, 10% glycerol. For experiments performed in this
study, the protein was stored at 9 mg/ml in size exclusion buffer (50 mM Tris, pH 7.5, 450
mM KCI, 10% glycerol and 3 mM dithiothreitol), flash frozen in liquid nitrogen and stored
at —80 °C.

of the DNA duplex containing an Pt(DACH) intrastrand cross-link.

To obtain an activated Pt(DACH), 1 mM of dichloro(1,2-diaminocyclohexane) platinum(ll)
(Sigma-Aldrich, St. Louis, Mo, USA) was incubated with two molar equivalent of silver
nitrate in the dark at 37°C for 18 hours. The resulting silver chloride was removed by
centrifuging the reaction mixture at 13,000 g for 10 minutes after which the supernatant
containing the activated oxaliplatin was recovered. For incorporation of aquated Pt(DACH)
on DNA, each oligonucleotide with a single GpG site was mixed with 1.2-fold molar excess
of activated Pt(DACH) in 10 mM sodium phosphate buffer (pH 6.8). The mixture was then
incubated in the dark at 37°C for 18 hours. Purification of the Pt(DACH) containing
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oligonucleotide was done by an ion exchange column (Mono Q 5/50 GL, GE Healthcare)
using a three-step gradient from 0.1 to 1.0 M NaCl in 10 mM Tris buffer, pH 8.0 (0-15%
1M NaCl buffer in 2 column volumes, 15-50% 1M NaCl buffer in 18 column volumes, and
50-100% 1M NaCl buffer in 0.5 column volume. The site-specifically platinated template
DNA was desalted using Sep-Pak C18 cartridges (W aters) and dried with SpeedVac. The
modified template was then reconstituted in water and annealed with the complementary
upstream primer in 1:1 molar ratio by heating the mixture at 90°C for 10 minutes and slow-
cooling over few hours at room temperature.

X-ray crystallographic studies.

For ease of comparison, oligonucleotides used for the crystallographic studies were adopted
from the crystal structures of Poln-cisplatin-DNA ternary structure solved by Zhao et a/
[39]. For co-crystallization of Polv incorporating dCTP opposite the 3" modified guanine,
12-mer template 5"-ACGGCTCACACT-3" (GG denotes the modification site) and 9-mer
primer 5'-TAGTGTGAG-3" were used. All oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, IA). Crystals were grown by the hanging drop
vapor-diffusion method in a reservoir buffer containing 0.1M MES (pH 5.5), 5 mM MgCh,
and 15 to 20 % PEG 2K-MME. Crystals grew to maximal dimensions over 3-5 days and
were cryo-protected in a reservoir buffer supplemented with 25% glycerol. Diffraction data
sets for crystals of the Poln-DNA complexes were collected at 100K at the beamline 5.0.3 of
the Advanced Light Source (Berkeley, CA), were indexed and scaled using the program
HKL2000 [44], and were further processed using CCP4 package programs [45]. The
Pt(DACH)-DNA complex structures were solved by molecular replacement with the
program Molrep [46] using structures of corresponding Poln-normal DNA complex [Protein
Data Bank accession code 4DL4] as the search models [39]. Manual model rebuilding was
carried out using the Coot program [47]. Crystallographic figures were prepared using
PyMOL [48]. MolProbity was used to make Ramachandran plots. Statistics of data
processing, data quality, and the refined models were summarized in Table 1.

RESULTS AND DISCUSSION
Structure of Polnincorporating dCTP opposite the 3’G of Pt(DACH)-GpG cross-link

To understand how Polr accurately and efficiently bypasses oxaliplatin-GpG intrastrand
cross-link adducts, we determined a crystal structure of Polm incorporating dCTP opposite
the 3'G of the Pt(DACH)-GpG adduct, which represents the first insertion stage. To allow a
direct comparison of our work on oxaliplatin with the previous work on cisplatin, we used
the same duplex DNA that was used for the structural study of the Poln-cisplatin-GpG-
dCTP* complex [39]. The purity of Pt(DACH)-modified template DNA was assessed by
using matrix-assisted laser desorption/ionization (MALDI-TOF) mass spectrometry (Figure
2). In this structure, Poln was crystalized in the presence of a template-primer duplex and an
incoming nonhydrolyzable dCTP analog (dCTP* hereafter). Duplex DNA was composed of
a dodecamer template (5"-ACGGCTCACACT-3") and a nonamer primer (5'-
TAGTGTGAG-3"), where GG denotes the platination site for the Pt(DACH)-GpG cross-
link.
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The Poln-Pt(DACH)-GpG:dCTP* complex (Figure 3A), which was refined to 2.0 A
resolution, clearly showed the presence of the platinum atom, which was found at the same
position seen in the corresponding cisplatin-Poln structure (PDB ID 4DL4 [39]) (Figure
3C). Raising sigma level to 30 still showed electron density for the platinum atom. Electron
density was also apparent for 1,2-carbons and exocyclic amines of the cyclohexane moiety
(Figure 3C). Pt(DACH) was positioned in the major groove without any interaction with the
protein (Figure 3A). The catalytic and nucleotide-binding Mg2* ions were coordinated with
the catalytic carboxylates and the triphosphate of dCTP* (Figure 3D). In addition, the
incoming dCTP* formed a Watson-Crick base pairing with the 3’-G of the Pt(DACH)-GpG
cross-link. The 3’-OH of the primer terminus was coordinated to the catalytic metal ion (2.2
A) and was aligned with the a-phosphate at an optimum distance (3.3 A) for catalysis
(Figure 3D). The templating cytosine base upstream of the Pt(DACH)-GpG maintained its
stacking interaction with the 3'-G of the Pt(DACH)-GpG as was seen in the undamaged
GpG DNA.

In this structure, the 5”-G of Pt(DACH)-GpG displayed two conformations. One, referred to
as “stacked-in” conformation, was with an acute roll angle between the 3’-and 5’-modified
G and another — “open” conformation —with an obtuse roll angle between the 3"-and 5~
modified G (Figures 3C and 3D). Similar conformations were observed for the
corresponding cisplatin-modified DNA [39]. In the “stacked-in” conformation, the 5"-G
fitted well in the active site without interfering with the incoming nucleotide. In this
conformation, the 5”-G was stabilized by a hydrogen bond between the N2 of the 5'-G and
the backbone carbonyl oxygen of lle47 (2.9 A, Figure 3E). In addition, the N3 and O4 of the
3’-G engaged in hydrogen bond interactions with GIn38 (Figure 3E). According to the
occupancy analysis with PHENIX suite software, the Poln-Pt(DACH)-DNA complex
structure showed a higher occurrence of the “open” conformation, which was in contrast
with the published Poln-cisplatin-DNA complex structure that showed a greater population
for the “stacked-in” conformation [39]. In the “open” conformation, interaction between
Pt(DACH) and duplex DNA was observed (Figure 3E). In particular, the two exocyclic N
atoms of the DACH moiety were hydrogen bonded to the O6 atoms of 3'-G (2.8 A) and 5’-
G (2.7 A). In addition, the N atom of the DACH moiety that is proximal to the 3’-G engaged
in a hydrogen bond with an ordered water molecule (3.3 A), which, in turn, interacted with
the N4 of the adjacent cytosine (3.0 A) (Figure 3E).

Notable conformational differences among the Poln-oxaliplatin, -cisplatin, and -undamaged
DNA structures were found in Arg61, which has been shown to contribute to the catalytic
properties of Polm [49]. Arg61 engaged in stacking interaction with the 3"-G:dCTP base
pair through its guanidium moiety (Figure 3D). In the Poln-Pt(DACH)-GpG structure, the
guanidinium moiety of Arg61 pointed toward the 5'-G of the lesioned bases and was
proximal to the “stacked-in” 5’-G conformation (Figure 3D). This was in contrast with the
published Poln-dG:dCTP ternary complex structure, where the side chain of Arg61 was
projected toward the incoming dCTP, forming a hydrogen bond with a phosphate of dCTP
(Figure 4C). This was also in contrast with the corresponding Poln-Pt(NH3)2-GpG structure
showing a mixture of the two orientations for Arg61 (Figure 4B).
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Overall, the accommodation of the Pt(DACH)-GpG in the replicating site of Polr), the
formation of an ideal Watson-Crick base pair between dCTP* and the 3'-G of Pt(DACH)-
GpG, the coordination of two metal ions in the catalytic site, and an optimal geometry for
the primer terminus 3’-OH toward the nucleophilic attack on the Pa of dCTP are consistent
with the previously observed efficient, accurate bypass of oxaliplatin-DNA adducts by Poln
[37, 38].

The role of the Val59-Trp64 loop in accommodating bulky DNA lesions in the replicating
base pair site.

Comparison of ternary complex structures of Polr incorporating dCTP opposite the 3'G of
the Pt(DACH)GpG, Pt(NH3),-GpG, and undamaged GpG provides into the mechanism by
which Polm counteracts the effect of oxaliplatin-based chemotherapy. The overall structure
of the Poln-Pt(DACH) structure was very similar to those of the corresponding Poln-normal
DNA and Poln-Pt(NH3),-DNA complexes (Figure S2) [39]. The root-mean-square deviation
(RMSD) between the Poln-Pt(DACH) structure and the corresponding controls (Poln-
normal DNA: 4DL2, 4DL4 [39]) ranged from 0.2 to 0.4, indicating that Poln accommodates
various DNA lesions with a minimal conformational reorganization. Nevertheless,
noticeable deviations were observed in the flexible Val59-Trp64 loop of the finger domain
(shown in a box in Figure S2), which interacts with the replicating base pair (Figure 4).

The flexibility of the Val59-Trp64 loop appears to be important for the accommodation of
various lesions in the replicating site of Polm. In the presence of Pt(DACH)GpG lesion, the
Val59-Trp64 loop containing Arg61 and Ser62 takes on a conformation that is suitable for
stabilizing the major “open” 5°G conformation (Figure 4A). Comparison of this structure
with the undamaged Poln-dG:dCTP ternary complex structure showed that the Ca of Ser62
shifted toward the major groove by 0.8 A from the position observed in the control structure
(Figure 5B), suggesting that the catalytic site of the enzyme readily accommodated the
platinum lesion. In the case of the cisplatin-Poln complex structure, the Ca of Ser62 moved
to a greater extent (1.8 A) than that observed in the oxaliplatin-Poln complex structure [39]
(Figure 5A). The conformational difference of the Val59-Trp64 loops in the cisplatin-Polr)
and oxaliplatin-Poln structures appears to be caused by the conformational difference of the
stacked-in 5" G. More specifically, the stacked-in 5’G of the Pt(NH3),GpG structure shifted
~0.8 A toward the Val59-Trp64 loop from the position of the corresponding 5’G of the
Pt(DACH)GpG structure (Figure 5A), which would result in steric clash if the Val59-Trp64
loop stays at the position observed in the Pt(DACH)GpG structure. Overall, conformational
differences in the Val59-Trp64 loop of Poln structures suggest that the flexibility of the
Val59-Trp64 loop in the finger domain plays a key role in the accommodation of various
DNA lesions by the enzyme.

Poln-mediated bypass of oxaliplatin-induced DNA lesions.

Poln is the only DNA polymerase, the defect of which is unambiguously linked to cancer
development [30]. Poln protects cells from the damage incurred by ultraviolet radiation.
Irradiation of two neighboring pyrimidines by ultraviolet rays gives rise to the formation of
cyclobutane pyrimidine dimers, which block DNA replication activity of most DNA
polymerases but not that of Poln. In addition to bypassing cyclobutane pyrimidine dimers,
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Poln bypasses 8-oxoguanine, cisplatin, oxaliplatin, and helix-distorting lesions. The enzyme
shares a spacious active site with Y-family polymerases but executes a unique mechanism
that guarantees efficiency and enhanced specificity.

A back-side view of the Pt(DACH)-3"GdCTP* complex illustrates how Poln works as a
“molecular splint” (Figure 6). Amino acids 317 to 324 of the B-sheet in the little finger
domain trace the template containing the cross-linked guanines by forming multiple
hydrogen bonds to the phosphate backbone. These extensive interactions facilitate a fine
control of the conformation of the lesioned bases. The Asp13-Leul8 fragment of the finger
domain aligns with the incoming nucleotide and interact with it directly or through the
intermediary of a Mg2* ion, ensuring good stacking with the primer terminus nucleotide and
Watson-crick base pairing with the lesioned-templating base. GIn38 interacts specifically
with the replicating base (Pt(DACH)-3’G). GIn38, the mutation of which decreases
polymerization fidelity opposite thymine-thymine dimers [50], forms hydrogen bonds with
the 04" of the Pt(DACH)-3’G deoxyribose sugar ring and the N3 of the guanine base in the
Pt(DACH) structure (Figures 3D and 6). Other amino acids, such as Asp116, Tyr118,
Ser257, Leu262, Arg382, and Cys384 interact with the phosphate backbone of the primer
strand.

Comparison of DNA conformations in the Poln Pt(DACH)-3’G dCTP*,
Poln:Pt(NH3),-3'GACTP*, and Poln:3’GAdCTP* structures shows that conformational
differences are mainly confined to the 5’ G and its downstream (Figure 7). The 5'G in the
Poln structures exists as a mixture of stacked-in and open conformations. The 5°G in the
Poln Pt(DACH)-3"G dCTP* complex favors an open conformation, whereas the 5°G in the
Poln:Pt(NH3),-3’ GACTP* complex favors a stacked-in conformation. In the Poln:
3’GdCTP* structure, the stacked-in 5’G is in a syn conformation, whereas the open 5’'G
adopts an anti conformation. The cytosine on the 5”-side of the 5’G in the Poln:3’GdCTP
complex engages in rt-stacking interaction with Trp42 (Figure 4C). By contrast, the
corresponding cytosines in the Pt(DACH)-3"GdCTP* and Poln:Pt(NH3),-3'GdCTP*
complexes are disordered.

The first structure of a TLS polymerase bypassing the major oxaliplatin-DNA adducts
provides insights into the mechanism by which resistance to oxaliplatin chemotherapy
occurs. In the replicating base pair site of Polr), the 3’G of the oxaliplatin-GpG and dCTP
form Watson-Crick base pair, the geometry of which is indistinguishable from those
observed in the 3’G:dCTP and cisplatin-3'G:dCTP base pairs. In the catalytic site of Poln,
the 5'G of the oxaliplatin-GpG favors an open conformation, which is in contrast to the
corresponding 5’ G of the cisplatin-GpG that favors a “stacked-in” conformation. Poln
readily accommodates and efficiently bypass the oxaliplatin-GpG and cisplatin-GpG adducts
in the replicating base pair site by locally changing the conformation of the Val59-Trp64
loop, suggesting that the plasticity of the Val59-Trp64 loop contribute to chemoresistance to
platinum-based anticancer treatment. Overall, these results suggest that Poln does not
significantly contribute to differences in chemoresistance to oxaliplatin and cisplatin, which
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is consistent with the published kinetic studies that show Polr efficiently bypasses both
cisplatin-GpG and oxaliplatin-GpG adducts [37, 38].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FDA-approved platinum drugs and their DNA intrastrand GpG cross-link adducts. Chloride
and dicarboxylate moieties of platinum-based drugs are replaced by water molecules to form
reactive aquated platinum species, which preferentially attack the two N7 atoms of adjacent
purines. Cisplatin and carboplatin produce the identical (NH3),Pt-GG adducts, whereas
oxaliplatin produces [1,2-cyclohexanediamine]-Pt-GG adducts.
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Figure 2.
MALDI-TOF mass spectrometry analysis of oxaliplatinated DNA that was purified by urea

PAGE.
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Figure 3. Structure of Poln incorporating dCTP opposite the 3’G of the Pt(DACH)GpG adducts.
(A) Overall structure of Polr incorporating dCTP* opposite Pt(DACH)-3"G. The protein

chain is colored in cyan, the template DNA that contains the two modified guanines
(magenta) is colored in orange, the DNA primer in yellow, and the incoming nucleotide in
green. The Pt(DACH) moiety is shown in spheres. The Val59-Trp64 loop near the
Pt(DACH)GpG is shown in blue. (B) DNA sequences used for the crystallographic studies.
(C) A 2F,-F electron density map contoured at 1o around the Pt(DACH):dCTP* base pair.
Pt is shown in black sphere. The 5°G of the Pt(DACH)GpG exists as a mixture of an “open”
and “stacked-in” conformations. (D) A close-up view of the active site of the Pt(DACH)
-3’G-Poln complex. The catalytic triad (Asp13, Asp115, and Glu116) and two Mg?* metal
ions (binding and catalytic metals) are indicated. The incoming nonhydrolyzable dCTP*
forms Watson-Crick base pair with the Pt(DACH)-3"G. The primer terminus dG is shown in
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yellow. Hydrogen bonds are indicated as dashed lines (E) Interaction of the Pt(DACH)
moiety with the surrounding environment.
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Figure 4. Comparison of the Val59-Trp64 loop in structures of Poln incorporating dCTP
opposite the 3°G, Pt(NH3),—-3’G, and Pt(DACH)-3'G.

(A) A close-up view showing the Val59-Trp64 loop in the structure of the Poln:Pt(DACH)
-3’G:dCTP complex. The 5°G is colored in magenta and its stacked-in and open
conformations are indicated. The Val59-Trp64 loop is colored in blue and Pt is shown in a
black sphere. Arg61, Ser62, and Trp42 are shown in sticks. Hydrogen bonds between Arg61
and Pt(DACH)GpG are indicated as dotted lines. (B) Structure of Polrn incorporating dCTP*
opposite Pt(NH3),-3'G (PDB ID: 4DL4 [39]). Poln and DNA are colored in pink and the
5’G in green. (C) Structure of Poln incorporating dCTP* opposite undamaged 3'G (PDB
ID: 4DL2 [39]). The 5'G is colored in orange, whereas protein and DNA are shown in
white. Arg61 in the Val59-Trp64 loop engages in a hydrogen bond with a phosphate of
dCTP. Note that a stacked-in 5°G is in a syn conformation, whereas an open 5°G is in an
anti conformation. (D) Superposition of the Pt(DACH)-3’G, Pt(NH3),-3’G, and undamaged
3G structures.
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Figure 5. Comparison of the conformation of Ser62 in structures of Poln bypassing
Pt(DACH)GpG, Pt(NH3),GpG, and undamaged 3’G.
(A) Superposition of the Pt(DACH)GpG and Pt(NH3),GpG structures. Ser62 in the

Pt(NH3),GpG and Pt(DACH)GpG structures is colored pink and blue, respectively. The
distance (1.8 A) between Ser62 Ca atoms in the Pt(NH3),GpG and Pt(DACH)GpG
structures is shown. (B) Superposition of the Pt(DACH)GpG (PDB ID: 4DL4 [39]) and
undamaged GpG (PDB ID: 4DL2 [39]) structures. The distance between the two Ser62 Ca
atoms is indicated.
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Figure 6. Interactions between Poln and Pt(DACH)-DNA adducts.
Amino acid residues interacting with DNA, an incoming nucleotide, and the Pt(DACH)GpG

moiety are shown in cyan. Cross-linked DNA template is shown in orange and magenta.
Primer DNA is colored in yellow with incoming dCTP*. Magnesium ions are shown in
green spheres. Black dashed lines represent polar interactions.
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Figure 7. Conformations of DNA in Poln structures.
Comparison of DNA conformations in (A) the Pt(NH3)2-3’G-dCTP* (PDB ID: 4DL4

[39]); (B) the Pt(DACH)-3’G-dCTP*; and (C) the normal-3"G+dCTP* (PDB ID: 4DL2
[39]) structures. Superposition of (D) the Pt(DACH)-3’G-dCTP* and Pt(NH3)2-3'G-
dCTP* structures and (E) the Pt(DACH)-3’G-dCTP* and normal-3’G-dCTP* structures.
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Data collection and refinement statistics.

Pt(DACH)-
3’G-dCTP
(6MXO0)
Data Collection
Space Group P 6,
Cell constants
a(A) 98.560
b 98.560
c 81.713
a () 90.00
B 90.00
v 120.0
Resolution (&)? 37.86-2.04
R 9 RTE
<llo> (0.727) 19.54 (3.00)
Completeness (%) 99.2 (98.3)
Redundancy 11.3(9.7)
Refinement
Ruork C/Rfree d(%) 17.5/23
Unique reflections 28856
Mean B factor (A2)
Protein 24.41
Ligand 25.61
Solvent 2157
Ramachandran plot
Most favored (%) 97.4
Additional allowed (%) 2.6
RMSD
Bond lengths (A) 0.018
Bond angles (°) 1.86

a\/alues in parentheses are for the highest resolution shell.

Table 1.

b . . . . . .
Rmerge = Z|I-<I>|/ ZI where | is the integrated intensity of a given reflection.

©Rwork = ZIF(obs)-F(calc)|/ZF(obs).

deree = Y|F(obs)-F(calc)|/ZF(obs), calculated using 5% of the data.
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