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Cisplatin (cis-diamminedichloroplatinum) and related compounds
cause DNA damage and are widely used as anticancer agents.
Chemoresistance to cisplatin treatment is due in part to translesion
synthesis by human DNA polymerase n (hPol n). Here, we report
crystal structures of hPol n complexed with intrastrand cisplatin-
1,2—cross-linked DNA, representing four consecutive steps in trans-
lesion synthesis. In contrast to the generally enlarged and nondiscri-
minating active site of Y-family polymerases like Dpo4, Pol 1 is
specialized for efficient bypass of UV-cross-linked pyrimidine dimers.
Human Pol n differs from the yeast homolog in its binding of DNA
template. To incorporate deoxycytidine opposite cisplatin—cross-
linked guanines, hPol n undergoes a specific backbone rearrange-
ment to accommodate the larger base dimer and minimizes the
DNA distortion around the lesion. Our structural analyses show
why Pol 1 is inefficient at extending primers after cisplatin lesions,
which necessitates a second translesion DNA polymerase to com-
plete bypass in vivo. A hydrophobic pocket near the primer-binding
site in human Pol q is identified as a potential drug target for inhibit-
ing translesion synthesis and, thereby, reducing chemoresistance.

chemotherapy | inhibitor | translesion DNA synthesis | yeast polymerase 1

isplatin [cis-diamminedichloroplatinum (II)] was discovered

to be a potent antitumor agent in 1969 (1) and was approved
for treatment of testicular and ovarian cancer within 10 years.
Currently, cisplatin and related platinum-anticancer drugs are
used to treat a variety of sarcomas, carcinomas, and metastasized
colorectal cancers (2). Cisplatin reacts with DNA bases and
cross-links the N7 atoms of adjacent purines, preferably gua-
nines, either within one strand (intrastrand) or between strands
(interstrand) (3). The main intrastrand cross-linked products are
cis-Pt-1,2-d(GpG) (Pt-GG, 65%), 1,2-d(ApG) (Pt-AG, 25%),
and 1,3-d(GpNpG) (Pt-GNG, 10%). The antitumor activity of
cisplatin-DNA adducts is believed to stem from blocking DNA
replication and, thus, activating apoptosis in rapidly dividing
cells (3, 4). Resistance to cisplatin treatment arises from (i) re-
duced cisplatin accumulation inside cells because of deactiva-
tion of influx transporters (5), (if) removal of cisplatin DNA
adducts by nucleotide excision repair (NER) (6, 7), and (iii) by-
pass of cisplatin adducts during replication by specialized
DNA polymerases in a process called translesion DNA synthesis
(TLS) (8-11).

Among many polymerases tested in vitro, the Y-family DNA
polymerase n (Pol 1) is the most efficient and accurate at
bypassing Pt-GG lesions (12-14). Mutations of the human
POLH gene, which encodes polymerase 1, are directly linked to
a variant form of the cancer predisposition syndrome xeroderma
pigmentosum (XP-V) (15, 16). XP-V patients have normal NER
but are deficient in TLS of UV-induced cyclobutane pyrimidine
dimers (CPD) and are hypersensitive to sunlight (17). XP-V cell
lines are also hypersensitive to cisplatin (18, 19). The expression
level of Pol ) is induced by cisplatin or oxaliplatin treatment, and
the increased Pol 1 level reduces the effectiveness of chemo-
therapy and the survival time of patients with non—small-cell lung
cancer or metastatic gastric adenocarcinoma (20, 21).

www.pnas.org/cgi/doi/10.1073/pnas.1202681109

Cross-linked base dimers pose a major roadblock to all repli-
cative polymerases and many specialized TLS polymerases,
which typically accommodate a single template base in the active
site (22). When the archaeal Y-family polymerase Dpo4 was
cocrystallized with Pt-GG, the 3'G that is supposed to base pair
with an incoming nucleotide is displaced from the normal tem-
plating position by 5 A, and the lesion is extruded from the active
site (23) (SI Appendix, Fig. S1 A and B). Dpo4 is very inefficient
in dCTP incorporation opposite Pt-GG (24). Pol n, however, can
accommodate two pyrimidine bases in its active site, whether
UV-—cross-linked (25, 26), and catalyze efficient and accurate
primer extension opposite and beyond typical CPD cis-syn thy-
mine dimers (27-29). Structurally, the major species of cisplatin—
cross-linked guanines (Pt-GG) is related to CPD (Fig. 14). A
DNA duplex containing either CPD or Pt-GG is distorted and
bent at the lesion (30-32). However, the Pt-GG lesion is much
larger and more flexible than CPD, owing to the single Pt-
bridged cross-link. Yeast Pol  was crystallized with Pt-GG (33),
but as shown by the Prakash and Aggarwal team (26), the lattice
contacts distorted the essential protein—-DNA interactions such
that DNA is displaced by >3 A and the templating base, the 3’
primer end, and the A-site metal ion are dislocated and mis-
aligned relative to the catalytic center (SI Appendix, Fig. S1 C
and D). The mechanism for Pt-GG bypass and chemoresistance
in humans remained unknown.

To elucidate how human Pol 1, which is a cancer suppressor
guarding against UV damage in DNA, becomes a “double agent”
that counteracts the effect of cisplatin in anticancer treatment,
we have determined four structures of the polymerase domain of
human Pol n (1-432 aa, hPol n for short) complexed with four
Pt-GG DNAs representing four consecutive steps of primer ex-
tension opposite and beyond the lesion. For comparison, we
have also determined two structures of hPol n complexed with
normal guanines (SI Appendix, Table S1).

Results

Kinetic Analysis of Pt-GG Bypass by hPol n. We first determined the
catalytic efficiency and nucleotide preferences of hPol n (1-432
aa) when it extends a primer opposite and beyond a Pt-GG in
four consecutive steps, labeled as Pt-GG1 to Pt-GG4 (Fig. 1 B
and C). The Ky and k., measurements were made with Pt-GG—-
containing and normal DNA of the same sequence (SI Appendix,
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Fig. 1. Efficiency of Pt-GG bypass by hPol 1. (A) Structures of a thymine

dimer (CPD) and a Pt-GG lesion. (B) Base selection and TLS efficiency of hPol n
in four consecutive steps of bypassing a Pt-GG. DNA oligos used in the assays
are shown above each gel. The results with normal DNA of the same
sequences are shown for comparison. Reactions were carried out with
a single type or a mixture of all four dNTPs as indicated at a total concen-
tration of 0.1 mM. (C) A plot of relative polymerase efficiency (kcat/Km) of
single nucleotide incorporation in each step of Pt-GG bypass normalized to
the average efficiency with normal DNA as summarized in S/ Appendix,
Table S2.

Table S2). Our results for normal DNA are comparable to
published values obtained with the full-length human Pol n (25,
34), indicating that the N-terminal 432 residues of human Pol n
are necessary and sufficient for catalysis. hPol ) accurately inserts
dC opposite the 3'G of Pt-GG (the first step of bypass) at 82%
catalytic efficiency (k../Km) of nucleotide incorporation on un-
damaged DNA, whereas the second dC insertion opposite the
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5'G has a lower but respectable efficiency of 35%. Although hPol
n can misincorporate dATP opposite the 5'-G of Pt-GG, the Ky
for dATP is much higher than for dCTP, and the relative effi-
ciency of dA incorporation is <1% (SI Appendix, Table S2) (12).
Moreover, human Pol n is unable to extend after dA mis-
incorporation (13). As indicated by cell-based studies (35), the
catalytic efficiency of primer extension by hPol n drops sharply
and is <3% at the second nucleotide after the lesion (Pt-GG4)
(Fig. 1C).

Because a thymine dimer fills the active site of hPol n (25), we
thought that the catalytic efficiency might differ when a purine
rather than a pyrimidine is downstream of the templating base.
However, k.,, and Ky are similar regardless of whether the
template has GG, GC, or CT (in the 3’ to 5’ direction) in the
active site (Fig. 1B and SI Appendix, Table S2).

Structural Features of hPol n-Pt-GG Complexes. The crystal struc-
tures of hPol n (1-432 aa) complexed with Pt-GG DNA and
a correct nonhydrolyzable incoming INMPNPP opposite the 3'G
(Pt-GG1), the 5G (Pt-GG2) of the lesion, or one or two
nucleotides after the lesion (Pt-GG3 and Pt-GG4, respectively)
were determined (SI Appendix, Tables S1 and S3). For com-
parison, structures of hPol n complexed with a normal G at the
templating position followed by a downstream G (GG0a) or C
(GGOb) were also determined. All six hPol n complexes crys-
tallized in the P6; space group with one complex per asymmetric
unit, and the structures were refined to resolutions between 2.0
and 2.9 A (Materials and Methods). In five structures, hPol n
forms a ternary complex, but the Pt-GG4 structure is a binary
complex of the polymerase and DNA without a dNTP (see
details below).

The Pt-GG structures are remarkably similar to the normal
hPol n ternary complexes (Fig. 24). Of the four structural
domains of hPol n, the thumb (240-306 aa) and LF (little finger,
307-432 aa) domains hold the template-primer duplex, and the
palm (1-15 and 88-239 aa) and finger domains (16-87 aa) sur-
round the replicating base pair (25). Contrary to the general
impression that Y-family polymerases are flexible, the hPol n
structures are superimposable, regardless of the presence or
position of a lesion (Fig. 24). The pairwise rmsd (root mean
square deviation) of hPol n among the six structures (including

Fig. 2. Structural features of hPol n ternary complexes. (A)
Superposition of six hPol -DNA complexes. The protein is
shown as Ca traces, and the four domains are color-coded. The
DNA template strand is drawn in orange and primer in yellow.
Cisplatin is shown as purple and gray spheres. Mg** ions
(green spheres), catalytic carboxylates (red sticks), and in-
coming nucleotides (yellow and multicolored sticks) are also
shown. Two generally mobile loops are shown in blue and
pointed out by arrows, and the two, whose movement is
coupled with the presence of DNA lesions, are shown in ma-
genta. (B) The active site of GGOb. The nucleotide downstream
of the templating base (dC,,) has two conformations; so does
the 3’ nucleotide of the primer strand. (C) Superposition of
human (PDB ID code 3MR3) (25) and yeast Pol n (PDB ID code
3MFI) (26) complexed with CPD. The protein loops involved in
template-strand binding, the DNA, and metal ions are shown
in darker color in the human complex than in the yeast. Pink
arrows indicate the changes from human to yeast. (D) Two
conformations of the nucleotide downstream of the tem-
plating base. Upper is GGO0a (dG,), and Lower is GGOb (dC,,).
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the binary Pt-GG4) ranges from 0.3 to 0.4 A over 390-396 Ca
atoms. From Pt-GG1 to Pt-GG3, the catalytic triad Aspl3,
Asp115, and Glu116 in the palm domain coordinates two Mg**
ions for catalysis (Fig. 2B). The two uniquely conserved residues
among Pol n homologs, Q38 and R61, hold the replicating base
pair in place. Q38 donates H bonds to both the O4’ and the O2
(pyrimidine) or N3 (purine) of the templating nucleotide, and
R61 interacts with the phosphate and base of the incoming nu-
cleotide (Fig. 2B).

Four small protein loops show noticeable deviations (Fig. 24),
two of which contact the downstream single-stranded template
and are flexible even in the complexes with normal DNA substrate.
The third flexible loop (R61-M63 in the finger domain) contacts
the replicating base pair; the fourth (Q373-S379 in the LF) con-
tacts the major groove of the upstream duplex. Interestingly, two
of these four loops also contain the largest structural deviations
between human and yeast Pol n (Fig. 2C). The loop containing
W42, which stacks with the +2 base of the template strand in the
human case, is not conserved and much shorter in yeast. More-
over, the loop equivalent to human Q373-S379 in yeast Pol n has
a different sequence and an entirely different conformation (Fig.
2C). Consequently, the major groove of the DNA duplex is ex-
posed to solvent and the downstream template makes a U-turn in
the yeast Pol n complex (26).

Although DNA with a cisplatin adduct is bent by ~30° in the
absence of any protein (31, 32, 36, 37), in the ternary complexes
with hPol n, the DNA appears more-or-less straight (Fig. 24, see
details below). The backbone of the template DNA upstream
from the active site is held tightly by hPol n (known as the mo-
lecular splint effect; ref. 25) and exhibits little difference among
nearly a dozen ternary complex structures. However, the nucle-
otide downstream from the templating base (+1) is flexible. In
the normal DNA-hPol n complexes, it can stack with the tem-
plating base because of the enlarged active site as reported (25)
or flip out into the major groove (Fig. 2 B and D). The stacked-in
conformation occurs whether the base is pyrimidine or purine. In
GGOa, the downstream guanine adopts a syn conformation to

fit in the pocket, which is too small to accommodate the anti
conformation.

Pt-GG1: Insertion of dC Opposite the 3'G. In Pt-GG1, the 3'G of the
lesion serves as the template and forms a Watson—Crick pair with
an incoming dCMPNPP. The active site is well-formed, and the
3’-OH of the primer strand is aligned with the a-phosphate for
the chemical reaction (Fig. 3 4 and B). The electron density at
2.0-A resolution clearly shows that the 5'G of Pt-GG has two
conformations (SI Appendix, Fig. S24). In the stacked-in con-
formation, the cross-linked Gs are at an acute angle and are both
accommodated in the active site like the CPD in the hPol n
ternary complex TT1 (PDB ID code 3MR3) (25) (Fig. 3B). In
the open conformation, the platinum and 5’ G can be overlaid
with the flipped-out normal downstream guanine, and the R61-
MB63 loop is slightly shifted to accommodate the lesion (Fig. 3C).
Neither of the Pt-GG conformations observed here can fit
without clashes into the active site of a replicative polymerase or
even other Y-family polymerases including Dpo4.

To accommodate the stacked-in Pt-GG, which is larger than
a CPD, the protein loop containing R61, S62, and M63 (R61-
M63) changes conformation locally to avoid clashes with the
lesion bases (Figs. 24 and 3). Because the cross-link prevents the
5'G from adopting the syn conformation, the Ca of S62 moves
~1.7 A and the peptide bond between R61 and S62 flips 180° to
enlarge the templating base-binding pocket (Fig. 3D and Movie
S1). Interestingly, S62 is not conserved among Pol n homologs
and varies among Gly, Ser, Asn, Met, and His (25). Replacing
S62 with a more flexible Gly in human Pol n makes the mutant
protein more efficient in TLS (38). In yeast Pol 1, the S62-
equivalent M74 and the surrounding residues 171 to T76 undergo
a reverse conformational change from open in the apo-protein to
closed in the ternary complex structures (26, 33). In the “open”
conformation yeast, Pol n cannot bind an incoming dNTP. In
contrast, in hPol n, opening of the R61-M63 loop allows ac-
commodation of Pt-GG in the active site without altering dNTP

. thymine dimer
(CPD)

4 dCMPNPP

Mde-
D13

, D115

Fig. 3. The Pt-GG1 structure and comparison with TT1. (4) When the Pt-GG is in the stacked-in conformation, the R61-M63 loop (in magenta) is lifted up. (B)
Overlay of the stacked-in Pt-GG with CPD in TT1 [PDB ID code 3MR3 (25), blue R61-562]. R61 and S62 in Pt-GG1 (magenta) are altered. Gray dashed lines
represent hydrogen bonds. The red dashed line connects the 3'-OH and the a-phosphate. This view is roughly the back side of A. (C) With the open con-
formation of Pt-GG, the R61-M63 loop (blue) is slightly shifted compared with the normal structure (GGOa, shown in light green). (D) Superposition of the

stacked-in (brown 5’'G) and open structures of the Pt-GG (dark pink).
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binding, thus leading to accurate incorporation of dC opposite
the 3'G.

Pt-GG2: Insertion of dC Opposite the 5'G. In the second insertion
step opposite a Pt-GG, the =30° roll angle imposed by the cis-
platin cross-link (32) is absorbed mainly on the 3'G, thus
allowing the 5'G to serve as the templating base with little de-
viation from the undamaged DNA (Fig. 4). Both guanines of Pt-
GG make three hydrogen bonds with their base-pairing partners,
the incoming dCMPNPP and dC at the primer 3’ end. The roll of
the 3'G is dissipated to the surrounding primer strand and
dCMPNPP (Fig. 4 A and C) The distance between the reactants
(3'-OH and a-phosphate) is slightly increased (from 3.3 A to
3.7A), and ke, decreases twofold (Fig. 1C and SI Appendix,
Table S2). The Pt-GG2 ternary complex is similar to one of the
two DNA alternate conformations observed in the equivalent
step of Pt-GG bypass by Dpo4 (23) (Fig. 4D), suggesting that,
unlike Pt-GGl1, template-dependent nucleotide incorporation
can be achieved by other Y-family polymerases in the Pt-GG2
step. However, Dpo4 is extremely inefficient (24), which may be
explained by the poor alignment of the 3’-OH and a-phosphate
compared with the hPol n complex (Fig. 4D).

The reduced efficiency in nucleotide incorporation at this step
may stem from a second cause. Close inspection of the hPol n
electron density maps reveals two DNA populations (S Appendix,
Fig. S2B). In addition to the ternary complexes, the second DNA
population forms a binary complex with hPol 1, mimicking the
reaction product of the Pt-GG1 step before translocation. A 5'-
overhang nucleotide on the primer strand, which is flipped out
and disordered in the ternary complex, is stacked in to form lattice
contacts in the binary complex. The two DNA populations overlap
in the phosphosugar backbones, but the bases are out of register
by one. For instance, the primer 3’-end in the binary complex
completely overlaps with the incoming nucleotide of the ternary
complex (Fig. 4B). The existence of the binary complex illustrates
the instability of the ternary complex. It also provides a glimpse of
hPol n with the DNA product still in the active site (Movie S2).

dCMPNPP

$ R61

Pt-GG3: Primer Extension Immediately After the Lesion. To find why
hPol 1 has reduced efficiency in primer extension after Pt-GG
(Fig. 1C), the structure of a ternary complex with the base
downstream of the Pt-GG in the active site was determined (Fig.
5A and SI Appendix, Table S3). Compared with the CPD struc-
ture, the cisplatin protrudes into the major groove (Fig. 5B). To
accommodate it, the loop Q373-S379 unique to hPol 1 shifts
away (Fig. 24), and the entire LF is rotated slightly outwards (S1
Appendix, Fig. S34). The electron density at 2.5-A resolution
clearly shows two conformations of the Pt-GG lesion (Fig. 54
and SI Appendix, Fig. S2C). In each conformation, one of the
cross-linked G’s (3’ or 5') forms a planar base pair with the
primer strand and the other G rolls by 30°. With the template
backbone fixed by the molecular splint, a composite of the two
conformations gives the appearance of normal straight DNA
(Fig. 54). However, when the 5'G has a roll angle, it clashes
with the incoming dGMPNPP (F1g 5B), and the base of the
dGMPNPP has B values near 50 A? instead of ~25 A2 as in the nor-
mal DNA and Pt-GG1 complexes. This nonideal conformation may
explain the fivefold increase in Ky (SI Appendix, Table S2) and
a larger separation between the 3'-OH of the primer and the

a-phosphate (3.9 A) than the normal 3.3 A. Interestingly, at the
same stage of Pt-GG bypass by Dpo4, the lesion adopts a single
conformation with the 5’G clashing with the incoming dATP
(PDB ID code 3M90) (23) (SI Appendix, Fig. S1B).

Pt-GG4: A Binary Complex. In the Pt-GG4 crystal structure, which
was designed to capture the primer extension two nucleotides
after the lesion, no incoming nucleotide is observed. Neither
increasing the concentration of AAMPNPP in the crystallization
buffer nor soaking crystals in a AMPNPP solution led to the
intended ternary complex. At 2.0- A resolution, both the Pt-GG
and DNA are well-defined (Fig. 5C). The Pt-GG assumes
a conformation similar to the protein-free structure reported
previously, including the local A-form (3’-endo) conformation of
the Pt-GG (31, 36, 37). The cross-linked Gs are at a 30° angle.
Because of the tight interaction between hPol  and the template

Fig. 4. The Pt-GG2 structure and comparison with GGOb and Dpo4-GG2. (A) The active site of the ternary complex is shown in ball-and-stick model. The Pt-GG
makes all of the hydrogen bonds for base pairing. (B) Overlay of the two DNA populations. The primer (Pg to Pg) of the binary complex is shown in brown, the
template strand (Tg to Tg) in orange, and Pt-GG in red and blue. The Pt-GG in the ternary complex is shown in pink, and its base-pairing partners are shown in
light yellow with the phosphorus atoms of the incoming nucleotide highlighted in orange. (C) Comparison of Pt-GG2 ternary complex and GGOb. The Pt-GG
base pairs are colored as in A, and those in GGOb are in pink. Gray arrows indicate the slight shifts of template and primer bases in Pt-GG2. (D) Comparison of
the Pt-GG2 ternary complexes of hPol n and Dpo4 (PDB ID code 3M9N, blue color) (23). The displacement of the metal ion (2.7 A) and the primer ends (1.5 A) in

Dpo4 are indicated by black arrows.
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Fig. 5. The Pt-GG3 and Pt-GG4 structures. (A) The two conformations of Pt-
GG (cyan and magenta) are shown with the refined 2F,-F. map contoured at
1o. A double arrowhead marks close contacts between the magenta 5'G and
dGMPNPP. (B) Superposition of Pt-GG3 and TT3 structures [PDB ID code
3MR5 (25); orange colored primer and incoming nucleotide and dark green
Mgz"]. In Pt-GG3 (yellow, silver, and magenta), the cisplatin protrudes into
the major groove and the 3’-primer end is shifted away from the a-phos-
phate of dNMPNPP (yellow dash). (C) The DNA in the Pt-GG4 structure. The
template strand is shown in orange with Pt-GG highlighted in magenta.
Notice the bent 3'-primer end and its stacking with the 5'G of Pt-GG (double
arrowhead). (D) Superposition of the DNA in Pt-GG4 (colored as in C) and
that in the normal ternary complex (PDB ID code 3MR2, gray) (25). The
displacement of the primer end in Pt-GG4 is indicated by the red arrow.

backbone, the distortion is transmitted to the free 3’-primer end,
which rolls toward the major groove. The 3’-OH is >4 A from
the normal reactive position, and the bent DNA precludes
binding of an incoming nucleotide (Fig. 5D). Without an in-
coming nucleotide, no magnesium ion is in the active site and the
three catalytic carboxylates, D13, D115, and E116, assume the
most favorable rotamer conformations (SI Appendix, Fig. S3B).

Hydrophobic Pocket for Inhibitor Binding. In all 11 crystal structures
of hPol n-DNA complexes (three normal and eight with a lesion
DNA), a hydrophobic pocket between the upstream minor
groove and W297 in the thumb domain contains extra electron
density, which is interpreted as the base of a ANMPNPP present

at 1 mM concentration in all crystallization buffers (Fig. 64) (25).
The sugar and phosphate moieties of this ANMPNPP are disor-
dered. After soaking crystals in a stabilization buffer without
dNMPNPP, the density near W297 disappeared. Consistent with
this crystallographic observation, concentrations of dNTP >0.5
mM have an inhibitory effect on the catalytic rate of hPol n (Fig.
6B). Inhibition by dNTP has not been observed with other DNA
polymerases. Structure-based sequence comparison of the Y-
family polymerases reveals that W297 is unique in human Pol n
(Fig. 6C). When W297 is replaced by Ala, which likely desta-
bilizes the thumb domain and DNA binding (Fig. 64), the mutant
hPol 1 has a reduced k¢, (SI Appendix, Fig. S5) but is no longer
sensitive to inhibition by high concentrations of dNTP (Fig. 6B).

Discussion

Requirement for Nucleotide Incorporation Opposite Pt-GG. Pol 1 is
the only DNA polymerase that has an enlarged active site to
accommodate the entire CPD or Pt-GG for the 3’ base to in-
struct correct nucleotide incorporation. The active site of hPol n
is optimized for CPD bypass. To accommodate the larger Pt-GG
and enable its 3'G to template dCTP incorporation (Pt-GG1),
the R61-M63 loop of hPol n is unexpectedly shifted, thus
opening the active site to admit the cisplatin lesion in the
stacked-in conformation while maintaining dCTP binding (Fig.
3). Although the 5'G of Pt-GG can flip out and allow Pol n to
catalyze nucleotide incorporation without altering the R61-M63
loop, the flipped-out Pt-GG would prevent or slow down DNA
translocation for the second dC incorporation as shown in the Pt-
GG?2 structure (Fig. 4). The plasticity of R61-M63 is probably
also necessary for Pol n to bypass another anticancer agent,
oxaliplatin [(1R,2R)-diaminocyclohexane)platinum(II)] (SI Ap-
pendix, Fig. S4) (10). In addition to the lesion accommodation,
human Pol n keeps the upstream DNA duplex in place with the
molecular splint and holds the downstream template strand be-
tween the finger (W42) and LF domain, thus enabling a tem-
plating base to pair with an incoming nucleotide even in the
absence of base stacking. Unlike many Y-family polymerases,
which allow dNTP to sample different conformations (39-41),
Q38 and R61, which are conserved among Pol n homologs, keep
the replicating base pair in the single conformation optimal for
the reaction (Figs. 3-5) (25).

DNA Backbone Flexibility in Primer Extension. The structures repor-
ted here provide a molecular basis for why two TLS polymerases
are needed for efficient bypass of Pt-GG, one for nucleotide in-
sertion opposite the lesion and another for primer extension (42,
43). The molecular splint, which keeps CPD-containing DNA

B C
SO-T ----------------------------
N poln_hs  EKNGSWLYAMCRG
jTE o poln_sc ADLAEKLFKLSRG
£ polk_hs  ETSWHYFLHISLG
B ey i polL hs ISVAQRIQKLSFG
x wfﬁ -WT Revl hs  SKLGMKIHLAIQG
i Dpo4 EAKAKYLISLARD
500 1000 1500 2000

JATP (uM) Dbh KAKALYLLKLAQN

Fig. 6. A unique hydrophobic pocket potentially binds hPol n inhibitors. (A) A nucleotide (dATP) is bound between a tryptophan (W297) in the thumb
domain (green ribbon diagram) and the minor groove of DNA. An omit electron density map contoured at 2c is superimposed on the dATP. Residues sur-
rounding W297, shown as stick models, form a hydrophobic core or interact with the DNA. (B) At dATP concentrations >0.5 mM, WT hPol 7 is inhibited (blue
curve) and the W297A mutant protein is unaffected (red curve). The blue dotted line indicates the expected values if WT is not inhibited. (C) Sequence
alignment of Y-family polymerases around the a-helix containing W297 (colored red). Human and yeast proteins are denoted by hs or sc. Conserved hy-

drophobic residues are highlighted in yellow and others in cyan.
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straight and allows hPol n to complete bypass synthesis in four
consecutive steps (25, 29), fails to support complete bypass of Pt-
GG. This distinction is likely due to the size difference between
Pt-GG and CPD. Because the DNA backbone is rigidified by Pol
1, the roll of a cross-linked G in the template strand often per-
turbs the primer strand or the incoming dNTP (Fig. 5) and
inhibits the catalysis.

Pol ¢, a member of the B-family polymerases, has been shown
to be a general extender in TLS (35). Although little is known
about Pol ¢, its homolog Escherichia coli DNA polymerase II has
a well-characterized ability to extend primers after lesions. DNA
pol II takes advantage of the reduced base stacking caused by
lesions (44) to loop out damaged bases and uses normal template
bases downstream to direct primer extension (45). DNA back-
bone flexibility is likely exploited by Pol { to accommodate DNA
lesions for primer extension.

Concluding Remarks. Our biochemical and structural studies sug-
gest an alternative strategy for cancer therapy. Although several
other DNA polymerases in humans may carry out TLS, they do
so with low efficiency and high error rates (42, 43). Accurate
bypass of Pt-GG appears to depend on Pol n to first incorporate
dCTP opposite the cross-linked bases. Inhibition of Pol n may
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thus reduce chemoresistance to platinum-based drugs caused by
translesion DNA synthesis. Our finding of the unique hydro-
phobic pocket lined by W297 provides a specific target for de-
veloping inhibitors of human Pol n. A combination of cisplatin
and Pol n inhibitors may allow reduced cisplatin dosage and
increase the efficacy of anticancer treatment.

Materials and Methods

Each oligonucleotide containing a single pair of adjacent guanines was cross-
linked by activated cisplatin and purified by using HPLC or PAGE. Protein
preparation, crystallization, structure determination, and mutagenesis were
carried out as described (25). The primer extension and steady-state K,,, and
kcat were measured in 2.5-17 nM Pol n, 5 pM primer-template substrate and
0-200 pM dNTP or with 0-2,000 pM dATP for the inhibition assay. Reaction
products were analyzed as described (45). Detailed materials and methods
can be found in S/ Materials and Methods.
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