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dimer at atomic resolution
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Ultraviolet light damages DNA by catalysing covalent bond
formation between adjacent pyrimidines, generating cis—syn
cyclobutane pyrimidine dimers (CPDs) as the most common
lesion'. CPDs block DNA replication by high-fidelity DNA poly-
merases, but they can be efficiently bypassed by the Y-family
DNA polymerase pol #**. Mutations in POLH encoding pol y are
implicated in nearly 20% of xeroderma pigmentosum, a human
disease characterized by extreme sensitivity to sunlight and
predisposition to skin cancer**. Here we have determined two
crystal structures of Dpo4, an archaeal pol n homologue, com-
plexed with CPD-containing DNA, where the 3’ and 5’ thymine
of the CPD separately serves as a templating base. The 3’ thymine
of the CPD forms a Watson—Crick base pair with the incoming
dideoxyATP, but the 5' thymine forms a Hoogsteen base pair with
the dideoxyATP in syn conformation. Dpo4 retains a similar
tertiary structure, but each unusual DNA structure is indi-
vidually fitted into the active site for catalysis. A model of the
pol —CPD complex built from the crystal structures of Saccharo-
myces cerevisiae apo-pol  and the Dpo4—CPD complex suggests
unique features that allow pol y to efficiently bypass CPDs.
From bacteria to humans, most ultraviolet-induced photo-
products are removed by well-characterized DNA repair mecha-
nisms’. Photoproducts remaining during DNA replication are
either avoided by recombination-dependent template switching
or bypassed by specialized low-fidelity polymerases that can syn-
thesize DNA directly opposite lesions®. Crystal structures of three
Y-family polymerases™'’, including a large fragment of S. cerevisiae
pol n and two archaeal DinB homologues, Dbh and Dpo4 from
Sulfolobus solfataricus, revealed a right-hand-like catalytic core
composed of palm, thumb and finger domains as found in all
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DNA polymerases, and a unique little finger domain at the carboxy
terminus. In the ternary complex of Dpo4, primer-template and an
incoming nucleotide, the thumb and little finger domains hold the
DNA duplex, and the active site formed between the palm and finger
domains is spacious and solvent-accessible owing to the unusually
small thumb and finger domains''.

Dpo4 exhibits robust polymerase activity on undamaged DNA
and can by-pass a variety of DNA lesions, including CPDs'>. By
adjusting the register of the 3’ end of the primer strand opposite a
CPD-containing template and using dideoxyATP (ddATP) to
reduce nucleotidyl transfer, we have crystallized Dpo4 with the 3’
(TT-1) or 5' (TT-2) thymine of the CPD base-paired with ddATP
and poised for DNA synthesis (Fig. 1). These co-crystal structures of
Dpo4 and CPD-containing DNA, determined at 2.3 A and 2.0 A
resolution (Table 1), provide the first glimpse of how a DNA
polymerase replicates severely distorted DNA.

The Dpo4 structures in TT-1 and TT-2 are nearly identical except
for a less than 1 A shift of the little finger domain, which is probably
due to differences in the local structure of the DNA as well as
different crystal lattice contacts (Fig. 1 and Table 1). Compared with
the structure of Dpo4 complexed with undamaged DNA in the same
space group as TT-1 (ref. 11), the thumb and little finger domains in
both TT-1 and TT-2 move by 1-2 A leading to a concomitant shift of
the DNA duplex (Supplementary section 1). Notably, this move-
ment of protein and DNA appears to pivot around the catalytic
carboxylate triad and results in a similar arrangement of DNA
substrate in the active site regardless of the nature of the templating
base (Fig. le). The three catalytic carboxylates—Asp 7, Asp 105 and
Glu 106—and the two metal ions are superimposable in TT-1 and
TT-2 (Fig. lc). Although the DNA duplex and the ddATP are
shifted, the 3" OH group of the primer strand remains within 4 A
of the a-phosphate of the incoming nucleotide.

A covalently linked thymine dimer imposes severe steric hin-
drance on DNA polymerases. For the A- and B-family DNA
polymerases, only one templating base is accommodated in the
active site for each cycle of primer extension and the adjacent 5" base
is flipped out'. Covalently linked CPDs cannot separate and
therefore do not fit into the ‘closed-oft” active site of replicative
polymerases. In contrast, when the 3 base of the thymine dimer
serves as a template in TT-1, the entire CPD slips into the open
active site of Dpo4 (Fig. 1c, d). The 3’ thymine and the incoming
ddATP, although not perfectly co-planar, form two Watson—Crick-
type hydrogen bonds of 2.6-2.7 A in length (Fig. 2). The 5’ thymine
of the CPD is only 2.7 A away from the carbonyl oxygen of Gly 58.
This glycine residue is replaced by Ser or Met in human and S.
cerevisiae pol n. Although the Met or Ser side chain points towards
the major groove and neither would clash with DNA (Fig. 3), Gly is

Table 1 Summary of crystallographic data

Crystal (space group)

TT-1 (P21242)

TT-2 (P212124)

Unit cell (a, b, ¢) (A)

Number of complexes in AU

98.5,101.6, 52.2
1

98.7,102.3, 106.1
2

Non-hydrogen atoms 3,569 7,494

Resolution range (A)t 19.34-2.28 (2.32-2.28) 19.9-2.00 (2.06-2.03)
Rmerge T 0.070 (0.554) 0.044 (0.492)

Unigue reflections 24,302 69,785

Completeness (%)t 98.9 (99.0) 99.4 (95.0)

R-valuet 0.252 0.222

RtreeS 0.282 (684 reflections) 0.256 (1,012 reflections)
r.m.s. deviation bond length 0.009 0.010

r.m.s. deviation bond angle ( 1.72 1.70

Average B-value (Wilson; A%) 61.6 (66.5) 46.2 (43.1)

r.m.s., root mean square. AU, asymmetric units.
*Rimerge = Y 2l — Un)l/>(In), where I, is the intensity of the ith observation of reflection h,
and (/,,) is the average intensity of redundant measurements of the h reflections.

1 Data of the highest resolution shell are shown in parentheses.
tR-value = S |IF,| — IFII/S IF|, where F, and F. are the observed and calculated structure-

factor amplitudes.

§Ree is monitored with the reflections in parentheses excluded from refinement.
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less restricted in backbone conformation and thus more accom-
modating for the CPD. Indeed, replacing the equivalent Ser 62 in
human pol n by Gly made the mutant polymerase bypass a CPD
more efficiently™.

In TT-2, the 3’ thymine of the CPD forms a canonical Watson—
Crick base pair with the adenine at the 3" end of the primer strand,
and the 5" thymine is opposite the incoming ddATP. The templating

2 TT1

*5' GGGGGAAGGATTC *5' GGGGGAAGGATTC *5'

thymine constrained by the inter-base covalent bonds, however,
does not rotate 36° or rise by 3.4 A relative to the preceding base pair
as in normal DNA. If ddATP assumes its usual conformation for
nucleotidyl transfer, it could not form a Watson—Crick base pair
with the 5" thymine of the CPD. If it were to form the base pair, the
triphosphate could not fit into its binding site for the chemical
reaction. In TT-2, the incoming ddATP assumes a syn conformation

T2 b

3' CCOCCTTCCTAAGTTTCT

TCA .5 TTCA T4

30 ccccr_mcrm-xa'rc-r 3' CCCCCTTCCTAAGTTTCT 3'cccccmcrﬂcv'l‘c'r P U DUWUTD

-0 e - - - -:--- 22°C

- - “ “

: : . - o=
@ Seses o . - -
mhO 2 51020 02512 025102 025 1020 ddATP

c

9 TT-1 Y10
— TT2 2
- M
Ca¥ N,
2l vl
= ' 7 e =
s e . L Cal* DIOS'N

‘%ﬁtaf P R,
~

Figure 1 Replication of a CPD by Dpo4 in solution and crystals. a, Extension of two
primers (13 nucleotides each) paired with undamaged or CPD-containing 18-nucleotide
templates used in the crystallization studies (TT-1, TT-2). Reactions were carried out with
10 nM DNA substrate, 10 nM Dpo4 and 100 M dATP at 37 °C for 2, 5, 10 or 20 min.
b, Inhibition of primer extension by ddATP. P indicates primer strand, and U and D indicate
undamaged and CPD-containing template, respectively. The reactions took place for
30 min at 22 °C or 37 °C as indicated. ¢, The active site of TT-1, where the 3’ thymine of
the CPD (orange) is base-paired with ddATP (yellow). The conserved residues interacting
with ddATP and catalytic carboxylates are highlighted. Tyr 10, which immobilizes the
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finger domain by wedging between the palm and finger domains, is shown in red.

d, Replication at the 3' T of the CPD. The CPD and the replicating and preceding base
pairs of TT-1 are shown with the F, — F. omit electron densities. e, Active site of TT-2,
where the 5’ thymine of the CPD is base-paired with ddATP, f, The replicating and two
preceding base pairs of the TT-2 are shown with the F, — F omit electron densities.
g, Stereo view of the TT-1 (blue) and TT-2 (pink) active-site superposition. The three
catalytic carboxylates, two Ca>* ions, the 3’ nucleotide of the primer strand, and the
incoming nucleotide are shown in the ball-and-stick model.
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and forms a Hoogsteen base pair with tHe/mine of the CPD, whereas poh replicates past CPDs as ef®ciently as undamaged
thereby maintaining the triphosphate contact with Dpo4 foiIDNAZ2=2 To uncover the molecular basis for ef®cient bypass of CPDs
nucleotidyl transfer (Fig. 1e, f and 2c). In the absence of the By polh, we generated a model of frotomplexed with a CPD based
OH of ddATP, the chemical bond does not form in the TT-2 crystabn TT-1 and theS. cerevisiagol h structuré With the TT-1
nor in solution at 228C (Fig. 1b). At 38C, incorporation of ddAMP  structure held ®xed, pdl was brought in by superposition of it
opposite the 5T of the CPD is much improved (Fig. 1b), and withmost conserved palm domain with that of Dpo4 (Fig. 3a).
dATP Dpo4 bypasses théTFof the CPD as ef®ciently as it does witl®nger, thumb and little ®nger domains of pglwhich bear many
undamaged DNA (Fig. 1a). similarities to the corresponding domains of Dpo4, apparently need
Hoogsteen base-pairing in duplex DNA has been observed wherrotate 1@ 188and 48 respectively, to be in position to interact
DNA is unwound or bound with intercalating drugs and with the DNA as the domains of Dpo4 do in TT-1 (Fig. 3a). In this
occasionally when DNA is distorted by prot&itt® In the crystal modelled complex, pdh undergoes a “closing' motion and makes
structure of a CPD-containing oligonucleotitle Watson+Crick numerous favourable contacts with the DNA. Even the Hoogsteen
base pairs were retained, but the hydrogen bonds at tiebthe base pair ®ts well in the modelled polwhen the TT-2 structure i
CPD were weakened and the DNA backbone of the strand oppositegperimposed onto TT-1.
the CPD was distorted (Fig. 2a). To avoid backbone distortion, the Kinetic studies have suggested that{pahdergoes an induced
Hoogsteen base pair at th&Bof a CPD is probably favoured by all®t conformational chang& Movement of the ®nger domai
DNA polymerases for catalysis, which we believe is the ®rst exanyplen substrate binding is universal among the A- and B-fa
of a Hoogsteen base pair facilitating an enzymatic reaction. polymerases and is thought to be crucial for high-®delity DNA
Tto C and T to A mutations are observed at tHfd®fa CPD due replicationt®. Although conformational change of the ®nger
to misincorporation of dGMP or dTMP, yet mutations rarely occurdomain in response to substrate binding has not been observed in
at the 5T (refs 20, 21). When the°J of the CPD serves as athe Dpo4 and Dbh structuré$?*?% our model clearly indicates an
template, the close contact between tHg@ &and the polymerase induced ®t of the ®nger, thumb and little ®nger domains intpol
induces a FAshift of the CPD towards the major groove, thusThe ®nger domain is closest to the replicating base pair and
leaving ample space for thé Bto form a wobble base pair with participates in the active-site formation; therefore its movement is
dGTP ordTTP, with each making two hydrogen bonds. At th&&  most signi®cant.
the CPD, however, the restraintimposed by the Hoogsteen base paistructure-based sequence alignment suggests that several amino
discriminates against guanine and pyrimidines, and only adeniregid substitutions in human and yeast proinake their active sites
which makes two hydrogen bonds with thymine either by Watsornmuch less exposed to solvent than that of Dpo4 (Fig. 3). The larger
Crick or Hoogsteen base-pairing, is acceptable. GIn and lle side chains in place of Dpo4's Val 32 and Ala| 44
Dpo4 is rather inef®cient at replicating th&Tdf a CPD (Fig. 1a), potentially interact with the minor groove of the replicating base

Figure 2Structural comparison of the CPD complexed with Dpo4 and protein fr&elk) and TT-2). The phosphorus atoms are shown in purple, oxygen|in red and

a, Structures of the CPD (orange) and surrounding nucleic acids in TT-1 (blue){rogeh(wirldrk blue. The carbon atoms of the replicating base pair are white, and others
and in the absence of protein (ai@ghown in the ball-and-stick model afteare light blue.
superposition of the CBRsBall-and-stick presentations of base-pairing of the CPDs
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pair and stabilize the CPD. The side chain of the Met or Ser that
replaces Gly 58 of Dpo4 extends the protein—-DNA interactions into
the major groove. The Arg in place of Ala 57 of Dpo4 potentially
orients the incoming nucleotide by charge interactions with the

11/" finger

mu;% i

Dpo4-DNA

" D155 |

‘ﬁ’\‘mﬁ\

1315&‘
\palm

Figure 3 Modelling of S. cerevisiae polm complexed with a CPD. a, Superposition of pol n
(multicoloured) and Dpo4 (grey) after individual rigid-body movements of the pol m thumb,
finger and little finger domains. Movements of the poln domains between the apo-protein
crystal structure (light pink) and the composite model are depicted in the surrounding

panels. The pol v palm, thumb, finger and little finger domain are coloured red, green,
blue and purple, respectively. The insertions unique in the pol v palm and finger domains
are shown in pink and light blue. b, Comparison of the Dpo4 TT-1 crystal structure and the
pol n—CPD model. The proteins are shown in molecular surface, and each domain is

colour-coded as pol m in a. DNA and the incoming nucleotide are represented as stick
models. The template and the incoming nucleotide in the pol n complex are less solvent-
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B-phosphate, and the aliphatic portion of this Arg shields the major
groove of the replicating base pair and the triphosphate moiety of
the incoming nucleotide. Because of these amino acid substitutions
in pol 1, incoming nucleotides cannot enter the closed active site.

Dpo4
poln (1J1H)
mmem P01 1| model

2 3 B

panie

Dpod 10 Y 20 CVF 7 GAVATANYEA RKFGVEKAGIP 6o
Polm(sc) 33 A20VOW o NSIIAVSYAA REKYGISRMDT 76
Polm(hs) 16 C20VQY 5 GGIIAVSYEA RAFGVTRSMW &4

accessible than those complexed with Dpo4. ¢, Close-up of the pol y active site. Pol q is
shown as the light-blue ribbon diagram; the DNA substrate, the conserved protein
residues and the two divalent cations are coloured as in Fig. 1c, e. Amino acid
substitutions in human and S. cerevisiae pol m, which may enhance the efficiency for
bypass of CPD, are highlighted in green. Ala 33 is highlighted in red. The blue arrow points
out the deletion between 3-strands 1 and 2 in pol y. d, Sequence alignment of the
residues in finger domains of Dpo4, S. cerevisiae and human pol » that interact with the
replicating base pair. The conserved residues are colour-coded as in €. The numbers in
black are the beginning and ending residue numbers of each sequence; the numbers in
blue indicate the intervening residues omitted in the alignment.
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To open up the finger domain between successive rounds of
polymerization, Tyr 10 of Dpo4, which immobilizes the finger
domain by wedging between the palm and finger domains (Fig. 1),
is replaced by Ala or Cys in pol v (Fig. 3d). The solvent-occluded
active site together with the conformational change from the open
DNA-free to closed DNA-bound form may, therefore, facilitate the
ability of pol 1 to bypass CPDs. O

Methods

Preparation of protein and DNA

Dpo4 was prepared as reported previously''. An 18-nucleotide DNA oligonucleotide
(3'-CCCCCTTCCTAAGTTTCT-5") containing a cis—syn thymine dimer (in bold) at the
14th and 15th positions from the 3’ end was chemically synthesized and purified by Glen
Research. Two complementary 13-nucleotide primer strands were purchased from Oligo
Etc. Primer-1 (5'-GGGGGAAGGATTC-3") base-paired with the first 13 bases of the CPD-
containing template, and primer-2 (5'-GGGGAAGGATTCA-3") base-paired with the 2nd
to 14th bases of the template including the 3’ thymine of the CPD. The template and
primer strands were annealed and mixed with purified Dpo4 at a molar ratio of 1.2:1. The
final concentration of Dpo4 was 6 mg ml™" in a buffer of 20 mM HEPES (pH 7.0), 5 mM
MgCl, and 150 mM NaCl.

Crystallization and structure determination

The TT-1 crystal with primer-1 was grown using the hanging-drop method with 15%
PEG3350, 0.2 M calcium acetate, 2.5% glycerol at 20 °C after mixing the protein-DNA
sample with 1 mM ddATP for 10 min at 22 °C before setting up the drop. The TT-2 crystal
with primer-2 was grown similarly. Macroseeding was performed a couple of times to
enlarge crystals. Crystals were flash-frozen in propane equilibrated with liquid nitrogen
for storage and data collection. Diffraction data were collected using a Raxis IV mounted
on a Rigaku RU200 generator and processed using HKL*. The TT-1 crystal was
isomorphous to the original Dpo4—DNA complex (space group P2,2,2), but the TT-2
crystal was in P2,2,2; space group and had two Dpo4—DNA complexes in each asymmetric
unit (Table 1).

Both crystal structures were solved by molecular replacement” using the original
Dpo4-DNA complex as a search model, and refined to 2.03 and 2.28 A resolution,
respectively’”* (Table 1). The topology and parameter data of the CPD for refinement was
generated from 1VAS®. All protein residues are in the most favoured and allowed region of
a Ramachandran plot.

27

Model building

Pol n was modelled onto the TT-1 structure by superimposing the palm domains of the
two proteins®. The other three domains were each adjusted as a rigid body to optimize
their superposition with the Dpo4 structure. Superposition of the thumb domains was
approximate owing to multiple insertions in yeast pol v. After adjusting a few side-chain
torsion angles guided by the rotamer library, the resulting model of the pol n—-DNA
complex has no steric clashes, and pol 1 is transformed from an open DNA-free state to a
closed DNA-bound conformation.

In vitro bypass of CPDs by Dpo4

The 5" [**P]-labelled 13-nucleotide primers and unlabelled 18-nulceotide template, as
described in the crystallization studies, as well as an undamaged 18-nucleotide template
were annealed at a molar ratio of 1:2. Standard replication reactions of 10 ul contained
40 mM Tris-HCl at pH 8.0, 5mM MgCl,, 100 pM of ultrapure dATP or ddATP
(Amersham Pharmacia Biotech), 10 mM DTT, 250 pg ml~' BSA, 2.5% glycerol, 10 nM 5'
[**P] primer-template DNA and 10 nM Dpo4. After incubation at 37 °C or 22 °C, reactions
were terminated by the addition of 10 ul of 95% formamide/10 mM EDTA and the
samples heated to 100 °C for 5 min. Reaction mixtures (5 pl) were subjected to 20%
polyacrylamide/7 M urea gel electrophoresis and replication products visualized by
PhosphorImager analysis.
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