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Structural basis for the suppression of skin
cancers by DNA polymerase 1

Timothy D. Silverstein', Robert E. Johnson®, Rinku Jain', Louise Prakash’, Satya Prakash® & Aneel K. Aggarwal'

DNA polymerase ) (Poln) is unique among eukaryotic polymerases in its proficient ability for error-free replication through
ultraviolet-induced cyclobutane pyrimidine dimers, and inactivation of Poln (also known as POLH) in humans causes the

variant form of xeroderma pigmentosum (XPV). We present the crystal structures of Saccharomyces cerevisiae Polr) (also
known as RAD30) in ternary complex with a cis-syn thymine-thymine (T-T) dimer and with undamaged DNA. The structures
reveal that the ability of Poin to replicate efficiently through the ultraviolet-induced lesion derives from a simple and yet

elegant mechanism, wherein the two Ts of the T-T dimer are accommodated in an active site cleft that is much more open
than in other polymerases. We also show by structural, biochemical and genetic analysis that the two Ts are maintained ina
stable configuration in the active site via interactions with Gln 55, Arg 73 and Met 74, Together, these features define the

basis for Poln's action on ultraviolet-damaged DNA that is crucial in suppressing the mutagenic and carcinogenic
consequences of sun exposure, thereby reducing the incidence of skin cancers in humans.

Mutations in DNA polymerase n (Poln) are responsible for the
variant form of xeroderma pigmentosum (XPV)'2. XPV patients
are sensitive to ultraviolet radiation and they suffer from a high
incidence of sunlight-induced skin cancers’*, The high incidence
of skin cancers in these patients is due 10 the absence of functional
Poln, which has the notable ability to replicate through ultraviolet-
induced cyclobutane pyrimidine dimers (CPDs) such as a cis-sym
thymine-thymine (T-T) dimer in an error-free way”. Unlike classical
DNA polymerases, or any of the other three cukaryotic Y family
polymerases—Polx, Polt and Revl (also known as POLK, POLI
and REV1 in humans; Supplementary Fig. 1)—that become stalled
at the ultraviolet-induced T-T dimer, Poln can efficiently and
accurately replicate past this DNA Mesion®. The specificity of Poln
poses two questions. First, what is the structural basis of Poln's ability
to promote error-free replication through a ¢is-sm T-T dimer?
Second. does the enzyme use the same mechanism for inserting a
nucleatide opposite the thymine dimer as opposite an undamaged
hase? To address these longstanding questions we present here the
ructures of the catalytic core of 8. cerevisiae Poln (residues 1-513) in
temary complex with an incoming dATP and 2 template-primer pre-
senting the 3'T of the T-T dimer in the active sive, and of yeast Poln in
termary compkx with an incoming dATP and undamuged DNA.

Crystaliization and structure detarmination

Compared to other eukaryotic Y family polymerases, crystallization
of Poln with DNA has proved very difficult hecause the crystals
obtained have always been of the same form as the previously
reported apoenzyme <rystals (apo)”, and they reveal a Poln structure
that is very similar 10 the apo form and that contains either no DNA,
or DNA that is disordered and/or only partially bound (Supplemen-
tary Fig. 2). In these “apo-like” crystals, there are multiple protein
contacts between the ‘palm’ domain and ‘polymerase associated
domain” (PAD) of one Poln molecule and palen/PAD of another
molecule in the asymmetric unit, which cause dimer formation wathin
the crystals (Supplementary Fig. 3a). Amongst these, Lys 140 and
Ser 144 of one molecule, which lie at the base of the palm domain,

make hydrogen bonds or van der Waals contacts with residues
Tyr 199, Phe 199 and Asn 167 on the palm of a symmetry-related
molecule (Supplementary Fig, 3b). We surmised that these contacts
were inhibitary to DNA binding by Poln in the crystal, and to break
the apo crystal contacts, we mutated Lys 140 to alanine and Ser 144 to
tryptophan. Using the Poln(K140A, Si44W) protein, we were suc-
cessful in obuining Poln-DNA co-crystals that diffracted to high
resolution, belonged to a different space group, and possessed unit
cell dimensions that were different from the apoenzyme (Supplemen-
tary Table 1). Toensure that the crystal contact mutations did notalter
the biological function or the biochemical activity of Poln we verified
that the rad 30 K 1404, $144W mutant gene fully restores the ultraviolet
resistance and reduces the frequency of ultraviolet-induced mutations
of the rad304 strain, identical to that of the wild-type gene (Sup-
plementary Fig. 4). Also, the KI40A S144W protein resembles the
wild-type protein in DNA synthetic activity on both undamaged
and T-T dimer-containing DNAs (Supplementary Fig, 5).

Overall structure

In both the structures with undamaged or damaged DNAs, Poln
embraces the template-primer with its palm (residues 1-30 and
130-286), fingers (residues 34-127), and thumb (residues 289-378)
as well as the polymerase associated domain (PAD: residues 395-309)
unique to Y-family polymerases (Fig. 1). The palm carries the active
site residuces Asp 30, Asp 155 and Glu 156, which catalyse the nucleo-
tidy! transfer reaction'® (Fig. 2a). In both structures, incoming dATP
is bound with its triphosphate moiety interlaced between the fingers
and palm domain, making identical hydrogen bonds with Tyr 64 and
Arg 67 from the fingers domain and Lys 279 from the palm domain,
and its sugar packed against the aromatic ring of Phe 35 (Fig, 22). The
catahytic residues Asp 30, Asp 155 and Glu 156 are arrayed between
the dATP triphosphate moiety and the primer terminus, and two
Mg®" ions—analegous to metals "A" and ‘B’ in replicative DNA
polymerases'' "—complete the Poly active site (Fig. 2a). Thus,
Poln is well poised for dATP insertion in both structures: opposite
the 3T of the ubtraviolet-induced ¢is-sym T- 1 dimer as well asoppasite

Ww—c‘ Structural ared Cheeme sk Bology, Mount Smai SChool of Medicine, Box 1677 1425 Madnen Avence, New Yok New Yeek 10029, USA “Depactment of Siochewsstey
d Moleculyr Sology. 300 Universy Boslevard, University of Texps Moadical Scanch, Galveston, Teras 77755-106!, USA.

U9 1: uana DOI vesunmuluasaIs Nature
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The masked priming toolbox: an open-source MATLAB toolbox for masked priming researchers.
Wilson AD), Tresilian J, Schlaghecken F

Centre for Sport and Exercize Sciences, Institute of Membrane and Systems Biology, University of Leeds, Leeds, LS2 SJT UK, A D Wilkon@leeds ac.uk

Abstract

The Masked Priming Toolboxis an open-source collection of MATLAB functions that utilizes the free third-party PsychToolhox-3 (PTB3: Brainard, Spatial Vision, 10, 433-434,
1987; Kleiner, Brainard & Pelli, Perception, 36, 2007; Pelli, Spatial vision, 10, 437-442, 1997) It is designed to allow a researcher to run masked (and unmasked) priming
experiments using avariety of response devices (including keyboards, graphics tablets and force transducers). Very little knowledge of MATLAB is required; experiments are
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implements a variety of stimuli for use as primes and targets, as well as a variety of masks. Timing, size, location, and orientation of stimuli are all parameterizable. The code
is open-source and made available on the Web under a Creative Commons License
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