AT

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

P s

O

Y

Published in final edited form as:
Biochemistry. 2013 June 25; 52(25): 4422-4432. doi:10.1021/bi301368f.

Structural Changes in the Hydrophobic Hinge Region Adversely
Affect the Activity and Fidelity of the 1260Q Mutator DNA
Polymerase 8

Chelsea L. Gridley™#, Sneha Rangarajan®*, Susan Firbank3, Shibani Dalalll, Joann B.
Sweasy!l, and Joachim Jaeger™ T+

Division of Genetics, Wadsworth Center, New York State Department of Health, New Scotland
Avenue, Albany, New York 12208, United States

*Department of Biomedical Sciences, School of Public Health, University at Albany, 1400
Washington Avenue, Albany, New York 12222, United States

8Institute for Cell and Molecular Biosciences, Newcastle University, Newcastle NE2 4HH, U K.

IDepartment of Therapeutic Radiology, Yale Cancer Center, Cedar Street, New Haven,
Connecticut 06520, United States

Abstract

N279 /

E295
ddTTP
Y29é\ j
714

The 1260Q variant of DNA polymerase gis an efficient mutator polymerase with fairly
indiscriminate misincorporation activities opposite all template bases. Previous modeling studies
have suggested that 1260Q harbors structural variations in its hinge region. Here, we present the
crystal structures of wild type and 1260Q rat polymerase g in the presence and absence of
substrates. Both the 1260Q apoenzyme structure and the closed ternary complex with double-
stranded DNA and ddTTP show ordered water molecules in the hydrophobic hinge near GIn260,
whereas this is not the case in the wild type polymerase. Compared to wild type polymerase 8
ternary complexes, there are subtle movements around residues 260, 272, 295, and 296 in the
mutant. The rearrangements in this region, coupled with side chain movements in the immediate
neighborhood of the dNTP-binding pocket, namely, residues 258 and 272, provide an explanation
for the altered activity and fidelity profiles observed in the 1260Q mutator polymerase.

Faithful DNA replication and DNA repair are critical for the preservation of genomic
integrity. The fidelity of a polymerase is defined as the ability to select the correct incoming
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dNTP over an incorrect one to form a Watson—Crick base pair for incorporation into the new
strand of DNA. Repair polymerases are critical in preserving DNA integrity. DNA
polymerase B (pol p) is a key player in the BER pathway and is responsible for repairing
small stretches (one to six nucleotides) of damage in dsSDNA. Pol g, which is highly
conserved across eukaryotic organisms,? is the smallest and most thoroughly studied of the
eukaryotic polymerases. The BER pathway removes damaged nucleotides and abasic sites
that have been generated from reactive oxygen species (ROS) and other forms of cellular
damage.? During BER, pol 3 recognizes and binds to 5’-deoxyribose phosphate (dRP) sites,
left behind after the removal of damaged bases, where it removes the dRP moiety and fills
the gap with a NTP complement to the template base.3# As a contribution to its function in
BER, pol gis a processive enzyme in short gap-filling synthesis on its preferred substrate,
dsDNA with a gap of up to six nucleotides.>® Because of its small size and relative ease of
handling, pol S has been a model repair polymerase for studying the Kinetics of nucleotide
incorporation and the mechanism of DNA gap-filling repair processes: short-patch and long-
patch BER.”-9 However, if the polymerase becomes altered in a way that leads to the
generation of subsequent mutations during DNA gap-filling synthesis and causes the
accumulation of mutations in genomic DNA, then this can lead to abnormal manifestations,
including human diseases such as cancer. In fact, several mutator mutants of pol g have been
identified in a variety of human cancers,10 indicative of a possible link between cancer and
compromised repair polymerases.

A member of the X family of polymerases, pol 8 shares the characteristic “right-hand”
polymerase domain (palm, fingers, and thumb) with many other eukaryotic
polymerases.11-13 Functionally, pol Bis divided into two domains based on dRP lyase in the
8 kDa (N-terminal) domain and nucleotide transfer activity in the 31 kDa (C-terminal)
domain. Pol g contains several sequence motifs that enhance the interactions of the enzyme
with the gapped DNA substrate: two helix—hairpin-helix motifs in the 8 kDa and thumb
subdomains#15 and carboxylate residues in the palm subdomain.1® The palm subdomain of
pol B houses the strictly conserved aspartate amino acids in the pol X family (Asp190,
Aspl92, and Asp256), which bind two metal ions. Like all other polymerases and many
nucleases, pol S uses a two-metal ion mechanism for nucleotide transfer, which was first
described in crystallographic detail in the exonuclease domain of Escherichia coli DNA
polymerase | Klenow fragment.1’

Many kinetic studies have characterized the numerous aspects of rat pol S activity: wild
type, mutator mutants, and cancer-associated mutants, with a double-stranded or gapped
DNA substrate, and incorporation rates for correct versus incorrect nucleotides.18-23 The
current literature highlights the altered /in vitro and in vivo activity of pol B due to single-
amino acid changes: 1260Q misincorporates nucleotides because of a decreased level of
dNTP discrimination during binding and extends beyond the mispaired primer terminus
more often than the wild type;24-28 D246V exhibits decreased fidelity compared to that of
the wild type and lacks discrimination during dNTP binding;2” M282L shows mutagenic
properties both /7 vitroand in vivo.?8 Furthermore, three single-amino acid mutant forms of
pol B, E295K, 1260M, and P242R, have been linked to gastric cancer?%:30 and prostate
cancer.23:31 The vast majority of structural studies of pol £ have been conducted with wild
type polymerase, and thus far, structural information has only been obtained for two single-
amino acid variants of pol 8, M282L22 and 1260Q;32 neither structure contains substrate. To
improve our understanding of pol 8 structure—function relationships, high-resolution,
complete structural characterizations of single-point mutator mutants of DNA polymerase 8
in the presence of substrate are required.

The 1260Q variant of pol gis an active polymerase with strong mutator properties compared
to the wild type: 1260Q exhibits a 60-fold increase in reversion frequency in a Trp+
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reversion assay /n vivo and has an increase in the number of misincorporation events in a
qualitative gap-filling synthesis 77 vitro.33 1260Q exhibits a 19-23-fold decreased fidelity
opposite template base A and a 16-30-fold decreased fidelity opposite template base C,
compared to that of wild type pol 324 This residue maps to the hydrophobic hinge region at
the boundary of the palm and fingers subdomains, an area known to influence the ability of
pol Bto discriminate during nucleotide binding.24:32 The hydrophobic hinge (1le174,
Leu194, Thr196, 11e260, Tyr265, and Phe272)33:34 of pol Band, in particular, the relative
motion of the fingers subdomain about this hinge critically affect polymerase fidelity.2*
With residue 260 being 12-14 A from the active site, the mutator activity of the 1260Q pol 8
necessitates a thorough characterization of the structure of the mutant both locally near the
mutation and globally to understand more comprehensively the mechanism of the mutator
phenotype.

While numerous kinetic studies of pol g mutator mutants have revealed a link between
residues distant from the active site,26-28:35 such as those in the hydrophobic hinge,2428 and
an increased rate of nucleotide misincorporation,33 the structural information explaining
possible long-range steric or electrostatic constraints is lacking. Modeling suggested that the
more bulky glutamine residue would occupy more space in both apoenzyme and cocrystal
structures than the native isoleucine residue.28 Here, we present the first cocrystal structures
of rat DNA pol gwith 11e260 mutated to GIn in the presence and absence of substrates. The
structures show how subtle changes in the hydrophobic hinge around GIn260 eventually
alter the dNTP-binding pocket at the primer-binding site of pol Sand provide a structural
underpinning for how the activity and fidelity profiles of the 1260Q mutator polymerase are
altered.

EXPERIMENTAL PROCEDURES

Materials and Bacterial Strains

All chemicals were of the highest quality commercially available; dNTPs were purchased
from GE Healthcare Life Sciences (Piscataway, NJ), and DNA oligomers were obtained
from Integrated DNA Technologies (IDT DNA, Coralville, I1A). Bacterial strain Rosetta2
DE3 with genotype F~ ompT hsdSg(rg~ mg~) gal dcm (DE3) pRARE2 (CamR) was used for
protein expression. The 1260Q mutant was generated through Stratagene site-directed
mutagenesis in a pET28a(+) vector (Novagen).33

Expression and Purification of Proteins

The full-length construct of rat pol S was expressed in Rosetta2 DE3 cells as previously
described for similar pol B constructs.36 The purification of wild type and 1260Q pol Bis
based on a published purification protocol of Klenow fragment.37:38 Briefly, the cells were
resuspended in 25 mM HEPES (pH 7.0), 100 mM NacCl, and 5% glycerol with lysozyme in
the presence of Protease Inhibitor Cocktail Tablets, EDTA-Free (Sigma-Aldrich), and
sonicated (5 s pulse x 30 s rest) for 10 min while they were suspended in an ice/water bath,
followed by ultracentrifugation. The protein mixture was filtered with 5 and 0.45 zm
syringe filters before being loaded onto a HiTrap Heparin column and separated by a NaCl
gradient [buffer A, 25 mM HEPES, 100 mM NacCl, and 5% glycerol (pH 7.0); buffer B, 25
mM HEPES and 2 M NaCl (pH 7.0)] using a liquid chromatography system (Aekta Prime,
Amersham Biosciences). Fractions containing pol g were identified by electrophoresis on a
12.5% SDS-PAGE gel, pooled, diluted 1:5 with 25 mM HEPES and 25 mM NaCl (pH 7.0),
loaded onto an SP Sepharose column, and again separated by a NaCl gradient [buffer C, 25
mM HEPES and 25 mM NaCl (pH 7.0); buffer B, 25 mM HEPES and 2 M NaCl (pH 7.0)].
Fractions containing pol B were identified again by electrophoresis via 12.5% SDS-PAGE,
pooled, and concentrated to <5 mL before being loaded onto a gel filtration column (HiLoad
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16/60 Superdex 75 prep grade, GE Healthcare Life Sciences). Protein was purified and
buffer exchanged over the gel filtration column with buffers specific to the crystallization of
the apoenzyme [20 mM (NHy4)2SO4 and 100 mM HEPES (pH 7.0)] or the dsSDNA—pol g
complex [100 mM MES, 10 mM (NH4)»SO4, and 30 mM NacCl (pH 6.5)]. Following gel
filtration of the polymerase, the protein was >95% pure as determined by SDS-PAGE and
dynamic light scattering (data not shown). The concentration of the protein was calculated
on the basis of an extinction coefficient of 23380 M1 cm~1 and a molecular mass of 39
kDa.

In Vitro Primer Extension Assays

The substrates chosen in these primer extension assays are based on those used in our
cocrystallization studies. The assay conditions were derived from previously published DNA
pol B extension assays with slight modifications.3® Briefly, the primer strand was labeled
with a fluorescent probe at the 5" end (5”-/6-FAM/ATG TGAG-3"), which when annealed
to the template strand (5'-TAC GTC GCG ACT GCT CAC AT-3’) created a 7 bp duplex
(underlined bases) with a 13-nucleotide 5" overhang (Integrated DNA Technologies). The
primer and template were annealed in 50 mM Tris (pH 8.0) and 250 mM NacCl; annealing
was verified with dynamic light scattering (data not shown). Enzyme:DNA ratios ranged
from 50:1 to 10:1, where the DNA concentration was 45 nM and the enzyme concentration
was 450 nM. The assay was performed at 37 °C in 20 mM Tris (pH 8.0), 60 mM NaCl, 10%
glycerol, and 1 mM dithiothreitol (final concentrations). The DNA and protein were mixed
with reaction buffer and preincubated if indicated, and the reaction was initiated via the
addition of dNTPs (final concentration of 50 M) and MgCl, (final concentration of 10
mM). After 5 min, the reaction was quenched with an equal volume of TBE-urea sample
buffer, 89 mM Tris, 89 mM boric acid, 2 mM EDTA (pH 8.0), 12% Ficoll, 0.01%
bromophenol blue, 0.02% xylene cyanol FF, and 7 M urea (Bio-Rad Laboratories, Inc.), and
samples were heated to 95 °C for 5 min before being separated on a 15% TBE-urea
denaturing PAGE gel. Gels were then visualized on a Typhoon Imager (GE Healthcare Life
Sciences) for the detection of fluorescent bands indicating extended versus unextended
primer.

In Vitro Misincorporation Assays

To verify the mutator phenotype of pol 81260Q, we modified the primer extension assay to
determine the misincorporation and mispair extension activity of the mutant versus wild
type. Using the same dsDNA substrate described above that was annealed as described
above, we omitted either the first or the second nucleotide for incorporation from the dNTP
mixture used to initiate the reaction. Accordingly, either dCTP or dATP was omitted from
the reaction. The enzyme:DNA ratio was 10:1, with 450 nM wild type or 1260Q pol Sand
45 nM DNA. The enzyme and DNA were mixed and preincubated for 5 min, after which the
dNTPs (final concentration of 50 M) and MgCl; (final concentration of 10 mM) were
added to start the reaction. The assay conditions were the same as in the primer extension
assay. For comparison, we included a positive and negative control for each protein sample
at each time point: the positive control contained all four dNTPs, indicted by “0” missing
nucleotides below the respective lanes, and the negative control lacked MgCl, and all
dNTPs, indicated by “4” missing nucleotides below the respective lanes. At 2, 10, and 30
min, 5 L aliquots from each reaction mixture were quenched with the TBE-urea buffer
detailed above, heated to 95 °C, separated on a 15% TBE-urea denaturing PAGE gel, and
visualized on a Typhoon Imager (GE Healthcare Life Sciences).

Crystallization of the Pol B8 Apoenzyme

Pol g was typically concentrated to ~20 mg/mL before the crystallization trials were set up.
The protein to be crystallized in the apoenzyme form was buffer exchanged into 10 mM
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(NH4)>SO,4 and 100 mM HEPES (pH 7.0) and crystallized by vapor diffusion in a sitting
drop. The protein and well solution were mixed in equal volumes for crystallization. The
initial protein concentration was 10 mg/mL using a well solution containing 9-12%
PEG3350 and 90-120 mM MES (pH 7.0) (initial concentrations). Crystals of the apoenzyme
form were cryoprotected with 20-22% 2-methyl-2,4-pentanediol (MPD) prior to being
flash-cooled in liquid nitrogen.

Crystallization of Pol B8 Ternary Complexes

The protein to be cocrystallized with DNA and ddTTP was buffer exchanged into 100 mM
MES (pH 6.5), 30 mM NaCl, and 10 mM (NH,4)2SO4. Pol Bwild type and mutant cocrystals
contained primer (5'-ATG TGA G-3") and template (5"-CAA ACT CAC AT-3")
(Integrated DNA Technologies) resuspended in water and annealed in a 1:1 ratio in 20 mM
MgSOy4 (90 °C for 2 min, 70 °C for 2 min, and 55 °C for 1 min and then cooled to 4 °C at a
rate of 0.5 °C/min) in a DNA Dyad Peltier Thermal Cycler (MJ Research, Inc.). Mixtures of
230 uM protein, 290 uM DNA, and 2.5 mM ddTTP were aliquoted into 96-well MRC-2
crystallization plates (Hampton Research) for sitting drop screens and combined ina 1:1
ratio with reservoir solution (1.5 uL each). Crystals were grown over a reservoir of 120-200
mM NaCl, 6-14% PEG3350, 3% glycerol, and 50 mM cacodylate (pH 6.5). Prior to the
crystals being flash-frozen in liquid nitrogen, a cryoprotectant mixture of 15% glycerol, 8
mM ddTTP, and well solution corresponding to the mother liquor was soaked into the drop.
The excess ddTTP was added to maintain the high occupancy for the active site ligands.
Cocrystals with the same DNA substrate and mismatched dNTPs were not single and
diffracted very poorly.

Data Collection and Structure Refinement

RESULTS

X-ray intensity data were collected at beamlines X4C, X29, and X25 at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (Upton, NY). Data
integration and reduction were performed using either HKL.200039 or iMosflm version
1.5.0.40 Structure determination was initiated using PHENIX version 1.7.4.41 The structures
of the P2, monoclinic apoenzyme pol g crystal forms were determined by molecular
replacement using PHASER*2 with a composite model of apoenzyme pol 8 (X-ray structure
of the 31 kDa domain and NMR structure of the 8 kDa domain) followed by rigid body
refinement, full atomic refinement interspersed with manual rebuilding in COOT.*3 The
ternary complex, in unrelated monoclinic space group P24, was determined by molecular
replacement using an arrested rat pol S ternary complex [Protein Data Bank (PDB) entry
1HUQ]. Subsequent refinement and model building were conducted again using PHENIX
and COOT. Final structures were analyzed and verified using COOT, LSQMAN,*
MolProbity,* and PyMol.46

Pol B 1260Q Polymerase Activity on the Short Cocrystallization Oligonucleotides

The strong mutator activity of 1260Q pol g has been characterized on an assortment of DNA
substrates, double-stranded and 1 and 5 bp-gapped DNA, with varying primer and template
sequences.24:26:33.47 A the mutator polymerase crystallized and diffracted well when it was
complexed with our short dSDNA complex, ddTTP, and sodium, we determined the activity
of pol Son these cocrystallization oligonucleotides, with slight modifications. A simple
fluorescent primer extension assay was designed essentially on the basis of the short
cocrystallization oligomers (primer + template 5'-6-FAM-ATG TGA G-3” +5’-CAA ACT
CAC AT-3"). The 5" overhang on the template DNA was extended such that full-length
products, at 20 nucleotides, could be easily distinguished from the original primer, at 7
nucleotides, with TBE-urea denaturing PAGE (see Experimental Procedures). Wild type pol
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Bserved as a positive control as its activity has been well characterized for a wide range of
substrates and conditions,2”28 and a polymerase/DNA mixture without dNTPs or MgCl,
served as a negative control (Figure 1A, lane 1). Figure 1A verifies that both wild type and
1260Q pol Bare able to extend the dSDNA substrate in the presence (lanes 3-5 and 7-9) and
absence (lanes 2 and 6) of pol S/~DNA preincubation. Preincubation allows time for the
polymerase to form a stable complex with the DNA substrate. Without preincubation, 1260Q
pol g exhibits a slight increase in the extent of primer extension compared to that of the wild
type after reaction for 5 min, as determined by the fluorescence intensity of the fully
extended primer 20 nucleotides in length (Figure 1A, lanes 5 and 7). If the reaction mixtures
are preincubated for at least 20 min, this difference in primer extension between wild type
and 1260Q pol g disappears, which is in line with the kinetic data for correct insertion
published by Roettger. Of note is an intermediate-sized band observed in the extension and
misincorporation assays, likely indicative of a stalled polymerase. With pol g preferring to
repair short patches of nucleotides and given the length of the chosen 5 overhang in the
template strand, some stalling is observed (Figure 1A).

To determine the ability of 1260Q pol g to misincorporate nucleotides on the same recessed
DNA substrate, we systematically omitted from the reaction mix the first or second
nucleotide required for faithful incorporation opposite template 3'-TA CAC TCG TCA
GCG CTG CAT-5’, dCTP or dATP, respectively. For primer extension in the absence of
dATP, the correct nucleotide, dCTP, is available for the first round of incorporation, but to
proceed, the polymerase must then add an incorrect nucleotide. Wild type pol 8 shows little
to no activity in this misincorporation assay until after 30 min, at which point only minimal
levels of extended primer are detected (Figure 1B, lanes 15 and 16). The amount of extended
primer under these conditions indicates that 1260Q is able to misincorporate and extend
mispaired dNTPs to a greater extent than the wild type (Figure 1B, lanes 7 and 8 and lanes
11 and 12). The observed increase in the extended primer with 1260Q indicates that this
mutator variant of pol B is more likely to allow a misincorporation event and create more
extended primer product than the wild type under these conditions. Overall, the dsDNA used
for our cocrystallization trials is a suitable substrate for wild type and 1260Q pol 5
furthermore, 1260Q exhibits a mutator phenotype on this substrate, whereas the wild type
does not.

Apoenzyme Structure of Wild Type and 1260Q DNA Polymerase 8

To identify structural differences between 1260Q and the wild type in the absence of
substrate, we crystallized each polymerase without DNA or dNTP. The wild type
polymerase and 1260Q mutant crystallized in the same space group, A21, with comparable
unit cell dimensions (Table 1). Data were collected at resolutions of 2.4 and 2.2 A for the
wild type and 1260Q, respectively. Each crystal form contains two molecules per
asymmetric unit (ASU). The ASU of 1260Q apoenzyme pol gis shown in Figure 2A. The
two molecules in the ASU for apo wild type and apo 1260Q superimpose with respective
overall root-mean-square deviations (rmsds) of 1.058 and 1.109 A, respectively (Figure 2B).
For the sake of clarity, the wild type or 1260Q apoenzyme pol g molecule with the best
corresponding electron density and lowest average temperature factors is shown, unless
otherwise stated.

Both wild type and 1260Q apo polymerase structures are full-length and adopt a wide-open
conformation of the polymerase and lyase domains (Figure 2B), somewhat reminiscent of
but not identical or isomorphous to that of rat apo pol 8 (PDB entry 1BPD).16:3248 The
greatest distance between the 8 kDa subdomain and the tip of the fingers subdomain, i.e.,
Asn24 and Thr304, is ~50 A in both of our apo polymerases. In the hydrophobic hinge
region of wild type and 1260Q apo pol g, three residues are in the proximity of the side chain
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at position 260: Tyr296, Arg258, and Leu194 as indicated in Figure 2B. The residues in this
hinge must allow for the closure of the fingers subdomain over the palm during catalysis.

The 1260Q mutation inserts a polar side chain into a hydrophobic region and causes a
cascade of subtle changes, which contribute to the altered fidelity of this pol g variant. The
flexibility of the hinge region is decreased in 1260Q as seen from a comparison of
normalized atomic temperature factors in wild type pol gand the variant. The analysis
shows that unlike in the wild type apo polymerase structure prominent hinge residues in
1260Q pol B have normalized B values consistently lower than the molecular average. The
distance between residue 260 and Tyr296 or Leu194 varies only slightly (0.4 A) between
wild type and 1260Q apo structures. Arg258 is known to form a weak salt bridge with
Asp192 in the open polymerase conformation.1® The conformation and orientation of
Arg258, relative to the catalytic Asp192 residue, vary between our wild type and 1260Q apo
polymerases: the Arg258 side chain is more proximal to Asp192 (2.7 A) in the mutant than
in the wild type (3.5 A). We observe the coordination of several well-defined water
molecules in the 1260Q apoenzyme structure (Figure 2C), which are not evident in the
sufficiently detailed electron density maps of wild type pol g (Figure 2D). The presence of
water molecules (Figure 2C and Table 1) in this normally hydrophobic hinge region of
1260Q is a direct result of the polar glutamine side chain and the corresponding changes
around position 260. The glutamine at position 260 in the pol g variant is more bulky and
occupies more space within the hydrophobic hinge than the native isoleucine.

Structure of the 1260Q Pol B Ternary Complex

The 1260Q mutator pol S variant was crystallized as a ternary complex with a recessed
primer (5'-ATG TGA G-3") and template (5"-CAA ACT CAC AT-3"), ddTTP, and Na*
(Figure 3A). The template DNA was limited to a 4-nucleotide 5” overhang to prevent
unwanted disorder during nucleation or weak crystal contacts with symmetry-related
polymerase molecules. The structure of the 1260Q pol g ternary complex was determined at
2.7 A, belonging to monoclinic space group A2 with two molecules in the ASU (Table 1).
The two molecules in the 1260Q ternary complex ASU match closely, and palm subdomains
superimpose with an rmsd of Ca positions of 0.415 A (overall rmsd of 0.861 A). An
arrested ternary complex of wild type rat pol 8, PDB entry 1HUO,*° with unit cell
dimensions and a crystal packing arrangement closely related to those of our ternary 1260Q
complex, was used as a trial structure for molecular replacement.

Molecular replacement using PDB entry 1HUO as a reference model for the 1260Q ternary
complex produced a single solution with an initial R factor of 0.37 at 2.8 A resolution. The
1HUO structure of wild type pol Srepresents a coordinated rat pol g-dsDNA-[Cr(I11)-
dTMPPCP] complex.#? In that structure, the trapped form of dTMPPCP allowed the
crystallization of the polymerase in the presence of a free hydroxyl group on the primer 3
terminus, for the first time capturing the fully functional intermediate state. A related ternary
structure of wild type pol S, PDB entry 2FMP, is a human pol S-1-nucleotide gapped DNA.
[Mg2*-ddCTP] complex with Na* coordinated as the catalytic metal.>0 While the equivalent
atoms of the incoming nucleotides (ddTTP in 1260Q ternary and ddCTP in 2FMP) and metal
ions A and B are in superb agreement and superimpose with an rmsd of 0.398 A, the overall
structures superimpose poorly, with rmsds of 2.622—3.053 A, for the two molecules of
1260Q ternary pol g in the ASU. Although the crystallization conditions of the rat and
human ternary pol 8 complexes included different metal ions (1260Q, Na*; 1HUO, Cr3*;
2FMP, Na*/Mg?*), there is generally excellent agreement in the residues lining the dNTP-
binding pocket. Therefore, the size, charge, and chemical nature of these cations do not
affect the arrangement of active site residues and with the screening by surrounding residues
will not affect the side chain rearrangements near the site of the mutation in the 1260Q
variant. However, the differences between rat and human pol g, 14 amino acid changes, and
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the divergent DNA substrates, dsSDNA in 1260Q ternary and 1HUO, and single-gap DNA in
2FMP, prompted us to conduct a more detailed analysis of the site of mutation and the active
site center between rat 1260Q pol B and nearly isomorphous wild type (1HUO) ternary
complexes.

Globally, the 1260Q mutant is similar to IHUO in terms of the overall architecture and
secondary structure elements (Figure 3B). For the sake of clarity, the molecule with the best
corresponding electron density and lowest average temperature factors will be used in our
comparisons and discussions, for ternary pol 8, 1260Q, and wild type. The a-carbon atoms
of 303 residues in 1260Q and 1HUO can be superimposed with an rmsd of 1.071 A. The a-
carbon atoms of the N-terminal domains (residues 10-91) and those of the palm subdomains
(residues 150-261) agree well with rmsds of 0.56 and 0.45 A, respectively. Subtle
differences were observed in the fingers subdomain (residues 262—334, rmsd of 0.80 A) and
palm residues adjacent to the site of mutation (as discussed below).

Because residue 260 is more than 16 A from metal B in the active site, any effect on
polymerase activity must be long-range and occur indirectly via neighboring residues. The
amino acids in the vicinity of residue 260 interact with lle and GlIn differently in the wild
type and the 1260Q ternary complex of pol 8. Consequently, the flexibility of the hinge
region is decreased as seen from a comparison of normalized atomic temperature factors of
residues in this region. The difference in resolution between the wild type and 1260Q
diffraction data prevents a reliable determination of Ay and precludes a meaningful
analysis of the Wilson scale (data not shown). However, in line with the observations for the
apo polymerase structures, the hinge residues in the ternary complex of 1260Q pol g8
consistently show up to 40% lower than average atomic B values, whereas the wild type
ternary complex (LHUQO) has temperature factors near or above the molecular average (data
not shown). The stabilization of hinge residues is a result of, in part, the formation of a
hydrogen bond between the amide side chain of GIn260 and the backbone of Glu295 (Figure
3C,D). This interaction is not observed in the wild type ternary pol g. This hydrogen bond
between GIn260 and Glu295 stabilizes the ternary complex and secures the observed
orientation of the glutamine side chain (second most common rotamer, for which y =
-174°). Residues on either side of the hydrophobic hinge, Tyr296 and Arg258, highlight the
increased number of constraints in the 1260Q variant as compared to a more flexible
hydrophobic hinge in the wild type.

The effect of substrate binding on the residues of the hydrophobic hinge can be seen by
comparing the apoenzyme and ternary complex of 1260Q (Figure 3C). In the apo form,
Arg258 and Asp192 show significant interactions. In the DNA cocrystals, however, Arg258
moves away from Asp192 and is now observed in two distinct conformations pointing
toward the fingers domain. Through the presence of polar and charged residues in the
mutator mutant, the more prominent of the two conformations of Arg258 [on the left at 70%
occupancy (Figure 3D)] is within 3.8 A of GIn260, whereas an alternate, less frequent
conformation of Arg258 [to the right at 30% occupancy (Figure 3D)] is 6.3 A from GIn260.
Furthermore, in the 1260Q ternary complex, Arg258 in its predominant conformation
interacts strongly with the side chain of Try296. By contrast, the length of this salt bridge
changes by more than 1 A in the wild type complex (IHUO), thereby weakening the
interactions between the palm (Arg258) and fingers (Tyr296) (see Figure 3D). The second
conformation of Arg258 in the 1260Q ternary complex is oriented toward the active site, but
not as much as in apo pol g (Figure 3C). Thus, the switching of Arg258 represents a direct
link between the presence (or absence) of a polar side chain at position 260 and the
polymerase active site, namely residue Asp192, which critically affects activity. Significant
side chain movements are also observed in both wild type and 1260Q ternary complexes
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near 1/Q260 involving Arg258 and Phe272 (Figure 3D). These two residues are immediately
adjacent to the active site influencing Asp192 and its role in the catalytic cycle.

dNTP-metal B binding causes the fingers subdomain to close upon the active site.>1 This
large conformational change is accompanied by more subtle side chain rearrangements
creating the appropriate geometry in the active site. In the wild type (1HUO), Phe272 has
rotated down and interrupted the salt bridge between Arg258 and Asp192, forcing these
residues 8.4 A apart (Figure 3D). This movement allows Asp192 to participate exclusively
in the critical ion-mediated interactions with the two other catalytic aspartates (Asp190 and
Asp256). The mutator ternary complex of 1260Q pol S shows the aromatic ring of Phe272
tilted (o = 13°) toward Asp192, whereas in the wild type, this aromatic ring (y, = 109°) is
pointing away from Asp192 (Figure 3D). The side chain arrangement of Phe272 is
important because of its backbone linkage to Tyr271, a residue that directly interacts with
the primer terminus via hydrogen bonding with the minor groove edge of the primer DNA.52

Finally, we compared the interactions among the ddTTP, Asn279, and nearby residues in the
active site. The structure of the wild type pol S ternary complex reveals that N&2 of Asn279
forms a single hydrogen bond with O2 in the base of the incoming ddCTP.53 In the mutator
pol Bvariant, 1260Q, we observed a shift of Asn279, by 1.0 A, away from the ddTTP ribose
moiety compared to that in the wild type. This small change leaves the dNTP-binding
residue, Asp279, 3.6 A from the incoming nucleotide. The relaxed geometric constraints at
the metal-binding site (Asp192), primer base positioning (Phe272), and dNTP binding
(Asp279) explain the mutator activity of 1260Q pol B, detailed in the Discussion.

DISCUSSION

The fidelity of DNA replication and repair is dependent on the ability of the DNA
polymerase to select and incorporate the correct ANTP to complement the template strand
among a pool of dNTP substrates. Despite the lack of an endonuclease domain, or
proofreading activity, pol g creates only one error in every 5000 incorporation events /n
vivo.>* As a repair polymerase, the DNA repair fidelity of pol Bis crucial for maintaining
genomic integrity. A single-point mutation, 1260Q, alters activity and fidelity compared to
those of the wild type, while being located in a region 12-14 A from the polymerase
catalytic center. 1260Q pol S shows an increased affinity for mismatched dNTP2425 and,
furthermore, an increased probability of incorporating the incorrect nucleotide32 and
extending beyond the mispairs.2® In fact, in a Trp+ reversion assay, 1260Q exhibits a 14.5-
fold increase in mispair extension efficiency compared to that of the wild type.23 Structural
comparisons between the wild type and 1260Q polymerases, in the absence of substrate and
in their respective ternary complexes, has allowed us to gain structural insights and an
improved understanding of the altered phenotype of this mutator mutant.

Overall, the wild type and 1260Q apoenzyme structures differ only slightly in their overall
conformations (Figure 2B), which is in good agreement with their similar secondary
structure content as determined by circular dichroism.33 The two pol B polymerases also
exhibit comparable rates of nucleotide incorporation and catalytic efficiency in an /n vitro
gap filling assay with all four nucleotides,? in stopped-flow fluorescence assays with
matched incoming nucleotides, 26 and in our /7 vitro primer extension assay with all four
nucleotides (Figure 1A). It is important to note that on correct insertion wild type and 1260Q
pol Bshow no difference in incorporation efficiency on our 3" recessed substrate if the
reaction mixtures are preincubated for 30 min. This nicely confirms the data with a gapped
DNA substrate (1-nucleotide gap) published by Roettger et al., who found the differences in
enzyme efficiencies between the wild type and mutant polymerase to be negligible: Ao/
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Kg,app ©9CTP) = 9.7 uM~1 571 for the wild type and 15 xM™ s for 1260Q, and Aqol/
K,app (T9ATP) = 6.3 uM~1 572 for the wild type and 6.2 uM~1 s™1 for 1260Q.%6

The catalytic efficiency of mispair extension was determined for 1260Q and the wild type on
a 5 bp gapped DNA substrate in the presence of a mispaired primer terminus (A:dATP):
1260Q bound the dNTP substrate more tightly (Ky = 0.6 M) and catalyzed its incorporation
(Kool Kg = 4.0 x 10* M1 s71) more efficiently than the wild type (Kg = 13.8 uM; kool Ky =
2.75 x 108 M1 s71) 25 Similarly, Roettger and co-workers used stopped-flow and quench-
flow assays to measure the kinetics of matched versus mismatched dNTP incorporation on a
1-nucleotide gapped DNA substrate. In the case of a T:dGTP mismatch, 1260Q bound the
mismatched nucleotide more tightly (Ky = 49 £ 3 M) and incorporated it more efficiently
(Kool Ky = 2.8 x 1074 M~ 571) than the wild type (Ky = 489 * 26 1M kno/ Kg = 1.2 x 107°
M~1 571y (similar values were observed for the C:dATP mismatch).26 These findings
indicate that the 1260Q mutator polymerase has lost some of its ability to discriminate
correct versus incorrect dNTP, at the level of ground-state binding, in the presence of
mispaired primer terminus, as compared to that of the wild type.2> Taken together, these
results provide evidence to support the proposed mutator phenotype of 1260Q in the
presence of various DNA substrates and opposite all template bases. Because well-
diffracting crystals of 1260Q pol 8 in complex with dSDNA and ddTTP could be obtained
readily, the basic activity and mutator phenotype of this variant was tested on a 3" recessed
substrate that was used in the crystallographic studies. We found that 1260Q is a strong
mutator polymerase on the gapped DNA substrates?>-26 and exhibits a tendency to
misincorporate and extend mispairs on our 3" recessed substrate (Figure 1B).

Steady-state kinetic studies of pol Sreveal a significant difference between the wild type
and 1260Q in terms of dNTP-induced conformational changes. With stopped-flow
fluorescence, Roettger et al. concluded that while wild type and 1260Q pol 8 both exhibit
fast conformational changes in the presence of matched and mismatched nucleotides, 1260Q
creates a more stable mismatch ternary complex than the wild type.28 Additionally, the wild
type polymerase is quick to release the mismatch (Kjy values of 489 + 26 M for T:G and
227 £ 22 uM for C:A), yet the 1260Q mutant polymerase appears to stabilize the mismatch
(Ky values of 49 £ 3 uM for T:G and 45 + 3 uM for C:A), which may further explain the
enhanced misincorporation properties of this polymerase.2% An early hypothesis suggested
that the 1260Q mutation might translate into altered binding of the polymerase to the DNA
substrate and the accommodation of an incorrect nucleotide substrate in the active site of the
mutant polymerase.33 Of particular interest though are the mechanisms by which the 1260Q
mutation decreases the fidelity of the polymerase. The underlying structural reasons for the
altered fidelity appear to be twofold: (i) hydrogen bonds in the hydrophobic hinge and (ii)
internal side chain rearrangements in or near the dNTP-binding pocket of 1260Q.

First, our apo crystal form of 1260Q pol g not previously described shows the coordination
of water molecules in the hydrophobic hinge region (Figure 2C). Unlike the wild type apo
polymerase, where the hydrophobic hinge is free of solvent molecules, the ordered waters
and nearby structural changes are due to the more polar nature around the site of mutation
(GIn260). Some or all of the water molecules may need to be expelled before the 1260Q
fingers subdomain can close around the substrate, which may slow the process or make it
less energetically favorable. One of the critical conformational steps in catalysis involves the
rotation of the pol g fingers subdomain toward the palm subdomain, induced by dNTP-
metal ion binding in the active site.%0 In pol g, this movement is intimately linked to the
hydrophobic hinge, of which 116260 is an integral residue.2* The presence of direct or water-
mediated hydrogen bonds in the hinge region could also influence the equilibrium between
the open and closed forms of pol 8. We speculate that strengthening or favoring the closed
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conformation could in turn improve dNTP binding, causing a significant decrease in Kj as
observed in the kinetic studies.25:26:33

Second, the consequences of the 1260Q mutation become more evident when the enzyme is
cocrystallized and forms a complex with DNA and ddTTP. Aside from exterior changes on
the surface of the hinge region, there are some significant differences in the interior, namely
the way in which 116260 and GIn260 interact with Arg258 and the carbonyl oxygen of
Glu295. The interaction with Glu295 on the B-hairpin after helix N should further stabilize
the closed conformation in the 1260Q mutant. Furthermore, in wild type and 1260Q pol 8
apoenzymes, Arg258 interacts closely with Tyr271, Phe272, and Asp192. When DNA or
dNTP binds, Arg258 becomes repositioned closer to GIn260, prompting Asp192 to
participate in metal coordination at the active site. Concurrently, Phe272 rotates to the space
just above and between Arg258 and Asp192 as Tyr271 forms hydrogen bonds with the
primer terminus. In the apoenzyme structures of the wild type and 1260Q, 11e/GIn260 is
distant from Arg258, which is found in the proximity of Phe272. In the cocrystal, however,
GIn260 is in a position to predominantly interact with Arg258 conformer 1 (70%
occupancy), and consequently, Arg258 and Phe272 are now separated by more than 5 A,
leaving Tyr271 in a suboptimal position for binding the primer terminus.

Furthermore, Phe272 now adopts a different side chain orientation (A y, ~ 70°) compared to
that of the wild type ternary complex (Figure 3D). 11e260, because of its hydrophobic nature,
is unable to create this strong “cascade” effect, leaving Arg258 and Phe272 closer together,
while Tyr271 remains in a position to interact with the primer terminus for efficient
nucleotide incorporation. In the 1260Q mutator mutant, it is the altered positioning of three
crucial substrate-binding residues, Arg258, Tyr271, and Phe272, that slightly increases the
volume of the dNTP-binding pocket around the ribose moiety, thereby presumably allowing
the mutant to accommodate mismatched nucleotides more readily than the wild type. We
suspect that the increased volume, the lowered level of ground-state binding for both
mismatched and cognate dNTPs, and the stabilized closed conformation allow for a more
efficient nucleotidyl transfer in 1260Q pol Sthan in the parent enzyme.

To summarize, our structures, in their apoenzyme forms and in complex with a primer/
template, ddTTP, and metal ions, provide a compelling structural foundation for the
argument that three subtle differences in the hinge region around residues Ile/GIn260,
Arg258, Glu295, and Tyr296 coupled with side chain rearrangements (mainly residues
Arg258 and Phe272) immediately adjacent to the dNTP-binding pocket are sufficient to alter
the activity and fidelity profile of wild type pol Sto that observed in the 1260Q mutator
polymerase. To further improve our understanding of the mechanism of the mutator
phenotype of 1260Q pol g, structural studies with mismatched incoming dNTPs and gapped
DNA would be useful, but so far, such cocrystals proved to be difficult to obtain with the rat
enzyme.
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ABBREVIATIONS
pol B DNA polymerase g
dNTP 2’-deoxyribonucleoside 5’-triphosphate
dsDNA double-stranded DNA
BER base excision repair
NER nucleotide excision repair
dRP 5’-deoxyribose phosphate
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
EDTA ethylenediaminetetraacetic acid
SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
rmsd root-mean-square deviation
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Figure 1.

In vitro primer extension assays on short dsDNA used for cocrystallization. (A) The activity
of 1260Q and wild type pol B was tested by using a 5’ -FAM-labeled primer, otherwise of the
same composition as that used in cocrystallization studies. The polymerase-DNA
complexes, at a 10:1 ratio, were incubated at 37 °C (times of preincubation indicated below
lanes) prior to the addition of MgCl, and dNTPs. Samples were separated on a 15% TBE-
urea denaturing PAGE gel after primer extension for 5 min. The unextended substrate (7
nucleotides) and the fully extended product (20 nucleotides) are labeled at the left. Lane 1
contained the primer alone (the negative control). Unlike wild type pol 8, 1260Q is more
adept at extending the primer, even without preincubating the reaction mix (lane 2 vs lane
6). This is evident by the amount of unextended primer remaining in lanes 2 and 6
(equivalent to 7 nucleotides) relative to the amount of fully extended primer (equivalent to
20 nucleotides). See Experimental Procedures for further experimental details. (B) Activity
of wild type vs 1260Q mutator pol gin the absence of dCTP or dATP, the first or second
nucleotide required for primer extension, respectively. The polymerase—-DNA complexes, at
a 10:1 ratio, were preincubated for 5 min, after which dNTPs and MgCl, were added.
Positive (all four dNTPs) and negative (sans dNTPs and MgCl,) controls are indicated by
“4” and “0” missing nucleotides below the respective lanes. The mutator exhibits extension
in the absence of dATP after just 2 min (lane 4) and after 30 min in the absence of dCTP
(lane 11).
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Figure2.

Structure of apoenzyme 1260Q pol S. (A) The asymmetric unit of this new monoclinic
crystal form (P21) contains two pol g molecules related by a translation of 36 A
approximately along a. Both molecules adopt a wide-open conformation not observed
before. The distance between the N-terminal subdomain (Asn24 on helix A) and the tip of
the fingers subdomain (residue Thr304) is ~50 A. (B) Comparison of 1260Q and wild type
apoenzyme pol B. The mutant is shown in subdomain colors (8 kDa, red; thumb, green;
palm, magenta; fingers, blue), and the wild type structure is colored gray. Overall, the
apoenzyme polymerase structures superimpose well. The amino acids near residue 260,
namely, Asp192, Leu194 (obstructed), Arg258, Phe272, and Tyr296, relative positions
indicated with arrows, show only minor shifts. (C) Water molecules, illustrated as red
spheres, enter the hydrophobic hinge region in 1260Q apoenzyme pol B. The electron density
maps of both 1260Q molecules A (and B, not depicted) consistently show water molecules
entering the hinge region between the side chains of GIn260, Tyr296, and Arg258. (D)
Water molecules are not observed in the corresponding areas of the wild type electron
density maps.
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Figure 3.

1260Q ternary complex with dsSDNA and ddTTP. (A) Omit electron density map showing
dsDNA and ddTTP bound at the polymerase active site. The bias-free electron density
“kick” map was calculated in PHENIX by omitting the substrate atoms from the Fourier
calculations and by adding small random motions to the remaining protein atoms. The
density map is contoured at 2.5 rmsd above the mean density in the ASU. The protein is
shown in subdomain colors (see Figure 2B for definitions), and the primer and template are
colored silver and gold, respectively. (B) Superposition of the ternary complexes of 1260Q
and the wild type (PDB entry 1HUO). The color coding for 1260Q is as described above,
whereas the wild type pol g backbone trace is colored gray. The a-carbon positions of
GIn260 and Glu295 are labeled and highlighted by small spheres. Note that helix N
(residues 275-290) and the following loop region (residues 299-310) in the 1260Q fingers
domain have moved closer to the template strand compared to those in the wild type
complex (PDB entry 1HUO). (C) Close-up view (wall-eyed stereoview) of the structural
rearrangements near the site of mutation (1260Q). The red dashed line highlights the
hydrogen bond between ND2 of GIn260 and the backbone oxygen of Glu295. There are also
some close interactions of Asp192 and Arg258 in the apoenzyme structure (thin sticks). In
the ternary complex (thick sticks), Asp192 has rotated into the active site to interact with the
metal ions. Arg258 shows alternate side chain conformations. One alternate conformation
(70% occupancy) forms hydrogen bonds with Glu295 (red dashes). (D) Comparison of the
relevant active site region in the 1260Q and wild type pol S ternary complexes in a wall-eyed
stereoview. The color coding for 1260Q is as described above, while the wild type pol 8
backbone trace is colored gray. The hydrogen bond (red dashes) between the GIn260 and
Glu295 main chain, which is absent in the wild type pol 8 structure, further stabilizes the
closed conformation of the 1260Q mutator. The metal ions are shown as transparent spheres
(Na*, red; Cr3*, gray). Metal ions B adjacent to the triphosphate group overlap completely.
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Table 1

Crystallographic Data of DNA Polymerase

wild type-apo 1260Q-apo 1260Q-dsDNA-ddTTP
Data Collection?
a(A) 77.86 77.9 100
b(R) 67.83 67.35 56
c(A) 83.29 82.37 93
B (deg) 116.07 115.74 102
resolution range (A) 25.0-2.5(2.58-2.5) 24.0-2.0(2.14-2.1) 27.2-2.72(2.8-2.75)
Ruerge (%)? 10 (56.8) 9.2 (51.6) 6.3 (52.7)
completeness (%) 89.6 (87.0) 93.77 (81) 90.1 (66)
Vol 12.45 (1.8) 12.8 (2.0) 18.75 (1.6)
no. of reflections
observed 64617 175067 196834
unique 24378 36809 25065
Refinement
rmsd
bond lengths (&)  0.009 0.008 0.009
bond angles (deg) 1.271 1.119 1.479
Ruork (%) 25.01 23.90 21.82
Riree (%) 31.66 29.52 29.20
residue content
amino acids 650 650 656
waters 159 281 47
PDB entry 3UXN 3UXO 3UXP

aVaIues in parentheses refer to those of the highest-resolution shell.

b . . . .
Rmerge = 100242 A 1h,j— IHIZAZ jIp, f, where /pis the mean intensity of symmetry-related reflections, /7, /
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