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Summary

Human DNA polymerase-1 (Polt) incorporates correct nucleotides opposite template purines with
a much higher efficiency and fidelity than opposite template pyrimidines. In fact, the fidelity
opposite template T is so poor that Poluinserts an incorrect dGTP approximately 10 times better
than it inserts the correct dATP. We determine here how a template T/U is accommodated in the
Polu active site and why a G is incorporated more efficiently than an A. We show that in the
absence of incoming dATP or dGTP (binary complex), template T/U exists in both syn and anti
conformations, but in the presence of dATP or dGTP (ternary complexes), template T/U is
predominantly in the anti conformation. We also show that dJATP and dGTP insert differently
opposite template T/U, and that the basis of selection of dGTP over dATP is a hydrogen bond
between the N2 amino group of dGTP and GIn59 of Pol..

Introduction

The survival of organisms depends critically on the ability to faithfully replicate DNA. As
such, virtually all DNA polymerases replicate DNA by incorporating the nucleotide that
forms the correct Watson-Crick base pair with the template base. In addition, the catalytic
efficiencies with which any given polymerase forms the four possible correct base pairs are
approximately the same, reflecting the near geometric identities of Watson-Crick, A.T, T.A,
G.C, and C.G base pairs. This basic tenet holds for high fidelity replicative DNA
polymerases and is also generally valid for the lower fidelity Y family DNA polymerases
that possess the ability to replicate through DNA lesions (Prakash et al., 2005). Human DNA
polymerase 1 (Polt), a member of the Y family of DNA polymerases, is a notable exception
to these rules. Polu incorporates nucleotides opposite template purines with a much higher
efficiency and fidelity than opposite template pyrimidines. Specifically, Polu exhibits the
highest efficiency and fidelity opposite template A, followed by template G, and then
templates C and T. In fact, the fidelity opposite template T is so poor that Polt inserts an
incorrect dGTP approximately 10 times better than it inserts the correct dATP (Haracska et
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al., 2001; Johnson et al., 2000; Tissier et al., 2000; Washington et al., 2004; Zhang et al.,
2000).

The ternary crystal structures of Poli bound to template purines and the correct incoming
dNTP have yielded major insights into the action mechanism of this polymerase.
Specifically, in the structure of Poli bound to template A and an incoming dTTP, the
templating A adopts a syn conformation and forms a Hoogsteen base pair with the incoming
T, which remains in the anti conformation (Nair et al., 2006b; Nair et al., 2004). Similarly,
in the structure of Pol paired with a template G and an incoming dCTP, a G.C+ Hoogsteen
base pair is formed in the polymerase active site (Nair et al., 2005; Nair et al., 2006b).
Hoogsteen base pairing provides a basis for the much higher efficiency and fidelity of
nucleotide incorporation opposite template purines than opposite pyrimidines because only
the templates A and G have a Hoogsteen edge by which they can establish two hydrogen
bonds with the correct incoming pyrimidine nucleotide. The ability to form Hoogsteen base
pairs allows Poli to promote replication through adducts such as 1, N6-
ethenodeoxyadenosine that disrupt the Watson-Crick (W-C) edge but not the Hoogsteen
edge of the templating purine (Nair et al., 2006a).

Compared to the purine templates, Polu is highly inefficient at incorporating the correct
nucleotide A opposite template T; moreover, it incorporates a G opposite template T with an
~ 10-fold better catalytic efficiency than an A (Haracska et al., 2001; Johnson et al., 2000;
Tissier et al., 2000; Washington et al., 2004; Zhang et al., 2000). However, even the
incorporation of G opposite template T occurs almost 100-fold less efficiently than, for
example, the incorporation of T opposite template A. We determine here how a template T
is accommodated in the Pol active site and why G is incorporated more efficiently than an
A. We show that in the absence of dATP or dGTP (binary complex), template T exists in
both syn and anti conformations, but in the presence of dATP or dGTP (ternary complexes),
template T is predominantly in the anti conformation. We also show that dATP and dGTP
insert differently opposite template T, and that the basis of selection of dGTP over dATP is a
hydrogen bond between the N2 amino group of dGTP and GIn59 of Pol.

Structure determination

We crystallized Pol with “double-ended” 18-nt template-primers designed to present
template T in the active sites of two symmetrically bound Poli molecules (see Methods). We
have used a similar strategy previously to crystallize Pol with undamaged and damaged
DNAs (Nair et al., 2005; Nair et al., 2006a; Nair et al., 2006b; Nair et al., 2009). Cocrystals
in the absence (binary) and presence of incoming dATP and dGTP (ternary) were obtained
under identical conditions (from PEG solutions), belonging to space group P6522 with cell
dimensions of a=98 A, b =98 A, ¢ = 203A and a=p=90°, y=120°. The Polit, Polt gaTP
and Polur gTp structures were solved by molecular replacement (MR) using the structure of
the Polig gctp complex (with dCTP omitted) as a search model (Nair et al., 2005). However,
in all three structures, electron densities for the template T were not as well-defined as for
the template purines in previous Polu structures (Nair et al., 2005; Nair et al., 2006a; Nair et
al., 2006b; Nair et al., 2004). To help fix the conformation(s) of the thymines, we substituted
5-bromouracil (BrU) for thymine in the template-primers and cocrystallized them with Polu
in the absence and presence of incoming dATP and dGTP. We solved the Poly;, Poliyy gaTp
and Poly, geTp structures by MR and the resulting electron density maps were very similar
to those obtained for the Poluy, Poli gatp and Polur ggTp complexes. However, the
anomalous signal of the Br atoms permitted the calculation of anomalous difference Fourier
maps, which pinpointed the positions of the Br atoms and showed that BrU (and T, by
analogy) exists in both syn and anti conformations in the binary Polyy complex, but switches
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primarily to the anti conformation in the Poliyy gatp and Polyy ggTp ternary complexes. The
Polyy, Polyy gatp and Poliy ggtp complexes were selected for further refinement to 2.3A,
2.85A, and 2.2A resolutions (Table 1), respectively, with the BrUs in alternate anti:syn
conformations in 0.5:0.5, 0.9:0.1, and 0.7:0.3 ratios, respectively. The refined Poly, binary
complex (Reree 0f 28.0%); Rerys 0f 25.2%) contains Polu residues 26-370, 379-394 and
404-414 (the first 25 and the last 6 residues are disordered, and residues 371-378 and
395-403 comprising two loops in the PAD have poor density), DNA nucleotides 3-11 (two
of the four unpaired template nucleotides at the 5’ end are disordered), and 237 water
molecules. The refined Polyy gatp ternary complex (Ryree Of 28.2%; Reyys of 24.1 %)
contains Pol residues 25-370, 379-394 and 404-414, DNA nucleotides 3-11, incoming
dATP, 1 Mg2* ion, and 156 water molecules. The refined Polyy ggp ternary complex (Rfree
of 27.0%; Rgrys 0of 25.4%) contains Pol residues 25-370, 379-394 and 404-414, DNA
nucleotides 3-11, incoming dATP, 2 Mg?* ions, and 272 water molecules. All three
structures have good stereochemistry, with ~86% of the residues in the most favored regions
of the Ramachandran plot and <0.3% in the disallowed regions for Poly,, and Poly, gcTp,
and ~ 83% in the most favored region and < 0.6% in the disallowed region for Poliyy gaTp-

Overall arrangement

In all three complexes, a Polt molecule binds to each end of the double-ended template
primer (Fig. 1). The two molecules are related by a crystallographic two-fold axis and thus
make identical contacts with the template-primer. Polu has the familiar right-handed
architecture with palm (residues 25-37, 99-224), fingers (38-98), and thumb (225-288)
domains, and the PAD (polymerase associated domain; residues 298-414) unique to Y-
family polymerases (Fig.1). The palm forms the floor of the DNA binding cavity and carries
the active site residues (Asp34, Aspl126 and Glu127), while the fingers domain lies over the
templating base (and the incoming nucleotide in the ternary complexes). The thumb and the
PAD are connected by a long linker that spans the width of the DNA. The thumb skims the
minor groove surface on one side the template-primer, while the PAD docks in the major
groove on the other side (Fig. 1). The interface between the two Polt molecules is relatively
small, with ~700 A2 of surface area buried between the thumb domain of one polymerase
and the PAD of the other. The majority of Poli-DNA interactions are mediated by the PAD,
wherein the main chain amides on “outer” B-strands of the PAD B-sheet make a series of
hydrogen bonds with the template and primer strands.

The Poliy binary complex

The palm, fingers and thumb domains and the PAD occupy identical positions with respect
to the template-primer as in previous Polu structures (Nair et al., 2005; Nair et al., 2006g;
Nair et al., 2006b; Nair et al., 2004), and the Poliyy gap and Polyy ggTp ternary complexes
described below. Thus, there is no open or closed form of Poli analogous to replicative DNA
polymerases, wherein the fingers domain rotates by as much as ~40° in response to ANTP
binding (Doublie et al., 1999; Rothwell and Waksman, 2005). The major difference between
Polyy and the Poliy and Polig binary complexes determined previously is in the DNA (Nair
et al., 2006b). In the Polip and Polig binary complexes, the purines are in the anti
conformation, which flip to the syn conformation in reaction to dNTP binding (Nair et al.,
2006b). Once in the syn conformation, the Hoogsteen edge of A and G is available for
hydrogen bonding with the W-C edge of incoming dTTP and dCTP, respectively. In
contrast, in the Polyy binary complex, template U adopts a mixture of anti and syn
conformations (Fig. 2). In response to dATP or dGTP binding (described below), occupancy
for the anti conformation increases while that for the syn conformation decreases. Unlike
purines, pyrimidines lack a Hoogsteen edge. Thus, it is only in the anti conformation that the
polar atoms on T/U (N3, O2, and O4) are available for hydrogen bonding with dATP or
dGTP in the Polu active site.

Structure. Author manuscript; available in PMC 2011 January 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jain et al.

Page 4

The Poliy gatp ternary complex

In the Polia gt1p and Polig qcTp ternary complexes, incoming dNTP effectively pushes the
templates A and G into the syn conformation for if they were to remain in anti conformation
they would clash with the incoming nucleotide (Nair et al., 2005; Nair et al., 2006b; Nair et
al., 2004). By contrast, in the Polyy qaTp ternary complex (and the Poly gygtp cOmplex —
described below), it is the syn rather than the anti conformation of the template base that
clashes with the incoming nucleotide, wherein the C5 Br (or CH3 in the case of T) sterically
overlaps with the W-C edge of incoming dNTP (Fig. 3). The small fraction of template T in
the syn conformation in the ternary complex crystals likely reflects a fraction of complexes
without incoming dNTP in the binary state. In the description below, we refer mainly to the
anti conformation.

To account for the poor efficiency of Poluin inserting A opposite template T, we had
considered a model in which the template T/U is evicted from the active site and dATP is
inserted opposite an essentially “abasic” site. This is clearly not the case. The structure
reveals unexpected trans U:A base pairing (Figs, 3A and B) (Leontis et al., 2002). By
comparison to a standard Watson-Crick (WC) T/U:A base pair, where the glycosidic bonds
of the two nucleosides are in cis, the U and A in our structure are in trans or antiparallel to
one another. The C1’-C1’ distance is 11.2A, as compared to ~10.5A in a standard W-C base
pair. Also, because the glycosidic angles of both U and A are anti, they couple with the trans
orientation of the glycosidic bonds to produce local parallel-stranded DNA at the nascent
base-pair (Leontis et al., 2002). In a standard cis T/U:A base pair, the N1 and N6 atoms of A
form hydrogen bonds with the N3 and O4 atoms of T/U, respectively. In a trans T/U:A base
pair, we can imagine A inverting around the N1(A)...N3(T) hydrogen bonds to generate a
potential new N6(A)...02(T/U) hydrogen bond in place of the N6(A)...4(T/U) hydrogen
bond (Fig. 3). The N1(A)...N3(U) and N6(A)...02(U) distances in our structure are 2.71A
and 3.52A, respectively.

In all previous Poli ternary complexes, the incoming dNTP sugar packs against the aromatic
ring of Tyr39 and a hydrogen bond is also made between its 3’OH and the main chain amide
of the tyrosine (Nair et al., 2005; Nair et al., 2006a; Nair et al., 2006b; Nair et al., 2009; Nair
et al., 2004). In the present structure, as the result of dATP inverting to the trans
conformation, the sugar is removed from the aromatic ring of Tyr39 and is close to surface
of the major groove. Although, the dATP triphosphate moiety lies between the palm and
fingers domains as in previous Pol structures it weaves a different path (Fig. 3A). The a-
and B-phosphates, for example, are displaced by >4A from their positions in previous Polh
structures, and as a consequence some interactions are lost while others are maintained. For
example, Thr65 and Tyr68 on the fingers domain are unable to make hydrogen bonds with
the B- and y- phosphates, respectively, but Arg71 from the fingers domain and Lys214 from
the palm domain are still able to reach and make bonds with the - and y- phosphates (Fig.
3A). Also, because of the displacement of the a-phosphate the active geometry is
incompatible with catalysis, with the putative 3’OH at the primer terminus located >6A from
the a-phosphate of incoming dNTP.

The Poliy ggTp ternary complex

In contrast to dATP, dGTP inserts in cis opposite template U (Fig. 3). The structure suggests
distorted U:G base pairing in which the U is either ionized or exists as an enol tautomer
(Lawley and Brookes, 1962;Sowers et al., 1987;Topal and Fresco, 1976;Watson and Crick,
1953). That is, the U and G bases lie opposite one another in distorted W-C geometry rather
than the more common wobble geometry (Fig. 3). Although T/U occurs predominantly as a
keto tautomer, it can also exist as a rare enol tautomer and in an ionized form that can pair
with G via W-C geometry (Lawley and Brookes, 1962;Sowers et al., 1987;Topal and Fresco,

Structure. Author manuscript; available in PMC 2011 January 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jain et al.

Page 5

1976;Watson and Crick, 1953). In the structure, the N3 and O2 atoms of U make putative
hydrogen bonds with the N1 atom and N2 amino group of G, respectively. The U and G
bases are staggered and propeller twisted with respect to each other, and the hydrogen bond
between 02(U) and N2(G) is relatively short (~2.45A), which may be indicative of an
ionized form of U (rather than the enol tautomer). Interestingly, BrU (used in our structural
analysis) has a greater tendency than T/U to pair with G and this property has been ascribed
to the increased propensity of BrU to form the enol tautomer or the ionized form (Danilov et
al., 2009;Lawley and Brookes, 1962;Sowers et al., 1987). However, in crystal and NMR
structures of DNAS containing BrUs (Brown et al., 1986;Sowers et al., 1989), BrU pairs
with G in much the same way as unmodified U/T, namely via wobble geometry.
Intriguingly, NMR spectra at high pH (9.8) (Sowers et al., 1989), suggests an ionized BrU;G
W-C base pair with a geometry similar to what we observe here in the Poly ggTp cOmplex
(crystallized at a pH of 6.5).

The incoming dGTP triphosphate moiety interleaves between the palm and fingers domains,
and makes hydrogen bonds with Thré5, Tyr68, and Arg71 from the fingers domain, and
Lys214 from the palm domain. The triphosphate moiety and the catalytic residues Asp34,
Asp126 and Glu127 coordinate two putative Mg?* ions in the active site. The geometry of
the active site is better poised for catalysis than in the Polyy gatp structure, with the putative
3’OH at the primer terminus located ~3.3A from the dGTP a-phosphate and aligned more or
less linearly with respect to the scissile Pa O3’ bond.

The C1’-C1’ distance across the U:G base pair is ~9.6A, as compared to ~10.5A in a
standard W-C base pair. In previous Pol structures with undamaged and damaged DNAs,
the C1’-C1’ distance across the nascent pairs ranges from ~8.5 to ~9.1A, wherein the
template sugar is entrenched in a cavity lined by residues from the fingers domain, including
the side chain of Leu62 and the aliphatic portions of GIn59 and Lys60 (Nair et al., 2005;
Nair et al., 2006a; Nair et al., 2006b; Nair et al., 2004). On the other side of the active site,
the dNTP sugar is fixed by packing against the aromatic ring of Tyr39, as well as by a
hydrogen bond between its 3’OH and the main chain amide of the tyrosine. The resulting
constriction in C1’-C1’ distance across the sugars is conducive to Hoogsteen base pairing
opposite template purines (Nair et al., 2005; Nair et al., 2006b; Nair et al., 2004). In the
present structure, a change in the Leu62 rotamer (from y2 of 169° in Polhg 4c7p to 116°
Poly ggTp) allows the template U sugar to shift by ~1A and still fit within the hydrophobic
cavity delineated by Leu62, GIn59, Lys60. The most revealing feature of our structure is a
hydrogen bond between the N2 amino group of incoming dGTP and OE1 of GIn59 (2.9A)
on the fingers domain (Figs. 3A and D). This direct hydrogen bond between G and the
polymerase appears to be the key stabilizing interaction favoring the insertion of G over A
opposite template T in the Poli active site. That is, even if incoming dATP was to assume a
cis configuration with respect to template T/U it would be unable to make this hydrogen
bond because it lacks an N2 amino group.

To evaluate the significance of the observed hydrogen bond between GIn59 and the N2
amino group of incoming dGTP, we compared the catalytic efficiencies (Kqat/Kr) of dGTP
vs. dITP incorporation using steady-state kinetic analyses (Johnson et al., 2000; Nair et al.,
2006a). Since dITP lacks the N2 amino group, any reduction in the efficiency of dITP
incorporation would result from the contribution of hydrogen bonding between the N2
amino group of dGTP and OE1 of GIn59 to dGTP incorporation. As shown in Table 2,
compared to dGTP, dITP incorporation is reduced by 10-fold opposite template T. We infer
from this observation that hydrogen bonding of GIn59 with the N2 amino group of dGTP
contributes positively to G incorporation opposite template T and could account for the
preferential incorporation of G over an A opposite template T.

Structure. Author manuscript; available in PMC 2011 January 28.
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Discussion

Compared to the purine templates, Polt is highly inefficient at incorporating the correct
nucleotide A opposite template T. In fact, the fidelity opposite template T is so poor that
Polvinserts an incorrect G roughly 10 times better than it inserts the correct A (Haracska et
al., 2001; Johnson et al., 2000; Tissier et al., 2000; Washington et al., 2004; Zhang et al.,
2000). However, even the incorporation of G opposite template T occurs almost 100-fold
less efficiently than, for example, the incorporation of T opposite template A. Perhaps
reflective of this inefficiency opposite template T, the electron density for template U/T (and
incoming nucleotides in the ternary complexes) is not as well-defined as in Poh structures
with template purines (Nair et al., 2005; Nair et al., 2006b; Nair et al., 2004). Nonetheless,
via the use of bromouracils we have gained some insights into how a template U/T may be
accommodated in the Pol active site and why a G is incorporated more efficiently than an
A.

In the Polyy binary complex, template U/T exists in both syn and anti conformations. In
contrast, in the Polia and Polig binary complexes the purine is exclusively in the anti
conformation (Nair et al., 2006b); which then flips over to the syn conformation in the
presence of incoming dATP or dGTP (in ternary complexes). The existence of template U/T
in syn conformation is somewhat surprising since pyrimidines are considered less likely than
purines to adopt the syn conformation due to potential steric overlap between the O2 and the
sugar atoms (Haschemeyer and Rich, 1967; Saenger, 1984). However, any such steric
repulsion may be counteracted in the Pol active site cleft by favorable van der Waals
contacts between the C5 substituent and Leu78 emanating from the fingers domain.
Interestingly, dGTP and dATP insert differently opposite template U/T, namely dGTP in cis
and dATP in trans. However, the incorporation of A or G onto the primer terminus,
although highly inefficient, can only occur in the cis conformation where the putative 3’OH
at the primer terminus is <4A from the dNTP a-phosphate. We postulate that dJATP and
dGTP alternate between cis and trans conformations opposite template T, and that dGTP is
(on balance) favored in the cis conformation by a hydrogen bond between its N2 amino
group and GIn59 of Polw. In all, the structures offer a plausible basis for the inefficiency of
nucleotide incorporation opposite template T; wherein, dATP and dGTP interconvert
between distorted W-C base-pairing in cis and catalytically incompatible base pairing in
trans. We also show that a hydrogen bond between GIn59 and the N2 amino group of dGTP
contributes positively to G incorporation opposite template, whereby dITP (lacking an N2
amino group) is incorporated at ~10-fold lower catalytic efficiency than dGTP and which
could account for the preferential incorporation of G over an A opposite template T.

An interesting question is why dATP or dGTP would flip over to the trans conformation.
We believe that the answer lies in the same structural feature of Polu that make it conducive
to Hoogsteen base pairing opposite a template purine, namely a constricted active site that
reduces the C1’-C1” distance across the nascent base pair from ~10.5A in most DNA
polymerases to <9A in Polt (Nair et al., 2005; Nair et al., 2006a; Nair et al., 2006b; Nair et
al., 2009; Nair et al., 2004). The template purine sugar is entrenched in a cavity lined by
residues from the fingers domain, including the side chain of Leu62 and the aliphatic
portions of GIn59 and Lys60, while on the other side of the active site the dNTP sugar is
fixed by packing against the aromatic ring of Tyr39, as well as by a hydrogen bond between
its 3’0OH and the main chain amide of the tyrosine. Template A or G is driven to the syn
conformation by this “narrowing” of the distance across the incipient base pair in the Pol
active site cleft (Nair et al., 2006b). In contrast, a pyrimidine would not free up as much
“space” as a purine by rotating to the syn conformation due to its smaller size and more
isotropic shape. Also, a pyrimidine in the syn conformation does not offer the same
hydrogen bonding opportunities as a purine in the syn conformation, and, in the case of T

Structure. Author manuscript; available in PMC 2011 January 28.
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the C5 methyl group can sterically overlap with incoming dATP or dGTP. It is not
surprising therefore to see BrU in the anti conformation when paired with dATP or dGTP,
and the “narrowness” of the Polt active site cleft appears to be managed in two ways. First,
distorted W-C pairing in cis where the bases are somewhat staggered with respect to each
other and the C1°-C1’ is ~9.6A and, second, where the incoming dNTP flips over to a trans
orientation and thereby effectively “removes” the sugar from the constraint of packing
against aromatic ring of Tyr39. Interestingly, although trans or reverse base pairing is more
common in RNA than DNA structures (Fortsch et al., 1996; Lee and Gutell, 2004; Leontis et
al., 2002), it has also been observed in a G:T mismatch in the active site of Dpo4 (Trincao et
al., 2004), an archaeal Y-family DNA polymerase. In all, the structures we present here
complement earlier Polu structures with template purines and provide a basis by which Polt
inserts (albeit, highly inefficiently) dATP and dGTP opposite T. Importantly, almost all of
the biochemical properties of Polu appear to stem from a constricted active site cleft that
permits the bypass of minor-groove purine adducts such as 1, N6-ethenodeoxyadenosine
through Hoogsteen base-pairing (Nair et al., 2006a), while at the same time hindering the
ability of Poli to insert a nucleotide opposite template pyrimidines.

Experimental Procedures

Crystallization

The GST-Poh (residues 1-420) fusion protein was expressed and purified as described
previously (Johnson et al., 2000). A self-complementary 18-mer oligonucleotide was
synthesized containing dideoxycytosine at its 3’ ends (5’-TCT-BrU-
GGGTCCTAGGACCCY4-3", BrU = 5-bromo-deoxyuridine). The oligonucleotide was
purified by reverse phase HPLC (on a C18 column), desalted, and lyophilized. Prior to
crystallization, the oligonucleotide was annealed with itself to give a “double-ended”
template-primer with two replicative ends. For crystallization of the Poly yg1p ternary
complex, Polv and DNA were mixed in the ratio of 1:1.2, followed by the addition of dGTP
and MgCl,, to final concentrations of 20 mM and 10 mM respectively. For the Poly binary
complex, only protein and the corresponding DNA were mixed together. The ternary and
binary complexes were crystallized from solutions containing 10-15 % PEG 5000 MME and
0.2 -0.4 M (NH,4)2S04 in 0.1 M MES buffer (pH=6.5). Crystals belong to space group
P6522 with cell dimensions of a = 98A, b = 98A, ¢ = 203A and a=p=90°, y=120°. For data
collection, the crystals were cryoprotected by soaks for 5 minutes in mother liquor solutions
containing 5%, 10% and 15% glycerol, respectively, and then flash frozen in liquid nitrogen.

Structure Determination and Refinement

X-ray data on cryocooled crystals were measured at Advanced Photon Source (APS,
beamline 17-1D) of Argonne National Laboratory. Single wavelength anomalous diffraction
data on the binary and ternary crystals were collected at a wavelength of 0.920A
corresponding to the peak of the Br K-edge absorption profile. Data sets were indexed and
integrated using DENZO and reduced using SCALEPACK (Otwinowski and Minor, 1997).
The positions of the bromine atoms belonging to 5-bromouracil of the templating base were
determined from anomalous difference Fourier maps and helped establish the orientation of
the templating base in all three structures. The Polyy, Polyy gatp, and Polyy ggTp Structures
were solved by molecular replacement (MR), using the earlier Polig gctp cOmplex as a
search model (with dCTP omitted) (Nair et al., 2005). The program AmoRe (Navaza, 1994)
gave a unique MR solution in each case. The first round of refinement and map calculation
was carried out without the template and the 5’ unpaired nucleotides. The electron density
maps showed unambiguous densities for the template BrU and the 5’ nucleotide, which were
then included in the model for subsequent refinement. Iterative rounds of refinement and
water picking were performed with CNS (Brunger et al., 1998) and model building with
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program O (Jones et al., 1991). All models have good stereochemistry, as shown by
PROCHECK (Laskowski et al., 1993) with > 83 % of the residues in the most favored
regions of the Ramachandran plot and < 0.6 % in the disallowed regions. Figures were
prepared using PyMol (Delano, 2002).

Steady State Kinetic Analyses

The DNA substrate used contained a 32 nt oligonucleotide primer (5’-GTTTTCCCAG
TCACGACGATGCTCCGGTAC-3’) annealed to a 52 nt template (5’-
TTCGTATAATGCCTACACTTGAGTACCGGAGCATCGTCGT
GACTGGGAAAAC-3"). The standard DNA polymerase reaction (5ul) contained 25 mM
Tris-HCI (pH-7.5), 5 mM MgCI2, 1 mM dithiothreitol, 100 ug/ml BSA, 10% glycerol,
various concentrations of dGTP or dITP, 10 nM DNA substrate, and 0.5 nM Pol. All
reactions were carried out for 5 min at 37°C. Reaction products were resolved on 13%
polyacrylamide gels containing 8M urea. The band intensities of substrate and products of
deoxynucleotide incorporation reactions were quantitated by using a Phosphorlmager and
ImageQuant software (Molecular Dynamics). The observed rate of deoxynucleotide
incorporation, Vqps, Was determined by dividing the amount of product formed by the time
of reaction protein concentration used. The Vs Was then plotted as a function of
deoxynucleotide concentration and the data fitted to Michaelis-Menten equation describing a
hyperbola Vobs=(kcat[Enz] x [dNTP]/km+ [dNTP].
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Binary

Ternary dATP Ternary dGTP

Figure 1. Polv binary and ternary complexes

Overall structures of Polyy (top), Polyy gatp (bottom left) and Poly gg1p (bottom right).
Palm, fingers, thumb, and PAD domains are shown in cyan, yellow, orange, and green
respectively. DNA is shown in tan; the incoming nucleotide and the template U in anti
conformation are shown in red. The syn conformation of templating U in the binary structure
is shown in gray and has been omitted from the ternary structures for clarity.
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Figure 2. Active site in the Polyy binary complex

(A) Close-up view of the of Poly active site region. The catalytic residues (D34, D126, and
E127), the residues apposed to the template U (Q59, K60, L62, V64, L78, S307, and R347)
and some other residues near the active site (Y39, T65, Y68, R71, and K214) are highlighted
and labeled. The anti conformation of template is shown in red and the syn conformation in
gray. (B) Anomalous difference Fourier map (contoured at 3c) showing the two positions of
the C5 Br atom of the templating base. Based on the map the templating base was modeled
in both anti and syn conformations. (C) Simulated annealing Fy-F; omit map (contoured at
3o0) with the atoms of the templating base of Poly, omitted.
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Figure 3. Comparison of the Pol active site in Polyy gaTp and hPolyy ggTp ternary complexes
(A) Close-up views of the active site regions in Polyy gatp (left) and Poly ggTp (right).
Coloring scheme is same as for Figure 1. Putative magnesium ions are shown as blue
spheres. The catalytic residues (D34, D126, and E127), residues apposed close to the
template base (Q59, K60, L62, V64, L78, S307, and R347), and those near the incoming
nucleotide (Y39, T65, Y68, R71, and K214) are highlighted and labeled. The anti
conformation of templating U and the incoming nucleotide are shown in red. The minor syn
conformation of the templating base in both the structures has been omitted for clarity. (B)
Anomalous difference Fourier maps (contoured at 3c) showing the position of the C5 Br
atoms in the templating base of Polyy gatp (left) and Poly, gg1p (right). Note that the density
corresponding to the position of the bromine atoms in the anti conformation of the template
is stronger than that for the syn conformation in both ternary complexes. (C) Simulated
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annealing Fo-F. omit maps (contoured at 3c) around the templating base and the incoming
nucleotide in the Polyy gatp (left) and Polyy 4g7p (right) structures. The template U and
incoming nucleotide are in trans in the Polyy gatp complex (left), and in cis in the

Polyy ggTp complex (right). (D) U.dATP (left) versus U.dGTP (right) base pairing in the
active site of Polu ternary complexes. trans orientation coupled with anti conformation of U
and dATP results in a non-canonical Watson-Crick pair in the active site of Polyy gatp (left).
In Polyy gg7p (right), incoming dGTP inserts in cis, and its N2 amino group forms a
hydrogen bond with GIn59 emanating from the fingers domain.
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Table 1

Data Collection and Refinement Statistics

Data Collection Poly, Polygate  Polygete

Resolution (A) 2.3 2.85 2.2

No. of Measured 371962 198630 429934

No. of Unique 26617 14231 30091

Data Coverage (%) 99.7(97.2)  100(100) 99.9(100.0)

Rmerge (%)2 P 6.8(36.1)  9.4(38.0)  8.6(43.3)

o 440(6.0) 31.3(6.1) 31.4(5.9)

Refinement Statistics

Resolution Range 50-2.3 50-2.85 50-2.2

Reflections 25488 13690 28795

Reoryst (%)¢ 25.2 24.1 254

Riree (%)0 28.0 28.2 27.0

Non-hydrogen atoms

Protein 2872 2877 2877

DNA 320 320 320

Incoming NTP 30 31

Mg?* ion 1 2

Water 237 156 272

B factors (A2%)

Protein 52.9 52.4 51.5

DNA 54.1 441 50.1

Incoming NTP 76.2 50.9

Mg?* ion 57.2 61.4

Water 421 38.9 454

Rms deviations

Bonds (A) 0.006 0.007 0.006

Angles (°) 13 1.3 1.2

Ramachandran Plot Quality

Most favored (%) 86.4 83.8 84.6

Generously allowed 13.3 15.6 15.1

Disallowed (%) 0.3 0.6 0.3

a\/alues for outermost shells are given in parentheses

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

c
Reryst = ZllFgbserved| — [Fealculated!!/Z[Fobserved|

dFor Rfree calculations ~ 8% of data excluded from refinement was used for the Poly, Poluy.dATP, and Poly.dG TP complexes.
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Table 2
Catalytic efficiency of dGTP vs. dITP incorporation opposite template T by Polu

Incoming nucleotide k., (minY)  Kn (M) ke Ky Efficiency relative to dGTP insertion

dGTP 297+0.07  29.8+1.74 0.10 -
dITP 1.36£0.03  144.3+13.0 0.01 0.10 (10x{)

The data represent an average of three experiments
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