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Abstract: Recent structures of DNA polymerase complexes with dGMPCPP/dT and dCTP/dA mis-
pairs at the insertion site have shown that they adopt Watson-Crick geometry in the presence of
Mn2* indicating that the tautomeric or ionization state of the base has changed. To see whether
the tautomeric or ionization state of base-pair could be affected by its microenvironment, we

determined 10 structures of an RB69 DNA polymerase quadruple mutant with dG/dT or dT/dG mis-
pairs at position n-1 to n-5 of the Primer/Template duplex. Different shapes of the mispairs, includ-
ing Watson-Crick geometry, have been observed, strongly suggesting that the local environment of
base-pairs plays an important role in their tautomeric or ionization states.
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Introduction

Replicative DNA polymerases (pols) are essential for
transmission and maintenance of genetic informa-
tion. They exhibit a high degree of base selectivity,
making less than one mistake per 10° insertion
events.! Their fidelity is increased by an additional
102 to 102 fold for pols having exonuclease activity.?
Several factors that contribute to the high fidelity of
replicative pols have been identified, including base-
pair geometry, interbase hydrogen bonding (HB) and
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prechemistry conformational transitions.>* Never-
theless, mistakes occur at a very low frequency
when pols incorporate incorrect nucleotides into the
growing primer strand.? If they remain uncorrected,
the resulting mutations often have profound nega-
tive effects, associated with many pathological condi-
tions, some of them fatal.>® Consequently, the
mechanism of misincorporation has been an active
subject of research and debate.”®

In the 1950’s, Watson and Crick proposed that
replication errors were caused by bases adopting one
of its rare tautomeric forms.® Such base-pairs resem-
ble the shape of canonical Watson-Crick base-pairs,
however, no structural data has been available to
support this rare tautomer hypothesis until recently.
In 2011, Kunkel’s group reported a crystal structure
of a DNA pol A derivative, which has a five amino
acids deletion in a loop close to the pol active site,
with a nonhydrolysable dNTP analog, dGMPCPP,
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Table I. Refinement and Geometry Statistics for 10 RB69pol gm Ternary Complexes

PDB Resolution R Rfree dcr - c1) A(primer) A(template) Base-pair
Position ~ P/T code A) (%) (%) A) (deg) (deg) geometry
n-1 dG/dT  4M3Y 1.85 18.5 22.0 10.3 67.3 45.5 Wobble
dT/dG  4M3R 2.07 17.7 22.0 10.3 44.7 66.3 Wobble
n-2 dG/dT  4M3Z 1.85 17.8 20.6 10.9 51.5 53.5 Watson-Crick
dT/dG  4M3T 1.90 17.5 20.8 10.9 49.7 51.1 Watson-Crick
n-3 dG/dT  4M41 2.15 19.4 23.7 10.7 50.2 52.7 Watson-Crick
dT/dG  4M3U 2.07 17.7 22.3 10.3 47.1 69.3 Wobble
n-4 dG/AT  4M42 2.04 18.4 22.3 10.6 63.4 41.4 Wobble
dT/dG ~ 4M3W 2.10 17.7 22.0 10.3 45.7 67.6 Wobble
n-5 dG/dT  4M45 1.89 18.4 22.3 11.4 38.9 62.0 Anti-wobble
dT/dG  4M3X 2.20 19.1 24.1 10.5 45.3 65.4 Wobble

Note: The crystallographic statistics for data collection and structure refinement are shown in Supporting Information
Tables S1 and S2. . Aprimer) aNd Atemplate) are defined as the angle between the glycosidic bond of the primer or template
nucleotide and the line drawn between the C1’ atoms of the base pair.

opposite a templating dT.!° The dGMPCPP/dT mis-
pair adopts Watson-Crick like geometry mimicking
the shape of the cognate base-pair, dGTP/dC. Subse-
quently, Beese’s group observed a dCTP/dA mispair
in the active site of a Bacillus stearothermophilus
DNA polymerase I large fragment (BF) double
mutant that mimics the shape of the cognate base-
pair dTTP/dA.* These structures provide the first
direct evidence to support Watson-Crick’s rare tauto-
mer hypothesis. Interestingly, both tautomeric base-
pairs observed in the active site of pol A and BF
were formed in the presence of Mn?", a metal ion
that has been reported to decrease the base selectiv-
ity of DNA pols.'? In contrast, the dCTP/dA mispair
adopts wobble geometry at the insertion site of BF
in the presence of Mg?". Therefore, it seems that
Mn?* can stabilize the nucleic acid bases in their
less stable tautomeric form, such as the enol form of
thymine and guanine or the imino form of adenine
and cytosine.

Alternatively, the Watson-Crick-like dGMPCPP/
dT mispair could bear ionized bases as well.'° Bee-
se’s group reported two dT/dG mispairs at position
n-3 and n-4 of the primer/template (P/T) duplex in
complex with BF.'® The dT/dG mispair adopts anti-
wobble geometry suggesting that the tautomeric or
ionization state of the bases has changed. However,
the exact cause of rare tautomer formation and the
change in ionization states remain elusive. It is
unknown whether the tautomerization or ionization
states of nucleic acid bases are affected solely by the
presence of Mn2* or by the microenvironment sur-
rounding the nucleic acid base. In addition, previous
kinetic and structural studies have shown that pols
asymmetrically recognize pyrimidines and purines.'*
Thus, an intriguing question is whether changing
the microenvironment of a nucleic acid bases by
replacing purine with pyrimidine at the same posi-
tion of the P/T duplex or vice versa would affect the
tautomeric or ionization state of the bases. If
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changes are observed, how can the tautomers be sta-
bilized or destabilized by their microenvironment?
To answer this question, we designed 10 sets of
DNA duplexes with either dG/dT or dT/dG mispairs
at positions n-1 to n-5 of the P/T duplex (Supporting
Information Fig. S1), and then subsequently deter-
mined 10 high-resolution structures with each set of
DNA duplexes using an engineered RB69 DNA pol
(RB69pol) variant, a high-fidelity model family B
pol. This RB69pol variant is a quadruple mutant
(qm, L415A/1.561A/S565G/Y567A), which was previ-
ously designed to capture all 12 mispairs at the
insertion site of RB69pol.'® Our structures show that
the microenvironment of base-pairs plays an impor-
tant role in their tautomeric or ionization states.

Results and Discussion

The 10 structures were determined with resolutions
ranging from 1.85 A to 2.20 A and Rpee values span-
ning 20.6-24.1% (Table I, Supporting Information
S1, S2, S3). The overall structures of all 10 ternary
complexes are almost identical to that of the dCTP/
dG-containing wt RB69pol ternary complex.'® By
superimposing all 10 structures with the wt struc-
ture, we found that the sugar ring and the triphos-
phate tail of the incoming dNTPs overlay perfectly
well with one another. The root-mean-square devia-
tions of 930 Ca atoms (except residues 250-260) var-
ied between 0.16 and 0.18 A. Residue 250 to 260 is a
flexible B-hairpin structure located in the exonucle-
ase domain. At position n-1 of the P/T duplex, the
dG/dT mispair adopts wobble geometry with dG at
the primer end receding into the minor groove [Fig.
1(A)]. A very similar wobble pair was observed for
the dGTP/dT mispair at the insertion site of the
RB69pol qm ternary complex, indicating that trans-
location from the insertion site to the post-insertion
site does not disturb the geometry of the dG/dT mis-
pair. Interestingly, the dG/dT mispairs at positions
n-2 and n-3 adopt Watson-Crick base-pair geometry
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Figure 1. Final 2F, — F, electron density map for dG/dT and dT/dG mispairs contoured at 2.0 ¢: A, C, E, G, and | are dG/dT
mispairs at positions n — 1 to n — 5 of the P/T duplex respectively. B, D, F, H, and J are dT/dG mispairs at positions n — 1 to

n —5 of the P/T duplex, respectively.

that is virtually indistinguishable from a canonical
base-pair [Fig. 1(C,E)]. Superposition of this qm
structure with that of the wt ternary complex shows
that the dG/dT mispair can overlay perfectly well
with the dA/dT base-pair at position n-2 of the P/T
duplex in the wt structure [Fig. 2(C)]. The distances
between N1 of dG and N3 of dT of the dG/dT mispair
at position n-2 and n-3 are 2.97 and 2.85 A respec-
tively. This suggests that either the tautomeric state
or ionization state of bases has changed. However, it
is not possible to distinguish between the two alter-
natives. At position n-4 of the P/T duplex, the dG/dT
mispair resumes its wobble geometry, similar to the
dG/dT mispair observed at position n-1 [Fig. 1(G)].
In contrast, an anti-wobble conformation was
observed when the dG/dT mispair is located at posi-
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tion n-5 of the P/T duplex [Fig. 1(I)]. The corre-
sponding pyrimidine base at the template strand
tilts toward the minor groove. The resulting distance
between N3 of dT and N1 of dG is 2.99 A, indicating
a change of tautomeric or ionization state of the
bases. Similar anti-wobble geometry of the dG/dT
mispair has been observed in BF binary complexes
at positions n-3 and n-4 of the P/T duplex in the
presence of Mn?".1® Since all our structures were
obtained in the presence of Ca?", the change in the
tautomeric or ionization state of bases does not
solely depend on the presence of MnZ*.

When dG is located in the template strand and
dT is located in the primer strand, the dT/dG mis-
pair adopts wobble geometry at positions n-1, n-3, n-
4, and n-5 of the P/T duplex respectively [Fig.

Mispairs with Watson-Crick Base-Pair Geometry
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Figure 2. Superpositon of the structure of dG/dT (shown in blue) or dT/dG-containing (shown in red) gm with that of dCTP/dG-
containing wt RB69 pol (shown in gray). A and B are overlays of dC/dG with dG/dT or dT/dG at position n — 1 respectively; C
and D are overlays of dA/dT with dG/dT or dT/dG at position n — 2, respectively. E and F are overlays of dT/dA with dG/dT or
dT/dG at position n — 3, respectively. G and H are overlays of dT/dA with dG/dT or dT/dG at position n — 4, respectively. | and
J are overlays of dC/dG with dG/dT or dT/dG at position n — 5, respectively.

1(B,F,H,J)]. In contrast, at position n-2 of the P/T  base-pair [Fig. 2(D)]. The resulting distance between
duplex, the dT/dG mispair adopts canonical Watson- N3 of dT and N1 of dG is 3.08 A. It is interesting to
Crick geometry, mimicking the shape of a dT/dA  point out some similarities between the dG/dT
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mispair and dT/dG mispair namely: (i) both mispairs
form Watson-Crick base-pair geometries at position
n-2 of the P/T duplex and; (ii) both mispairs form
wobble geometry at positions n-1 and n-4 of the P/T
duplex, respectively. Therefore, based on our obser-
vations with all 10 structures, the shape of guanine-
thymine mispair in the P/T duplex depends on: (i)
its exact position in the P/T duplex and; (ii) the iden-
tity of the base in the template or primer strand,
that is, whether it is a purine or a pyrimidine.
Meanwhile, two intriguing questions arise: (i)
why do guanine-thymine mispairs tend to have
Watson-Crick-like geometry at position n-2 of the P/
T duplex but display wobble geometry at positions
n-1 or n-4 of the P/T duplex and; (ii) why do dG/dT
and dT/dG mispairs have different geometries at
positions n-3 or n-5 of the P/T duplex when they are
in complex with RB69pol? We believe the microen-
vironment of the mispair plays an important role
that governs its resulting geometry. As shown in
Figure 2(A), the N3 hydrogen of dG at position n-1
of the primer strand forms a HB to the hydroxyl
group of T622 via an ordered water molecule (w1).
The O2 of dT at position n-1 of the template strand
forms a HB to another ordered water molecule (w2)
which is also within HB distance to the N2 hydrogen
of dG on the primer strand [Fig. 2(A)]. When dG is
at position n-1 of the template strand, the purine
base recedes into the minor groove so that its N2
hydrogen forms a HB to the wl water molecule,
which is also hydrogen bonded to the hydroxyl group
of T622 and to O2 of dT at position n-1 of the primer
strand [Fig. 2(B)]. Therefore, the water mediated
HB network at the minor groove stabilizes dG/dT
and dT/dG mispairs with wobble geometry at posi-
tion n-1 of the P/T duplex. K706 is a conserved
amino acid in B family pols.'” The e-amino group of
K706 forms one hydrogen bond (HB) with N3 of dG
at position n-2 of the primer strand and another HB
with the w3 water molecule [Fig. 2(C)]. This w3
water molecule also forms an HB with the N2 hydro-
gen of dG at position n-2 of the template strand.
Together, the HB interactions among the mispairs,
the side chain of K706 and the w3 water molecule
prevent the purine base of dG from receding into the
minor groove to form wobble base-pairs with dT.
When dT is at position n-2 of the primer strand, the
e-amino group of K706 is not only hydrogen bonded
to the O2 of dT in the primer strand directly, but
also to the N2 hydrogen of dG at position n-2 in the
template strand via the w3 water molecule [Fig.
2(D)]. Therefore, the HB network including the
K706 side chain and the bridging water molecules at
the minor groove, stabilize the guanine-thymine
mispair in Watson-Crick base-pair geometry at posi-
tion n-2 of the P/T duplex. In contrast, no protein
side chain is directly located at the minor groove of
position n-4 of the P/T duplex to prevent the purine
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base of dG from shifting downward [Fig. 2(G,H)].
Besides, wobble geometry is commonly observed for
guanine-thymine mispairs in hetero-duplex DNA.
That could explain why both dG/dT and dT/dG mis-
pairs have wobble geometries at position n-4 of the
P/T duplex.

At the minor groove of the P/T duplex, the C3 of
K706 and the e-amino group K734 are located right
below the center of the base-pairs at positions n-3
and n-5, respectively [Fig. 2(E,F,I,J)]. When dG is in
the primer strand, the wobble geometry of the dG/
dT mispair creates a steric clash between the N2
hydrogen of dG and the C3 of K706 at position n-3
[Fig. 2(E)] or between the N2 hydrogen of dG and
the e-amino group of K734 at position n-5 [Fig.
2(F)], which is probably the reason why wobble
geometry is not observed for dG/dT mispair at either
position n-3 or n-5 of the P/T duplex. When dG is in
the template strand, the purine base of dG is in a
conformation similar to that observed with a
Watson-Crick base-pair [Fig. 2(F,J)]. Therefore, dT/
dG mispairs are able to adopt wobble geometries at
positions n-3 and n-5 of the P/T duplex. Overall, the
different geometry of guanine-thymine mispair sug-
gests that RB69pol asymmetrically recognizes pyri-
midines and purines at position n-1 to n-5 of a P/T
duplex.

In summary, we report 10 structures of gqm
RB69pol ternary complexes with guanine-thymine
mispairs at position n-1 to n-5 of the P/T duplex. At
certain locations of the P/T duplex, the guanine-
thymine mispairs adopt Watson-Crick base-pair
geometry. Our structures strongly suggest that
microenvironment of base-pairs plays an important
role in the tautomeric or ionization state of the
bases. The different geometry of dG/dT or dT/dG
mispairs within the P/T duplex is the result of
dynamic interactions among base-pairs, protein side
chains and ordered water molecules at the minor
groove.

Materials and Methods

Crystallization of dATP/dT-containing ternary
complexes of RB69pol gm

The RB69pol quadruple mutant (gqm), in an
exonuclease-deficient background (D222A and
D327A), was expressed, purified, and stored as pre-
viously described.'® All oligonucleotides were synthe-
sized at the Yale Keck facilities and purified via
polyacrylamide gel electrophoresis. The sequence of
the primer-templates (P/Ts) used in this study are
shown in Supporting Information Figure S1. The
crystallization conditions used in this article are
very similar to those previously described.!>1®
Briefly, the RB69pol gqm was mixed in an equimolar
ratio with a freshly annealed P/T to give a final pro-
tein concentration of 120 uM. dATP was then added
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to give a final concentration of 2 mM. A solution of
150 mM CaCly, 10% (w/v) PEG 350 monomethyl
ether (MME), and 100 mM sodium cacodylate (pH
6.5) was mixed with an equal volume of the protein
complex. The square rod-shaped crystals grew in 3
days at 20°C and had dimensions of ~150 X 50 X
50 um. Crystals were transferred to a cryoprotectant
solution with 30% w/v PEG 350 MME prior to freez-
ing in liquid nitrogen.

X-ray diffraction data collection, structure
determination, and refinement

Data were collected at 110K using the synchrotron
radiation sources at beam line 24ID-E of the North-
east Collaborative Access Team (NECAT), Advanced
Photon Source (APS), Argonne National Laboratory
(ANL, Chicago, IL). Data were processed using the
HKL2000 program suite.® The structures were
determined by molecular replacement with a previ-
ously determined wild-type RB69pol structure
(3NCI), and refined using REFMAC5.'® The P/T
duplexes and dNTPs were subsequently built using
the program COOT.2° Structure refinement statistics
are summarized in Table I, Supporting Information
Tables S1 and S2. All figures were prepared in
Pymol (Schrodinger, LLC).2! Coordinates and struc-
ture factors have been deposited in the Protein Data
Bank with accession codes 4M3R, 4M3T, 4M3U,
4AM3W, 4M3X, 4M3Y, 4M3Z, 4M41, 4M42, and
4M45.
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