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ABSTRACT: Bacteriophage RB69 DNA polymerase (RB69 pol) has served as a model for investigating how B
family polymerases achieve a high level of fidelity during DNA replication.We report here the structure of an
RB69 pol ternary complex at 1.8 Å resolution, extending the resolution fromour previously reported structure
at 2.6 Å [Franklin, M. C., et al. (2001) Cell 105, 657-667]. In the structure presented here, a network of five
highly ordered, buried water molecules can be seen to interact with the N3 and O2 atoms in the minor groove
of the DNA duplex. This structure reveals how the formation of the closed ternary complex eliminates two
ordered water molecules, which are responsible for a kink in helix P in the apo structure. In addition, three
pairs of polar-nonpolar interactions have been observed between (i) the CR hydrogen of G568 and the N3
atom of the dG templating base, (ii) the O50 and C5 atoms of the incoming dCTP, and (iii) the OH group of
S565 and the aromatic face of the dG templating base. These interactions are optimized in the dehydrated
environment that envelops Watson-Crick nascent base pairs and serve to enhance base selectivity in wild-
type RB69 pol.

DNA polymerases (pols)1 are essential components of repli-
cases, which are multiprotein complexes responsible for copying
genomes of all organisms with high fidelity (for reviews, see
refs (1-3)). Themechanistic details of how these pols accomplish
this taskwith such remarkable accuracy are not fully understood.
RB69 DNA polymerase (RB69 pol) is the founding member of
the B family of pols (4), as it was the first pol to have its structure
determined in the apo form and then in a ternary complex (5, 6).
RB69 pol also shares sequence similarities with a number of
eukaryotic pols, including human pols R, δ, and ε (4). Structural
studies of all these pols have provided tantalizing clues that
continue to be explored as the resolution of ternary complex
structures has improved.

One of the hallmarks of DNA pol ternary complex structures
is that residues near the active site interact directly with the
incoming dNTP as well as with the templating base in the minor
groove of a DNA duplex, forming a nascent base pair-binding
pocket (NBP) that is essential for recognition of Watson-Crick
(W-C) base pairs. Occasionally, an incorrect incoming dNTP is
mispaired with the templating base and incorporated onto the 30

end of the growing primer strand. Even when this occurs,
extension beyond thismismatched nucleotide is seldomobserved,

and the mismatched nucleotide residue is nearly always removed
by an exonuclease activity thatmay be present either in a separate
domain of the pol or as a separate subunit of the replicase.
However, most of the base discrimination occurs when an
incoming dNTP enters the binary complex. The correct incoming
dNTP triggers Fingers closing and stabilizes the closed ternary
complex, allowing proper alignment of the substrates prior to
nucleotidyl transfer. When an incorrect incoming dNTP triggers
the open-to-closed transition, the resulting closed ternary com-
plex is unstable. As a consequence, the rate of reopening is much
faster than the rate of nucleotidyl transfer and the mismatched
dNTP is released (3, 7).

Earlier studies have attempted to determine the differences
betweenW-C and non-W-C base pairs inDNA duplexes (8, 9).
These studies have shown that mispairs distort the geometry of
the duplex so that the cross-strand C10-C10 distances and the
orientation of the glycosidic bonds as well as the positions of
common N3 and O2 hydrogen bond acceptors in the minor
groove of the duplex are altered relative to those of W-C base
pairs. For example, the dT-dGmispair prefers awobble geometry
with the base of dG displaced toward the minor groove of the
duplex. WhenDNA interacts with a pol, the minor groove of the
bound DNA is widened near the primer/template (P/T) junc-
tion (10), which may also change preferences for mispaired
geometries. Thus, depending on the specific interactions between
the DNA and the pol at different locations in the P/T duplex, a
dT-dG mispair can adopt either wobble or inverted wobble
geometry with dG being displaced toward the minor or major
groove (11). Because bothwobble and invertedwobble forms of a
dT-dG mispair have been observed, the energetic and steric
differences for N3 and O2 hydrogen bond acceptors between a
dT-dG mispair and a dC-dG pair are likely to be relatively small
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and unable to account for the large disparity in the kinetics
exhibited by pols for insertion of dTMP versus dCMP opposite a
templating dG. Thus, changes in the orientation of the glycosidic
bonds as well as in the C10-C10 distances between mispaired and
W-C base paired incoming dNTPs may play a greater role in
base selectivity than the precise positioning of the N3 and O2
hydrogen bond acceptors.

To identify the structural features of nascent base pairs that
allow a pol to discriminate between correct and incorrect dNTPs,
structures of ternary complexes are needed with both correct and
incorrect nascent base pairs. Structures of a number of ternary
complexes with correct dNTPs have been obtained (6, 12-14).
However, it has been a challenge to capture a pol ternary complex
with an incorrect dNTP in the insertion site. With W-C base
pairs, the structures of binary and ternary complexes have
provided clues about the mechanism of base recognition. For
example, the structure of a Taq pol binary complex shows that
residues in the NBP directly recognize N3 and O2 hydrogen
acceptors in a widened minor groove of the DNA duplex (10).
Minor groove widening has also been observed in complexes of
other pols such as T7 pol and pol β (12, 13, 15), implying a
common base recognition mechanism. The proper positioning of
the N3 and O2 hydrogen bond acceptors in the minor groove of
the DNAduplex is one of the features that distinguishW-C from
non-W-C base pairs (8, 9). In contrast, the same N3 and O2
recognition pattern of nascent base pairs is not observed in RB69
pol ternary complexes (6), suggesting that B family pols recognize
the N3 and O2 hydrogen bond acceptors in a different manner.
Nevertheless, a common feature among different families of pols is
that the Fingers domain undergoes a conformational change after
encountering correct dNTPs (6, 13, 14). This transition has been
proposed as a checkpoint for discriminating against incorrect
incoming dNTPs, although how this happens remains poorly
understood. To address the base selectivity issue for RB69 pol, we
have determined the crystal structure of its ternary complex with
dCTP opposite a templating dG at 1.8 Å resolution, which is
significantly higher than our previous resolution of 2.6 Å for a
structure that had dTTP opposite dA (6). With the improved
resolution, we have observed structural features that could not be
seen previously and have confirmed many important inferences
that were based on the 2.6 Å structure, particularly the importance
of three unusual nonpolar-polar interactions in the pol active site
and the role of the newly observed hydration network in the
incorporation of correct dNMPs. We have compared this 1.8 Å
resolution structure with the apo form of RB69 pol and provide
additional insights into an open-to-closed conformational change
of RB69 pol and its effects on the conformation of the incoming
dCTP when it is part of the ternary complex. Finally, we have
extended our comparison of the RB69 pol structure to the binary,
ternary, and apo structures of φ29 DNA polymerase (φ29 pol) as
well as to the ternary complex of yeast pol δ (16, 17), in an attempt
to identify the common features among the B family pols that are
important for base selectivity.

EXPERIMENTAL PROCEDURES

Chemicals. All chemicals were of the highest quality avail-
able; dCTP was purchased from Roche (Roche Applied Science,
Indianapolis, IN).
Enzyme. Wild-type RB69 pol in an exonuclease-deficient

background (D222A and D327A) was overexpressed in Escher-
ichia coli, purified, and stored as previously described (18).

P/T DNA Substrates. All oligonucleotides were synthesized
byW.M.KeckFoundationBiotechnologyResourceLaboratory
(Yale University). The sequence of the template strand used for
cocrystallization was 50-TCAGGTAAGCAGTCCGCG-30; the
sequence of the primer stand was 50-GCGGACTGCTTACdd-3

0

with a 30 dideoxy terminus. The P/T was annealed by being
heated to 85 �C and then gradually cooled to 25 �C. Sequences of
other oligonucleotides for kinetic assays were altered one nucleo-
tide at a time for formation of mismatch-containing DNA
duplexes as described below. The 50 end of each primer was
labeled with Cy3 for kinetic studies.
Crystallization of the RB69 pol Ternary Complexes.We

prepared the ternary complex by mixing an equimolar ratio of
wild-type RB69 pol (exo-) with a freshly annealed P/T duplex
and dCTP. After the solution had been mixed, the final con-
centration of the complex was ∼12 mg/mL and the dCTP
concentration was 2.5 mM. Crystals of the ternary complex were
grown under oil in a microbatch procedure by mixing equal
volumes of the ternary complex with a solution containing 100
mM sodium cacodylate buffer (pH 6.5), 160 mMCaCl2, and 8%
(w/v) polyethylene glycol 350 monomethyl ether (PEG350
MME). Rod-shaped crystals typically grew in 3-6 days at
20 �C to a size of 0.2 mm � 0.1 mm � 0.1 mm. The crystals
were stabilized and cryoprotected by being transferred first to a
stabilization solution containing 100 mM sodium cacodylate
buffer (pH 6.5), 20% (w/v) PEG350MME, and 100 mMCaCl2.
Prior to being frozen in liquid nitrogen, the crystals were
transformed into another stabilization solution where the con-
centration of PEG350 MME was increased to 30% (v/v) for
cryoprotection.

Table 1: Crystallographic Statistics for Data Collection and Refinement

space group P212121
unit cell dimensions (Å) a = 75.50, b = 119.40, c = 129.76

resolution (Å)a 50-1.80 (1.86-1.80)

wavelength (Å) 0.9095

no. of unique reflections 104627

redundancy 3.4 (1.9)

completeness (%) 94.9 (74.0)

Rmerge (%)b 7.7 (81.3)

I/σ 13.7 (0.86)

refinement statistics

no. of reflections 99370

Rwork (%)c 17.5

Rfree (%)d 20.1

final model

no. of non-hydrogen atoms 9599

no. of waters 1373

no. of Ca2þ ions 3

no. of template nucleotides 18

no. of primer nucleotides 13

no. of dCTPs 1

average B factor (Å2)

protein (w/TLS) 20.5

waters 33.0

rmsde

bond lengths (Å) 0.006

bond angles (deg) 1.005

PDB entry 3NCI

aThe highest-resolution shell statistics are in parentheses. bRmerge =
Æ
P

hkl

P
j|Ij(hkl) - ÆI(hkl)æ|æ/ÆI(hkl)æ, merging statistics for all symmetry

mates. cRwork =
P

hkl|Fobs(hkl) - Fcalc(hkl)|/
P

hkl|Fobs(hkl)| (crystallo-
graphic R factor). dRfree is the cross-validation R factor for ∼5% of the
total unique reflections that have been randomly selected. eRoot-mean-
square deviation from ideal values.
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X-ray Diffraction Data Collection, Structure Determi-
nation, and Refinement. X-ray diffraction data were collected
at a wavelength of 0.9095 Å and at 110 K at NECAT, beamline
24ID-E (Advanced Photon Source, Argonne National Labora-
tory, Argonne, IL). The data were processed using the HKL2000
program suite (19), and the data statistics are summarized in
Table 1. The crystals belonged to orthorhombic space group
P212121 with unit cell dimensions different from those previously
published for the 2.6 Å ternary complex of RB69 pol (6).

The structure was determined by the automated molecular
replacement method Phaser as implemented in CCP4 (20), start-
ing with the wild-type (wt) RB69 pol structure of the ternary
complex [PDB entry 1IG9 (6)]. The P/T DNA duplex and the
incoming dCTP were built into residual electron density maps,
which were phased with the partially refined polymerase model,
using COOT (21). The structure was refined using Refmac5 (22),
and refinement statistics are listed in Table 1. Using the criteria of
Wang and Boisvert (23), the resolution of the structure was
estimated to be 1.8 Å. All figures were made using Ribbons (24).
PDB Entry. Coordinates and structure factors for the wild-

type ternary complex structure have been deposited in the Protein
Data Bank as entry 3NCI.
Chemical Quench Experiments. Experiments were per-

formed at 23 �C with a buffer solution of 66 mM Tris-HCl (pH
7.4) as previously described (18). Rapid chemical quenching
experiments were performed using a KinTek model RQF-3 instru-
ment (KinTek Co., University Park, PA). For kpol and Kd,app

determinations, experiments were performed under single-turnover
conditions, with a 10-fold excess of RB69 pol over P/T. Briefly,
enzyme and P/T from one syringe were rapidly mixed with Mg2þ

and various dNTP concentrations from the other syringe for times
ranging from as little as 3 ms to as much as 15 s. The final
concentrations after mixing were as follows: 1 μMenzyme, 100 nM
P/T, and 10 mM Mg2þ. Reactions were quenched with 0.5 M
EDTA (pH 8.0). Substrates and products were separated by 19:1%
(w/v) PAGE (polyacrylamide/bisacrylamide gels) containing 8 M
urea, visualized using a FUJIFILM imager scanner (FLA-5100),
and quantified using Multi Gauge version 3.0 (FUJIFILM) and
GraphPad Prism 4 (Life Sciences Co., Stamford, CT).
Analysis of Kinetic Data. The amount of product formed

versus time was plotted for each dNTP concentration and fitted
by nonlinear regression to the general form of eq 1 to obtain
observed rates of product formation, kobs (or ki if multiple phases
of turnovers exist),

Y ¼
Xn

i¼1

Aie
- kit þC ð1Þ

whereY is the concentration of the DNA product formed during
the reaction,C is the offset constant,Ai is the observed amplitude
of product formation, and kobs or ki (with i= 1 for single-phase
turnover) is the observed rate constant. The kinetic parameters
kpol (the rate of phosphoryl transfer) and Kd,app (defined as the
dNTP concentration at which the rate of phosphoryl transfer
reaches 1/2kpol) were obtained by plotting kobs versus dNTP
concentration with eq 2:

kobs ¼ kpol½dNTP�
kd, app þ ½dNTP� ð2Þ

where kobs represents the observed rate at a given dNTP
concentration. Note that the Kd,app values are not necessarily

ground-state dissociation constants of dNTP binding, because
the observed dNTP concentration dependence of the rates of
product formation is affected by “hidden” steps that occur
subsequent to dNTP binding but prior to phosphoryl transfer.
Steady-State Assay. Primer extension assays for mismatch-

containing DNA duplex were performed with wild-type RB69
pol (exo-) and various P/Ts (see Table 2 for details of sequences)
with four dNTPs at room temperature for 15 s and 2 min. After
the solutions had been mixed, the final concentrations were as
follows: 40 nM RB69 pol, 200 nM P/T, 10 mM MgSO4, and
66 mM Tris-HCl (pH 7.4).

RESULTS AND DISCUSSION

Overall Structure of the 1.8 Å Resolution Ternary Com-
plex of RB69 pol. The crystal structure of the RB69 pol ternary
complex was refined at 1.8 Å resolution to yield crystallographic
and free R factors of 18 and 20%, respectively (Table 1). The
overall structure of this complex is identical to that previously
reported at 2.6 Å resolution with a root-mean-square CR
deviation of 0.54 Å after exclusion of a flexible loop (residues
250-263) in the exonuclease domain and the flexible C-terminal
tail (residues 891-901) (6). However, this 1.8 Å resolution
structure contains a nascent dG/dCTP base pair instead of a
dA/dTTP base pair and has 13 bp rather than 14 bp in the P/T
duplex. In both structures, the enzyme binds to the first 10 bp of
the P/T, leaving 3 bp in this complex and 4 bp in the previous
complex without direct contact with the enzyme. The two ternary
complexes also have a different number of nucleotide residues in
the 50 template overhang, four in this complex and three in the
2.6 Å resolution structure. These template overhangs have different
sequences and interact with different residues in RB69 pol. When
the two structures were superimposed, the phosphodiester back-
bones of the two P/Ts are also superimposable, a feature that is

Table 2: Kinetic Parameters for Primer Extension for Mismatched DNA

Duplexes

P/Ta kpol (s
-1) Kd,app (μM) kpol/Kd,app (s

-1 μM-1)

P/T1 169 70 2.4

P/T2b ND ND 4.8 � 10-4

P/T3b ND ND 1.3 � 10-3

P/T4b ND ND 1.5 � 10-2

P/T5 85 77 1.1

P/T6 163 62 2.6

aPrimer/Template (P/T) sequences are shown below:

The mismatched base pairs are highlighted in red. bBecause of nonsaturat-
ing conditions for incoming dNTPs, only the incorporation efficiency of the
kcat/KM ratios was determined. Individual kpol and Kd,app values cannot be
determined (ND).
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the hallmark of non-sequence specific binding of DNA to the
polymerase.
Recognition of the N3 andO2Hydrogen BondAcceptors

in the Minor Groove of the P/T Duplex. In our 1.8 Å
resolution structure, five ordered water molecules serve as
extensions of conserved pol residues that recognize the N3 and
O2 hydrogen bond acceptors in the minor groove of the P/T
duplex (Figure 1 and Figure S1 of the Supporting Information).
This is particularly evident for the first 2 bp upstream from the P/
T junction. These water molecules are buried at the interface
between the DNA duplex and the enzyme. Three of these five
water molecules, Tetr1, Tetr2, and Tetr3, have tetrahedral
geometry, and the other two, Tri1 and Tri2, have unusual planar
trigonal geometry (Figure 1B,C). All of these water molecules are
polarized so that they serve as extensions of hydrogen bond
donors for the side chains ofK706,Y567, Y416, andT622 and an
extension of the hydrogen bond acceptor for the main chain
carbonyl of A394. The first water molecule, Tetr1, interacts with
the N3 and O2 hydrogen bond acceptors of the 30 nucleotide
residue of the primer and is in perfect tetrahedral coordination
(Figure 1). Its hydrogen atom is oriented directly by the side chain
of Y567 and indirectly by the side chain of Y416 through a
trigonally coordinated water molecule, Tri1. The second tetra-
hedrally coordinated water molecule, Tetr2, interacts with N3
and O2 of the second 30 nucleotide residue of the primer. The
third tetrahedrally coordinated water molecule, Tetr3, interacts
withN3 andO2 of the third nucleotide residue of the primer (N-
3rd nucleotide residue in Figure 1). Its hydrogen atom is oriented
by the side chain of T622 and another trigonally coordinated
water molecule, Tri2, which forms a hydrogen bond with K706.
Finally, the ε-amino group of K706 interacts with N3 and O2 of
the third nucleotide residue of the template from the P/T junction
in the duplex (Figure 1). This is the only side chain directly
interacting with the N3 and O2 hydrogen bond acceptors in the
P/T duplex that does not involve a water molecule. Surprisingly,
neither do the residues of RB69 pol serve as hydrogen bond

donors, nor do the watermolecules interact with theN3/O2 atom
of the incoming dCTP in the RB69 pol ternary complex. The
overall water-mediated mechanism by which RB69 pol recog-
nizes N3 and O2 in the minor groove observed here is also found
in the ternary complex of φ29 pol, another B family pol (Figure
S1 of the Supporting Information). This pattern is different from
that found inmembers of the A family pols, where the side chains
of conserved pol residues bind directly to theN3 atoms of purines
(Pu) or the O2 atoms of pyrimidines (Py) once the minor groove
of the duplex has been widened (10, 12, 13, 15). Nevertheless, all
pol-DNA interactions, like those of many nonspecific DNA-
binding proteins, occur mainly with the minor groove (25). It is
well-known from the crystal structure of the Trp repressor
complex with DNA that ordered water molecules can serve as
extensions of protein side chains to mediate sequence specific
protein-DNA interactions (26), a mechanism that has now been
extended to non-sequence specific pol-DNA interactions.

In our 1.8 Å resolution structure, we noted three pairs of
unusual nonpolar-polar interactions within the hydrophobic
environment of the nascent base pair-binding pocket between (i)
the CR hydrogen of G568 and the N3 hydrogen acceptor of the
templating dG, (ii) the C6 hydrogen of dCTP and the O50

hydrogen acceptor of its ribosyl moiety, and (iii) the aromatic
face of the templating dG base and the OH group of S565.
Interactions between nonpolar and polar groups occur rarely,
because of the free energy cost of desolvating a hydrogen bond
donor or acceptor without a compensating hydrogen bond, yet
nonpolar-polar interactions can provide some specificity among
interacting partners; on the other hand, classic hydrophobic
interactions cannot, where two interacting partners can readily
slide relative to one other.

We suggest that in the unusual nonpolar-polar interaction
between the CR hydrogen ofG568 and theN3 hydrogen acceptor
of the templating dG, a hydrogen bond forms because one of the
twoG568CR hydrogen atoms is perfectly positioned to do so in a
hydrophobic environment (Figure 2 and Figure S2 of the

FIGURE 1: Five buriedwatermolecules. (A-C) Standard and close-up views of stereodiagrams for five buriedwatermolecules (contoured at 0.7σ
and edited to remove nonsolvent density for the sake of clarity), including two planar triangularly coordinated water molecules (B and C).
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Supporting Information). There is a well-documented example of
this type of hydrogen bond in a lipid bilayer that involves a
glycine residue (27). This putative hydrogen bond could tightly
anchor the templating base within the NBP and would be
applicable to all four possible templating bases because there is
always a hydrogen bond acceptor at the N3 or O2 position. It is
interesting to note that there is no room for a watermolecule near
G568 in the ternary complex, but there are two ordered water
molecules that interrupt the backbone hydrogen bonding pattern
of the P helix nearG568 in the apo structure, causing a significant
kink in the R-helix (see below).
Formation of an Internal C6-O50 Hydrogen Bond in

dCTP and Its Potential Role in Catalysis.We propose that a
hydrogen bond forms between the C6 and O50 atoms of the
incoming dCTP, when it becomes enmeshed in the closed ternary
complex (Figure 2), because the observed interatomic distance
between these two atoms is 3.22 Å in our structure (Figure 2B)
rather than a usual longer separation, for example, 4.5 Å for the
templating dG residue or 4.8 Å for the priming ddC residue in the
structure. Moreover, the predicted hydrogen atom on C6 is an
optimal orientation for the formation of a hydrogen bond. This is
another example of an unusual hydrogen bond, because (i) the
O50 atom is normally a weak hydrogen acceptor and the
hydrogen on C6 of dCTP is a poor donor, (ii) such short
C6-O50 interatomic distances are not found in other nucleotide
residues within P/T duplexes, and (iii) in solution, rNTPs
(presumably dNTPs as well) assume an extended conformation
with the polar O50 atom positioned as far away as possible from
the nonpolar Py’s C6 or Pu’s C8 atom (28, 29). We refer to the
conformation of the incoming dCTP in our structure as being in
an eclipsed conformation where the orientation of the O50-C50

bond of the ribosyl moiety is nearly coplanar with the base such
that the O50 atom eclipses the Py’s C6-H6moiety (Figure 2B,C).
Pseudotorsion angles from the O50-C50 bond to the C10-N1
bond and to the C10 3 3 3C6 bond of the dCTP in the ternary
complex are 5.2� and 3.4�, respectively, which are smaller than
corresponding angles of most ribonucleotide residues in the
structure of the 50S ribosome (Figure S3 of the Supporting
Information). Thus, incoming dNTPs undergo an extended-to-
eclipsed transition when they become a part of the ternary
complex.

We also suggest that this putative Py’s hydrogen bond between
C6 and O50 could provide additional stabilization of the transi-
tion state in which the O50 atom is one of three equatorial oxygen
atoms in the pentacovalent phosphoryl intermediate. This oxy-
gen atom does not have direct interaction with any pol residues.
The other two equatorial oxygen atoms are stabilized by the ε-
amino group of K560 and divalent metal ions in the ternary
complex. In the transition state, the C6-O50 distance should be
further reduced as the PR-O50 distance increases, and the
electronegativity of the O50 atom should increase as the positive
partial charge develops at the PR center. All these features could
further strengthen the proposed C6-O50 hydrogen bond.

The observed eclipsed geometry of dCTP and its C6-O50

internal interaction could provide a direct link between correct
W-C base pairing geometry and catalysis through transition-
state stabilization as suggested above, because the C6-O50

interaction is likely to be absent in non-W-C base paired
incoming dNTPs. On the basis of structures of mispaired bases
embedded in DNA duplexes (8, 9), non-W-C base pairs can be
classified into three groups according to their distinct C10-C10

distance relative toW-C base pairs: (i) large Pu-Pumis pairs, (ii)

similar size of Pu-Py mispairs, and (iii) small Py-Py mispairs. In
our ternary complex, the base of dCTP fits snugly into the NBP
and is sandwiched between the dG templating base and its own
O50 moiety. This space cannot accommodate the base of Pu
dNTPs in Pu-Pu mispairs. Thus, any Pu-Pu mispaired dNTPs
would prevent the ternary complex frombeing fully closed.While
the dG templating base in our ternary complex could be
computationally replaced with smaller Py bases without steric
clashes for Py-Pymispairs, the incoming dCTPmay not adopt an
eclipsed geometry without a tightly enclosed templating base.
Consequently, the putative C6-O50 hydrogen bond could not
form.

Although Pu-Py mismatches and W-C base pairs are similar
in size, the orientation of the glycosidic bonds between them is
very different. For example, the orientation of the glycosidic
bonds of the dT-dG mispair within a non-cDNA duplex differs
by 15� relative to that observed withW-C base pairs (8, 9). Any
change in the orientation of the glycosidic bond in dNTPs would
prevent them from adopting an eclipsed geometry, because the
orientation of the glycosidic bond is restricted so that it is nearly
parallel to the C40-C50 bond in the dCTP observed in our
structure. Like inPy-Pymispairs discussed above, Pu-Pymispairs
without an eclipsed geometry would not have a favorable
C6-O50 (for Py dNTPs) or C8-O50 (for Pu dNTPs) internal
interaction.
Anchoring the dGTemplating Base by theHydroxyl Side

Chain of S565. The last nonpolar-polar interaction in our
structure is between the aromatic face of the dG templating base
and the hydroxyl side chain of S565 (Figure 3). This side chain sits
atop the templating dG with an interatomic distance of ∼3.33 Å
between it and all five atoms of the dG’s five-membered ring
(Figure 3A,B). The hydrogen atom of this OH group is oriented
so that it can form a hydrogen bond with the backbone carbonyl
oxygen of L561. Given such an orientation, the lone pair
electrons of the polar oxygen atom contact the aromatic face
of the dG templating base. The same interaction of S565 with the
dA templating base was also observed in the previous 2.6 Å

FIGURE 2: Eclipsed conformation of the incoming dCTP in the
nascent base pair. (A) Recognition of N3 and O2 hydrogen bond
acceptors by the G568 CR hydrogen (small cyan spheres). (B)
Eclipsed conformation of dCTP in this ternary complex. (C) Eclipsed
conformation of dTTP in the previously reported RB69 pol ternary
complex (6).
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resolution structure (6), and it is reasonable to assume that it can
also occur with Py templating bases. With this interaction, the
templating base is tightly anchored within the NBP and cannot
slide relative to other NBP residues. This differs from classic
hydrophobic interactions without any specificity. This polar-
nonpolar interaction is conserved among all B family pols for
which structures have been determined.

Additionally, there are other interactions that help to immo-
bilize the templating base within the NBP, including (i) extensive
van der Waals contacts between its ribosyl moiety and the G568-
A569 peptide bond and (ii) hydrogen bonds with its flanking 50

and 30 phosphodiester linkages by the side chains of S360 and
N572, respectively (Figure S4 of the Supporting Information).
These hydrogen donors in turn are defined by other hydrogen

donors from backbone amides of K363 and W574. pol residues
that interact with the templating base but not directly with the
incoming dNTPs such as S565, Y567, and L561 serve only to
firmly anchor the templating base within the NBP and would not
be expected to have a significant influence on pre-steady-state
kinetic parameters for incorporation of the correct dNMPs (30).
New Insights into the Open-to-Closed Transition of the

Fingers Domain. The open-to-closed transition of the Fingers
domain involves many complex motions that help the incoming
dCTP undergo an extended-to-eclipsed conformational change.
In this structure, the guanidinium group of R482 in helix N
makes electrostatic interactions with the γ-phosphate group of
the incoming dCTP; K562 in helix P binds to the R-phosphate,
and N564 also in helix P binds to the β-phosphate through a

FIGURE 3: Rigidity of the templating nucleotide-binding pocket. (A) Interactionswith interatomic distances (in angstroms) indicated for the base
of the dG (in cyan) observed in this ternary complex. Essential residues for the binding pocket are colored yellow, and nonessential residues are
colored silver. The nucleotide 30 to the dG is colored gold. (B) Interactions of the ribosyl moiety of dG with G568.

FIGURE 4: Formation of the NBP upon Fingers domain closing. (A) Superposition of the ternary complex (yellow and silver) with the apo
structure (magenta and silver) using main atoms of Y577, G568, and A569 shows the effects of the kinked-to-straight helical transition on
interactionswith the dG.Largemovements of key residues are indicated. (B) Same as panelA, but usingCR atoms of theC-terminus of helix P for
superposition. (C) Same as panel A, but using CR atoms of the Palm domain. (D) Contribution of K560, N564, and R482 (gold) to kinetic
parameters for the correct dNTP in the ternary complex is indicated next to each residue as theKD(mutant)/KD(wt) ratio and the kpol(wt)/kpol(wt) ratio
when each residue was substituted by an Ala residue (31).
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water molecule. These three residues are located in the Fingers
domain (Figure 4), which moves during an open-to-closed
transition. The importance of these interactions has been estab-
lished by the functional consequences of their replacement with
Ala (31). As a part of the open-to-closed conformational transi-
tion, the backbone CR atoms of the three Fingers residues shift
toward the Palmdomain (where the dG templating base binds) as
follows: R482 by 5.0 Å, K560 by 4.3 Å, and N564 by 3.7 Å
(Figure 4C). During the reversal of this process, these three
residues move away from the Palm domain, and the distance
between two anchoring points for the incoming dCTP (one for its
triphosphate moiety by the three residues in the Fingers domain
and the other for its base by residues in the Palm domain as well
as the dG templating base) increases so that dCTP relaxes from
an eclipsed to an extended conformation. The opening and
closing motions of the Fingers domain in pols are known to be
rapid and non-rate-limiting steps (32). We suggest that dCTP
alternates between the extended and eclipsed conformations in
response to the opening and closing motions of the Fingers
domain.When the base of dCTP is tethered to the dG templating
base through W-C hydrogen bonds, the putative C6-O50

hydrogen bond should stabilize the eclipsed conformation and
suppress the opening process. Without W-C hydrogen bonds,
dCTP would be released whenever the Fingers domain opens. It
is tempting to speculate that if the tethering interbase hydrogen
bonds are solely responsible for retaining dCTP in the pol active
site whenever the Fingers domain opens, and thus for confining
dCTP in an eclipsed geometry when RB69 pol is in the closed
ternary complex, the actual energy from interbase hydrogen
bonds may no longer be reflected in the apparent binding affinity
of correct dNTPs. This structural feature would explain the
observation that the binding affinity for correct dNTPs is
independent of the number of interbase hydrogen bonds, three
for dG-dC and two for dA-dT pairs (18).

In our structure, we are able to provide additional information
about the open-to-closed transition by observing specific hydro-
gen bonding patterns in the P helix backbone (Figure 5) and
comparing them with the patterns in the apo structure (5, 6). In
the structure presented here, helix P is nearly straight, although it
deviates slightly from an idealized R-helix with canonical back-
bone hydrogen bonds between residues i and i þ 4. This helix
includes many nonstandard hydrogen bonds (Figure 5B). In

FIGURE 5: Helices of theFingers domain. (A)Final 2Fo-Fcmap contoured at 1.4σ superimposedwith the refinedmodel of helix P. (B)Hydrogen
atoms are generated for explicit hydrogen bonds in the backbone of helix P. Nonstandard backbone hydrogen bonds are colored yellow. (C)
Superposition of helices of the Fingers domain between the structure of the current complex (yellow) and the previous apo structure (cyan and
yellow) of RB69 pol using the CR atoms of H485-T554 (5, 6). Large displacements for G569 and V573 between the two structures are indicated.
(D) Same as panel C, but the CR atoms of L562-L566 were used for superposition. (E) Same as panel C, but the CR atoms of G568-N572 were
used for superposition. (F) Helix P of the apo structure with twowater molecules inserted into its backbone. (G) Superposition of helix P (yellow)
of our ternary complex with its equivalent helix (cyan) of the ternary complex of φ29 pol (16). (H) Superposition of helix P (yellow) of the apo
structure of RB69 pol with its equivalent helix (cyan) of the apo form of φ29 pol (16).
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contrast, helix P in the apo structure has a kink near Y567 and
G568 (5, 6). This kink results from indirect hydrogen bonds that
are mediated through two ordered water molecules that are
inserted between the N564 O atom and the G568 N atom and
between the I563 O atom and the Y567N atom, causing the helix
to bend by ∼23� toward S565 (Figure 5). These two ordered
water molecules are part of a large hydration network surround-
ing the P andN helices of the Fingers domain. Thus, the open-to-
closed change of the Fingers domain includes the kinked-to-
straight transition of helix P and the dehydration of helices of the
Fingers domain.

Fingers domain closing has generally been portrayed as a
rotation with a single hinge point at the Palm-Fingers junc-
tion (6). From this structure, it is clear that this involves complex
changes involving many moving parts. Some of these became
apparent when different segments of the Fingers domain in the
ternary complex were superimposed onto corresponding seg-
ments of the apo structure (Figure 5C-E). This comparison
showed that the ends of the P andNhelices of the Fingers domain
were displaced to different extents, one end by 9 Å (G496 of helix
N) and the other by 13 Å (V573 of helix P). For example, helix N
does not undergo a kinked-to-straight transition but twists and
curves around helix P. A consequence of these complex motions
is the simultaneous maintenance of the interaction of residues
such asR482 andK560with the triphosphatemoiety of dCTPvia
rotation of the triphosphatemoiety into alignment with the other
half of the binding pocket, which is made up mainly of the two
conserved residues, D411 and D623, in the Palm domain.
These two acidic residues interact with the triphosphate tail of
dCTP through two divalent metal ions that are essential for
catalysis (31).
Single-Stranded 50 Template Overhang and Other pol-

DNA Interactions. One extra nucleotide in this structure
compared to the previous structure (6) on the 50 template strand
has resulted in a well-defined structure for its three 50-over-
hanging nucleotide residues (N þ 1 to N þ 3) in this complex
(Figure 6). In this complex, basesNþ 1 andNþ 2 are stacked on
each other and against F359 on one side and I253 on the other
side, but not on the bases of their N and N þ 3 neighbors. The
phosphodiester groups of nucleotides N þ 1 and N þ 2 are
hydrogen bonded to the guanidinium group of R260 and O50 of
nucleotide N þ 3, respectively. Because these interactions would
not be expected to be sequence specific, they should occur with
any single-stranded template overhang. In addition, N786 forms
two hydrogen bonds with the N1 and O2 atoms of nucleotide
residueNþ 3 (dT), andE219 forms a hydrogen bondwith theN2
atom of nucleotide N þ 2 (dC) (Figure 6). The new structure of
the single-stranded 50 template overhang suggests that it might
contribute substantially to the pol-P/T binding with specificity
for properly positioning the P/T junction at the pol active site.
This interaction differs from other interactions with the duplex
region, which also contributes to additional binding affinity but
cannot properly position the P/T junction at the pol active site for
catalysis. Interestingly, a similar 50 template overhang structure has
also been observed in the ternary complex of yeast pol δ (17),
suggesting that this structure might also have functional signifi-
cance. For example, the single-stranded 50 template exists only
before termination of Okazaki fragment synthesis. After comple-
tion, the single-stranded DNA-pol interactions disappear and
the P/T rapidly dissociates from the polymerase (33-36). In
addition, the phosphodiester backbone conformation in the 50

template overhang differs from one residue to the next. This

would likely prevent nonspecific sliding of the P/T during
translocation by locking the P/T junction at the pol active site
while waiting for next correct incorrect dNTP to enter (33-36).
Except for the interactions just mentioned, all other pol contacts
with DNA are mediated through the phosphodiester linkages,
where the common hydration pattern in the minor groove largely
remains unaltered upon binding of the DNA duplex to the pol
(Figure S5 of the Supporting Information).
Comparison with Other B Family pols. Since our initial

reports on the crystal structures of the apo form and the ternary
complex of RB69 pol (5, 6), structures of a large number of B
family pols have been determined, including the catalytic subunit
of yeast pol δ (16, 17, 37-43). Among structures of all B family
pols, φ29 pol and RB69 pol have been determined with the
highest resolution (6, 16). The structures of the apo form as well
as binary and ternary complexes of φ29 pol have been deter-
mined. It is of particular interest that binding of the P/T to φ29
pol does not cause a major conformational change (16), so that
residues involved in the open-to-closed conformational change
can be identified by comparison between the apo form and the
ternary complex as well as between the binary and ternary
complexes.

Comparison of RB69 pol with φ29 pol (16) has shown that all
important structural features observed in our 1.8 Å resolution
structure are also found in the φ29 pol structure, including the
open-to-closed conformational change of the Fingers domain
upon binding of correct dNTPs, a kinked-to-straight helical
transition in the Fingers domain (Figure 5G,H), a putative
extended-to-eclipsed transition of the incoming dNTPs, three
unusual nonpolar-polar interactions, and five buried water
molecules (Figures 1-3). Nearly all of these structural features
are also found in yeast pol δ; however, pol δ has an expanded
recognition pattern for theN3 andO2 atoms that extends beyond
the first three base pairs of the P/T junction at the minor
groove (17). Moreover, comparison of RB69 pol with members
of different pol families has shown that correct incoming dNTPs
in the ternary complexes always adopt the same eclipsed con-
formation as the dCTP observed in our 1.8 Å structure. This
includes the dNTPs bound in the ternary complexes of pol β, T7
pol, and Dpo4 (12, 13, 44), suggesting that it might have a
universal role in base selectivity and catalysis.
Functional Assays for the Observed Hydration Network

Mediating Enzyme-DNA Interactions. We have already
shown elsewhere that the NBP residues are important for
catalysis (18, 30, 31). However, we were previously unaware of
any ordered water molecules mediating polymerase-DNA du-
plex interactions (6). To determine whether the observed five
ordered water molecules buried between the enzyme and DNA
duplex next to the P/T junction play an important role in
recognition of W-C base pairs of DNA duplexes (other than

FIGURE 6: Structure of the overhanging 50 template in stereodiagram
superimposed onto the final 2Fo - Fc map contoured at 0.5σ.
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just filling an empty space between the enzyme and the DNA
duplex), we have conducted pre-steady-state and steady-state
kinetic studies with non-W-C base pair DNA duplexes. In the
steady-state assays, we observed virtually no primer extension for
the first 15 s when a dT/dG mismatch was included at the N- 1
or N - 2 positions of DNA duplexes (Figure 7, lanes 3 and 4),
whereas the extension beyond amismatch at theN- 4 andN- 5
positions of theDNAduplex (Figure 7, lanes 6 and 7) was almost
as efficient as theW-Cbase pairedDNAduplex (Figure 7, lane 2).
In a 2 min assay, we found an accumulation of extension of one
nucleotide residue with DNA duplexes containing mismatches at
the N - 1 and N - 2 positions (i.e., stalled extension after one
nucleotide extension), but not with DNA duplexes containing
mismatches at theN- 4 andN- 5 positions, i.e., fully extended as
aW-C base pair DNA duplex (Figure 7). Consistent with steady-
state kinetic results, we showed that the incorporation efficiency for
correct dNMPs to the DNA duplexes containing mismatches at
positions N - 4 and N - 5 was similar to that of the W-C base
paired DNA duplex, including similar kpol, Kd,app, and kpol/Kd,app

values (Table 2). However, when the mismatch was moved from
positionN- 3 to positionN- 2 , and then to positionN- 1, the
incorporation efficiencywas reduced exponentially, approximately
10-fold per nucleotide position (Table 2). When the mismatch was
moved from the N - 3 to N - 4 positions (which are outside the
network of five ordered water molecules), the incorporation
efficiency for the primer extension increased by almost 100-fold
to match that of the W-C base paired DNA duplex (Table 2). A
mismatch would have to go through four successive steps of
mismatch extension before it could be completely buried. During
each step, water-mediated interactions slow the extension rates so
that the ternary complex is effectively stalled and themismatch has
a high probability for being edited out by the exonuclease.All these
results suggest that the five conserved water molecules mediating
polymerase-DNA duplex interactions among B family poly-
merases are indeed important for primer extension because they
are specifically involved in recognition of W-C base pairing
geometry of DNA duplexes.

SUPPORTING INFORMATION AVAILABLE

Six additional figures. This material is available free of charge
via the Internet at http://pubs.acs.org.
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