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Summary

DNA polymerases occasionally insert the wrong nu-
cleotide. For this error to become a mutation, the mis-
pair must be extended. We report a structure of DNA
polymerase � (pol �) with a DNA mismatch at the
boundary of the polymerase active site. The structure
of this complex indicates that the templating adenine
of the mispair stacks with the primer terminus ade-
nine while the templating (coding) cytosine is flipped
out of the DNA helix. Soaking the crystals of the bi-
nary complex with dGTP resulted in crystals of a ter-
nary substrate complex. In this case, the templating
cytosine is observed within the DNA helix and forms
Watson-Crick hydrogen bonds with the incoming
dGTP. The adenine at the primer terminus has rotated
into a syn-conformation to interact with the opposite
adenine in a planar configuration. Yet, the 3�-hydroxyl
on the primer terminus is out of position for efficient
nucleotide insertion.

Introduction

Although DNA replication and repair synthesis attempts
to preserve Watson-Crick base-pairing rules, an incor-
rect nucleoside triphosphate (dNTP) is occasionally in-
serted. The efficiency at which this occurs is only
weakly dependent on the identity of the polymerase
(Beard et al., 2002a). A DNA mismatch is an obstacle
to further DNA synthesis. For DNA polymerases that
have an intrinsic proofreading exonuclease, this pro-
vides an opportunity to excise the misincorporated nu-
cleotide. For polymerases that lack this proofreading
activity, inefficient mismatch extension increases the
probability that the polymerase will dissociate from the
mismatched primer terminus. This provides an extrinsic
proofreading enzyme access to the mismatch. In some
instances, however, the DNA mismatch is extended, re-
sulting in a mutagenic event (base substitution error).
Structures of DNA mismatches in the confines of the
DNA polymerase (pol) β active site indicate that the
mispaired bases are in a staggered conformation and
do not form hydrogen bonds with one another (Krahn
et al., 2003, 2004). In contrast, the structure of mis-
matched base pairs positioned at the boundary of the
nascent base pair binding pocket of the Bacillus DNA
polymerase I fragment indicates that the mispaired
bases form hydrogen bonds with one another in a pla-
*Correspondence: wilson5@niehs.nih.gov
nar conformation (Johnson and Beese, 2004). In most
instances, the hydrogen bonding pattern is similar to
that observed for crystal structures of mismatches in
duplex DNA in the absence of protein.

Crystallographic structures of DNA polymerases from
several polymerase families indicate that they have a
modular domain organization. The polymerase domain
is typically composed of functionally distinct subdo-
mains. The catalytic subdomain coordinates two diva-
lent metal cations that assist the nucleotidyl transfer-
ase reaction. Two other subdomains have principal
roles in duplex DNA and nascent base pair (dNTP and
templating nucleotide) binding and are spatially situ-
ated on opposite sides of the catalytic subdomain.
These subdomains are referred to as C (catalytic), D
(duplex DNA binding), and N subdomains (nascent
base pair binding) to highlight their intrinsic functions
(Beard et al., 2002b). These would correspond to the
palm, thumb, and fingers subdomains, respectively, ac-
cording to the nomenclature that utilizes the architec-
tural analogy to a right hand (Ollis et al., 1985). Compar-
ison of DNA polymerase structures bound to DNA and
an incoming complementary dNTP reveals that the na-
scent base pair is “sandwiched” between the N subdo-
main and the growing DNA terminus (Doublié et al.,
1998; Franklin et al., 2001; Garcia-Diaz et al., 2005; Hu-
ang et al., 1998; Johnson et al., 2003; Li et al., 1998;
Ling et al., 2001; Nair et al., 2004; Pelletier, 1994).

Mammalian DNA polymerase β is a multifunctional
enzyme that contributes two key activities to the base
excision repair (BER) pathway: DNA synthesis and de-
oxyribose phosphate (dRP) lyase (Beard and Wilson,
2000). As part of its DNA synthesis capacity during
BER, pol β usually inserts a nucleotide into a single-
nucleotide gapped DNA repair intermediate (single-
nucleotide BER). In addition, the polymerase activity of
pol β is necessary for alternate repair pathways that
require longer gap-filling DNA synthesis (long-patch
BER) (Dianov et al., 1999; Horton et al., 2000). These
alternate pathways are needed to remove modified 5#-
dRP residues that may arise during DNA damage and
that are refractory to the dRP lyase activity of pol β.
Long-patch BER can be accomplished through the se-
quential activities of flap endonuclease 1 (FEN1) cleav-
age, which generates a one-nucleotide gap, and pol β
gap-filling DNA synthesis (Liu et al., 2005). These al-
ternating activities can result in a DNA repair patch of
2–11 nucleotides. Consequently, long-patch BER oc-
curs through a series of one-nucleotide gap-filling reac-
tions. The efficiency by which pol β inserts an incorrect
nucleotide, and extends that mispair, is highly depen-
dent on the identity of the mispair and the local DNA
sequence context (Beard et al., 2004; Kunkel, 1985;
Osheroff et al., 1999). Generally, pol β creates and ex-
tends purine-pyrimidine mispairs (transition intermedi-
ates) more easily than pyrimidine-pyrimidine or purine-
purine mispairs (transversion intermediates) (Beard et
al., 2002a, 2004). A mispaired primer terminus lowers
the catalytic efficiency for correct insertion. This is usu-
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ally due to a decreased insertion rate and binding affin-
ity for the incoming correct dNTP.

The structural attributes of a mismatch situated at
the boundary of the dNTP binding pocket of a polymer-
ase are expected to be dependent on the mismatch
and the polymerase since the propensity to extend mis-
matches is dependent on the identity of the mismatch
and the polymerase. More importantly, insight into the
structural attributes that promote or deter incorporation
of a mismatch is fundamental to a molecular descrip-
tion of mutagenesis and will require binary (polymer-
ase/DNA) and ternary substrate complex structures of
these mutagenic intermediates. Here, we report two
such crystallographic structures: 1) an open binary F
DNA complex with an A-A mismatch situated at the C
boundary of the pol β active site; and 2) the resulting a
closed ternary complex produced after soaking the (

tcrystals with the next correct dNTP. These structures
(indicate that the nucleotides of the primer terminus,
dand its templating partner (both adenines), as well as
s

the coding templating base (cytosine) undergo signifi- i
cant conformational changes to accommodate the in- n
coming dGTP at the active site. In doing so, the 3#- t

whydroxyl at the primer terminus is positioned too far
ifrom the αP of the incoming nucleotide, thereby dis-
pcouraging extension of this mutagenic intermediate.
d

These results highlight the dynamic nature of the poly- u
merase/DNA complex.

Results and Discussion f
t

Nucleoside Triphosphate Binding i
DNA polymerases pause after inserting an incorrect nu- v
cleotide since formation of a correct base pair on a mis- t
matched primer terminus is kinetically challenging. This b
is partly due to the diminished binding affinity for the t
correct incoming dNTP utilizing the aberrant primer ter- A
minus. In contrast, the DNA binding affinity is not gen- i
erally affected by a terminal mismatch (Beard et al.,
2004; Goodman et al., 1993). The low binding affinity of
the incoming dNTP has hampered structural character- S

Sization of relevant mutagenic intermediates (Krahn et
al., 2004). A kinetic survey of the extension of the 12 a

npossible mismatched primer termini by pol β had indi-
cated that homopurine mispairs are extended very t

wpoorly, but they permitted binding of the next nucleo-
tide with high affinity (Beard et al., 2004). Consistent t

iwith this observation, the apparent DNA binding affinity
is increased in the presence of low concentrations of s

pthe correct nucleotide (Kd,binary = 14 nM, Kd,ternary = 0.3
nM), indicating the formation of a tight ternary sub- (

sstrate complex with single-nucleotide gapped DNA
with an A-A mismatch at the primer terminus. Such a s

mshift in DNA binding affinity is not observed for an in-
coming nucleotide that binds weakly (Beard et al., w

m2004).
Characterization of the extension of a G-G mismatched e

tprimer terminus indicated that the primer terminus and
incoming nucleotide attempted to satisfy the hydrogen i

dbonding character of their Watson-Crick edge through
misalignment (Beard et al., 2004). Accordingly, a tem- t

wplating C in a one-nucleotide gap did not permit dGTP
insertion on the G-G mispair since the primer terminus t

apparently hydrogen bonded with the templating C, ef-
ectively occluding the dNTP binding pocket. In con-
rast, an A or T in the gap permitted correct nucleotide
nsertion, albeit at low levels, on the G-G terminus. In
iew of that possibility, we analyzed the ability of pol β
o extend the A-A mismatch with alternate templating
ases in the one-nucleotide gap (Figure 1). In contrast

o the G-G terminus, pol β is able to slowly extend the
-A mispair independent of the identity of the templat-

ng base.

tructure Determination
ince single-nucleotide gapped DNA substrates with
n A-A mismatch situated at the primer terminus did
ot occlude the dNTP binding pocket and permitted
he incoming nucleotide to bind to the binary complex
ith high affinity, we sought to structurally characterize

wo sequential intermediate structures produced dur-
ng mutagenesis: the structure of the A-A mismatch po-
itioned at the boundary of the dNTP binding pocket
rior to (binary complex) and after nucleotide binding

ternary complex). Crystallization conditions were de-
igned to be similar to those used in previous crystal
tructures of pol β with nicked, gapped, and mis-
atched DNA substrates (Krahn et al., 2003, 2004; Sa-
aya et al., 1997). These conditions produced similar
onoclinic crystals that are compatible with a range of

nzyme conformations. Although the A-A mismatched
erminus permitted high-affinity dGTP binding, dGTP
nsertion was severely reduced (Beard et al., 2004). The
ramatic decrease in insertion rate provided the oppor-

unity to solve the ternary substrate complex structure
ithout employing a dideoxy-terminated primer. The

ernary complex was formed by soaking crystals of the
igure 1. Gap-Filling DNA Synthesis on an A-A Mismatch

orrect nucleotide (1 mM) synthesis from an A-A mismatch was
ssayed on a series of single-nucleotide gapped DNA substrates

200 nM) where the templating base (X) was altered. Product forma-
ion (n+1 and n+2) was assessed after 30 min with 0 (lane 1), 100
lane 2), or 1000 nM (lane 3) pol β (E). Products were analyzed as
escribed in Experimental Procedures. In contrast to what was ob-
erved with the G-G primer terminus (Beard et al., 2004), the results

ndicate that the unpaired adenosine at the primer terminus does
ot block gap-filling DNA synthesis by hydrogen bonding with a
emplating base (e.g., template T). The minor n+2 product observed
ith the templating A suggests that multiple thymidines can be

nserted into a gap with a dinucleotide run of adenines. The n+2
roduct observed with the templating C is consistent with strand
isplacement synthesis on the next cytosine. The position of the
nextended primer (n) is indicated.
binary complex with dGTP (Figure 2).
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Figure 2. Binary DNA and Ternary Substrate Complex Structures of DNA Polymerase β with a Mismatch at the Boundary of the Active Site

(A) The global conformation of the polymerase domain (gray) of pol β bound to DNA with an A-A mismatch (boxed yellow base pair) at the
boundary of the nascent base pair binding pocket. The 8 kDa amino-terminal lyase domain is omitted for clarity. Primer and downstream
oligonucleotides (red) were annealed to template DNA (blue) to generate a single-nucleotide gapped DNA substrate with a templating cytosine
(orange). An adenosine residue is positioned at the 3# primer terminus “opposite” an adenosine in the template strand, resulting in an A-A
mismatch. The structure of the binary DNA complex is illustrated in the left panel. Soaking dGTP into crystals of the binary complex generated
the ternary substrate complex (right panel).
(B) Fo-Fc-simulated annealing electron density omit maps (gray) contoured at 3.2 or 3.3σ showing electron density corresponding to the A-A
mismatch and the templating cytosine in the structure of the binary (left panel) or ternary (right panel) substrate complexes, respectively.
Electron density for the incoming dGTP is also illustrated in the ternary complex structure. The density for the adenosine in the syn-conforma-
tion at the primer terminus of the ternary complex is contoured at 4σ (cyan). The densities are superimposed on the refined models of the
DNA. The templating base (n) and upstream adenosine (n−1) are indicated. The adenines in the mismatch of the binary complex are stacked
with one another. In doing so, the templating cytosine is flipped out of the DNA helix, with the templating adenine occupying the position
vacated by the cytosine. In contrast, the adenines in the mismatch of the ternary complex are in a planar conformation where N7 of the
adenine of the primer terminus forms a single weak hydrogen bond with the templating adenine. Figures were created in Molscript (Kraulis,
1991) and rendered with Raster3D (Merritt and Bacon, 1997).
Binary Complex Structure
Comparison of the binary DNA complexes of DNA poly-
merases from several families with those that include
an incoming dNTP (i.e., ternary complex) has indicated
that several important conformational changes must
occur to produce an active complex. One such confor-
mational change that is often noted is the movement of
the N subdomain to close upon the nascent base pair
binding pocket after binding the correct incoming nu-
cleotide. The polymerase/DNA binary complex is re-
ferred to as “open,” whereas the ternary substrate

complex is “closed.” As observed with other binary
complexes, the pol β complex with the mismatch at the
boundary of the nascent base pair binding pocket is
also open (Figures 3A and 4). This is most easily ob-
served by comparing the position of α helix N from the
mismatch structure to that observed in either the binary
or ternary complex structures with a matched primer
terminus (Figure 3A, inset).

In contrast to what has been observed previously
with mismatched base pairs at the primer terminus for
binary DNA complexes (Johnson and Beese, 2004), the
adenines of the A-A mismatch are in a staggered con-

formation; thus, their purine rings stack with one an-
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Figure 3. Structural Comparison of DNA Polymerase β with o
Matched and Mismatched Base Pairs at the Boundary of the

pActive Site
t(A) A comparison of the polymerase and DNA conformations near
tthe polymerase active site in the crystallographic structures of the
obinary DNA complexes with a matched (1BPX, green) and A-A mis-

matched (blue) base pair at the nascent base pair binding pocket. e
The subdomain conformation, as defined by α helix N, of both i
structures is the inactive open conformation (inset). The adenines p
in the mismatch (yellow) do not hydrogen bond with one another,

tbut are in a staggered conformation. The templating adenosine has
islid into the helix axis to stack with the 3# primer-terminal base and

occupies the position vacated by the templating cytosine (orange)
that is observed to be outside of the DNA helix. T
(B) A comparison of the polymerase and DNA conformations near S
the polymerase active site in the crystallographic structures of the

mternary substrate complexes with a matched (1BPY, green) and
pA-A mismatched (blue) base pair at the nascent base pair binding

pocket. The ternary complex with the matched primer terminus i
(G-ddC; template-primer terminus) has an incoming ddCTP posi- (
tioned opposite the templating G. With the A-A mismatched primer w
terminus, there is an incoming dGTP forming Watson-Crick hy- s
drogen bonds with the templating cytosine that has positioned

pitself in the DNA helix. The subdomain conformation of both struc-
tures is the closed active conformation. The adenines in the mis-
match are no longer in a staggered conformation but now form a
single weak hydrogen bond with one another. To accomplish this,
the templating adenosine has repositioned itself from the templat- p
ing position to the n−1 template position normally occupied by the t
base pair immediately upstream of the nascent base pair binding t
igure 4. Structural Comparison of the Binary DNA and Ternary
ubstrate Complexes of DNA Polymerase β with an A-A Mismatch
t the Boundary of the Active Site

comparison of the polymerase and DNA conformations near the
olymerase active site in the crystallographic structures of the bi-
ary (blue) and ternary (green) complexes with an A-A mismatch

yellow) at the primer terminus. As with matched termini, the N sub-
omain is observed to be open in the binary complex and closed

n the ternary complex. Three striking conformational changes in
he DNA are observed in forming the closed ternary substrate com-
lex: (1) the adenine at the primer terminus rotates into a syn-con-

ormation; (2) this permits the templating adenine of the mismatch
o reposition itself opposite the primer terminus (n−1); (3) the cod-
ng template cytosine (orange) flips into the DNA helix, thereby
orming Watson-Crick hydrogen bonds with the incoming dGTP
orange).
air binding pocket (Figure 3B). Specifically, the N sub-

ocket. Concomitantly, the adenine of the primer terminus has al-
ered its glycosidic preference from anti to syn to accommodate
he two large purine rings in the DNA helix.
ther (Figures 2 and 3A). The templating adenine “op-
osite” the adenine of the primer terminus has slid into
he binding pocket for the base of the incoming nucleo-
ide so that it occupies a position approximating that
f the coding templating base (i.e., position n). How-
ver, this misplaced adenine does not support dTTP

nsertion (data not shown). The authentic coding tem-
lating nucleotide (deoxycytidine) is extra helical, and
he template strand is shifted toward the dNTP bind-
ng site.

ernary Complex Structure
oaking crystals of the binary DNA complex with a mis-
atched primer terminus with the nucleoside triphos-
hate (dGTP) complementary to the authentic templat-

ng base resulted in a ternary substrate complex
Figures 2–4). Comparison of the polymerase domain
ith that observed with matched DNA indicates that
ubdomain motions produced a closed nascent base
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domain has repositioned itself to form one face of the
nascent base pair binding pocket. In contrast with earlier
ternary complex structures with a matched primer termi-
nus, the deoxyribose of the terminus with the mismatch
has a 3#-OH. Kinetic analysis of dGTP insertion on this
particular mismatch indicates that the rate of insertion
is reduced approximately 104-fold (Beard et al., 2004).
The structure of the mismatch indicates that this 3#-OH
is too far from the αP of the incoming dNTP (6.5 Å) to
promote rapid catalysis.

In addition to the dramatic subdomain motions in-
ferred to occur upon binding the correct dNTP, even more
dramatic and complex DNA conformational changes oc-
cur. In contrast to the binary complex where the mis-
match is in a staggered conformation, the adenine in
the template strand is now in register (i.e., positioned
at n−1), so that it is planar with the 3#-terminal adenine
of the primer strand (Figures 2–4). To make room for the
templating strand adenine at n−1, the adenine at the
primer terminus rotates into a syn-conformation (Figure
5), forming a weak hydrogen bond between N6 of the
templating strand adenine and N7 of the terminal
primer adenine. This effectively positions the adenine
ring toward the major groove, resulting in a loss of
stacking interactions with the incoming nucleotide.

With the templating strand adenine in register (i.e.,
opposite the adenine of the primer terminus), the au-
thentic templating base (cytosine) is now observed to
be stacking within the DNA helix, thereby effectively
coding for the incoming dGTP. The repositioning of the
coding nucleotide and adenines of the mismatch per-
mits closure of the N subdomain. Kinetic analysis of
dGTP insertion on the A-A mismatch indicates that
ground-state nucleotide binding is similar to that ob-
served for a correctly matched primer (Beard et al.,
2004). Additionally, the DNA binding affinity for the ter-
nary complex is also increased significantly in the pres-
ence of the correct incoming nucleotide, suggesting
that a significant conformational change has occurred
to hasten substrate binding. Repositioning of the N
subdomain to produce the closed complex is consis-
tent with these characteristics.

Catalytic Activation
Structural characterization of DNA polymerases in vari-
ous liganded states suggests that numerous conforma-
tional changes must occur to position important catalytic
residues. As noted above, the largest conformational
change occurs when the N subdomain repositions itself
Figure 5. Glycosidic Preferences for the A-A
Mismatch in the Ternary Substrate Complex

A stereoview down the DNA helix illustrating
the syn-conformation of the adenosine at the
primer terminus paired with the templating
adenosine in an anti-conformation (n−1). The
nascent base pair (dC-dGTP) is orange and
forms Watson-Crick hydrogen bonds (green).
A single weak (d = 3.5 Å) hydrogen bond is

observed between N7 (primer) and N6 (template) of the mispaired adenines. Although the αP of the incoming dGTP is observed to be in the
same position as that observed for ddCTP situated opposite a templating guanine (Figure 3B), the syn-conformation of the adenine at the
primer terminus has repositioned the 3#-hydroxyl (red asterisk) so that it is observed to be 6.5 Å from the αP (orange asterisk). The primer
terminus of a matched nucleotide (ddC; 1BPY) and the dNTP-coordinating Mg2+ are superimposed on the mismatch structure (blue). An
asterisk identifies the position of the C3# of this dideoxy-sugar.
upon binding the correct dNTP. In addition, there are nu-
merous subtle conformational events that occur during
this subdomain repositioning. These events comprise
both DNA and protein residues. For correct nucleotide
insertion, molecular modeling suggests that these events
are not concerted, but occur in a systematic series of
events (Radhakrishnan and Schlick, 2004; Yang et al.,
2002, 2004). Previously, we had identified a group of
protein side chains that could detect the position of
the N subdomain and transmit this signal to the metal
binding site (Sawaya et al., 1997; Vande Berg et al.,
2001). These residues have distinct conformations in
the binary DNA and ternary substrate complexes. Ex-
cept for Arg258, these residues are observed in the
same conformation as those for a matched primer
terminus in both the binary (inactive conformation)
and ternary (active conformation) complexes. However,
Arg258 appears to assume a unique position in the bi-
nary complex with the terminal A-A mismatch (Figure
6). Specifically, Arg258 is indirectly hydrogen bonded
through a water molecule to N3 of the terminal primer
adenine. In the binary complex with a matched primer
terminus, Arg258 hydrogen bonds with a metal binding
ligand (Asp192). In the corresponding ternary complex,
Asp192 is free to ligand both active site metals, and
Arg258 is observed to hydrogen bond with Glu295 and
Tyr296. This is also observed to occur in the structure
of the ternary complex with the A-A mismatch. It ap-
pears that when the terminal adenine on the primer
strand assumes the syn-conformation, Arg258 is free to
assume the active conformation. Although pol β as-
sumes an active conformation in the ternary substrate
complex with the terminal mismatch, it exhibits very
low activity. Thus, the active conformations of the resi-
dues described above are necessary, but not sufficient,
to achieve efficient catalytic activation.

The structure of the ternary complex with the mis-
match at the primer terminus identifies a single magne-
sium cation bound to the nucleotide metal binding
pocket. The catalytic metal binding site appears to be
empty. This is in part due to the aberrant position of the
deoxyribose of the primer terminus, removing one of
the metal binding ligands and thereby minimizing the
influence of the catalytic metal, when it does bind, on
the pKa of the 3#-hydroxyl.

Concluding Remarks and Implications
From previous kinetic analysis of mismatch extension
with pol β, we identified conditions that could allow for
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Arg258 has been implicated in catalytic activation due to transient t
interactions with Asp192. This aspartate coordinates the catalytic

imetal in the closed, but not open, complex. Arg258 (light red) in-
pteracts with Asp192 in the binary DNA complex with a matched
cprimer terminus (1BPX) precluding metal binding necessary for ca-

talysis. In the ternary substrate complex (1BPY), Arg258 (light D
green) hydrogen bonds with Glu295 and Tyr296 (not shown), allow- t
ing Asp192 to participate in metal binding (light-green spheres). o
The structure of the binary complex with the A-A mismatch at the t
primer terminus indicates that the Arg258 side chain conformation

p(yellow) is intermediate between that described for the open binary
ogapped complex and the closed ternary complex. In the mis-
omatched gapped structure, Arg258 indirectly hydrogen bonds with

N3 of the adenine at the primer terminus through a water molecule. c
The Arg258 conformation in the ternary substrate complex with a t
mismatch is identical to that observed with a matched primer ter- i
minus. Thus, the closed structure with the mismatch has induced

dside chain motions consistent with activation. However, this ternary
rsubstrate complex is “inactive” since the incoming nucleotide is
pnot inserted, even though there is a 3#-hydroxyl on the sugar of the

primer terminus. Accordingly, the polymerase is poised for cataly- t
sis, but induced substrate conformational changes have resulted t
in an inactive ternary substrate complex. a

i

s

tight binding of the correct incoming nucleotide. This c
allowed us to capture a structure of a terminal mis- t
match before and after binding the correct nucleoside t
triphosphate. Previous attempts to produce polymer- n
ase ternary complex structures with DNA mismatches c
have been hampered by the weak binding affinity of the l
incoming nucleotide. Except for with DNA polymerase
κ (Washington et al., 2002), mismatch extension is a t
kinetically challenging step. This is generally due to a
both weak binding of the next dNTP and weak insertion t
of the nucleotide on the mismatch. The reduced cata- t
lytic efficiency results in termination of DNA synthesis. a
This permits transfer to an intrinsic proofreading exo- o
nuclease site or polymerase dissociation, providing ac- m
cess to an extrinsic exonuclease. In rare instances, the (
polymerase will rebind to the mismatch and continue i
DNA synthesis, effectively producing a mutation. b

Many of the structural differences observed between s
the matched and A-A mismatched primer termini of the C
binary DNA and ternary substrate complexes occur at t
the primer terminus and templating base. In the binary m
complex, the adenines of the mismatch attempt to t
maximize stacking interactions by forming a staggered
onformation where the adenines overlap (Figures 2–4).
staggered conformation of mispaired nucleotides in

he nascent base pair binding pocket has recently been
bserved (Krahn et al., 2003, Krahn et al., 2004). How-
ver, in contrast to what is observed here, in those
ases, the templating base of the mispair is upstream
f the base at the primer terminus (Figure 7).
The staggered conformation of the mismatch in the

inary complex suggested that the closed complex
ight be difficult to achieve. However, addition of the

omplementary dGTP to crystals of the binary complex
esulted in significant protein and DNA conformational
hanges that led to a closed complex. In the binary
omplex, the templating base is situated outside of the
NA helix. This is reminiscent of the position of the

emplating base in the binary complex of A family DNA
olymerases (Kiefer et al., 1998, Li et al., 1998). In those
ases, an aromatic protein side chain occupies the po-
ition of the templating base. With the A-A mismatch,
he templating adenine at the n−1 position is out of reg-
ster and is situated in the templating base binding
ocket (Figures 2–4). Upon formation of the ternary
omplex, the templating coding base moves into the
NA helix to form Watson-Crick hydrogen bonds with

he incoming nucleotide (Figures 2 and 4). The planarity
f the nascent base pair encourages the N subdomain
o position itself to effectively close the nascent base
air binding pocket. The template adenine that was
ut-of-register moved to its correct n−1 position, thereby
pening the templating site and permitting the coding
ytosine to move into the correct position. Additionally,
he adenine at the primer terminus has rotated around
ts glycosyl bond into a syn-conformation to accommo-
ate the template adenine. This 3# adenine is less well

esolved in the ternary complex than in the binary com-
lex (Bave = 84 and 38, respectively); in contrast, the
emplate adenine of the mispair is better resolved in the
ernary complex than in the binary complex (Bave = 37
nd 58, respectively). The average B factor for the DNA

n the ternary and binary complexes is 46 and 34, re-
pectively (Table 1). Thus, repositioning the extra-heli-
al templating cytosine into the DNA helix to code for
he incoming dGTP stabilized the template adenine of
he mispair in the ternary complex. However, the ade-
ine at the primer terminus, which has moved to a syn-
onformation, is now in a volatile position owing to the

oss of stacking interactions with the template adenine.
Kinetic analysis suggests that the incoming nucleo-

ide binds with an affinity similar to that observed with
matched primer terminus. Notably, the stacking in-

eractions of the adenine at the primer terminus are op-
imized with the upstream primer base (i.e., n−2), but
re eliminated with the base of the incoming nucleotide
wing to its syn-conformation (Figure 5). Thus, the opti-
al binding affinity appears to correlate with the state

open, weak dNTP binding; closed, strong dNTP bind-
ng) of the nascent base pair binding pocket as defined
y the position of the N subdomain rather than the ob-
erved stacking interactions with the primer terminus.
onsistent with this notion, the ternary complex struc-

ure of the R283A mutant crystallizes in an open confor-
ation, and the binding affinity for the correct nucleo-

ide is reduced significantly (Beard et al., 1996).
DNA polymerases, as well as pol β, produce homo-
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Figure 7. Structural Comparison of Binary
DNA Complexes of DNA Polymerase β with
Terminal Mismatches

(A) The nucleotide conformations near the
polymerase active site in the structure of the
binary one-nucleotide gapped DNA complex
with the A-A mismatch (yellow) at the primer
terminus. The templating (coding) cytosine
(orange) is flipped outside of the DNA helix,
permitting the 3# adenine to occupy a posi-
tion that stacks downstream of the primer
terminus adenine. The polarity of the tem-
plate strand is indicated.
(B) The nucleotide conformations near the
polymerase active site of the binary nicked
DNA complex with an A-C mismatch (or-
ange) in the nascent base pair binding
pocket (i.e., equivalent to a misinserted
dCTP opposite A) (Krahn et al., 2004). Since
the DNA is nicked, rather than a single-

nucleotide gap, the mispair resides in the nascent base pair binding pocket. Again, the mispair was observed to be in a staggered conforma-
tion, as observed with other mispairs (T-C and 8-oxoguanine-A) in the pol β nascent base pair binding pocket (Krahn et al., 2003, Krahn et
al., 2004). However, in these cases, the template base is upstream of the nucleotide situated at the incoming nucleotide binding pocket. The
DNA sequence near the active site is given; the numbers refer to the position from the 5# terminus of that DNA strand. The sequence of the
remaining downstream and upstream duplex DNA is identical in these structures (see Figure 2A). This figure was created by using the USCF
Chimera package (Pettersen et al., 2004).
Table 1. Crystallographic Statistics

Complexa Binary Ternary

Data Collection

a (Å) 54.1 49.1
b (Å) 79.1 79.5
c (Å) 54.9 55.1
β (°) 105.9 106.2
dmin (Å) 2.1 2.6
Rmerge (%)b 8.1 (43.6)c 8.8 (42.6)
Completeness (%) 99.2 (92.3) 99.0 (99.1)
I/σI 12.2 (2.7) 14.3 (2.7)
Number of observed 128,734 46,243

reflections
Number of unique reflections 25,752 12,287

Refinement

Rms deviations
Bond lengths (Å) 0.005 0.013
Bond angles (°) 1.043 1.435

B factors (Å2)
Main chain 1.3 1.3
Side chain 2.0 1.9

Rwork (%)d 19.9 22.6
Rfree (%)e 23.7 29.9
Average B factor (Å2)

Protein 31.38 40.14
DNA 33.97 46.07

Ramachandran analysis (%)f

Favored 97.5 94.4
Allowed 100.0 99.7

a The DNA binary complex has an A-A mismatch at the primer
terminus adjacent to the nascent base pair binding pocket. The
ternary complex includes a complementary dGTP (i.e., templating
cytosine).
b Rmerge = 100 × ΣhΣirIh.i − IhrΣhΣiIh,i, where Ih is the mean intensity
of symmetry-related reflections, Ih,i.
c Numbers in parentheses refer to the highest resolution shell of
data (10%).
d Rwork = 100 × S||Fobs| − |Fcalc||/S|Fobs|.
e Rfree for a 5% subset of reflections.
f As determined by MolProbity (Lovell et al., 2003).
purine mismatches very poorly (Beard et al., 2002a,
2004). Mismatches pose a kinetic obstacle to further
DNA synthesis. If a DNA polymerase binds the next nu-
cleoside triphosphate tightly, but does not insert it, its
DNA synthesis capacity is severely inhibited. This is the
situation for the extension of homopurine mismatches
by pol β (Beard et al., 2004). Although this facilitates
structural characterization of the ternary complex, it se-
verely limits its biological activity. For most mispairs,
the polymerase could dissociate from the aberrant
primer terminus to allow a proofreading exonuclease
access to the mutagenic intermediate. Since the next
correct dNTP typically binds weakly with a mispaired
primer terminus, DNA dissociation is not affected. How-
ever, if the next dNTP binds, the dissociation of the
polymerase from the mutagenic intermediate is re-
duced (i.e., koff, DNA decreased) and a “dead-end” com-
plex is formed. This appears to be structurally equiva-
lent to the closed form of the complex. The tight
binding of the next correct nucleotide observed for pol
β could serve to protect mispaired adenines from an
extrinsic proofreading exonuclease, thereby increasing
the probability that it may be extended during long-
patch BER. The inability to discriminate between nucle-
otides that result in active or inactive complexes is also
pertinent to the biological activity of DNA polymerase I
from Escherichia coli (A family), DPO4 (Y family), and
DNA polymerase λ (X family). In these instances, the
DNA polymerase discriminates between correct and in-
correct nucleotides poorly at binding (i.e., Kd,correct w
Kd,incorrect), but only slowly inserts the incorrect nucleo-
tide (Fiala et al., 2004, Fiala and Suo, 2004, Kuchta et
al., 1988). Accordingly, a similar dead-end complex is
formed, effectively inactivating the enzyme under biologi-
cal conditions (i.e., in the presence of all four dNTPs).

The solution structure of an A-A mismatch in duplex
DNA indicates that the mismatch is well accommo-
dated: the bases are planar and in an anti-conformation
(Gervais et al., 1995). Several structures of DNA mis-
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smatches at the primer terminus (i.e., postinsertion site)
bin the confines of an A family DNA polymerase, Bacillus
wDNA polymerase I fragment, have recently been re-
t

ported (Johnson and Beese, 2004). In contrast to the a
binary pol β A-A mismatch structure, the binary Bacillus c

ofragment DNA mismatches are planar, rather than stag-
dgered, and in many instances, they are structurally sim-

ilar to those reported previously in duplex DNA in the
Sabsence of protein. Although an A-A mismatch at the
T

primer terminus was not examined, the G-G mismatch m
indicated that the 3# primer terminal guanine was in a t
syn-conformation. This is observed in the pol β ternary (

tcomplex structure, but not the binary complex. This
rdifference could be due to the different nature of the N
msubdomain motions with these distinct polymerases
a

(Beard and Wilson, 2003). Additionally, the binary Bacillus T
DNA complex with an A-G mismatch at the postinsertion f
site indicates that both bases prefer the anti-conforma- c

ttion, but the guanine will assume a syn-conformation if
tit oxidized at C8 (Hsu et al., 2004). The structure of a
aternary complex of T7 DNA polymerase (A family) with
s

8-oxodG-A at the postinsertion site exhibits the same
glycosidic preference as observed for the Bacillus frag- G
ment binary complex (Brieba et al., 2004; Hsu et al., D

g2004). A structure of a ternary complex with a G-T mis-
Tmatch at the primer terminus has been reported for a
(Y family DNA polymerase from Sulfolobus solfataricus
f

DPO4 (Trincao et al., 2004). In this situation, the mispair f
is in a planar reverse wobble conformation. A binary r
complex with the mismatch was not determined, so the m

sconformational accommodations after binding the cor-
erect nucleotide cannot be accessed. Since the struc-
ature of an A-A mismatch at the postinsertion site in
p

complex with other DNA polymerases is lacking, the T
structure of other mispairs at the primer terminus of pol a
β will be revealing.

Experimental Procedures A

Sample Preparation W
Wild-type human DNA polymerase β was expressed and purified s
as described (Beard and Wilson, 1995). The protein was washed
four times with several volumes of 20 mM Bis-Tris (pH 7.0) and

Rconcentrated to 15 mg ml−1.
RDNA substrates consisted of a 16-mer template, a complemen-
Atary 9-mer primer strand with an additional noncomplementary 3#
Pnucleotide (i.e., 10-mer total), and a 5-mer downstream oligonucle-

otide (Oligos Etc., Redding Center, CT). Proper annealing produces
Ra one-nucleotide gapped DNA substrate with a cytosine serving as

the templating base. The DNA sequence was nearly identical to
Bthat used in previous studies (Sawaya et al., 1997) in order to mini-
pmize sequence-dependent structural differences. The sequence of
9the downstream oligonucleotide was 5#-GTCGG-3#, and the 5# ter-
Bminus was phosphorylated. The template sequence was 5#-CCGA
oCCACGCATCAGC-3#, and the primer sequence was 5#-GCTGAT
2GCGA-3# (the underlined base identifies the mismatched base).

Proper annealing results in an A-A mismatch at the 3# primer terminus B
(Figure 2A). Oligonucleotides were dissolved in 20 mM MgCl2, 100 o
mM Tris/HCl (pH 7.5). Each set of template, primer, and downstream B
oligonucleotides was mixed in a 1:1:1 ratio and annealed with a PCR W
thermocycler by heating for 10 min at 90°C and cooling to 4°C (1°C

z
min−1), resulting in a 1 mM mixture of gapped duplex DNA. This solu-

t
tion was then mixed with an equal volume of pol β at 4°C. The mixture

2
was warmed to 35°C and gradually cooled to 4°C.

B
(Crystallization and Data Collection
pPol β-DNA complexes were crystallized by sitting drop vapor diffu-

sion versus a reservoir solution of 14%–20% PEG-3350, 350 mM B
odium acetate, and 50 mM imidazole (pH 7.5). Drops were incu-
ated at 18°C and streak seeded after 1 day. Crystals grew in
2–4 days after seeding, were transferred to cryoprotectant solu-

ions containing artificial mother liquor with 12% ethylene glycol,
nd were then flash-frozen at 100 K in a nitrogen stream. Data were
ollected at 100 K on an R-Axis IV area detector system mounted
n a RU3H rotating anode generator. Data were integrated and re-
uced with HKL2000 software (Otwinowski and Minor, 1997).

tructure Determination
he structure of pol β containing gapped DNA with an A-A mis-
atch was determined by molecular replacement from the struc-

ure of pol β complexed with fully complementary gapped DNA
PDB accession 1BPX). The two crystal structures have similar lat-
ices and are sufficiently isomorphous to determine the molecular
eplacement model position by rigid body refinement. The 1BPX
odel was modified by substituting oligonucleotide bases with the

ppropriate sequence included in the A-A mismatch crystallization.
he working R factor for the final binary complex model is 19.9%

or all data to 2.1 Å, with an Rfree of 23.7%. The ternary substrate
omplex structure was determined by a similar procedure by using
he 1BPY structure as the starting model. The working R factor for
he final ternary complex model is 22.6% for all data to 2.6 Å, with
n Rfree of 29.9%. Crystallographic data collection and refinement
tatistics are summarized in Table 1.

ap-Filling DNA Synthesis
NA synthesis was assayed on a series of single-nucleotide
apped DNA substrates where the templating base was altered.
he oligonucleotide sequences were as described previously

Beard et al., 2004). The sequences of the oligonucleotides used
or crystallization are identical to the core sequences of those used
or kinetic analyses. Enzyme activities were determined by using a
eaction mixture (50 �l) containing 50 mM Tris-HCl (pH 7.4), 100
M KCl, 5 mM MgCl2, 1 mM complementary dNTP, and 200 nM

ingle-nucleotide gapped DNA. Further details are given in the leg-
nd to Figure 1. Reactions were stopped with 20 �l 0.5 M EDTA
nd were mixed with an equal volume of formamide dye, and the
roducts were separated on 15% denaturing polyacrylamide gels.
he substrate and products in the dried gels were visualized with
PhosphorImager (Amersham Biosciences).
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