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The simple deletion of nucleotides is common in many organisms.
It can be advantageous when it activates genes beneficial to
microbial survival in adverse environments, and deleterious when
it mutates genes relevant to survival, cancer or degenerative
diseases. The classical idea is that simple deletions arise by strand
slippage. A prime opportunity for slippage occurs during DNA
synthesis, but it remains unclear how slippage is controlled during
a polymerization cycle. Here, we report crystal structures and
molecular dynamics simulations of mutant derivatives of DNA
polymerase X bound to a primer—template during strand slippage.
Relative to the primer strand, the template strand is in multiple
conformations, indicating intermediates on the pathway to
deletion mutagenesis. Consistent with these intermediates, the
mutant polymerases generate single-base deletions at high rates.
The results indicate that dNTP-induced template strand reposi-
tioning during conformational rearrangements in the catalytic
cycle is crucial to controlling the rate of strand slippage.
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INTRODUCTION

The geometric and kinetic basis by which DNA polymerases
prevent the incorporation of incorrect dNTPs, and thereby
avoid base substitution errors, has been studied extensively. In
comparison, fewer studies have investigated the mechanisms by
which simple nucleotide insertion-deletion mutations (‘indels’)
are avoided, such as those occurring at microbial contingency loci
(Moxon et al, 2006) or those that mutate genes relevant to survival,
cancer (Peltomaki, 2003) or degenerative diseases (Pearson et al,
2005). For more than 40 years, the main hypothesis to explain
indels has been strand slippage in repetitive sequences to generate
misaligned DNA that contains extra bases in one strand
(Streisinger et al, 1966). That strand slippage does occur is
evidenced by studies showing that indel mismatches arise during
synthesis by all DNA polymerases examined so far, at rates that
vary considerably and that can be very high, depending on the
DNA polymerase and the sequence context (Kunkel, 2004;
Garcia-Diaz & Kunkel, 2006).

The first step in indel formation during DNA synthesis is the
strand slippage event itself, which could occur during
the synthesis of any DNA sequence. This must be followed by
the formation of a stable misaligned intermediate that can be
extended by further polymerization. Streisinger’s seminal idea was
that if slippage was to occur, then slippage in repetitive sequences
would allow misaligned intermediates to form that could be
stabilized by correct base pairing. Support for Streisinger’s idea
comes from various observations (for a review, see Garcia-Diaz
& Kunkel, 2006) including structural studies showing that DNA
polymerase A (pol A), an enzyme that is particularly prone to
generating single-base deletions during DNA synthesis (Bebenek
et al, 2003), can bind in a catalytically competent manner to a
misaligned primer—template stabilized by correct base pairing and
containing an extrahelical base in the template strand upstream of
the polymerase active site (Garcia-Diaz & Kunkel, 2006).
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The ability of DNA polymerases to bind to and to extend a
misaligned intermediate raises the question of how the formation
of misalignment is initiated— that is, how and when strand
slippage occurs during a polymerization cycle. Several ideas have
been proposed (for reviews, see Potapova et al, 2002; Johnson
et al, 2003; Garcia-Diaz & Kunkel, 2006). According to one
model (Kunkel, 1986; Hashim et al, 1997), slippage might be
initiated when an incoming dNTP pairs directly with a base that is
adjacent to the normal template base, leaving an uncopied base in
the polymerase active site that is eventually deleted or added.
Structural analysis of Sulfolobus solfataricus (Sso) DNA polymerase
IV (Dpo4; Ling et al, 2001) supports this model, which might
be relevant to the subset of DNA polymerases that can
simultaneously accommodate two template nucleotides in the
binding pocket of the nascent base pair—that is, certain Y
polymerases. Another proposal is that slippage might be initiated
by dNTP misinsertion followed by primer relocation to allow
complementary base pairing with an adjacent template base
(Kunkel & Soni, 1988); this misinsertion—primer relocation model
is limited to specific sequence contexts. A third idea is melting-
misalignment, in which strand misalignments are initiated during
the movement of a single-stranded primer between the polymerase
and 3’ exonuclease active site of a proofreading-proficient DNA
polymerase (Fujii et al, 1999). This idea is relevant to the minority
of DNA polymerases that have 3’-exonuclease activity.

Although the three initiation ideas mentioned above might
be important to a subset of indels, a fourth idea that might be
generally relevant to all polymerases and sequence contexts is
slippage initiated as a polymerase dissociates or associates with
the primer-template DNA (for a review, see Bebenek & Kunkel,
2000). Generality is implied by the fact that all polymerases make
and break many non-covalent contacts with the primer-template
DNA during catalytic cycling. A crucial step in any normal
template-dependent polymerization cycle is correct dNTP bind-
ing. This binding event induces conformational changes in both
the polymerase and the primer—template DNA, which lead to
assembly of an active site with the geometry required for catalysis.
Structural studies of the catalytic cycle of wild-type DNA pol 2,
a family X DNA repair enzyme (Garcia-Diaz et al, 2005a),
revealed that dNTP-induced conformational transitions include a
5A repositioning of the template strand relative to the primer
strand, a shift in the position of a loop between B strands 3 and 4
in the palm subdomain, and movements of a few side chains that
form part of the dNTP-binding pocket (supplementary Fig 1A
online). Of particular interest is Arg517, a conserved residue that,
before dNTP binding, stacks with the template base that is 5" of the
primer-terminal base pair (supplementary Fig 1B online). On
dNTP binding, Arg517 relocates, thus allowing the templating
base to move into position for catalysis. At that point, the side
chain of Arg517 is in a position to form one minor-groove
hydrogen bond with the template base in the active site and
another with the template base immediately upstream (supplementary
Fig 1A online).

The possible relevance of the repositioning of the templating
base for the formation of deletion intermediates has been
considered in previous studies (Osheroff et al, 2000; Johnson
et al, 2003). These include one study in which we suggested that
repositioning of the template strand relative to the primer strand
during catalytic cycling by pol A provides the opportunity for
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strand slippage (Garcia-Diaz et al, 2005b). The interactions of the
Arg517 side chain with template strand bases indicate that
Arg 517 might partly control the propensity for slippage. To test
this idea and to gain an insight, at the atomic level, into the
mechanism of strand slippage in a catalytic cycle, we investigated
the structure and single-base deletion error rates of pol A mutants
containing amino-acid replacements for Arg517 and conducted
molecular dynamics simulations of these systems.

RESULTS AND DISCUSSION

First, we replaced Arg517 with alanine to remove the side-chain
interactions seen in crystal structures of wild-type pol X
(supplementary Fig 1 online). Numerous attempts to obtain a
crystal structure of a ternary R517A pol Legapped DNA@dNTP
complex were unsuccessful. However, we succeeded in obtaining
a 2.3 A resolution crystal structure of a binary complex of R517A
pol A bound to a one-nucleotide gap, the physiologically relevant
substrate of pol L. The crystal contained two molecules of R517A
pol A in the asymmetric unit (Table 1), both of which had
surprising and informative structures. In molecule A, the major
conformation of the template strand, and the position of a loop
between B strands 3 and 4 were similar to those seen in the ternary
precatalytic complex of wild-type pol A (Fig TA)—that is, they
were on the pathway to catalysis. This was unexpected, even more
so because the two crucial side chains at the active site (other than
Arg517) remained in the ‘inactive’ conformations expected of a
binary complex before dNTP binding (Fig TA). The density was
consistent with a minor population of template strands in the
inactive binary complex conformation. In molecule B, the side
chains were also in inactive conformations, and two conforma-
tions were clearly observed for the template strand: one (coloured
magenta in Fig 1B) resembling that seen with wild-type pol X in
the active (ternary complex) conformation, and the other (yellow)
resembling that seen with wild-type pol A in the inactive (binary
complex) conformation. These DNA conformations correlated
with two different positions of the loop between B strands 3 and 4.
Importantly, although significant differences in the template
position were observed, in both A and B molecules the primer
strands were in the same position. This position overlays with the
primer strands in the binary and ternary complexes of the wild-
type enzyme, and it is stabilized by the same protein inter-
actions—that is, with Arg488 and with the HhH motif in the fingers
subdomain (Fig 1C). Thus, replacing the side chain of Arg517 with
the methyl group of alanine has no significant effect on the primer
strand, but uncouples the conformational transition of the template
from that of the enzyme, thereby allowing the template strand to slip
towards an active conformation even in the absence of the correct
dNTP. Previous molecular dynamics simulations of this R517A
mutant also highlighted the special conformational flexibility of the
template strand (Foley et al, 2006).

Next, we determined the 2.2 A resolution structure of a ternary
complex of pol A containing a more conservative lysine
replacement for Arg517 (Table 1). Even this conservative
replacement altered the structure of both molecules in the
asymmetric unit. The template strand was in a similar position
as in the wild-type pol A ternary complex, but the conformations
of the three crucial side chains at the active site (other than
Arg517) were intermediate between those seen in the wild-type
pol A binary (inactive) and ternary (active) complexes (Fig 2).
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Table 1|Summary of crystallographic data
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Data set

R517A R517K

Protein Data Bank ID

Unit cell dimensions (A) (axbxc)

94.24 x 151.88 x 85.64 94.23 x 150.69 x 85.78

Space group P21212 P21212
Number of observations 319,116 345,548
Unique reflections 56,848 60,372
Reym (%) (last shell)* 0.11 (0.60) 0.09 (0.41)
I/o1 (last shell) 12.00 (2.11) 14.30 (2.35)
Completeness (%) (last shell) 96.8 (91.5) 96.8 (89.6)
Refinement statistics
Resolution (]\) 2.25 2.20
Reryst (%)F 22.5 20.1
Riree (%)% 26.4 23.6
Number of complexes in the asymmetric unit 2 2
Mean B value (A2) 33.3 28.6
RMS deviation from ideal values
Bond length (A) 0.013 0.006
Bond angle (°) 1.2 1.2
Dihedral angle (°) 22.4 21.9
Improper angle ( °) 0.9 0.9
Ramachandran statistics
Residues in
Favoured regions (%) 96.9 96.8
Disallowed regions (%) 0.6 0

R517A structure: 5,092 protein atoms with 31.00 mean b factor; 848 DNA atoms with 41.88 mean b factor; 639 water atoms with 38.75 b factor; no divalent metals. R517K: 5,092
protein atoms with 26.37 mean b factor; 850 DNA atoms with 30.99 mean b factor; 838 water atoms with 36.45 b factor; 2 divalent metal ions with 15.57 mean b factor.
Both structures have been deposited in the Protein Data Bank database and have the accession codes 3C5F and 3C5G.

*Reym = 2_(|Ii= (I |)I3 (1)), where I; is the intensity of the ith observation and (I} is the mean intensity of the reflection.

"Reryst = D ||Fo| |||/ |Fol> calculated from working data set.

SRiree is calculated from 5% of data randomly chosen not to be included in refinement.

These differences might relate to the fact that the e-amino group of
the lysine side chain is positioned away from the template, such
that it fails to form a hydrogen bond with the template base in the
active site, but can form a water-mediated hydrogen bond with the
adjacent template base upstream (Fig 2). These results again
indicate that the template strand has increased conformational
flexibility when normal interactions with Arg517 are disturbed.
The same idea emerges from molecular dynamics simulations
of ternary complexes of R517A and R517K pol A mutants. These
show that the range of template strand flexibility depends on the
mutant system being simulated and that the relative degree of
flexibility observed in the simulations closely reflects interactions
of the mutant residue with the DNA. Compared with the wild
type, the R517A mutant shows approximately 2-4A greater
motion in the DNA template strand towards the binary position
(Fig 3A,B, and corresponding RMSD data in supplementary
Fig 2A,D online). Similarly, simulations of the R517K mutant—
both with and without the catalytic metal—indicate increased
conformational flexibility in the template strand. In the R517K
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simulation without the catalytic ion, the region of the template
strand proximal to Arg517 in the wild type shows considerable
movement towards the binary position (Fig 3C; supplementary
Fig 2C online). When the catalytic metal is included in the R517K
model, the movement of the template strand is less pronounced
(Fig 3D; supplementary Fig 2B online) and is observed only during
the early stage of simulation. This suggests that the presence of the
catalytic ion might help to stabilize the DNA at the active site.
This is consistent with the fact that in the ternary R517K crystal
structure, where two metals are bound in the active site,
movement of the template is not evident. The R517K mutant
simulations also suggest that, unlike the arginine side chain,
Lys517 does not adopt a stable conformation and is flexible,
interchanging among three main side-chain orientations (supple-
mentary Fig 3 online). As a consequence, most of the interactions
of the arginine side chain with the template strand are
not observed or steadily maintained in the R517K mutant
(supplementary Fig 4 online). However, consistent with the crystal
structure, a water-mediated interaction can occur between
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Fig 1| Crystal structures of the R517A polymerase A mutant. (A) Overlay
of molecule A (solid colour; see text) with a polymerase (pol) A ternary
complex (Protein Data Bank entry 1XSN; transparent). In the mutant
binary complex, the template strand is located in an analogous
conformation to that observed in a wild-type ternary complex, whereas
Tyr 505 and Phe 506 are in a binary conformation. (B) In molecule B,
two conformations are observed for the template strand, corresponding
to the binary (yellow) and ternary (magenta) conformations. Two
simulated annealing F,—F. omit density maps are shown, contoured

at 3. In one case, the ternary-like conformation was omitted from map
calculation (magenta), whereas in the other case the binary-like
conformation was omitted (yellow). (C) The primer strand in molecule B
is maintained in the same conformation by several protein-DNA
interactions (see text), whereas the template strand adopts two
alternative conformations.

Lys517 and the template base of the primer-terminal base pair
(supplementary Table 1 online). In both the R517A and R517K
mutant simulations, changes occur to other crucial active-site
residues in addition to the mutant residue. Tyr505 flips to its
binary position, as does Phe 506 in one of the R517K simulations,
consistent with the intermediate residue conformations observed
in the ternary R517K crystal structure. Overall, the results indicate
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Fig 2| Crystal structure of R517K polymerase A. In both molecules in the
asymmetric unit, a similar conformation of the Lys 517 side chain (cyan)
is observed in a position to establish a water-mediated hydrogen bond
with the base of the primer-terminal template nucleotide. A simulated
annealing F,—F, omit density map is shown in blue, contoured at 6.
Tyr 505 and Phe 506 are in positions intermediate between those
observed in the binary and the ternary structures. The conformation

of these side chains in the ternary complex is shown in grey.

that although the lysine side chain at position 517 provides more
template-stabilizing interactions than the alanine side chain, these
interactions are still insufficient to ensure template strand stability
and an ordered transition to a catalytically active conformation.

The increased conformational flexibility of the template strand
conferred by the R517K and R517A replacements predicts that, in
comparison with wild-type pol &, R517A and R517K pol X might
have increased error rates for single-base deletions that involve
slipped intermediates with an extra base in the template strand. To
test this prediction, we measured the frequency of single-base
deletion mutations in a template TTTT during DNA synthesis
in vitro to fill a 6-nucleotide gap (Bebenek et al, 2003). In this
assay, wild-type pol A generated single-base deletions at a
frequency of 1.2+0.25x 1072. Importantly, the R517K and
R517A pol A mutants had mutation frequencies that were 3.3-
and 3.7-fold higher, respectively (Table 2). The lower fidelity of
both mutant enzymes correlates with the increased conforma-
tional flexibility of the template strand observed in the crystal
structures and molecular dynamic simulations. These results
indicate that Arg517 in pol A is important in coordinating the
dNTP-induced repositioning of the template strand during
catalytic cycling, in a manner relevant to strand slippage that
can result in single-base deletions.

As mentioned in the Introduction, all DNA polymerases make
single-base deletions (Tippin et al, 2004; Garcia-Diaz & Kunkel,
2006), all polymerases make and break many non-covalent
contacts with the primer—template DNA during catalytic cycling
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Table 2| Single-nucleotide deletion fidelity of wild-type, R517K and
R517A polymerase A

R517K
(cat+nuc)

Fig 3| Range of DNA motion during molecular dynamics simulations of
wild-type and mutant (R517A and R517K) polymerase A systems. The
different panels show selected positions of the DNA backbone obtained
from simulations of (A) wild-type polymerase X, (B) R517A mutant,

(C) R517K mutant and (D) R517K mutant with the catalytic ion. Arrows
indicate ranges of DNA motion. The simulated DNA is superimposed on
the crystal structures of the binary and ternary complexes (Protein Data
Bank (PDB) entry 1XSL, green, and PDB entry 1XSN, red, respectively)
to provide a frame of reference. The dTTP and Mg? " from the ternary
crystal structure are also shown in each panel. cat, catalytic ion bound;
dTTP, 2'-deoxythymidine 5'-triphosphate; Nuc, nucleotide-binding ion
bound; WT, wild-type polymerase A.

and all polymerases assemble their active sites through dNTP-
induced conformational changes, including changes in DNA
conformation (for reviews, see Goel et al, 2002; Johnson et al,
2003; Moon, 2007). Thus, dNTP-induced repositioning of the
template strand relative to the primer strand during catalytic
cycling might provide a general opportunity for indel errors to
arise in the context of any of the misalignment models discussed in
the Introduction and during various DNA biosynthetic reactions
that are catalysed by many different DNA polymerases in cells.

METHODS

Protein and DNA oligonucleotides used for crystallization. The
pol A catalytic core was expressed and purified as described previously
(Garcia-Diaz et al, 2005b). The following oligonucleotides were used
for crystallography: Tb (5CGGCCGTACTG), Pb (5'CAGTAQ),
D (5'GCCG); Ttern (5CGGCAATACTG), Ptern (5'CAGTA).

Protein crystallization and data collection. Mutagenesis was
performed by using the Quikchange mutagenesis kit (Stratagene,
La Jolla, CA, USA) and the pol A catalytic core was purified as

©2008 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Pol A Reversion frequency ( x 1072)
wild type 1.2 (£0.25)
R517K 4.0 (£0.41)
R517A 4.4 (£0.83)

Pol A, polymerase A.

The assay used for measuring the fidelity of the 39 kDa form of pol A has been
described previously (Bebenek et al, 2003). DNA synthesis by pol A was conducted
in reaction mixtures (20 pl) containing 50 mM Tris pH 7.5, 2.5 mM MgCl,, 1 mM
dithiothreitol, 2 ug of bovine serum albumin, 4% glycerol, 0.5 nM gapped DNA, 50 uM
each of dATP, dGTP, dCTP and dTTP, 1 mM ATP, 400 U T4 DNA ligase, and 150, 300
or 500 nM of the 39kDa domain of wild-type, R517K or R517A pol A, respectively.
After 1h incubation at 37 °C, reactions were terminated by adding 15 mM EDTA. DNA
products were resolved on a 0.8% agarose gel. The copied DNA products were scored
for DNA synthesis errors as described previously (Bebenek et al, 2003). The lacZ
reversion frequencies are the average of three or four determinations, with standard
deviations shown in parentheses.

described previously (Garcia-Diaz et al, 2005b). Crystals of the
R517A mutant were formed by using the hanging-drop method, by
mixing 2 pl of the protein solution containing DNA with 2 pl of
reservoir solution containing 0.2 M ammonium acetate, 100 mM
Hepes, pH 7, and 10% PEG 4000. Crystals were transferred in five
steps to a solution containing 0.2 M ammonium acetate, 100 mM
Hepes, pH 7, 12% PEG 4000, 100 mM NaCl, 10 mM MgCl, and
15% ethylene glycol. Crystals of the R517K protein were formed
by using the hanging-drop method, by mixing 2 pl of the protein
solution containing DNA with the ddTTP (10 mM) with 2 pl of
reservoir solution containing 0.1 M KCI, 10 mM MgCl,, 50 mM
Tris—HCI, pH 8.5, and 30% PEG 400. Crystals were transferred in
five steps to a solution containing 0.1M KCI, 10mM MgCl,,
50mM Tris—HCI, pH 8.5, T00mM NaCl and 40% PEG 400. All
crystals were frozen in liquid nitrogen and then mounted on a
goniometer in a cold stream of nitrogen at —178°C for data
collection. Data were collected on a Rigaku 007HF generator
equipped with Varimax HF mirrors and a Saturn 92 detector. All
data were processed by using the HKL2000 software (Otwinowski
& Minor, 1997). The atomic coordinates and structure factors have
been deposited in the Protein Data Bank (PDB) database and have
the accession codes 3C5F and 3C5G.

Molecular replacement and refinement. Phases were calculated
by using molecular replacement from PDB entries 1XSP or TXSN
as the starting models. The programs O (Jones et al, 1991)
and Coot (Emsley & Cowtan, 2004) were used for model building
and the models were refined with CNS (Briinger et al, 1998). In all
cases, the density was of sufficient quality to build most side
chains and most backbone atoms, with the exception of a few
amino-terminal residues and a few residues in disordered loops.
The quality of the models was assessed with Molprobity (Lovell
et al, 2003) and all were found to have good stereochemistry (see
Table 1). Figures were made by using Molscript (Kraulis, 1991),
Povscript+ (Fenn et al, 2003) and POV-Ray (www.povray.org).
Molecular dynamics simulations. Initial energy minimizations
and equilibration simulations were performed by using CHARMM
(Brooks et al, 1983). Production dynamics were performed at
constant temperature and volume by using NAMD (Phillips et al,
2005) with the CHARMM force field (MacKerell & Banaval,
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2000). Simulations are described in detail in the supplementary
information online.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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