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ABSTRACT: A dogma for DNA polymerase catalysis is that the enzyme
binds DNA first, followed by MgdNTP. This mechanism contributes to the
selection of correct dNTP by Watson−Crick base pairing, but it cannot
explain how low-fidelity DNA polymerases overcome Watson−Crick base
pairing to catalyze non-Watson−Crick dNTP incorporation. DNA
polymerase X from the deadly African swine fever virus (Pol X) is a half-
sized repair polymerase that catalyzes efficient dG:dGTP incorporation in
addition to correct repair. Here we report the use of solution structures of
Pol X in the free, binary (Pol X:MgdGTP), and ternary (Pol
X:DNA:MgdGTP with dG:dGTP non-Watson−Crick pairing) forms,
along with functional analyses, to show that Pol X uses multiple
unprecedented strategies to achieve the mutagenic dG:dGTP incorporation.
Unlike high fidelity polymerases, Pol X can prebind purine MgdNTP tightly
and undergo a specific conformational change in the absence of DNA. The
prebound MgdGTP assumes an unusual syn conformation stabilized by partial ring stacking with His115. Upon binding of a
gapped DNA, also with a unique mechanism involving primarily helix αE, the prebound syn-dGTP forms a Hoogsteen base pair
with the template anti-dG. Interestingly, while Pol X prebinds MgdCTP weakly, the correct dG:dCTP ternary complex is readily
formed in the presence of DNA. H115A mutation disrupted MgdGTP binding and dG:dGTP ternary complex formation but not
dG:dCTP ternary complex formation. The results demonstrate the first solution structural view of DNA polymerase catalysis, a
unique DNA binding mode, and a novel mechanism for non-Watson−Crick incorporation by a low-fidelity DNA polymerase.

■ INTRODUCTION

DNA polymerases play central roles in genomic replication and
maintenance. For the better part of the last century, researchers
strived to elucidate the structural and mechanistic basis for high
fidelity of DNA polymerases.1−9 A key factor contributing to
the high fidelity of the catalysis is the Watson−Crick base
pairing between the template base and the incoming dNTP. In
the past decade, many translesion synthesis (TLS) or
mutagenic DNA polymerases with important biological
functions have been discovered,10−13 and the question has
been reversed to how these enzymes catalyze their specialized
reactions or non-Watson−Crick incorporations. Extensive
structural studies have revealed a wealth of unique features
for individual enzymes.7,8,14−20 However, the fundamental
question of how the enzymes overcome Watson−Crick base
pairing to catalyze mismatch incorporation remains poorly
understood.

The deadly African swine fever virus (ASFV) is a double
stranded DNA virus that has caused major economic losses,
and in recent years it is turning into a global threat.21−23 The
DNA polymerase X encoded by ASFV24 (referred to as “Pol X”
hereafter) is highly prone to a dG:dGTP mismatch
incorporation with an efficiency approaching that of a
dG:dCTP pair on the basis of the studies from our laboratory,25

although subsequent reports suggested that the dG:dGTP
preference (relative to dG:dCTP) varies with the condition
used.26−28 Another unique feature of Pol X is that it is a half-
sized DNA polymerase (only 174 residues) lacking the lyase
domain and the duplex DNA binding subdomain of its
mammalian homolog DNA polymerase β (Pol β). Pol X is
therefore considered as the minimal version of an evolutionarily
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conserved Pol β-like DNA polymerase core.8,24 The structure
of free Pol X, solved by NMR in 2001,29,30 consists of only two
subdomains: an N-terminal subdomain (residues 1−105) and a
C-terminal subdomain (residues 106−174). Several unique
questions are pertinent to the structure and mechanism of Pol
X: how it catalyzes the non-Watson−Crick dG:dGTP
incorporation, whether its overall low fidelity reflects poor
enzyme-dNTP interactions, how it binds DNA without the
DNA-binding subdomains, and whether the “half-sized
polymerase” Pol X undergoes MgdNTP-induced subdomain-
closing conformational change characteristic of other DNA
polymerases. We and others have actively pursued these
questions by various approaches in the past decade,26,31−36 but
the progress has been limited because of the lack of structure of
the enzyme:DNA:MgdNTP ternary complex.
Although NMR has never been used previously to solve the

structure of the ternary complex of a DNA polymerase because
of the large size of the complex and the chemical exchange of
multiple components, we have achieved the challenging task of
determining the solution structure of the ternary complex (Pol
X:DNA:MgdGTP) with a dG:dGTP mismatch. In addition,
since Pol X seems to be able to bind MgdNTP in the absence
of DNA29,30 and its kinetics seems to deviate from the ordered
sequential mechanism (DNA binding first followed by
dNTP),37 we also solved the solution structure of the elusive
Pol X:MgdGTP binary complex. For comparison with the new
structures, the previously reported structure of the free Pol X
was also refined with residual dipolar coupling (RDC) data.
The results indicate several novel structural features for Pol X,
which were further supported by functional analyses. The
results indicate that Pol X uses multiple unprecedented
strategies to achieve the mutagenic dG:dGTP incorporation.

■ MATERIALS AND METHODS
This section describes only a summary of key materials and samples
used and the major experimental methods. Detailed experimental
procedures are described in Supporting Information (SI) Materials
and Methods.
Protein Samples for Structural Determination by NMR.

Various uniformly and specifically labeled Pol X samples are prepared
as described in SI Materials and Methods. The NMR samples of free
Pol X (15N-Pol X, 13C,15N-Pol X, 2H,13C,15N-Pol X) used for refining
the previously published reduced form-Pol X structure contain 50 mM
KCl, 50 mM potassium borate, 10 mM DTT-d10 at pH 6.5. The Pol
X:MgdGTP binary complex was prepared by mixing 1−8 mol equiv of
MgdGTP (indicated in figure legends) with Pol X in buffer containing
50 mM KCl, 50 mM potassium borate, 10 mM MgCl2, 10 mM
DTT-d10 at pH 6.5. The Pol X:dhDNA:MgdGTP ternary complex for
structural determination was prepared by first mixing 8 mol equiv of
MgdGTP to Pol X, followed by addition of 1.2 mol equiv of DNA to
the solution containing 10 mM DTT-d10, 200 mM KCl, 50 mM
potassium borate, 10 mM MgCl2 at pH 6.5. Detailed conditions for
experiments used to demonstrate specific properties may differ from
these main conditions for structural determination, as described in
specific figure legends.
Isotope-Labeled Double Hairpin DNA Samples for NMR.

Two selectively isotope-labeled DNA samples were prepared via
enzymatic synthesis (Figure S8 (SI)): DNA sample #1, 5′PO3-
G1G2C3G4A5A6G7C8C9G10G11G12T13G14C15G16A17A18G19C20A21-
C22C23-3′dd, where 3′dd stands for dideoxy for the C3′ atom at C23,
and DNA sample #2, 5′PO3-G

1G2C3G4A5A6G7C8C9G10G11-
G12T13G14C15G16A17A18G19C20A21C22C23-3′dd. In DNA #1 the under-
lined segment is labeled with 13C and 15N, while in DNA #2 the
underlined segment was labeled with 13C, 15N, and deuterons at
selective sites in order to reduce sensitivity loss due to fast transverse
relaxation of the Pol X:DNA:MgdGTP ternary complex.

NMR Spectroscopy. NMR experiments were performed on
Bruker AV600, AV800, and AVIII850 MHz spectrometers equipped
with cryogenic probes. All NMR samples contained 5−10% D2O for
spectrometer lock. All spectra were processed using Topspin (Bruker)
and analyzed with the program CARA38 (www.nmr.ch). Resonance
assignments were based on triple resonance experiments. Residual
dipolar couplings (RDCs) were measured for partially aligned samples
in Pf1-phage and/or C12E5/hexanol.

Structure Calculation. Briefly, the structure of free Pol X was
refined from the previously reported reduced form29 by applying the
residual dipolar coupling (RDC) data of backbone N−H. The
structure of Pol X:MgdGTP binary complex was calculated from
restraints of intramolecular NOEs and backbone dihedral angles and
13 intermolecular NOEs between Pol X and dGTP (Table S1 (SI)),
and refined with backbone N−H RDC data. The structure of Pol X in
the ternary complex was calculated from the MgdGTP-bound binary
Pol X structure using backbone N−H RDC data of the ternary
complex. The CYANA calculated ternary Pol X structure was then
subjected to HADDOCK39,40 modeling for the complex with gapped
DNA and the incoming nucleotide MgdGTP, utilizing the restraints
obtained from NMR experiments including chemical shift perturbation
data and intermolecular NOEs between Pol X, DNA, and dGTP
(Table S1 (SI)). All structural calculations using experimentally
determined distances and dihedral and dipolar coupling restraints
(Table S1−S5 (SI)) were performed with CYANA 3.0,41 and the final
ensembles of NMR structures were subjected to explicit water
refinement under HADDOCK-CNS.42 The crystal structure of the Pol
β:DNA:MgdNTP ternary complex consists of two Mg2+ ions at the
active site,8,43,44 based on the studies described in SI Materials and
Methods (including ITC results of D49S, D51S, and D100S mutants
shown in Figure S3F−I (SI)), we assumed that both Mg2+ ions are
present in the binary complex and used the distance restraints from the
crystal structure of Pol β for calculation.

The chemical shift assignments for free Pol X, Pol X:MgdGTP
binary complex, and Pol X in the Pol X:MgdGTP:DNA ternary
complex have been deposited in the BioMagResBank under access
numbers 18933, 18934, and 18935, respectively. The coordinates of
free Pol X, Pol X:MgdGTP binary complex, Pol X in the Pol
X:MgdGTP:DNA ternary complex, and HADDOCK-calculated Pol
X:MgdGTP:DNA ternary complex have been deposited in the RCSB
Protein Data Bank with access codes 2m2t, 2m2u, 2m2v, and 2m2w,
respectively.

■ RESULTS

Solution Structures of Free, Binary, and Ternary
Complexes of Pol X by NMR. We have used NMR to
determine the solution structures of Pol X in the free (refined
with backbone N−H RDC), binary (Pol X:MgdGTP), and
ternary (Pol X:DNA:MgdGTP) forms. Detailed procedures are
described in the Materials and Methods and the SI Materials
and Methods, which involve specific isotope labeling of the
protein, DNA, and dNTP.
Ribbon diagrams and ensembles of these structures are

shown in Figure 1A (free Pol X), Figure 1B (Pol X:MgdGTP
binary complex), and Figure 1C (Pol X:DNA:MgdGTP ternary
complex). The stereo views of the ensemble structures are
shown in Figure S1A (SI) (free), Figure S1B (SI) (binary),
Figure S1C (SI) (ternary, protein only, before HADDOCK),
Figure S1D (SI) (ternary, protein only, after HADDOCK), and
Figure S1E (SI) (Pol X:DNA:MgdGTP). The structural
statistics are listed in Tables S2−S5 (SI). As shown by the
superimposition of the 2D 1H,15N-TROSY-HSQC spectra of
the three forms (Figure S1F (SI)), there are notable differences.
The unique structural features of the binary and the ternary
complexes will be addressed in later sections. The sequence of
Pol X and its secondary structural elements are shown in Figure
S1G (SI). The DNA used in the ternary complex is a single-
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stranded, double hairpin DNA (abbreviated as “dhDNA” or
simply “DNA” hereafter) that forms a single-nucleotide gap
steadily as shown in Figure 1D. Such a DNA has been shown

previously to bind to Pol β almost identically to the
corresponding gapped DNA formed by three pieces of
oligonucleotides.47 The structure of Pol X in the ternary
complex was particularly challenging because of the chemical
exchange between three components. This is the first case of a
protein/gapped DNA/MgdNTP ternary complex solved by
solution NMR.

dGTP Adopts a syn Conformation Stabilized by
His115 in the Binary Complex. A major finding of this
work is that, in the absence of DNA, MgdGTP binds to Pol X
in an unusual syn conformation about the glycosidic bond,
suggesting that the binding is specific. Mg2+ is required for the
dGTP binding, as dGTP alone caused no detectable shifts in
the HSQC spectrum of Pol X. As shown in Figure 2A (surface
charge representation) and Figure 2B (stick representation),
the MgdGTP binding cleft formed between the two
subdomains is narrow, forcing dGTP to adopt the more
compact syn conformation (compared to the extended anti
conformation). Some of the evidence for the unusual syn
conformation of the bound nucleotide is summarized in Figure
2C-a. Using 13C,15N-labeled MgdNTP, we observed stronger
H8−H1′ NOE than the H8−H2′ or H8−H2″ NOE (Figure
2C-b) as the H8 proton is closer to H1′ than to H2′ or H2″ in
the syn conformation.48 In addition, 31P NOE difference data of
MgdGTP (Figure 2C-c) showed NOE between Pα and the
NH2 protons of dGTP, suggesting an intramolecular H-bond as
indicated in Figure 2C-a, a unique stabilizing factor only
possible in syn purine nucleotides. The dGTP-purine/His115
imidazole interaction through partial pi−pi stacking (Figure
2B) appears to be critical for the binding of syn dGTP. The
partial pi−pi stacking is supported by the intermolecular NOEs
between His115 Cδ2 proton and H1′ and H8 protons of dGTP
(Figure 2C-d), and by the ring current shift of the H8 proton of
the bound syn dGTP (from 8.1 ppm to 6.25 ppm) (Figure S2A
(SI)). We then constructed the H115A mutant to test the
importance of this partial pi−pi stacking in dGTP binding. The
MgdGTP affinity of Pol X decreased by >20-fold in H115A
(rows 1 and 5 of Table 1 and Figure S3 (SI)). In addition, the
upfield shift of the H8 proton was completely abolished (Figure
S2B (SI)). These results support that His115 is the primary
residue responsible for stabilizing syn dGTP. In addition, the
surrounding residues shown in Figure 2B appear to collectively
provide a hydrophobic pocket, which is supported by
intermolecular NOEs between dGTP and Pol X residues
(Figure 2C-d,e and Table S1 (SI)), and dense inter-residue
NOEs between the Pol X residues shown here (NOE table
available from RCSB Protein Data Bank under access code
2m2u). Furthermore, the calculated binary structure shows a
possible hydrogen bond between dGTP 3′-OH and Val120
backbone NH as indicated in Figure 2B. This interaction was
supported by intermolecular NOEs between Val120 γ2 methyl
protons and dGTP ribose protons H1′, H2′, H2″, and H3′
(Figure 2C-e), and the chemical shift change of Val120 N−H
(from 8.87 ppm to 9.42 ppm).
While the syn conformation of bound dGTP was well

demonstrated by the NOE analysis, Nikolova et al. recently
reported that the anti-to-syn transition of a dNTP is
characterized by a ca. +2 ppm shift of C8 and a ca. +3 ppm
shift of C1′.49 The corresponding shifts observed for dGTP
upon binding to Pol X were +1.88 and −1.25 ppm, respectively
(Figure S2A (SI)). The differences can be reasonably explained
by the different chemical environments in the double stranded
DNA49 and in the active site of Pol X.

Figure 1. Solution structures of Pol X in different states. (A) Free Pol
X (ribbon diagram and ensemble of 20 structures). The N-terminal
subdomain (residue 1−105) is also referred to as “Palm”, and the C-
terminal subdomain (residue 106−174) as “Fingers” according to our
previous reports9,30 and the nomenclature by Steitz et al. for DNA
polymerases based on functional alignment (left-handed analogy).45

Note that the “Fingers” would correspond to the “Thumb” in the
right-hand analogy.4,46 (B) Pol X:MgdGTP binary complex (ribbon
diagram and ensemble of 20 structures). (C) HADDOCK calculated
structure of the Pol X:MgdGTP:DNA ternary complex. The right
figure shows the ensemble of 10 structures. (D) Sequence of the
double hairpin gapped DNA used in (C). The nucleotide C23 is
dideoxy at its 2′ and 3′ carbons in order to prevent the reaction from
taking place. The reducing condition was used for all structural studies
(in the presence of 10 mM DTT).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4102375 | J. Am. Chem. Soc. 2014, 136, 4927−49374929



Pol X binds dATP similarly to dGTP but binds pyrimidine
nucleotides weakly. Isothermal titration calorimetry (ITC)
analysis showed that Pol X binds purine MgdNTP more tightly
than pyrimidine MgdNTP by a factor of 20−40 in the absence
of DNA (Figure S3A−D (SI) and rows 1−4 and 8−11 of Table
1). This differs from the previous report that Pol X binds the
four dNTPs with similar affinity.29 The higher affinity for
purine than pyrimidine nucleotides is also reflected in the 2D
1H,15N-HSQC spectra of Pol X binary complexes (Figure S4A−
C (SI)), which show that MgdATP and MgdGTP induce nearly
identical shifts, while MgdCTP and MgdTTP induce multiple
sets of relatively minor shifts. Because of the weak and
nonspecific binding, the binary complexes with MgdCTP or
MgdTTP were not further examined. Using 13C,15N-MgdATP,
we observed that the bound MgdATP also exists in the syn
conformation in the WT but not in the H115A mutant (Figure
S2C,D (SI)). In addition, binding of MgdATP to the H115A
mutant is weakened by 7.4-fold relative to the WT (rows 9 and
12 of Table 1). The results together suggest that the structure
of Pol X:MgdATP should be very similar to that of Pol
X:MgdGTP. The above results suggest that binding of dGTP
and dATP is a specific property of Pol X. This is a unique

feature for Pol X since the full-length Pol β and its C-terminal
22 kDa domain corresponding to Pol X have previously been
reported not to bind MgdNTP.29 To ensure a fair comparison
between Pol β and Pol X under the same condition, we also
examined the binding property of full-length Pol β by NMR
(Figure S5A (SI)) and ITC (Figure S5C (SI) and row 6 of
Table 1), and confirmed that it does not bind MgdNTP tightly.

MgdGTP Binding in the Absence of DNA Induces
Conformational Change Different from That of Pol β in
the Presence of DNA. Upon MgdGTP binding, helix αD
moves away from the Palm subdomain in order to create space
for the bulky incoming MgdGTP, which also causes outward
movements of helices αE, αF, and αG (Figure 3A). This
conformational change of Pol X in the absence of DNA is of
comparable scale to that of Pol β and many other polymerases
in the presence of DNA (Figure 3B, showing only the
subdomains corresponding to Pol X). However, as indicated by
the yellow arrows, the direction of the conformational change is
different between Figure 3A and B. The MgdNTP induced
conformational change of Pol β is a subdomain “closure” mode,
whereas in Pol X it is a subdomain “opening” mode in order to
accommodate the syn dGTP. A closer view with ensemble

Figure 2. Detailed structure and NMR evidence for the Pol X:MgdGTP binary complex. (A) Surface charge representation of Pol X:MgdGTP binary
complex with positive, negative, and neutral potentials shown in blue, red, and white color, respectively. (B) Stick representation of the active site
residues important for MgdGTP binding. The red dashed line indicates an intermolecular H-bond between dGTP 3′-OH and V120 backbone N−H.
(C) NMR evidence for syn-dGTP conformation and interaction between dGTP and His115 and Val120. (a) The stick structure of dGTP showing
the syn conformation and the relationship with His115, as well as key experimental evidence. (b) Column vectors of H8 proton in the syn form from
the first 2D 1H−1H plane of a 3D 13C-NOESY-HSQC (100 ms mixing time) of [13C,15N-His]-U-[2H]-Pol X:[13C,15N]-MgdGTP (1:1) binary
complex, showing stronger H8−H1′ NOE than the H8−H2′ or H8−H2″ NOE. (c) [Proton saturation]-1D 31P NOE difference experiment of Pol
X:MgdGTP (1:8) binary complex. A NOE effect was observed for Pα (blue * in the lower spectrum) upon irradiation of NH2 protons (blue
lightning bolt symbol in (a)) at 6.2 ppm in the syn form. The upper spectrum shows the off-resonance irradiation spectrum (irradiation at 30 ppm).
(d) A 2D plane of a 13C-NOESY-HSQC experiment showing intermolecular NOE between the Cδ2 proton of His115 and H1′ and H8 of the syn
dGTP. (e) NOE strip of V120 Hγ2 methyl protons from a 3D 13C-NOESY-HSQC (120 ms mixing time) showing its intermolecular NOEs to dGTP
ribose protons of H1′, H2′, H2″, and H3′.
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structures indicates that the movement of helix αD enables
partial ring stacking between His115 and the incoming dGTP

(Figure 3C). In addition, the overall conformational change is
in part achieved by disruption of extensive hydrophobic
interactions at the interface between the two subdomains in
the Pol X structure. As shown in Figure 3D, in the free form
(light color) Phe116 phenyl ring packs against Phe102 phenyl
ring with a pi−pi interaction, while His115 imidazole makes
contact with Phe102, Ile113 and Phe116. Upon dGTP binding
(heavy color), the phenyl ring of Phe116 rotates away from that
of Phe102 (orthogonal instead of parallel now), and His115
moves further away to create a pocket large enough to
accommodate the bulky purine ring of dGTP.

Pol X Uses a Unique DNA Binding Mode with Helix αE
to Bind DNA. Pol X lacks the two subdomains responsible for
DNA binding in Pol β.50 Nevertheless, Pol X binds DNA
almost as tightly as Pol β does on the basis of a previous
report,30 and even more tightly than Pol β (by a factor of 3.5)
toward the dhDNA used in this study when examined by ITC
under identical conditions (rows 15, 16 of Table 1 and Figure
S6B,E (SI)). This dichotomy raises interesting questions about
how Pol X binds to DNA. The DNA binding surface of Pol X
in the absence of dNTP has been mapped by chemical shift
changes previously.29,30 The structure of the Pol
X:MgdGTP:DNA ternary complex in this work provides details
of the actual DNA binding site. As shown by the electrostatic
representation of the ternary complex (Figure 4A), the major
positive patch of the helix αE in Pol X forms a major binding
interface with the gapped DNA, while the major negative patch
formed by the three active site aspartates accommodates the
triphosphate moiety of MgdGTP. The gapped DNA adopts a
sharp turn after the template G10, enabling G10 to mispair with
the preformed syn dGTP. These structural features suggest that

Table 1. Kd Values for the Binding of dNTP (Rows 1−14) or
dhDNA (Rows 15−18) to DNA Polymerases Determined by
ITCa

row enzyme ligand Kd (μM)

Buffer: 2 mM MgCl2, 400 mM KCl, pH 7.2
1 Pol X dGTP 1.1 ± 0.1
2 Pol X dATP 2.1 ± 0.3
3 Pol X dCTP 41 ± 6
4 Pol X dTTP 42 ± 5
5 H115A dGTP 25 ± 14
6 Pol β dNTPd n.d.b

7 Pol β, Y271H dNTPe n.d.b

Buffer: 10 mM MgCl2, 200 mM KCl, pH 8.0
8 Pol X dGTP 0.26 ± 0.07
9 Pol X dATP 0.46 ± 0.04
10 Pol X dCTP 9.4 ± 0.1
11 Pol X dTTP 8.61 ± 1.55
12 H115A dATP 3.4 ± 0.5
13 H115Y dGTP 0.38 ± 0.07c

14 H115Y dCTP 5.9 ± 0.9c

15 Pol β dhDNA 13.8 ± 0.5
16 Pol X dhDNA 4.0 ± 0.1
17 R125Q, R127Q dhDNA n.d.b

18 R125A, R127A dhDNA n.d.b

aAll samples contain 50 mM Tris-borate or Tris/HCl and 2−10 mM
β-mercaptoethanol. The ± signs stand for standard deviation. bn.d.:
nondetectable by ITC measurement. cn (Hill coefficient) is close to
0.5 for the H115Y mutant. dN = A, G, C, T. eN = G, C.

Figure 3. Conformational change induced by MgdGTP binding to free Pol X in the absence of DNA. (A) Free Pol X in green, binary Pol X in
magenta, and dGTP in stick (both are the lowest energy NMR structures). The two structures were aligned according to their Palm-subdomains (a.a.
1−105). (B) Conformational change of the Pol X-corresponding subdomains between Pol β:DNA binary complex (red ribbon, PDB code 1BPX)
and Pol β:DNA:dUMPNPP ternary complex (cyan ribbon, PDB code 2FMS). The two structures were also aligned on their Palm-subdomains (a.a.
149−261). (C) Overlaid 20 lowest-energy NMR structures showing the conformational transition of helix αD and His115 between free Pol X
(green) and binary Pol X (magenta) with MgdGTP. The movement of D-helix was measured from Cα carbons of His115 (3 Å), and the movement
of His115 imidazole rings was measured from their Cε1 carbons (3.3 Å). (D) Rearrangement of active site hydrophobic residues and His115 upon
MgdGTP binding to Pol X. Residues in the Pol X:MgdGTP binary complex are shown in colored sticks, while the corresponding residues in the free
Pol X are shown in the same but lighter color.
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the concentrated positive charge on the surface of helix αE
contributes significantly to binding of the gapped DNA and
helps to direct the formation of the anti:syn dG:dGTP
Hoogsteen base pair (see next section). In addition, this
interaction of helix αE with DNA leads to additional
conformational change of Pol X as shown in Figure 4B,
which indicates that αE moves toward the phosphate backbone
of the G1-C9 DNA segment, possibly forming extensive
Coulombic interactions between several positively charged
residues on the helix (Arg125, 127 and Lys131, 132, 133) and
the phosphate backbone of DNA.
The extensive DNA-interacting role of helix αE in Pol X is

unique, as fewer such interactions are observed for other
members of the X-family DNA polymerases. As shown in
Figure S6A (SI), in the corresponding helix of Pol β, Pol λ, and
Pol μ, there are only two positively charged residues that
interact with the phosphate backbone of DNA. Elimination of
two of the five DNA-interacting positively charged residues in
the helix αE in R125AR127A or R125QR127Q significantly
reduced the DNA affinity of Pol X (rows 17, 18 of Table 1 and

Figure S6B−D (SI)). This result supports the importance of
helix αE in the unique high DNA affinity of Pol X.

Syn dGTP Forms Hoogsteen Base Pair with Template
dG in the Ternary Complex. As shown in Figure 4C, the
partial pi−pi stacking in the binary complex is disrupted in the
ternary complex, freeing the guanine ring of dGTP to pair with
the template dG. Importantly, the motion of the guanine is
small and the syn conformation is still retained, leading to the
Hoogsteen base pairing. As a result of these small motions, the
imidazole ring of His115 becomes more (but not fully)
coplanar and less ring-stacked with the guanine ring of dGTP.
Here we describe some specific spectroscopic evidence for the
structure of the ternary complex and the anti:syn dG:dGTP
Hoogsteen base pairing. First, we prepared isotope-labeled
DNA with the segment of G10G11G12T13G14 labeled with
13C and 15N (Figure S7 (SI) and SI Materials and Methods).
The sequential imino−imino connectivity for the G10−G14
segment of the double hairpin DNA free in solution and in the
dG:dGTP and dG:dCTP ternary complexes were assigned
(Figure S8 (SI)). Detailed NMR analyses clearly showed no
looping out of any nucleotide base, as explained in SI Materials

Figure 4. Detailed structure and NMR evidence for the Pol X:MgdGTP:DNA ternary complex. (A) Electrostatic representation for the ternary
complex. (B) Structural transition from binary (magenta) to ternary (marine) states. (C) Stereo view for the binary-to-ternary transition at the
dG:dGTP mismatch site. For simplicity, the triphosphate moiety of dGTP is omitted. (D) Saturation transfer difference (STD) for the dG:dGTP
mismatch. (a) Schematic demonstration of the experiments. The lightning bolt symbol indicates the proton on which a train of saturation pulse was
applied, and the asterisk symbol indicates the STD effect on that proton. (b) 1D H8 row vectors from STD 2D 1H,13C-HSQC spectra of dGTP in
the ternary complex. The irradiation was applied to N1H of the template G10 (blue lightning bolt symbol in (a)), while the blank irradiation was
applied at 25 ppm. (c) STD spectra with P1331 water suppression scheme for the ternary complex. The bottom trace is the difference spectrum
between the control (top spectrum, blank irradiation at 25 ppm) and the irradiation (at 10.45 ppm of 15N,13C-dGTP N1H proton signal; the doublet
signals, labeled by # signs, are due to N−H J-coupling). For irradiation, a train of 50 ms Gaussian shape pulse was applied for 0.8 s. (E) Cross-strand
NOEs between H8 of the incoming dGTP and both G10 N1H imino proton and G11 NH2 amino protons of the bound DNA in a 2D jump-return
NOESY spectrum (120 ms mixing time) on a 0.5 mM ternary complex in 8% D2O at 293 K at 600 MHz. The molar ratio was 1:1.5:10 for
[2H,13C,15N]-Pol X:dhDNA:dGTP. The buffer contained 10 mM MgCl2, 500 mM KCl, and 50 mM potassium borate, pH 7.5.
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and Methods. The labeled DNA allowed us to assign the NOE
between the Nε2-H proton of His115 and the imino N−H
proton of G11 as shown in Figure S8D (SI). Next, we prepared
specifically labeled Pol X and assigned the methyl groups as
shown in Figure S9A (SI). These specific assignments enabled
identification of intermolecular NOEs between the methyl
groups of Val120 and Ile124 of Pol X and the imino proton of
G10 as shown in Figure S9B (SI).
Furthermore, saturation transfer difference (STD) effect was

observed for the incoming dGTP C8−H8 cross peak in a 2D
1H,13C-HSQC when the N1H proton signal of G10 was
saturated (Figure 4D-a,b). Similarly, STD effect was observed
for the N1H proton of the template G10 when the N1H signal
of dGTP was saturated by selective irradiation (Figure 4D-c,
and see Figure S9C (SI) for the assignment of dGTP N1H). In
addition, a previous report showed that anti:syn GG mismatch
in a DNA displays observable interstrand NOEs with a
neighboring base.51 We indeed observed two cross-strand
NOEs between the H8 proton of MgdGTP and N2H2 of G10
and N1H of G11 (Figure 4E).
Consecutive Changes from Free to Binary and

Ternary Complexes. Taken together, the results indicate
that helices αD/αE in the free form first move outward to
accommodate the nucleotide in the binary complex (Figure 3A)
and then move back inward to interact with DNA in the ternary
complex (Figure 4B). These consecutive changes are illustrated
in Figure 5A, which also shows the movement of His115 and its
role in the binary and the ternary complexes as described above.
Another important point is that the loop between helices αD
and αE consists of the Gly118-Pro119 peptide bond
(conserved in the X-family polymerase as cis Gly-Ser), which
was shown to be cis in the free Pol X29,30 and remains cis in the
MgdGTP binary complex as indicated by the characteristic
NOE between the Hα proton of Gly118 and Hα proton of
Pro119, and in the ternary complex as evidenced by
characteristic 13C chemical shifts.52 It could play a unique
role in providing a sharp turn between helix αD and helix αE,
while also providing necessary space for dGTP binding and for
conformational transitions between the three forms. Note that
while the conformational change in the binary complex enables
formation of the H-bond between Val120 backbone N−H and
dGTP 3′-OH group as mentioned above (Figure 2C), this H-
bond is disrupted by the further conformational change
induced by DNA binding as shown in Figure 5A. The chemical
shift of Val120 N−H, which moves from 8.87 ppm (free) to
9.42 ppm (binary) as mentioned above, moves back to 8.41
ppm in the ternary complex.
His115 Is Not Needed in the dG:dCTP Ternary

Complex with Watson−Crick Pairing. The results above
suggest that Pol X catalyzes dG:dGTP incorporation by
prebinding MgdGTP in the syn form, which then forms
Hoogsteen base pairing with the template dG in the ternary
complex (anti:syn for dG:dGTP). While this is a unique and
effective mechanism to overcome Watson−Crick base pairing,
it prompted us to ask how Pol X catalyzes Watson−Crick
dG:dCTP incorporations when the prebinding of dCTP is
much weaker as described above. Here we use 1D proton NMR
spectra (Figure 5B) to show that the dG:dCTP ternary
complex is also readily formed, but it does not depend critically
on His115. As shown in the dhDNA assignments in Figure S8
(SI), the imino protons of G10 and T13 resonate at 10.72 and
13.71 ppm, respectively in the free DNA.

Spectrum 1 in Figure 5B is for the free dhDNA where only
the T13 peak is shown for simplicity. Spectrum 2 is for free WT
Pol X where the peak at 11.03 ppm was assigned to the His115
Nε2H proton as explained in SI Materials and Methods and
Figure S8E (SI). In the dG:dGTP ternary complex (spectrum
3), three distinct downfield shifts occur: the His115 Nε2H peak
shifted to 11.67 ppm, the G10 imino proton peak shifted to
11.8 ppm (forming an apparent doublet with the His115 peak),

Figure 5. Comparison between dG:dGTP and dG:dCTP. (A)
Conformational transitions of helices αD and αE from the free Pol
X (green) to the binary complex (magenta) and the ternary complex
(marine) as explained in the text. For simplicity, the ribose of template
G10 and the triphosphate of dGTP are omitted. “dGTPBin” and
“dGTPTer” stand for dGTP in the binary form and the ternary form,
respectively. (B) 1D NMR spectra showing chemical shift evidence for
dG:dGTP (G:G) or dG:dCTP (G:C) ternary complexes. T13f and
T13b (marked with “#” and “*”, respectively) stand for the N1H
resonance of T13 in the free and bound states, respectively. His115
Nε2H proton is marked with “@”. All spectra were acquired at 293 K.
The molar ratio was 1:1.1:15 for each of the Pol X:DNA:dNTP
ternary complex. The buffer contained 10 mM MgCl2, 500 mM KCl,
and 50 mM potassium borate, 10 mM DTT-d10, pH 7.5. Note that
the distortion of baselines and some peak shapes is the nature of the
P1331 pulse sequence (phase modulation as a function of resonance
frequency), which has the advantage of reducing saturation transfer
effect on labile protons. (C) Proposed model showing the different
catalytic pathways of Pol X for dG:dCTP (a) and dG:dGTP (b).
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and the T13 imino proton peak shifted to 14.4 ppm (also refer
to Figure S9B−D (SI) for these assignments). Importantly, in
the dG:dCTP ternary complex (spectrum 4), the apparent
doublet at 11.67/11.8 ppm does not show up (His115 is not
shifted whereas G10 is shifted further to 12.9 ppm, not shown
here because of overlapping with other peaks), but the
downfield shift of the T13 imino proton peak still happens.
These characteristic shifts allowed us to monitor the formation
of a dG:dGTP Hoogsteen base pairing or a dG:dCTP Watson−
Crick base pairing in site-specific mutants. As shown in spectra
5−6, mutation of His115 to alanine abolished the formation of
the dG:dGTP mismatch but had little effect on the dG:dCTP
correct match. This result indicates that His115 is required for
the formation of a dG:dGTP mismatch, but to the contrary it
plays little role in the dG:dCTP Watson−Crick base pairing.
In addition, the fact that the relative intensities of the two

T13 resonances are similar between GG and GC complexes
(spectra 3, 4) suggests that both ternary complexes are formed
readily under the condition used (enzyme:DNA:MgdNTP =
1:1.5:10), even though MgdCTP binds much more weakly than
MgdGTP in the absence of DNA. Importantly, unlike the
multiple forms in the MgdCTP binary complex (Figure S4B
(SI)), the dG:dCTP ternary complex exists in one single form
(Figure S4D (SI)). This result suggests that even though
MgdCTP binds to Pol X more weakly than MgdGTP in the
absence of DNA, the Watson−Crick base pairing can
compensate for the difference. Taken together, the results
suggest that Pol X uses different mechanisms for dG:dGTP
(His115 and Hoogsteen base pairing) and dG:dCTP (His115
side chain not required) incorporations.
Comparison of Pol X His115 with Pol β Tyr271. It is

interesting that His115 of Pol X corresponds to Tyr271 of Pol
β. We previously reported that Y271F, Y271A, and Y271S
mutations of Pol β led to modest perturbations in its kinetic
constants.53 In light of the important roles of His115 in the
functions of Pol X, we examined whether Y271H Pol β will
acquire the MgdNTP binding property of Pol X, and whether
H115Y Pol X will reduce its MgdNTP binding property. Our
NMR (Figure S5B (SI)) and ITC (Figure S5D (SI) and row 7
of Table 1) analyses indicate that Y271H Pol β remains
incapable of binding MgdNTP tightly in the absence of DNA.
Likewise, for Pol X, H115Y retains the ability to bind MgdGTP
tightly and MgdCTP weakly (15-fold difference in Kd) in the
absence of DNA (rows 13, 14 of Table 1). These results
suggest that the difference between Pol X and Pol β should not
be attributed primarily to the difference in the single residue.
H115Y and H115F Mutations Disrupt dG:dGTP but

Not dG:dCTP Ternary Complex. Although the H115Y
mutation did not perturb the binding affinity of MgdGTP and
MgdCTP, it affected the ternary complex. In contrast to WT

Pol X, which forms both dG:dGTP and dG:dCTP ternary
complexes readily as described above, H115Y is unable to form
the dG:dGTP ternary complex (Figure 5B, spectrum 7), while
its ability to form the dG:dCTP ternary complex is unperturbed
(spectrum 8). Similar results were obtained for the H115F
mutant (spectra 9, 10). Although the structural basis for the
properties of His115 mutants requires further investigation, the
results provide additional support for the conclusion that
His115 is the key residue for dG:dGTP non-Watson−Crick
incorporation but is little relevant to the mechanism of the
Watson−Crick incorporation catalyzed by the same enzyme.

Formation of dG:dGTP Non-Watson−Crick Pairing Is
Not Sensitive to DNA Sequence. Previous reports suggested
the DNA-sequence dependence of dNTP incorporation by
other members of the X family DNA polymerases such as Pol
β,54 Pol λ,55 and Pol μ.56 In contrast, our recent kinetic analyses
showed that the dG:dGTP incorporation by Pol X is insensitive
to the DNA sequence.27 This difference can be explained by
two factors. One is that for dG:dGTP non-Watson−Crick
catalysis, binding of dGTP precedes that of DNA. The other
reason is that, unlike other polymerases that bind DNA
extensively in a hand-holding like mode, Pol X mainly uses E-
helix to bind DNA, and the main interaction between Pol X and
DNA involves the positively charged arginine/lysine side chains
and the backbone phosphates of DNA bases 1−9 (Figure 4A,B
and S6A (SI)). To provide further support to this explanation,
we examined the effect of changing the bases in this region. As
shown in Figure S11 (SI), the apparent doublet for the
templating base G10 imino proton and the His115 Nε2H
proton remain intact in the three spectra with different DNA
sequences.

Support of the Results of Structural Analyses by
Kinetics and 7-Deaza-dGTP. While structural analyses can
provide insightful information on the intermediate complexes,
the new information from structural analyses should be tested
by kinetic analysis, since kinetic analysis can provide
information through the transition state. This is particularly
true since it has been established previously that the chemical
step is the rate-limiting step in Pol X catalysis.57 For the same
reason, the order of substrate binding will not affect the rate
kpol. We thus performed single turnover kinetics as described
previously.27,37 As shown in Table 2, mutation of WT to
H115A caused relatively minor effects (within a factor of 2) on
the kpol and Kd,app values for dG:dCTP incorporation (rows 1,
2), or the kpol for dG:dGTP incorporation (rows 3, 4), but it led
to 33-fold increase in Kd,app for dG:dGTP incorporation (rows
3, 4). These data fully support the conclusions reached from
structural analyses. Further support was provided by the use of
7-deaza-dGTP, a dGTP analogue in which the N-atom at the 7-
position is replaced by carbon, which thus is incapable of

Table 2. Catalytic Efficiencies for Incorporation of dCTP, dGTP, and 7-Deaza-dGTP Opposite Template G by Pol X and
H115A Mutanta

row enzyme reaction kpol (s
−1) mutant/WT Kd,app (μM) mutant/WT kpol/Kd,app (s

−1 M−1) fidelityc

1 Pol X dG:dCTPb 0.074 ± 0.005 200 ± 30 370
2 Pol X H115A dG:dCTP 0.16 ± 0.01 2.2 73 ± 15 0.36 2200
3 Pol X dG:dGTPb 0.0028 ± 0.0001 21 ± 1 110 3.8
4 Pol X H115A dG:dGTP 0.0016 ± 0.0001 0.57 690 ± 90 33 2.3 960
5 Pol X dG:7-deaza-dGTP 0.00019 ± 0.00002 510 ± 130 0.37
6 Pol X H115A dG:7-deaza-dGTP 0.00013 ± 0.00002 0.68 930 ± 300 1.8 0.14

aThe ± signs stand for standard deviation. bData from Lamarche et al.27 cThe fidelity is defined by [(kpol/Kd,app)dG:dCTP + (kpol/Kd,app)dG:dGTP]/(kpol/
Kd,app)dG:dGTP.
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forming one of the two H-bonds when the Hoogsteen edge of
the base is used.58 As expected, when dGTP was replaced by 7-
deaza-dGTP, the H115A/WT ratios returned to within a factor
of 2 (rows 5, 6). Furthermore, analyses in the last two columns
of Table 2 indicate that the fidelity (dG:dCTP vs dG:dGTP)
increases from 3.8 for WT to 960 for H115A, demonstrating
the functional role of H115 in dG:dGTP incorporation.

■ DISCUSSION
Pol X Uses Multiple Unique Strategies for Catalysis. In

this work we use NMR to show that Pol X uses active site
residue His115 to stabilize and preform a syn dGTP
conformation in the absence of gapped DNA, as a key
mechanism to overcome the Watson−Crick base pairing. This
binding of MgdGTP (in the absence of DNA) also induces a
conformational change that is different from the subdomain-
closing conformational change of enzyme−DNA binary
complexes induced by MgdNTP for other DNA polymerases.
In the presence of gapped DNA, the syn dGTP forms a
mismatch with the template dG and forms an anti:syn
dG:dGTP Hoogsteen base pair in the Pol X:DNA:MgdGTP
ternary complex, explaining the structural basis of the mismatch
incorporation. Although missing the DNA binding subdomain,
Pol X uses its helix αE to bind the DNA. While in the absence
of DNA Pol X binds MgdCTP weakly and in multiple forms,
the Watson−Crick dG:dCTP base pairing occurs readily in the
ternary complex. H115A mutation abolished dG:dGTP but not
dG:dCTP. The results suggest that Pol X catalyzes dG:dGTP
and dG:dCTP incorporations with distinct mechanisms. The
dG:dGTP mismatch formation via the prebinding mechanism is
likely to occur under physiological conditions because the Kd
value for MgdGTP (0.26 ± 0.07 μM) is lower than the average
physiological concentration of dGTP in different mammals (5.2
± 4.5 μM).59 Some of the points relevant to the mechanism of
DNA polymerase catalysis are elaborated below, whereas the
implication of the results on the biological functions of Pol X is
addressed in SI Discussion.
Prebinding of syn-MgdNTP Followed by Mismatch

Formation Is Unprecedented in DNA Polymerases.
Prebinding of MgdNTP in the absence of DNA has also
been reported in a few different DNA polymerases including
the template-independent terminal deoxynucleotidyl transferase
(TdT),60 but Pol X is the only one that binds MgdNTP in a syn
conformation, and also the only one that goes on to form an
anti:syn dG:dGTP mispair for subsequent mismatch incorpo-
ration. It is well accepted that high-fidelity replicative DNA
polymerases or medium-fidelity gap-filling DNA polymerases
cannot bind MgdNTP in the absence of DNA. In the two
binary complex structures reported previously for Pol I61 and
Pol β,62 the bound nucleotide was not located at the correct
nucleotide binding site. A notable exception is a recent report
that the bacterial DNA polymerase Thermus thermophilus HB8
Pol X (tt-Pol X) binds MgdNTP tightly in the absence of
gapped DNA. The crystal structure of tt-Pol X:CadGTP binary
complex indicates that the bound dGTP exists in both syn and
anti forms in equilibrium, but only the anti form exists in the
ttPolX:DNA:CaddNTP ternary complex, resulting in an
anti:anti dC:dGTP correct pairing.63 Thus the mechanistic
and functional properties of tt-Pol X and ASFV Pol X are
substantially different, even though they share the ability to
bind dNTP in the absence of DNA.
The dG:dGTP Hoogsteen Base Pairing for Pol X Is

Unique. Hoogsteen base pairing has been shown to occur in

the translesion synthesis (TLS) such as Pol ι with 8-oxo-G and
incoming dCTP64 and with 6O-methylG and incoming dTTP65

(both are syn:anti), Dpo4 with 5′ thymine of the cyclobutane
pyrimidine dimer and incoming ddATP66 and with 8-oxo-G
and incoming CadATP (syn:anti),67 and Pol β with 8-oxoG and
incoming dAMPCPP (syn:anti).68 For correct base pairing,
Hoogsteen base pairing has been suggested to offer a basis for
the preferred dA:dTTP (syn:anti) incorporation by Pol ι.69 For
mismatch incorporation, Hoogsteen base pairing has only been
reported for Pol β with template dA and incoming 8-oxo-dGTP
(anti:syn),70 and for dG:dGMP mismatch between the template
dG and the dG at the primer terminus in Bacillus
stearothermophilus DNA polymerase I fragment (BF)71 and
human Pol λ.72 In comparison with these examples, the
dG:dGTP Hoogsteen pairing in this work is unique in that the
incoming nucleotide is a natural dGTP and is likely prebound
by Pol X in the syn conformation before encountering the
template dG. It is interesting to note that the anti:syn geometry
for the dG:dGTP pairing determined in this study was also
predicted previously by molecular dynamic simulation.31 On
the other hand, even though computational studies predicted
that high salt concentration can lead to a conformational
change in Pol X,32 our NMR spectra (Figure S12 (SI))
suggested that the conformational change induced by MgdGTP
is very different from the salt effect.

Comparison with the Mechanism of Mismatch
Incorporation by Other DNA Polymerases. To understand
the molecular basis of fidelity, the structure of a mismatched
ternary complex of a polymerase is of paramount importance,
since the fidelity is based on the comparison between correct
and mismatched incorporations, but the vast majority of
research deals with only correct incorporations. Crystallization
attempts for mismatched ternary complexes, however, have not
been straightforward because of the low affinity of the
mismatched dNTP. Except for a few cases described above,
earlier reports on the mismatched complex structures have the
mismatch occurring between the template and the primer
terminus,71 or between the dNTP and the next template base.73

For Dpo4, it was shown that dT:dGTP mismatch led to
destabilized base stacking.74 Recently Bebenek et al.75 used
crystal structures of a lower fidelity Pol λ variant to demonstrate
a dT:dGMPCPP mismatch with a Watson−Crick geometry
consistent with a minor tautomeric or ionized base pair,
confirming the existence of such a mechanism that was
proposed by Watson and Crick.76 Like in their study, our NMR
structure also demonstrates nascent base pairing of the
mismatched complex, but the mechanism used by Pol X to
achieve the mismatched complex is clearly different from that of
Pol λ.

Role of Enzyme-dNTP Interaction in the DNA
Polymerases with Specialized Functions. An interesting
feature of the Y family polymerase Dbh77,78 and Dpo4 is that
there are relatively few interactions between the enzyme and
DNA, and between the enzyme and the incoming dNTP. This
appears not to be the case for the ASFV Pol X. As described
above, Pol X binds dGTP with extensive interactions. On the
other hand, there are increasing examples for the involvement
of specific enzymatic residues in binding the incoming dNTP
and/or the template base in a specific conformation in order to
achieve the specialized catalytic function of the polymerase.
The most dramatic case is Rev1, which achieves its high
specificity toward dG:dCTP incorporation by using protein
groups to direct both the incoming dCTP and the template G
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evicted from DNA.20 While Rev1 uses Arg324 side chain as a
template to pair up with the incoming dCTP for its dCTP
preference, Pol X selects for syn-dGTP via His115 in the
absence of DNA.
Although only Rev1 and Pol X are known to use specific

active site residues to select for preferred dNTP, several other
polymerases are known to use active site residues to orient the
template base in a specific conformation. For example, Pol ι
binds the template 8-oxo-G in a syn conformation to form a
correct 8-oxoG:dCTP Hoogsteen pair for an error-free
replication,64 and Pol η accommodates the cis-syn cyclobutane
pyrimidine dimer with the reinforced B-form DNA con-
formation via complementary DNA binding surface as well as
hydrophobic interaction.79 Also, Dpo4 bypasses the 2-amino-
fluorene lesion via error-free and error-prone mechanisms; the
latter was promoted by interactions between the enzyme and
the bulky lesion.80

Conformational Change Occurs upon MgdNTP Bind-
ing in the Absence of DNA. Most high-fidelity polymerases
undergo the MgdNTP-induced subdomain-closing conforma-
tional change upon binding of MgdNTP to the polymer-
ase:DNA binary complex. However, low fidelity Y-family DNA
polymerase DinB has been shown to pre-exist in a closed
conformation in the free form,78 while Pol λ, an X family DNA
polymerase, shows no significant conformational change on
going from the E:DNA binary form to the E:DNA:MgdNTP
ternary complex for a match81 or a mismatch75 formation.
These studies raised the possibility that the open-to-closed
conformational change may not be required for error-prone
polymerases, or that the lack of it could be a cause of their low
fidelity. For the Pol X:MgdGTP binary complex, our results
indicate a novel mechanistic and structural feature in that
MgdGTP binding in the absence of DNA induces a substantial
conformational change that is of a subdomain-opening mode.
Overview of the Catalytic Mechanisms of Pol X. Here

we propose an overall picture for the catalytic mechanism of
Pol X, based on the results of this work and previous
studies.25,27,30,37 Pol X appears to use two different mechanisms
to catalyze dNTP incorporations: the canonical mechanism for
dG:dCTP, which does not involve His115, and the dNTP
prebinding mechanism for dG:dGTP mediated by His115, as
illustrated by the model in Figure 5C. The incorporation of the
other base pairs (matched and mismatched) likely can use one
or both mechanisms, depending on the nature of dNTP
(different affinity for prebinding), and the physiological
concentrations of both dNTP and DNA.

■ CONCLUSION
We present the first solution structural view of DNA
polymerase catalysis, a unique DNA binding mode, and a
novel mechanism for non-Watson−Crick incorporation by a
DNA polymerase. Since the half-sized DNA polymerase X
likely represents the minimal version of an evolutionarily
conserved DNA polymerase core, the novel mechanistic and
structural properties of Pol X discovered in this study shall
provide valuable information for researchers in the field of
DNA polymerases. In particular, it will be very interesting to
examine whether other low-fidelity DNA polymerases also use
the strategy of prebinding specific dNTP to choose non-
Watson−Crick from Watson−Crick base pairing. This question
is particularly interesting in light of the newly published
review82 suggesting a common “nucleotide gateway” for some
families of DNA polymerases in the presence of DNA.

Furthermore, the structures of the binary and ternary
complexes of Pol X may also provide a basis for drug discovery
against the deadly Africa swine fever virus that has caused
devastating global economic loss in the recent years.21−23 In
particular, our results suggest that Pol X can potentially be
inhibited by nucleotide analogues before binding DNA. Most
significantly, this work has addressed important questions
fundamental to enzyme catalysis.
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