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DNA with single-nucleotide (1-nt) gaps can arise during various DNA
processing events. These lesions are repaired by X-family DNA poly-
merases (PolXs) with high gap-filling activity. Some PolXs can bind
productively to dNTPs in the absence of DNA and fill these 1-nt gaps.
Although PolXs have a crucial role in efficient gap filling, currently, little is
known of the kinetic and structural details of their productive dNTP
binding. Here, we show that Thermus thermophilus HB8 PolX (ttPolX) had
strong binding affinity for Mg®*-dNTPs in the absence of DNA and that it
follows a Theorell-Chance (hit-and-run) mechanism with nucleotide
binding first. Comparison of the intermediate crystal structures of ttPolX
in a binary complex with dGTP and in a ternary complex with 1-nt gapped
DNA and Mg?>'-ddGTP revealed that the conformation of the incoming
nucleotide depended on whether or not DNA was present. Furthermore, the
Lys263 residue located between two guanosine conformations was essential
to the strong binding affinity of the enzyme. The ability to bind to either syn-
dNTP or anti-dNTP and the involvement of a Theorell-Chance mechanism
are key aspects of the strong nucleotide-binding and efficient gap-filling
activities of ttPolX.
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Introduction

Base excision repair is the major DNA repair
pathway for dealing with damaged bases, such as
the oxidized lesions that are associated with aging
and the pathogene51s of many neurodegenerative
disorders.' DNA with a single-nucleotide (1-nt) gap
can arise during various DNA repair processes,
especially base excision repair. Failure to deal with
these gaps can cause serious damage to the DNA,
such as strand breaks. Rapid and efficient filling of
these gaps is carried out by X-family DNA poly-
merases (PolXs).

The African swine fever virus (ASFV) PolX is a
highly distributive DNA polymerase” and follows
an ordered Bi Bi mechanism with a nucleotide as
the first substrate.” This means that ASFV PolX
can form a productive complex with a nucleotide
in the absence of DNA and can, thereby, provide
an effective means for filling 1-nt gaps. Terminal
deoxynucleotldyl transferase (TdT), a mammahan
PolX,* follows a random Bi Bi mechanism;’ thus,
it can also form a productive binary complex
with a nucleotide. To date, however, the mech-
anism and order of binding and release of
substrates and products have not been fully
elucidated for these PolXs. By contrast with
these DNA polymerases, the ordered Bi Bi
mechanism with DNA as the first substrate is a
conserved reaction mechanism for other DNA
polymerases, especially replicative polymerases
with high processivity. For example, the A-family
DNA polymerase I (Poll) of Escherzchm coli bll‘ldS
to DNA prior to binding to Mg**-dNTPs;® Poll
has low aff1n1ty for Mg“"-dNTPs in the absence
of DNA.” Although Poll can bind to a nucleotide
in the absence of DNA, this binary complex is
nonproductive and must be dissociated before
binding to DNA.® DNA polymerase {3 (Polp), a
mammalian PolXs involved in base excision
repair, has also been shown to follow an ordered
Bi Bi mechanism with DNA as the first substrate,
although these studies used primer/template and
~14-nt gapped DNA, which may not be the most
appropriate substrates for PolXs. 919 These differ-
ences in reaction mechanism among polymerases
suggest the possibility that productive dNTP
binding in the absence of DNA is responsible
for the high activity of some PolXs, such as ASFV
PolX, for filling 1-nt gaps.

The crystal structures of a few DNA polymerases
in binary complexes with a nucleotide have been
reported, for example the Klenow fragment of E. coli
Poll with dCTP," Thermus aquaticus Poll with
dCTP,"” and Polp with dATP."” These binary
structures lacked metal ions and the nucleotides
had different binding positions and conformations
compared to ternary complexes, which suggest
nonproductive binding. These observations on

crystal structures are consistent with a polymerase
mechanism of ordered Bi Bi with DNA as the first
substrate. With respect to the crystal structure of
TdT in binary complex with Co**-ddATP, the
conformation and location of ddATP are similar to
nucleotides in the ternary complexes of other
PolXs.'* However, it is uncertain whether this
binary complex structure is productive or not
because the TdT reaction proceeds via a random Bi
Bi mechanism.® To date, the structure of a produc-
tive binary complex of ANTP and DNA polymerase
with an ordered Bi Bi mechanism has not been
elucidated.

Thermus thermophilus HB8 PolX (ttPolX) has
DNA-dependent DNA/RNA polymerase and 3'-
5" exonuclease activities; the active sites for these
reactions are a PolX core (POLXc) and polymerase
and hlstldmol phosphatase (PHP) domains,
respectlvely This type of PolX is widely distrib-
uted in bacteria. Here, we performed steady-state
kinetic experiments and showed that ttPolX
follows a Theorell-Chance mechanism;'® we also
determined the crystal structures of the reaction
intermediates for 1-nt gap filling. Our observations
on mechanism and structures suggest a possible
model for how ttPolX achieves efficient filling of
1-nt gaps.

Results

ttPolX has strong binding affinity for Mg2*-dNTP
in the absence of DNA

ttPolX is a highly distributive DNA polymerase
that shows preferential activity for repair of 1-nt
gaps over activity with primer/template DNA
(Fig. 1). We found that ttPolX had little strand-
displacement and misincorporation activity for 1-nt
gapped DNA (Fig. 1b). Furthermore, ttPolX
showed similar gap-filling activity for 1-nt gapped
DNA in the absence and presence of 5’-phosphate
(Fig. S1). This may be due to the lack of a basic
residue at position of Asp64 in ttPolX (see Fig. S3c)
as expected from a binding study in our previous
report.'” Surface plasmon resonance (SPR) mea-
surements showed that ttPolX had strong affinity
for Mg**-dNTP, regardless of the identity of the
base (Fig. 2 and Table 1). The binding affinity of
ttPolX for Mg**-GTP was approx1mately 2 orders
lower than that for Mg®"-dGTP. Compared to
ttPolX, T. thermophilus Poll (ttPoll) showed much
lower binding affinity for Mg2+—dGTP (Table 1),
which may reflect the substrate-binding order of
each poly merase. The strong binding affinity of
ttPolX for Mg>"-dNTPs may be related to its ablhty
to form a productive binary complex with Mg**-
dNTPs in the absence of DNA.
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Fig. 1. DNA polymerase activity of ttPolX. (a) DNA polymerase activity for primer/template DNA. Reaction mixtures
composed of 50 mM Tris—-HCI, 20 mM KCl, 10 mM MgCl,, 100 pg/ml BSA, 10 uM dNTPs, 10 nM primer/template DNA,
and 1 pM ttPolX (wild type or mutants), pH 8.2, at 37 °C were incubated for the indicated times. (b) DNA polymerase
activity for 1-nt gapped DNA. Reaction mixtures composed of 50 mM Tris—-HCI, 20 mM KCl, 10 mM MgCl,, 100 pg/ml
BSA, 10 uM dNTP, 10 nM 1-nt gapped DNA, and 1 uM ttPolX wild type, pH 8.2, at 37 °C were incubated for the indicated
times. Four-dNTP mixture (lanes 1-3) or single dNTP (lanes 5-8) was added to the reaction mixture. Lane 4 contained no
dNTP. M represents marker lanes. The samples were analyzed by 20% (w/v) denaturing PAGE (8 M urea) and visualized

by autoradiography using BAS2500 (Fuji Film).

Mechanism of 1-nt gap filling by ttPolX

To determine whether Mg?**-dNTP-bound ttPolX
was productive, we investigated the ttPolX reac-
tion mechanism using steady-state kinetics with
dead-end and product inhibition (Fig. 3 and Table
2; Tables S1 and S2). First, the kinetic parameters
for dGTP and DNA were determined in the
absence of inhibitor (Fig. 3a and b; Table 2). The
K, value for dGTP (9.3 nM) was very low, as was
the K4 value (12 nM) (Table 1). The K, value for
DNA (8.2 nM) was also low and was inconsistent
with the Ky value (0.3 puM) obtained from an
electrophoretic mobility shift assay in the absence
of dNTP." Second, we performed the kinetic
analysis using dCTP as a dead-end inhibitor to
identify the order of substrate binding. ttPolX
showed similar binding characteristics to Mg>*-
dCTP and Mg**-dGTP (Table 1) but did not
incorporate dCTP against a dC template (Fig. 1b).
Therefore, dCTP was a good dead-end inhibitor.
dCTP exhibited competitive inhibition for variable

dGTP substrate (Fig. 3c) and had almost the same
K; (14 nM) as K, for dGTP (Table 2). Moreover,
dCTP exhibited mixed inhibition for variable DNA
substrate (Fig. 3d). These results suggested that
dNTP was the first substrate to bind (Table S1)
because S; and S, were able to be interpreted as
dGTP and DNA in Table S1, respectively. The
inhibition constants of dCTP for variable DNA
substrate were high because the fixed dGTP
concentration (10 uM) was high (Table 2). We
could not distinguish between “dNTP-first” or-
dered Bi Bi and rapid equilibrium random Bi Bi
mechanisms by the dead-end inhibition pattern
using dCTP (Table S1). We therefore examined
the effect of the product inhibitor PPi and found
competitive inhibition for variable dGTP substrate
(Fig. 3e) and mixed inhibition for variable DNA
substrate with an unsaturated dGTP concentration
(Fig. 3f). These results support a dNTP-first
ordered Bi Bi mechanism (Table 2 and Table
S2), namely, dGTP, DNA, and PPi correspond to
Sy, Sy, and P, in Table S2, respectively. Furthermore,
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Fig. 2. SPR analysis of the binding affinity of ttPolX and nucleotides. (a) SPR sensorgrams of the binding of Mg**-dGTP
to ttPolX were obtained using the Biacore3000 system®. After equilibrating with running buffer, Mg®*-dGTP was passed
over the chip at a flow rate of 100 pl/min for 2.5 min (between arrowed points), followed by running buffer without
dGTP, and then running buffer without Mg2+ to release nucleotides. (b) The averaged equilibrium points of RU were
plotted against Mg>*-dGTP concentrations and fitted using Eq. (1) (see Materials and Methods). (c) SPR sensorgrams of
the binding of Mg**-GTP to ttPolX. (d) Averaged equilibrium points of RU were plotted against Mg”**-GTP

concentrations.

the observation that PPi bound to ttPolX competi-
tively with dGTP (Fig. 3e) indicated that PPi was
released at the end of the reaction, a behavior pattern

Table 1. Dissociation constants (Kg) of T. thermophilus
DNA polymerases and nucleotides determined by SPR
analysis at 25 °C

Analyte n Kq (nM)
ttPolX Wild type Ca-dGTP 4 26+9.6
Mg-dGTP 6 12+1.6
Mg-dCTP 5 6.6+1.1
Mg-dATP 4 69+1.1
Mg-dTTP 6 24+1.8
Mg-GTP 3 1100+190
K263A Mg-dGTP 4 58+7.9
Mg-dCTP 4 25+5.4
K263D Mg-dGTP 4 260+25
Mg-dCTP 4 220417
ttPoll Mg-dGTP 6 87,000+18,000

Data represent the means of replicate experiments (1) +standard
deviation.

that differs from other DNA polymerases.é’g/10

Finally, we used the other product, nicked DNA,
as the inhibitor (P; in Table S2) in order to further
test the hypothesis of a dNTP-first ordered Bi Bi
mechanism. Interestingly, nicked DNA exhibited
mixed inhibition for variable dGTP substrate with
an unsaturated DNA concentration (Fig. 3g) and
competitive inhibition for variable DNA substrate
(Fig. 3h and Table 2). This inhibition pattern is
consistent with a Theorell-Chance mechanism
(Table S2), which is a special type of ordered Bi
Bi mechanism. This reaction mechanism indicates
that the steady-state concentrations of the ternary
complexes were very low under the conditions
used in the gap-filling assays with ttPolX and that
dNTP-bound ttPolX reacted with 1-nt gapped
DNA in a “hit-and-run” fashion (see Fig. 10).
Because of this property, nicked DNA, which is
the first-released product, competitively inhibited
1-nt gapped DNA, which is the second-binding
substrate (Fig. 3h and Table S2). If the mechanism
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Fig. 3. Dead-end and product inhibition of wild-type ttPolX for 1-nt gap filling with dGTP. Reaction mixtures were
composed of 50 mM Tris—-HCI, 100 mM KCl, 10 mM MgCl,, 100 pg/ml BSA, dGTP, 1-nt gapped DNA, and 0.5-1 nM
ttPolX wild type, pH 7.5, at 37 °C. (a) dGTP concentration dependence of k,p,, with a fixed concentration of DNA (100 nM).
The data were fitted with Eq. (2), described in the Materials and Methods, to obtain the steady-state kinetic parameters k,¢
and Kp,. (b) DNA concentration dependence of k., with a fixed concentration of dGTP (10 uM). (c) Double-reciprocal
plots for dead-end inhibition assays with a fixed concentration of DNA (100 nM) and various concentrations of dGTP in
the presence of 0 nM (O), 25 nM (A), 50 nM ([J), and 100 nM (¢) dCTP as the mismatched substrate. (d) Double-reciprocal
plots for dead-end inhibition assays with a fixed concentration of dGTP (10 uM) and various concentrations of DNA in the
presence of 0 pM (O), 5 pM (A), 10 pM (L), and 20 uM (¢) ACTP. (e) Double-reciprocal plots for product inhibition assays
with 100 nM DNA and various concentrations of dGTP in the presence of 0 uM (O), 50 pM (A), 100 pM (), and 200 pM
(0) PPi. (f) Double-reciprocal plots for product inhibition assays with an unsaturated concentration of dGTP (12.5 nM) and
various concentrations of DNA in the presence of 0 uM (O), 50 uM (A), 100 uM ([J), and 200 pM (0) PPi. (g) Double-
reciprocal plots for product inhibition assays with an unsaturated concentration of DNA (10 nM) and various
concentrations of dGTP in the presence of 0 uM (O), 1 uM (A), 2 uM ([J), and 4 uM (0) nicked DNA. (h) Double-reciprocal
plots for product inhibition assays with 10 uM dGTP and various concentrations of DNA in the presence of 0 uM (O),
2 uM (A), 4 uM ([J), and 6 uM (0) nicked DNA.
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Table 2. Inhibition patterns and steady-state kinetic parameters of wild-type ttPolX for 1-nt gap filling with dGTP

Inhibitor Variable substrate Fixed substrate Inhibition pattern kg, (min~ H2 Ky (nM)? K; (uM)? K (uM)?
None dGTP DNA 0.83+0.11°  9.3+14°

DNA dGTP 0.77+0.078° 8.2+0.31°
dCTP dGTP DNA Competitive 0.85+0.034 11+19 0.014+0.0023

DNA dGTP Mixed 0.73+0.017 6.3+0.60 73+1.3 24+29
PPi dGTP DNA Competitive 0.84+0.022 10+£1.1 16£1.5

DNA dGTP (unsaturation)d Mixed 0.62+0.012 4.0+0.31 6.8+0.80 56+9.6
Nicked DNA dGTP DNA (unsaturation)® Mixed 0.37+0.0054 5.1+0.36 0.53+0.095 0.69+0.035

DNA dGTP Competitive 0.76+0.023 7.1+0.84 0.35+0.033

? Errors associated with global fitting are shown as standard deviations.

® Means of 4 experiments +standard deviations.

¢ Means of 5 experiments +standard deviations.

4 Unsaturated concentrations of substrates were determined by their K, values.

was a dNTP-first ordered Bi Bi, nicked DNA is ttPolX can form both syn-dGTP and anti-dGTP
expected to show mixed inhibition against 1-nt  binary complexes

gapped DNA substrate (Table S2). The Theorell-

Chance mechanism may be advantageous for Next, we investigated the implications of a
filling 1-nt gaps. Theorell-Chance mechanism on the crystal structures
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Fig. 4. Overall and active-site structures of the binary and ternary complexes. (a) The binary complex of ttPolX and
Ca%*-dGTP has four POLXc subdomains [8-kDa (purple blue, residues 1-87), fingers (cyan, 88-157), palm (light green,
158-247), thumb (dark green, 248-316)], linker (yellow, 317-335), and PHP (red, 336-575) (see also Fig. 5)]. (b) The ternary
complex of ttPolX with 1-nt gapped DNA and ddGTP. The black arrow indicates the template strand bend. (c)
Superposition of the binary (green) and ternary (magenta) complexes of (a) and (b). The DaliLite program?' was used to
perform superposition of the palm and thumb subdomains. The cylinders in the 8-kDa and fingers subdomains represent
a-helices. (d) Superposition of the polymerase active-site residues shown in (c). (e) The Fyps — Fcalc omit map of dGTP in the
wild-type binary complex is contoured at 2 ¢ as a gray mesh. (f) Hydrophobicity and surface profiles of the active site of
the binary complex. Red and blue indicate hydrophobic and hydrophilic regions, respectively. Amino acid
hydrophobicity is colored in accordance with the normalized consensus hydrophobicity scale.®> White, yellow, and
gray spheres are Ca**, Mg?*, and Zn*" ions, respectively. syn and anti conformations of dGTP in the binary complex are
shown in superposition in (e) and (f).



Table 3. Data collection and refinement statistics

Wild-type 1-nt gapped
Ca-dGTP Selenomethionine Primer/template DNA +ddGTP K263A mutant K263D mutant
(binary complex) (Ca-dGTP) DNA +ddGTP (ternary complex) (Ca-dGTP) (Ca-dGTP)
Data collection®
X-ray source BL26B2 at BL26B2 at BL26B2 at BL26B2 at BL26B2 at BL26B2 at
SPring-8 SPring-8 SPring-8 SPring-8 SPring-8 SPring-8
Space group P2, P2y P452,2 P2,2,2, P2y P2,
Cell dimensions
a,b,c(A) 69.2, 53.3, 84.9 68.6, 54.5, 85.0 80.2, 80.2, 268.6 95.4,96.9, 1434 69.1,53.2, 84.9 68.9,53.2, 849
o, B,y (°) 90.0, 107.5, 90.0 90.0, 105.2, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 107.7, 90.0 90.0, 107.7, 90.0
Peak Inflection
Wavelength _ 1.000 0.9790 0.9793 1.000 1.000 1.000 1.000
Resolution (A) 50-1.40 (1.42-1.40) 50-1.80 (1.86-1.80) 50-1.80 (1.86-1.80) 50-3.3 (3.42-3.3) 50-2.70 (2.75-2.70) 50-1.36 (1.38-1.36) 50-1.45 (1.48-1.45)
Runerge 0.043 (0.256) 0.079 (0.328) 0.077 (0.512) 0.065 (0.2) 0.136 (0.567) 0.044 (0.258) 0.040 (0.322)
/ol 52.2 (6.6) 343 (5.7) 31.7 (3.6) 36.7 (6.2) 15.6 (3.5) 26.6 (4.0) 29.1 (3.1)
Completeness (%) 98.5 (97.2) 99.7 (99.4) 99.7 (99.7) 99.3 (98.1) 100 (100) 99.6 (99.6) 99.7 (100)
Redundancy 7.5 (6.8) 7.1(6.2) 6.9 (5.6) 11.5 (7.7) 7.4 (7.3) 3.7 (3.6) 3.7 (3.7)
Refinement
Resolution (A) 80.94-1.40 76.82-3.30 50.0-2.70 50.0-1.36 50-1.45
No. of reflections 108,638 13,885 37,064 118,839 98,308
Ryork/ Reree 0.162/0.188 0.256/0.319 0.241/0.293 0.171/0.198 0.175/0.205
No. of atoms
Protein 4531 4425 9001 4536 4539
DNA 0 346 1178 0
Ligand/ion 39 42 66 38 37
Water 622 26 134 551 521
B-factors
Protein 20.8 83.8 33.1 19.7 20.7
DNA 79.8 448
Ligand/ion 18.2 80.0 15.1 159 16.7
Water 30.7 45.2 227 27.1 28.1
rm.s.d
Bond lengths (A) 0.011 0.014 0.006 0.010 0.012
Bond angles (°) 1.38 1.63 1.14 1.38 1.50
Ramachandran plot (%)
Most favored 93.7 82.8 90 93.3 92.7
Additional allowed 59 16.1 9.1 6.3 6.7
Generously allowed 0.4 1 0.9 0.4 0.6
Disallowed 0 0 0 0 0
Protein Data Bank ID 3AU2 3AU6 3AUO 3B0X 3BOY

Values in parentheses are for the highest-resolution shell.

? One crystal was used for each data set.
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associated with ttPolX. We compared the crystal
structures of ttPolX with Ca®*-dGTP at 1.4 A (binary
complex) against 1-nt gapped DNA and Mg?*-
ddGTP at 2.7 A (ternary complex) (Fig. 4a and b;
Table 3). These two complexes are thought to be the
first and second intermediates of the ttPolX gap-filling
reaction pathway. ttPolX has POLXc and PHP
domains; these domains have also been identified in
the crystal structure of Deinococcus radiodurans PolX."”
The POLXc domain has four subdomains: 8-kDa,
ﬁngers, palm, and thumb (Figs. 4a and b and 5). Two
Ca“" ions, derived from the crystallization reagent,
were present in the polymerase active site of the
binary complex (Fi%. S2). The binding affinities for
Ca**-dGTP and Mg~*-dGTP were similar despite the
fact that Ca®" is not an active cofactor for the
polymerase activity of ttPolX (Table 1). The 8-kDa
subdomain bound to downstream DNA and 1-nt
gapped DNA was bent (Fig. 4b, black arrow, and Fig.
S3). These two binary and ternary complexes showed
good superposition in the palm, thumb, and PHP
domains (Fig. 4c). The N-terminal 8-kDa and fingers
subdomains were shifted by binding to DNA,
implying N-terminal flexibility (Fig. 4c and Fig. S3).
Comparison of the active sites in the binary and
ternary complexes showed that they have similar
structures (Fig. 4d). The site for polymerase activity
in ttPolX has three conserved Asp residues (D198,
D200, and D243) and two metal ions, similar to Polp
(Fig. 6a), indicating that ttPolX has the standard
two-metal-ion mechanism for polymerase activity.
We found that dGTP conformations were different
between the binary and ternary complexes (Fig. 4d).
The spatial relationship between ribose and the
nucleoside base can be classified into syn or anti
conformations. Under the International Union of
Pure and Applied Chemistry definition, the confor-
mation is deemed to be syn when the N-glycosidic
angle x of the nucleoside is 0+90° and to be anti
when the angle is 180+90°. We found an N-
glycosidic angle of 77.17° for dGTP in the binary
complex (i.e., a syn conformation). In contrast, the
incoming ddGTP in the ternary complex was in the
anti conformation, like all nucleotides in A- and B-
DNA (Fig. 4d). This difference was also observed
when we compared the binary complex of ttPolX
with the ternary complexes of Polp with 1-nt

gapped DNA or with ttPolX with primer/template
DNA (Fig. 6 and Fig. S3). Detailed analysis of the
residual density map revealed that the dGTP in the
binary complex was also in the anti conformation
(Fig. 4e) and its glycosidic angle was similar to that
of ddGTP (anti) in the ternary complex (Fig. 4d).
Assuming that the crystallographic B-factors are the
same in both syn and anti conformations of dGTP,
occupancy of syn and anti conformations was
approximately 0.64 and 0.36, respectively. Thus,
the conformation of the nucleotides changed from
syn to anti in the presence of DNA. It is possible that
the binding to nucleotides in the syn conformation
may be related to the strong and productive binding
in the absence of DNA.

Lys263 controls binding affinity and conformation
of dGTP

Mutational studies indicated that Lys263 was
essential for the strong binding to Mg?**-dNTPs
(Table 1). Lys263 is located between the bases of syn-
dGTP and anti-dGTP and appears to stack with bases
in the syn conformation (Fig. 4d and f). The K263A
and K263D mutants had a 4- to 20-fold lower binding
affinity, respectively, for Mg**-dNTP than the wild-
type enzyme. The positive charge on the long side
chain of Lys at this position may provide additional
stabilization of Mg**-dNTPs compared to Ala.
Lysine (or a similar residue) is widely conserved at
this position in ttPolX, for example, bacterial and
archaeal PolXs, human DNA polymerase p (Lys438),
and human TdT (Arg453)22 (Fig. 5b). This conserva-
tion implies that strong binding to Mg**-dNTPs is a
common strategy among PolXs. The observation that
anegatively charged residue at this position (Asp263
in the K263D mutant) weakened the binding affinity
for Mg?>*-dNTPs is consistent with the mutation
analysis of Pol3.”” Polp has an Asp at this position
and is thus different from other PolXs (Fig. 5b),
although its other active-site residues are similar to
those of ttPolX (Fig. 6a). The residue at position 263
may control binding affinity for Mg>*-dNTPs and
thus may provide different properties among PolXs
with respect to processivity, selectivity, and sub-
strate-binding order.

Fig. 5. Sequence alignments of POLXc domains of representative PolXs. (a) Alignment of the 8-kDa and fingers
subdomains. (b) Alignment of the palm and thumb subdomains. Residues in white and highlighted in black show the
important residues for the syn—anti equilibrium of the incoming nucleotide. Residues in black and highlighted in white
show stacking residues around the bend. The abbreviations are as follows: ttPolX, T. thermophilus HB8 PolX; bsPolX,
Bacillus subtilis PolX; drPolX, D. radiodurans PolX; hsPolp, H. sapiens Polp; hsPoIN, H. sapiens Pol\; hsPolu, H. sapiens Polp;
hsTdT, H. sapiens terminal deoxynucleotidyl transferase; ASFV PolX, African swine fever virus PolX. The sequence
accession numbers are as follows: YP_144416 for ttPolX, NP_390737 for bsPolX, NP_294190 for drPolX, NP_002681 for
hsPolp, NP_037406 for hsPol\, NP_037416 for hsPolp, NP_004079 for hsTdT, and NP_042790 for ASFV PolX. Sequence
domains are highlighted using the same color scheme as in Fig. 4. Multiple alignments were calculated by ClustalW2'®
and displayed by ESPript."” The represented secondary structure derives from the ttPolX binary complex. The notations
in the figure are as follows: «, a-helix, B, B-sheet, TT, strict B-turn, and n, 31¢ helix.
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Fig. 6. Comparison of the polymerase active sites of the ttPolX binary complex and of ternary complexes. (a)
Superposition of the polymerase active sites of the ttPolX binary complex (green) and the Polp ternary complex (yellow).
The structure of the Polp ternary complex contains 1-nt gapped DNA and a dGTP analog, 2’-deoxyguanosine 5'-p,y-
methylene triphosphate.”” The residues and residue numbers are shown as green (ttPolX binary complex) and yellow
(Polp). The DaliLite program?' was used to perform the structure superposition of the palm and thumb subdomains. (b)
Superposition of the polymerase active sites of the ttPolX binary complex (green) and the complex with primer/template
and ddGTP (Fig. S3) (cyan). White, yellow, and purple spheres are Ca**, Mg**, and Na* ions, respectively.

We compared the ttPolX crystal structures of wild
type, K263A, and K263D mutants in complex with
Ca?*-dGTP (Table 3). The three structures were
similar except for residue 263 and dGTP conforma-
tion (Fig. 7a). In the wild-type structure, Lys263 had
higher average B-factors (24.2 A?, side chain) than

other active-site residues. Because the B-factor in
crystal structures reflects the fluctuation of an
atom,** the large B-factor of the side chain of
Lys263 implies that this side chain had high mobility
and did not prevent conformational change of dGTP
(Fig. 4e and f). dGTP bound to K263A was in the anti

Fig. 7. Structure of the polymerase active sites of Lys263 mutants. (a) Superposition of the polymerase active-site
residues of the wild type (green), K263A (pink), and K263D (white) binary complexes. dGTPs are shown as syn and anti
(wild type), anti (K263A), and syn (K263D) conformations. White spheres are Ca®" ions. (b) The Fyps— Fealc Omit map of
dGTP in the K263 A structure is contoured at 2 o as a gray mesh. Electron density was clearly observed for anti-dGTP but
not for syn-dGTP; the latter is displayed with a semitransparent appearance. (c) The Fyps— Fcaic omit map of dGTP in the
K263D structure is contoured at 2 o as a gray mesh. Electron density was clearly observed for syn-dGTP but not for anti-
dGTP; the latter is displayed with a semitransparent appearance.
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Wild type

K263A

K263D

Fig. 8. Arrangement of water molecules around anti-dGTPs. Three water molecules (W1, W2, and W3) are present
around anti-dGTPs of wild type (a), K263A (b), and K263D (c) structures; water molecules are shown in cyan. Continuous
lines represent hydrogen bonds within a 3. 2-A diameter around the water molecules. Broken lines represent clashes (wild
type) or possible hydrogen bonds (K263D) with anti-dGTP. The numbers along the lines represent distances in angstroms.
W3 can only be placed when anti-dGTP is not present, because the distance between W3 and anti-dGTP is otherwise too
short (<2.2 A). syn-dGTP and anti-dGTP are shown as semitransparent in the K263A and K263D structures, respectively.

conformation (Fig. 7a and b). dGTP bound to K263D
appeared to be prevented from flipping by Asp263
and was in the syn conformation (Fig. 7a and c).
Moreover, Asp263, together with Arg270, stably
held two water molecules (W1 and W2) (Fig. 8c).
These two water molecules were also held by
Arg270 and the main chain of Lys263 in the wild
type (Fig. 8a), but there were fewer and longer
hydrogen bonds between the wild type and two
water molecules (W1 and W2, hydrogen-bonding
distances of 3.1. 3.0, and 2.9 A) compared to K263D
(hydrogen-bonding distances of 3.0, 2.9, 2.8, and
2.7 A). K263A also had two water molecules;
however, the hydrogen bond between W2 and
ttPolX was absent in K263A (Fig. 4b). Furthermore,
W3 in the wild type and W1 in the K263D were close
to anti-dGTP (Fig. 8a and c). These differences may
affect the hydrophilic environment around anti-
dGTP. The hydrophobic guanine moiety of anti-
dGTP may be rejected by the hydrophilic environ-
ment in the absence of DNA in the wild-type and
K263D structures (Fig. 8a and c). When DNA was
bound, the bound dANTP was in the anti conforma-
tion, Arg270 was directed to the other side, and the
water molecules held by Arg270 were released (Fig.
4d). In the K263A structure, there was a weak
hydrophilic environment around the anti-dGTP and
no obvious interaction between Ala263 and syn-
dGTP (Fig. 8b). Moreover, Tyr258 may provide
hydrophobic environment around anti-dGTP (Fig.
4d and f). The syn—anti equilibrium may be biased
towards anti in the K263 A structure by these factors.
Taken together, our observations indicate that
Lys263 may flexibly control the syn-anti equilibrium
of dGTP bound to ttPolX.

Influence of residue 263 on the kinetic
mechanism for filling 1-nt gaps

Since Lys263 mutants had a different binding
strategy for dGTP and lower binding affinity than
the wild type (Fig. 8 and Table 1), we examined the
reaction mechanism of the mutants (Figs. S4 and S5;
Tables S3 and S4). Both K263A and K263D showed
distributive polymerase activity similar to that of the
wild type (Fig. 1a). The K, value for dGTP was
increased in both mutants (K263A, 24 nM; K263D,
260 nM); however, the K, for DNA of K263A
(11 nM) was similar to that of the wild type, whereas
that of K263D was slightly increased (41 nM),
indicating that residue 263 was not involved in
DNA binding. The k., and K, values for DNA of
K263A (0.89 min~"! and 11 nM) were similar to those
of the wild type (0.77 min~' and 8.2 nM) (Fig. S4;
Table 2 and Table S3). Thus, the anti-dGTP (Fig. 8b)
did not prevent DNA binding and catalysis. The
decrease of ke, of K263D (0.48 min~" for dGTP and
0.46 min~" for DNA) (Fig. S5; Table 2; Table S4) may
indicate that the conformational change of the
incoming nucleotide from syn to anti was directly
involved in the catalysis step. The kinetic differences
between the wild type and mutants suggest that the
ability of Lys263 to bind to both syn- and anti-dGTP
contributed to the binding affinity for Mg**-dGTP
without decreasing the k., value (Table 2; Tables S3
and S4).

The decreased binding affinity of the mutants for
Mg?*-dNTP raised the possibility that the substrate-
binding order was altered by mutation of residue
263. However, dead-end and product inhibition
assays revealed that the reaction mechanism for
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Fig. 9. DNA- blndmg residues of the ttPolX ternary complex with 1-nt gapped DNA. (a) Interaction between ttPolX,
gapped DNA, and Mg**-ddGTP. Residue numbers are colored as in Fig. 2b. Cyan arrows indicate hydrogen bonds
(=32 A) red arrows indicate nonbonded interactions; W, water molecules; P, DNA backbone phosphates; Mg,
magnesium ion (Mg2+) DNA residue numbers are shown in blue. (b) 1-nt gapped DNA and Mg2+-ddGTP A 2F s — Feate
electron density map contoured at 1 ¢ is shown in magenta. (c) The DNA-interacting residues of the ttPolX ternary
complex with 1-nt gapped DNA around the template strand bend. DNA residues and protein residues are shown as white
and green, respectively. A 2F ,ps— Fq1c electron density map contoured at 1 o is shown in gray. (d) The DNA-mteractmg
residues of the Polp ternary complex with 1-nt gapped DNA? around the template strand bend. Black arrows in (a)-(d)

indicate the template strand bend.

filling 1-nt gaps of the mutants was similar to that of
the wild type (Figs. S4 and S5; Tables S3 and 54). The
K; values of dCTP were increased in proportlon to
the Ky, for dGTP, because ttPolX bound to Mg
dCTP with almost the same affinity as to Mg**-
dGTP (Table 1). The inhibition constants of the
mutants for PPi and nicked DNA were similar to
those of the wild type (Tables S3 and S4). Therefore,
it was likely that residue 263 was involved in the
interaction between ttPolX and the base of incoming
nucleotide.

DNA-binding residues of ttPolX

It is possible that other residues, in addition to
residue 263, are involved in determining the
substrate-binding order. Polp has an Asp at the
corresponding position to 263 of ttPolX and follows
a DNA-first ordered Bi Bi mechanism.'” However,
the K263D mutant of ttPolX retained the dNTP-first
binding order gTable 54), although the binding
affinity for Mg“*-dNTP in the absence of DNA
was much lower than that of wild type (Table 1).
This difference is consistent with a role for other

residues also determining substrate-binding order
through interaction with the incoming nucleotide or
DNA. In ttPolX and Polp, the residues interacting
with the incoming nucleotides are similar except for
residue 263 in ttPolX (Fig. 6a). Therefore, the
residues involved in DNA binding seem also to
have a role in substrate-binding order in PolXs. The
number of interactions between ttPolX and 1-nt
gapped DNA was similar to other PolXs (Fig. 9a).
However, the interaction around the template
strand bend (Fig. 9a and b) differed (Fig. 9c and
d). The Phe25 in the 8-kDa subdomain has a stacking
interaction with dC-12, which is upstream of the
bend in the template strand (Fig. 9a and c). This
stacking residue is conserved in many bacterial and
archaeal PolXs (Fig. 5a and Fig. 1 of Banos et al.).”

An aromatic residue is also found at this position in
Homo sapiens Polp (hsPolR) (His34) (Fig. 9d) and
hsPoIN (Trp274), but not in hsPolp (Glyl74) or
hsTdT (Asp186) (Fig. 5). Eukaryotic PolXs also have
stacking interactions with the base downstream of
the bend (Fig. 9d) (e.g., hsPolp Lys280, hsPolx
Arg514, hsPolu Arg442, and hsTdT Arg457). How-
ever, this stacking residue is not conserved in ttPolX
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(lle267) (Fizg. 9¢) and in bacterial and archaeal PolXs
(Fig. 5b).** hsPolp and hsPol\ have two stacking
residues near the bend position; however, hsPolp,
hsTdT, and bacterial and archaeal PolXs have only
one stacking residue. This difference may be related
to the affinity for gapped DNA, substrate-binding
01‘de12‘{5 and efficiency of filling gaps larger than
2 nt.

Discussion

Productive binding with dNTP in the absence of
DNA

The observation that both syn and anti conforma-
tions of dGTP can occur in the binary complex (Fig.
4e) suggests that the bound nucleotide can change
its conformation even in ttPolX. The ability to switch
its nucleotide-binding property may depend on
Lys263 (Figs. 4, 7, and 8). This ability may be
advantageous from an entropic point of view and
contribute to strong nucleotide binding in the
absence of DNA (Table 1). Furthermore, the syn—
anti equilibrium also allows DNA to be bound
without release of Mg?*-dNTPs since the anti-
dNTPs can base pair directly with a template base
(Fig. 4d and Table 2). NMR analysis showed that
Mg?**-dATP and Mg**-TTP bound to bacterial Poll
had the anti conformation.”® At the location corre-
sponding to Lys263 of ttPolX, Polls have aromatic
residues that stack with incoming anti-dNTPs but
not with syn-dNTPs.?”*® Since the Poll-dNTP
binary complex is thought to be nonproductive,®
the two binary complexes with syn-dNTP and anti-
dNTP achieved by Lys263 may be important for a
strong and productive complex in the absence of
DNA. However, K263A and K263D mutants still
retained the dNTP-first binding order (Tables S3 and
S4). As described earlier, residues other than Lys263
may also be involved in substrate-binding order.

Nucleotide conformations of syn and anti

This study has identified the important role played
by the syn—anti conformational change of the incom-
ing nucleotide in the active site of ttPolX. Spectro-
scopic analysis showed that nucleosides ra}pidly
achieve a syn—anti equilibrium in solution.?>* This
syn—anti equilibrium is affected by sugar puckering
and modifications.*> > The phosphorylation of O5’
increases the interaction between O5’ and a base,
which increases C3’-endo in sugar puckerin§7,
followed by an increase of the anti conformation.>*
In guanine nucleotides, the interaction between the
amino group at the C2-position and the 5’-phosphate
stabilizes the syn conformation.*' Interaction with the
protein can also influence the syn—anti equilibrium.

Our study showed that a single amino acid can affect
the syn-anti equilibrium of the nucleotide (Fig. 7).
Since nucleotides are usually in the anti conformation
during base paring, template-dependent polymerases
require a conformational change in the incoming
nucleotide from syn to anti for catalysis.>® The biased
conformation of syn-dGTP in K263D may have
inhibited syn-anti conversion and resulted in a
lower k., value compared to the wild type (Table 2
and Table S4).

Incorporation of NTP

NTPs, which are more abundant in the cell than
dNTPs, are thought to be potential inhibitors of
dNTP-ttPolX binding. However, comparison of the
results of our binding study and intracellular
concentrations of NTPs may exclude this possibility.
The binding affinity of ttPolX for Mg**-GTP was
approximately 2 orders lower than that for Mg**-
dGTP (Table 1). This difference in binding affinities
may be consistent with the fact that ttPolX can
incorporate NTPs in addition to dNTPs, although
the polymerase activity for NTPs is lower than that
for ANTPs.'® Kinetic and structural studies of Polp
revealed that Tyr271 at the nucleotide-binding
pocket contributes to reject ribonucleotide insertion
with steric and geometric effects.” The backbone
carbonyl of Tyr271 is clashed with the 2’-OH of the
ribonucleotides, and the side chain of Tyr271 adjusts
its catalytic positioning by interaction with the
primer terminus. The conservation of this tyrosine
in ttPolX (Tyr258; Figs. 4d and {, 5, and 6) at the same
position as Polp suggests the same mechanism. In
mammalian cells, the intracellular concentration of
dNTPs is 5.2-37 uM and that of NTPs is 278-
3152 pM.* In other organisms, nucleotide concen-
trations have been determined by various methods
and found to be similar.*'™* The ratio of NTP/
dNTP in T. thermophilus cultured in synthetic
medium was estimated as approximately 10.6:1 for
CTP/dCTP and 154:1 for ATP/dATP from metabo-
lomics data;** these values are again similar to those
of other organisms.***'*> The ratio of the K4 of
GTP/dGTP of ttPolX is ~100:1 (Table 1); therefore,
we conclude that ttPolX is mainly bound to metal
ion-dNTP and not NTP in cells.

Single-nucleotide gap filling of ttPolX

This study has identified the strategy used by
ttPolX for filling 1-nt gaps (summarized in Fig. 10).
Biochemical and crystallographic studies revealed
that Lys263 in ttPolX contributed to the strong
binding affinity for Mg>*-dNTP in the absence of
DNA with binding to both syn- and anti-dNTPs
(Figs. 4, 7, and 8; Table 1). Steady-state kinetic
approach and inhibition assays showed that ttPolX
followed a dNTP-first Theorell-Chance mechanism
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Fig. 10. A model for efficient
1nt gap filling by ttPolX. In
P solution, dNTPs are in equilibrium
between the syn and anti conforma-
tions. ttPolX can bind both Mg?*-
syn-dNTP and Mg?**-anti-dNTP in
the absence of DNA. The dNTP
bound to ttPolX may change its
conformation between syn and anti,
but the proportion with an anti
conformation is small (Fig. 4e).
This syn-anti equilibrium may be
modulated by Lys263 and may
contribute to the stability of the
binary complex in the absence of
DNA. In the presence of DNA, the
bound syn-dNTP changes its con-
formation to anti and base pairs

4

with the DNA. dNTP-bound ttPolX reacts with 1-nt gapped DNA in a “hit-and-run” fashion via a Theorell-Chance

mechanism.

for filling 1-nt gaps (Fig. 3 and Table 2). This
mechanism is thought to be a special case of an
ordered Bi Bi mechanism with low concentration of
the ternary complex under steady-state conditions.
It was reported that the reaction mechanism of
mouse DNA polymerase a, a replicative polymerase
with moderate processivity, was close to a Theorell-
Chance mechanism with DNA as the first substrate. *®
Theorell-Chance mechanisms may be a common
strategy for the efficient catalysis of template-depen-
dent polymerases, regardless of whether the first
substrate is ANTP or DNA. Our observations here
raise the question of how dNTP-bound ttPolX fills 1-
nt gaps with the four template bases. In the case of
ASFV PolX, dNTP-bound PolX had low affinity
against primer/template DNA with mismatched
template.” The dNTP-first binding of ttPolX indicates
that it has the same mechanism for gapped DNA. In
conclusion, ttPolX may form four dNTP-ttPolX
binary complexes for 1-nt gaps with different
templates in the cell.

Materials and Methods

Materials

The dNTPs were from Sigma, St Louis, MO, USA. The
DNA oligomers were synthesized by BEX Co., Tokyo,
Japan. All other reagents used were of the highest grade
and commercially available.

Protein overexpression and purification

Overexpression and purification of ttPolX (ORF ID,
TTHA1150) were performed as described previously.'

For expression of selenomethionyl ttPolX, E. coli
B834(DE3) cells carrying pET-11a/ttpolx and pRARE
(Novagen) were cultured in LB medium at 37 °C to a
density of 1 x 108 cells/ml. Cells were harvested, resus-
pended in LeMaster medium*® (containing L-seleno-
methionine) and lactose, and cultured at 37 °C for 24 h.
Purification of selenomethionyl ttPolX was performed in
the same way as for native ttPolX. We obtained 1.5 g (wet
weight) of cells expressing selenomethionyl ttPolX and
1 mg of purified selenomethionyl ttPolX. The pET-11a/
ttpolx plasmid was used as a template to generate Lys263
mutants by means of the inverse PCR method using the
following primers: 5'-CGGCCCACTCCATCCGCCTTC-3’
(K263A, forward), 5'-ACGCCCACTCCATCCGCCTTC-3’
(K263D, forward), and 5'-CGCTCCCCGTGAGGTACTG-
GAGG-3’ (K263A and K263D, reverse). PCR was per-
formed using KOD -Plus- Ver. 2 DNA polymerase
(TOYOBO, Osaka, Japan) and low amount of the template
plasmid (<1 ng). The targeted fragments were electro-
phoresed and purified from the gel. Purified fragments
were mixed with Dpnl, T4 polynucleotide kinase, and
ATP in the T4 DNA ligase buffer. After incubation at 37 °C
for 30 min, the solution was mixed with T4 DNA ligase
and incubated at 16 °C overnight. The self-ligated
plasmids were amplified using E. coli DH5a. The
expression and purification of Lys263 mutants were
performed similar to those of the wild type.

Surface plasmon resonance

SPR analysis was performed at 25 °C using a
Biacore3000 (GE Healthcare UK Ltd., England). ttPolX
was diluted with 10 mM acetate (pH 6.0) to 0.1 mg/ml and
immobilized on a CM4 sensor chip by amine coupling
followed by blocking with ethanolamine hydrochloride.
Approximately 7000-10,000 resonance units (RU) of
ttPolXs were immobilized. Since dNTPs have low molec-
ular weight (~500) and are difficult to detect, as much
ttPolX as possible was immobilized. Control cells were
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also blocked by ethanolamine hydrochloride in a similar
manner to ttPolX cells to reduce nonspecific electrostatic
binding. The running buffer was composed of 10 mM
Hepes-NaOH, 100 mM KCl, and 10 mM MgCl, or CaCl,,
pH 7.5, and was filtered and degassed. The concentrations
of nucleotldes were determined by extinction
coefficients.”” Each nucleotide diluted with running buffer
was injected over ttPolX at flow rates of 30-100 ul/min.
After binding for 2.5-5 min, ttPolX-nucleotide complexes
were dissociated using running buffer without nucleo-
tides, followed by flowing running buffer without metal
ions. Experiments with T. thermophilus HB8 Poll (ttPoll)
were performed in the same manner as for ttPolX. We
failed in our attempts to measure the kinetic parameters of
binding because the level of immobilization was too high.
Therefore, the dissociation constant (K4) was calculated by
fitting the average RU of the steady state (R.q) to the
following equation using Igor 4.03 (WaveMetrics, Oregon,
USA):

Req:Rmax [S} / ([S]+Kd) (1)

where Req and Rpyax correspond to [ES] and [E]y,
respectively, and [S] is the free concentration of nucleo-
tides. The observed R,,.x was much lower than the
theoretical Rpax [=immobilized ttPolX (RU)xbinding
ratio (=1)xMW of nucleotide/MW of ttPolX] because
ttPolX was probably inactivated either by the immobili-
zation buffer (10 mM acetate, pH 6.0) or by immobilization
at more than two points. Another possibility is that
immobilization at the POLXc domain inhibited nucleotide
binding. We purified and immobilized the POLXc domain
(residues 1-316 of ttPolX) and obtamed a barely discern-
able SPR response upon flow of Mg>*-dGTP.

DNA polymerase assay

The sequence of oligonucleotides were 5-ATGA-
CAACTAAAGCAACACCC-3" (21-mer primer), 5'-
ATGACAACTAAAGCAACACCCG-3' (22-mer primer),
5'-CACTGGCGGTCGTTCTATCGGGTGTTGCTT-
TAGTTGTCAT-3' (40-mer template), and 5'-pATA-
GAACGACCGCCAGTG-3" (5’ —phosphorylated 18-mer
downstream). The 5’ —end of the 21-mer primer was
radiolabeled using [y-’PJATP and T4 polynucleotide
kinase and purified by ethanol precipitation. Oligonucle-
otides were mixed in the primer:template ratio of 1:1.2
(primer/template) or the primer:template:downstream
ratio of 1:1.2:1.5 (I-nt gap and nick). Mixed oligonucleo-
tides in buffer containing 1 mM Tris—-HCl (pH 7.5), 0.1 mM
ethylenediaminetetraacetic acid (pH 8.0), and 100 mM KCl
were heated at 95 °C for 2 min and cooled gradually to
allow annealing. For 1-nt gap-filling assay, a reaction
mixture was typically composed of 50 mM Tris—-HCI,
100 mM KCI, 10 mM MgCl,, 100 pg/ml bovine serum
albumin (BSA), 0.00625-10 uM dGTP, and 2-500 nM
annealed 1-nt gapped DNA, pH 7.5°, at 37 °C. The reaction
was initiated by adding 0.5-20 nM ttPolX wild type or
mutants. The samples were analyzed by 20% (w/v)
denaturing PAGE (8 M urea) and visualized by autoradi-
ography using BAS2500 (Fuji Film). For inhibition assay,
dCTP (mismatched substrate), pyrophosphate (PPi)
(Sigma, USA), and nicked DNA were used as inhibitors.
The apparent rate constant k.pp, (=vo/[E]o) was plotted

against [S] and [I] and fitted to the following equations
using Igor 4.03 (WaveMetrics):

kapp=kcat[S] / (Km+[S]) (no inhibition) (2)

kapp:kcat [S] / ((1“'[1}/ Ki)Km +[S]) (Competitive inhibition)
®3)

kapp:kcat [S} / ((1+ [I]/Ki)Km
+(1+[1]/K;)[S]) (mixed inhibition) (4)

where vy, [E]o, [S], [I], kcar, and K, are initial velocity, total
enzyme concentration, free substrate concentration, free
inhibitor concentration, catalytic rate constant, and
Michaelis constant, respectively. K; and K} are inhibition
constants for binding to different enzyme species.

Crystal structure analysis

Native or selenomethionyl ttPolX with dGTP were
crystallized by the hanging-drop vapor-diffusion method
with seeding. Drops (1 pl) of 5 mg/ml ttPolX containing
1 mM dGTP were mixed with 1 pl of crystallization solution
containing 0.2 M potassium chloride, 0.01 M calcium
chloride, 0.005 M sodium cacodylate (pH 6.0), and 5% or
10% polyethylene glycol 4000 (v/v) and equilibrated against
0.15 ml of the reservoir solution at 20 °C. A few days later,
highly clustered crystals were broken up and diluted with
the reservoir solution. Protein solutions with dGTP were
mixed with the seed solution and crystallized as above. The
crystals were grown at 20 °C for about 9 months (native
ttPolX) or a few days (selenomethionyl ttPolX) to obtain
large crystals. Crystallization of the Lys263 mutants was
performed similarly to the wild type but without seeding.
For crystallization of the ternary complex of ttPolX with 1-nt

apped DNA and Mg?*-ddGTP, a DNA 28-mer
(pGCCGTTTTCGGCCCGACTGTTTTCAGTC) was self-
annealed in 10 mM Tris-HCI (pH 7.5), 100 mM KCl, and
15 mM MgCl, using a thermal cycler by heating for 10 min at
90 °C and cooling to 4 °C (1 °C/min). Annealed 2-nt gapped
loop DNA (200 pM) was incubated with ttPolX (100 pM)
and ddGTP (1 mM) (GE Healthcare UK Ltd.) at 20 °C
overnight to make 1-nt gapped DNA. The resultant mixture
(1 pl) was mixed with 1 ul 15% polyethylene glycol 1500 (v/v)
and crystallized as above. For crystalhza’aon of the ttPolX
with primer/template and Mg *-ddGTP complex, template
(CGGCCATACTG) and primer (CAGTAT) were mixed in a
1:1 ratio in 40 mM Tris—-HCI (pH 7.5) and 10 mM MgCl, and
annealed using a thermal cycler as above. The annealed
primer/template DNA was mixed with ttPolX and ddGTP,
resulting in 200 tM DNA, 100 pM (6.4 mg/ml) ttPolX, and
1 mM ddGTP. After incubation at 20 °C overnight, the
solution was mixed with 50 mM Tris-HCI (pH 8.5), 25 mM
MgSO,-7H,0, and 1.8 M ammonium sulfate and crystallized
as above. For cryoprotection, drops (2 ul) containing the
crystals were mixed with 5 ul of crystallization solution
containing 22.5% ethylene glycol (v/v), and then 5 pl of
mixed solution was removed. This manipulation was
repeated at least three times, and then the crystals were
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flash-frozen in a liquid nitrogen stream (-180 °C). Selenium
multiple-wavelength anomalous dispersion data and other
single-wavelength diffraction data were collected at beamline
BL26B2**°" at SPring-8 (Hyogo, Japan).

The data were processed by the HKL2000 program
package.” Of 10 selenium sites, 7 were determined with
the program SOLVE.”® The resulting phases were im-
proved with the program RESOLVE,”*”* followed b;y
automatic model tracing with the program ARP/wARP.>
Model refinement was carried out initially for the
selenomethionyl ttPolX diffraction data and continued
for the native ttPolX diffraction data using the following
programs: CCP4 suite, XtalView/X-fit, Coot, CNS, and
Refmac5.” %% The occupancy of syn and anti conforma-
tions of dGTP was refined by a program of PHENIX.®* The
stereochemistry of the structure was checked using the
program PROCHECK.®* Data collection and refinement
statistics are shown in Table 3.

Accession numbers

The atomic coordinates have been deposited in the
Protein Data Bank (IDs: 3AU2, 3AU6, 3AUO, 3B0X, and
3B0Y).
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