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ABSTRACT The present study aimed to increase the processivity of Sulfolobus solfa-
taricus DNA polymerase Dpo4. Protein engineering and bioinformatics were used to
compile a library of potential Dpo4 mutation sites. Ten potential mutants were iden-
tified and constructed. A primer extension assay was used to evaluate the processiv-
ity of Dpo4 mutants. Thumb (A181D) and finger (E63K) domain mutants showed a
processivity of 20 and 19 nucleotides (nt), respectively. A little finger domain mutant
(I248Y) exhibited a processivity of 17 nt, only 1 nt more than wild-type Dpo4. Fur-
thermore, the A181D mutant showed lower fidelity and higher nucleotide incorpora-
tion efficiency (4.74 � 10�4 s�1 �M�1) than E63K and I248Y mutants. When tasked
with bypassing damage, the A181D mutant exhibited a 3.81-fold and 2.62-fold higher
catalytic efficiency (kcat/Km) at incorporating dCTP and dATP, respectively, than wild-
type Dpo4. It also showed a 55% and 91.5% higher catalytic efficiency when moving
beyond the damaged 8-oxoG:C and 8-oxoG:A base pairs, respectively, compared to
wild-type Dpo4. Protein engineering and bioinformatics methods can effectively in-
crease the processivity and translesion synthesis ability of Dpo4.

IMPORTANCE DNA polymerases with poor fidelity can be exploited to store data
and record changes in response to the intracellular environment. Sulfolobus solfatari-
cus Dpo4 is such an enzyme, although its use is hindered by its low processivity. In
this work, we used a bioinformatics and protein engineering approach to generate
Dpo4 mutants with improved processivity. We identified the Dpo4 thumb domain as
the most relevant in controlling processivity.

KEYWORDS Dpo4, computational simulation, processivity, binding energy, protein
engineering

Y-family DNA polymerases are known for translesion synthesis (1, 2), which is the
ability to tolerate a wide range of lesions during DNA synthesis (Fig. 1). This

property protects cells from death caused by incomplete replication (3). There are
various types of Y-family DNA polymerases in prokaryotes (4), archaea (5, 6), and
eukaryotes (7, 8), such as DinB in Escherichia coli, Dpo4 in Sulfolobus solfataricus P2, and
Pol � in Saccharomyces cerevisiae (9, 10). Y-family DNA polymerases are characterized
by low fidelity and low processivity. For Dpo4, a model Y-family DNA polymerase,
fidelity was reported in the range of 3 � 10�4 to 8 � 10�3, and processivity was only
1 to 2 nucleotides (nt) per binding cycle (11). Another study on Dpo4 processivity with
an excess of DNA template compared to polymerase reported a value of 16 nt at 37°C
(12). Recently, engineered DNA polymerases have been proposed as new tools for
signal recording in neuroscience. These polymerases are ion sensitive, thus causing
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more or less nucleotide misincorporation during DNA replication in relation to timely
changes in ion concentration (state of intracellular environment). Accordingly, the level
of misincorporation in DNA can reveal the amplitude of intracellular environmental
signals present at the time of synthesis and allow the DNA to record such signals (13).
Y-family DNA polymerases are the most suitable such enzymes given their low fidelity,
which can result in abundant misincorporation. However, their low processivity hinders
their use in this context because it limits the number of nucleotides polymerized during
a single-turnover reaction. Therefore, if they are to be used for signal recording, it is
paramount that processivity of Y-family DNA polymerases is markedly improved.

According to a previous study (14), we hypothesized that increasing the affinity of
Dpo4 for DNA substrates could effectively improve processivity. This was achieved by
linking the polymerase to a sequence for a nonspecific double-stranded DNA (dsDNA)-
binding protein, such as �-sliding clamp, thioredoxin, proliferating cell nuclear antigen
(PCNA), and S. solfataricus nonspecific DNA-binding protein 7d (Sso7d) (15). It was
reported that the �-sliding clamp allowed Pol IV polymerase (Dpo4) to form a stable
initiation complex, leading to a dramatic increase in processivity to an average of 300
to 400 nt (16). Thioredoxin fused to T7 DNA polymerase increased the affinity 80-fold,
achieving a processivity of over several thousand nucleotides (17, 18). Polymerase
activity of Dbh and processivity of Dpo4 can be improved by forming a heterodimer
complex with PCNA subunits 1 and 2, which are homologous to each other (19, 20).
Sso7d can significantly increase the processivity of family A and B polymerases (15). In
addition to protein binding, a site-directed mutagenesis method has been reported to
enhance processivity in telomerases, as evidenced by the L813Y telomerase mutant
(21). The double-substitution mutation FCA720WCG at positions 720 and 722 of the
yeast telomerase reverse transcriptase (TERT) produced an increase in telomerase
processivity (22). However, residue mutagenesis has not been applied toward improv-
ing processivity of Y-family DNA polymerases.

FIG 1 Translesion synthesis of Dpo4 in vivo. The replicative polymerase was stalled at a damaged base
(red line), and then Y-family polymerase Dpo4 replaced the replicative polymerase to catalyze correct or
incorrect base incorporation opposite the damaged base. The replicative polymerase replaced Dpo4 to
complete DNA replication after translesion synthesis.

Wang et al. Applied and Environmental Microbiology

September 2017 Volume 83 Issue 18 e01013-17 aem.asm.org 2

http://aem.asm.org


Based on previous mutational studies demonstrating an increase in processivity in
polymerases, telomerase, and TERT, we hypothesized that the processivity of Dpo4
would be similarly affected. Dpo4 shares a similar conformation with the replicative
polymerase, that is, a conserved right-hand structure composed of palm, finger, and
thumb domains, plus a unique “little finger” (LF) domain at the C terminus (6, 23). In the
interaction between Dpo4 and DNA, the thumb domain contacts the backbone of the
primer and the template strands through the minor groove. The LF domain seems to
improve attachment of the polymerase to DNA. The palm domain mainly catalyzes DNA
synthesis. The finger domain of Dpo4 contacts the template and the replicating base
pair directly (6). Thus, key residues located in the four domains are likely to determine
processivity, and mutating them can contribute to the activity of Y-family DNA poly-
merases (24, 25). During catalysis, Dpo4 undergoes a conformational change that
loosens binding to the DNA template and results in low processivity (26). This suggests
that the increasing binding between Dpo4 and DNA can increase processivity. All
glycine mutants of the linker region between the thumb and the LF domains of Dpo4
showed a 250-fold weaker DNA-binding affinity than wild-type Dpo4 (wtDpo4) (27).
This indicates that mutations of key residues substantially affects the protein’s binding
affinity for DNA. Binding affinity also can influence steady-state kinetic parameters and
processivity, such as those of the Klenow fragment. Mutations at positions 849 and 668
of the latter affected its catalytic function by altering binding to the DNA substrate (28,
29). In this study, Dpo4 was selected as a model for signal storage owing to its low
fidelity, which can result in substantial misincorporation of nucleotides. Meanwhile, the
low processivity was the main obstacle, and the directed revolution was an alternative
method to improve processivity. A library of nonconserved residues was picked using
bioinformatics and protein engineering tools. The binding energy of potential mutants
to DNA then was correctly calculated by computational simulation. Finally, the proces-
sivity of mutants was compared to determine the relationship between processivity
and binding energy.

RESULTS
Determination of potential residue sites for targeted mutants. To determine the

nonconserved residues of Dpo4 critical for DNA binding, residues within 6 Å of the
active site of Dpo4 (PDB entry 3QZ7) first were analyzed with PyMOL, and a total of 74
residues were obtained (see Fig. S1 in the supplemental material). We then determined
which of them were conserved by aligning 38 homologous sequences with identity
of more than 40%; 16 such residues are highlighted in blue in Fig. S2. Additionally,
Table S1 shows 58 nonconserved residues with the corresponding mutation frequen-
cies. Some residues, such as S40, A42, A44, and S103, were relatively conserved and
therefore not suitable for mutagenesis. Some residues mutated at a significantly higher
rate than the original (F37T, F/8 to T/21). We hypothesized that these improved Dpo4
properties and thus selected F33Y, F37T, I59M, E63K, A181D, V183I, N188S, I189V,
E219K, I248Y, H285T, and V289I as possible mutants. We also chose A220S and M76I as
controls with lower mutation frequencies than original residues and in direct contact
with DNA. In total, 14 mutants were selected. From the structure of DNA-protein
interactions, we inferred that residues F33, F37, I59, E63, and M76 were located in the
finger domain, making them likely to interact with the template base and the incoming
nucleotides. Residues A181, V183, N188, I189, E219, and A220 were located in the
thumb and I248, H285, and V289 in the LF domain, indicating that they were in direct
contact with dsDNA. Of the 14 candidate sites, some were very close to each other and
had the same effect on DNA; for example, residues N188 and I189 in the thumb domain
interacted with the phosphate group by van der Waals forces. Hence, we only picked
10 sites for further studies: F33Y, F37T, I59M, E63K, M76I, A181D, N188S, A220S, I248Y,
and V289I.

Processivity of Dpo4 mutants in the presence of a trap. To predict the proces-
sivity of the mutants, 10 of them and wtDpo4 were used to calculate the binding
energy of the polymerase to DNA (Table S2). The (ΔGbind)mutants/(ΔGbind)wt value was
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used to compare the binding energies of the mutants to that of wtDpo4. If the value
was greater than 1, the binding energy was higher for the mutated Dpo4 than for
wtDpo4. Conversely, the binding energy of the mutated Dpo4 decreased when the
value was less than 1. Mutants F37T and A220S displayed a 0.99-fold decrease in their
binding energy to DNA relative to wtDpo4. In contrast, the binding energy of eight
mutants was 1.02- to 1.05-fold higher than that for wtDpo4, particularly in mutants
I59M and I248Y. Subsequently, 10 mutants were constructed by site-directed mutagen-
esis, expressed, and purified as described earlier for wtDpo4 (Fig. S3). Furthermore,
changes in binding affinity were consistent with the binding energy calculated by
computational simulation for all tested mutants (Table S2 and Fig. S4). These mutants
presented stronger binding to DNA and hence were likely to increase processivity.
Finally, their processivity was detected and compared.

Processivity was evaluated as the average extension length of products in the
presence of single-stranded M13mp18 DNA (ssDNA) as a trap, which limited DNA
polymerase rebinding to the DNA. The elongation properties of wtDpo4 and mutants
can be estimated by the size of product bands on gels. There were only three main
extension bands, namely, A, B, and C, but the extension length and the concentration
of each product was different for each DNA polymerase (Fig. 2A and B). Thus, to
calculate the average length, the extension product lengths were multiplied by their

FIG 2 Processivity of Dpo4 and mutants. A constant concentration (10 nM) of Cy3-labeled 36-mer/
M13mp18 was added to a reaction buffer. A constant concentration of DNA polymerase (100 nM) was
added to initiate DNA synthesis and a 200-fold excess of 50-mer ssDNA as a polymerase trap at 37°C for
5 min, and products formed were separated by PAGE. All reactions were done in triplicate, and the
indicated data points are shown as means � standard deviations. (A and B) The bands of products were
separated by PAGE, and the A, B, and C bands are from primer extension by wtDpo4 and mutants. M,
molecular mass markers. (C) The processivity value calculated by the method in combination with the
length and intensity of the three main bands.
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relative concentration. For example, the A, B, and C extension products of wtDpo4 were
7, 15, and 20 nt in length, respectively, and the corresponding concentrations were 3.5,
55.8, and 40.7%. Accordingly, the average processivity of wtDpo4 was 16 nt. Similarly,
mutants A181D, E63K, I248Y, and N188S yielded average lengths of 20, 19, 17, and 18
nt, respectively. Mutants F33Y and I59M showed a processivity of 16 nt, the same as
that of wtDpo4. Mutants A220S and M76I displayed a processivity of 14 nt and mutants
F37T and V289I of 15 and 13 nt, respectively (Fig. 2C; Table S3). In summary, mutants
A181D, E63K, I248Y, and N188S increased processivity, whereas mutants A220S, M76I,
F37T, and V289I decreased it. Mutants F33Y and I59M exhibited no change in proces-
sivity. We found that mutations E63K, A181D, N188S, and I248Y were located on the
finger, thumb, and LF domains, respectively. We selected mutants E63K, A181D, and
I248Y to determine the influence of different domain mutations on the properties of
Dpo4.

Fidelity and nucleotide incorporation efficiency of Dpo4 mutants. The percent
incorporation of correct and incorrect nucleotides in the E63K, A181D, and I248Y
mutants and in wtDpo4 is shown in Table 1. In the presence of the correct nucleotides,
both wtDpo4 and the mutants showed maximal primer extension with TA, TC, and TT

templates but not with the TG template (Fig. S5). The relative incorporation of dTTP,
dATP, and dGTP with respect to TA, TT, and TC was 41.06%, 80.11%, and 68.25%
(wtDpo4); 25.14%, 25.57%, and 35.27% (E63K); 59.23%, 80.76%, and 57.06% (A181D);
25.93%, 19.50%, and 42.91% (I248Y). We found that of the three mutants, A181D
showed the highest incorporation of correct nucleotides. There were also a number of
significant misincorporations by wtDpo4 and its mutated forms with different tem-
plates. We evaluated the fidelity of wild-type and mutated Dpo4 by measuring the
percent incorporation of incorrect nucleotides, which were listed in Table 1. In all three
mutants and for all four deoxynucleoside triphosphates (dNTPs), Dpo4 incorporated
incorrect nucleotides mostly in the TA and TC templates. The A181D mutant exhibited
more types of misincorporation than E63K and I248Y, including an additional C:C base
pair in TC. The E63K mutant displayed a higher percent incorporation than the other
two mutants in the TA template. The overall incorporation by the I248Y mutant was

TABLE 1 Percent incorporation of correct and incorrect nucleotides

Dpo4 variant and
incorrect nucleotide

Incorporation (%) with templatea:

dA dT dC

Wild type
A 16.38 � 4.83 80.11 � 5.43* 22.07 � 7.34
T 41.06 � 6.03* 10.27 � 1.46
G 12.34 � 1.85 68.25 � 7.63*
C 12.27 � 2.11

A181D
A 12.85 � 3.62 25.57 � 3.45* 11.73 � 2.12
T 25.14 � 2.32* 17.07 � 3.65
G 5.49 � 2.82 12.31 � 2.51 35.27 � 5.37*
C 6.15 � 1.53 14.56 � 3.21

E63K
A 16.27 � 5.49 80.76 � 9.41* 9.88 � 2.23
T 59.23 � 9.87* 7.23 � 0.56
G 17.33 � 4.52 57.06 � 6.85*
C 21.6 � 3.47 24.02 � 1.73

I248Y
A 7.41 � 2.34 19.50 � 1.23* 4.93 � 0.31
T 25.93 � 1.45* 6.2 � 0.89
G 9.9 � 2.38 24.43 � 5.78 42.91 � 8.77*
C 13.93 � 3.55

aEntries marked with an asterisk indicate the percent incorporation of correct nucleotides by wtDpo4 and
mutants.
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lower than that of mutants A181D and E63K, except for the G:T base pair in the TT

template. In conclusion, fidelity was highest in the I248Y mutant and lowest in the
A181D mutant.

The template TG*, which has a damaged 8-oxoG base that is recognized by Dpo4,
has been studied extensively (3, 30, 31). To further assess the nucleotide incorporation
efficiency of the template TG* by wild-type and mutated Dpo4, maximum incorporation
rate (kp), equilibrium dissociation constant (Kd,dCTP), and nucleotide incorporation effi-
ciency (kp/Kd,dCTP) were measured at various dCTP concentrations, as shown in Fig. 3
and Table 2. In a study of wtDpo4 and A181D, E63K, and I248Y mutants, E63K showed
the highest incorporation speed, with a kp of 0.171 s�1, whereas the I248Y mutant
displayed the strongest affinity for dCTP, with a Kd,dNTP of 100.30 �M (Table 2). Finally,
the A181D mutant presented the highest nucleotide incorporation efficiency (kp/
Kd,dCTP), with a value of 4.74 � 10�4 s�1 �M�1, effectively balancing incorporation
speed with affinity for dCTP opposite the TG* template. Based on the incorporation
efficiency of A181D, it was used for additional kinetic assays.

Steady-state kinetic parameters of the A181D mutant. The steady-state kinetics
of dCTP and dATP opposite the damaged base 8-oxoG are shown in Fig. 4 and Table
3. The kcat of the A181D mutant was 2.69-fold higher than that of wtDpo4 for dCTP and
2.61-fold for dATP. The Km of the A181D mutant was 0.71-fold that of wtDpo4 for dCTP
incorporation and 1.02-fold for dATP. The catalytic efficiency (kcat/Km) of the A181D

FIG 3 Nucleotide incorporation efficiency of dCTP incorporation onto 15-mer/TG*. A preincubated
reaction mixture of wtDpo4 or mutants (120 nM) and 15-mer/TG* (30 nM) was rapidly mixed with dCTP
(0 to 400 �M) for various times before being quenched. (A) Dependence of product concentration on
time was plotted and fit to equation 1 (see Materials and Methods) to determine kobs. (B) kobs was plotted
against dCTP concentration, and data were fit to equation 2 (see Materials and Methods), which
determined a kp of 0.062 � 0.009 s�1 and a Kd,dCTP of 148.40 � 18.36 �M.

TABLE 2 Nucleotide incorporation efficiency of wtDpo4 and mutants

Dpo4 variant kp (s�1) Kd (�M) kp/Kd (s�1 �M�1)

Wild type 0.062 � 0.009 148.40 � 18.36 4.18 � 10�4

A181D 0.116 � 0.004 244.50 � 41.19 4.74 � 10�4

E63K 0.171 � 0.003 390.80 � 10.76 4.37 � 10�4

I248Y 0.021 � 0.004 100.30 � 5.81 2.09 � 10�4
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mutant was 3.81-fold and 2.62-fold higher than that of wtDpo4 for dCTP and dATP,
respectively.

To evaluate primer extension beyond 8-oxoG, a steady-state kinetic analysis was
performed on insertion of the next base (dATP) following an 8-oxoG:C pair as well as
an 8-oxoG:A pair (Fig. 5 and Table 4). For the 8-oxoG:C base pair, the kcat of the A181D
mutant was 1.27-fold, Km was 0.75-fold, and catalytic efficiency was 1.55-fold higher
than those of wtDpo4. For the 8-oxoG:A base pair, the kcat of the A181D mutant was
1.93-fold, Km was 0.99-fold, and catalytic efficiency was 1.92-fold higher than those of
wtDpo4.

Based on the comparison of steady-state kinetic parameters between wtDpo4 and
the A181D mutant, we conclude that the latter could bypass the 8-oxoG lesion more
efficiently than wtDpo4 when both dATP and dCTP were incorporated opposite the
damaged base. The A181D mutant was also better at catalyzing dATP incorporation

FIG 4 Steady-state kinetic analysis of dNTP incorporation by Dpo4 and mutant A181D. Dpo4 or mutant A181D (2 nM) and
20 nM DNA substrate (15-mer primer/TG*) were used in the reaction mixture with various concentrations of dATP or dCTP.
Incubation proceeded for 5 min at 37°C, and products formed were separated by PAGE. (A) dCTP incorporation opposite
8-oxoG catalyzed by wtDpo4. (B) dCTP incorporation opposite 8-oxoG by the mutant A181D. (C) dATP incorporation
opposite 8-oxoG by wtDpo4. (D) dATP incorporation opposite 8-oxoG by the mutant A181D. kcat and Km values (estimated
using the fit-to-hyperbolic-equations tool in Prism [GraphPad, San Diego, CA]) are listed in Table 3.

TABLE 3 Steady-state kinetics of incorporation of dCTP and dATP opposite 8-oxoG by
wtDpo4 and mutant A181D

Dpo4 version and dNTP kcat (min�1) Km (�M) kcat/Km (�M�1 min�1)

Wild type
dCTP 0.0090 � 0.0004 0.82 � 0.03 0.0110 � 0.0008
dATP 0.0087 � 0.0010 6.54 � 0.09 0.0013 � 0.0002

A181D
dCTP 0.0242 � 0.0049 0.58 � 0.04 0.0419 � 0.0093
dATP 0.0227 � 0.0024 6.67 � 0.24 0.0034 � 0.0004
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beyond the 8-oxoG:C and 8-oxoG:A base pairs. Taken together, these results indicate
that the A181D mutant had a greater ability than wtDpo4 to bypass translesions,
possibly as a consequence of a faster incorporation speed.

DISCUSSION

The S. solfataricus Dpo4 thumb, finger, and LF domains can establish direct contact
with substrate DNA. Accordingly, altering the domains’ structure is likely to have an
effect on the properties of Dpo4. In this study, three mutants with residue alterations
in different domains and increased binding energy and processivity were generated.
They included the A181D, E63K, and I248Y mutations on the thumb, finger, and LF
domains, respectively. Of these, the A181D mutant presented the highest processivity
(Fig. 2) and more types of misincorporation (Table 1; see also Fig. S5 in the supple-

FIG 5 Steady-state kinetic analysis of the next base (dATP) insertion after 8-oxoG:C and 8-oxoG:A by wtDpo4 and mutant
A181D. Dpo4 or mutant A181D (2 nM) and 20 nM DNA substrates (8-oxoG:C/8-oxoG:A) were used in the reaction mixture
with various concentrations of dATP (0 to 200 �M). Incubation proceeded for 5 min at 37°C, and products formed were
separated by PAGE. (A) dATP incorporation after 8-oxoG:C catalyzed by wtDpo4. (B) dATP incorporation after 8-oxoG:C by
the mutant A181D. (C) dATP incorporation after 8-oxoG:A by wtDpo4. (D) dATP incorporation after 8-oxoG:A by the mutant
A181D. kcat and Km values (estimated using the fit-to-hyperbolic-equations tool in Prism [GraphPad, San Diego, CA]) are
listed in Table 4.

TABLE 4 Steady-state kinetics of next base (dATP) insertion after 8-oxoG:C and 8-oxoG:A
by wtDpo4 and mutant A181D

Dpo4 variant
and template kcat (min�1) Km (�M) kcat/Km (�M�1 min�1)

WT
8-oxoG:C 0.1754 � 0.0056 16.11 � 1.01 0.0109 � 0.0008
8-oxoG:A 0.1220 � 0.0088 21.05 � 2.76 0.0059 � 0.0006

A181D
8-oxoG:C 0.2234 � 0.0187 13.26 � 0.93 0.0169 � 0.0020
8-oxoG:A 0.2349 � 0.0185 20.91 � 1.42 0.0113 � 0.0013
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mental material), indicating the lowest fidelity. Incorporation efficiency by the A181D
mutant was 8.5% and 126.8% higher than that for E63K and I248Y mutants, respectively
(Table 2). In particular, the A181D mutant exhibited a 3.81-fold (dCTP) and a 2.62-fold
(dATP) higher incorporation rate opposite the damaged base 8-oxoG (Table 3). It also
increased catalytic efficiency by 55% and 91.5% when bypassing 8-oxoG:C and
8-oxoG:A base pairs, respectively (Table 4). These results demonstrate that the thumb
domain mutation can effectively improve the catalytic properties of Dpo4.

The processivity of thumb domain mutants can be accurately predicted by calcu-
lating the binding energy of Dpo4 to DNA substrates using in silico methods (Table S2).
Computer-based free energy calculations enable a detailed investigation of the ener-
getic factors that determine binding affinity (32). The essence of processivity is that the
polymerase can retain substrate affinity during multiple rounds of catalysis. Accord-
ingly, increasing the affinity can effectively improve processivity (14, 33). For example,
processivity of a TERT mutant was increased by augmenting its affinity for a telomeric
DNA primer (21). Conversely, polymerases with decreased binding affinity resulted in
decreased processivity, as exemplified by a Klenow fragment mutant (34). Therefore, we
sought to confirm if it was possible to predict processivity knowing the binding energy.
We selected various single-residue mutations on the thumb, finger, and LF domains,
which affected the binding affinity of the Pol IV polymerase for DNA and, consequently,
its processivity (21, 35, 36). Mutants A181D and N188S exhibited improved processivity
when binding energy increased, whereas the A220S mutant showed diminished pro-
cessivity when binding energy decreased. Instead, the finger domain mutant M76I and
the LF mutant V289I showed increased binding energy (Table S2) but also lower
processivity (Fig. 2).

Mutations in Dpo4 domains are likely to affect its properties. For Y-family DNA
polymerases, mutations within the active site, palm, or finger domains affect translesion
synthesis (37, 38) and catalytic efficiency (24), whereas changes in the LF domain mainly
influence processivity, fidelity, and lesion bypassing (39). In addition, thumb domain
mutants of yeast mitochondrial RNA polymerase (40) and T7 DNA polymerase (41)
showed altered processive synthesis. Considering a similar general mechanism for DNA
elongation (42), it is not surprising that Dpo4 mutants E63K (finger), A181D (thumb),
and I248Y (LF) all exhibited increased processivity and misincorporation. Additionally,
the A181D mutant displayed significantly increased translesion ability compared to
wtDpo4. Furthermore, the increase in processivity was higher in thumb mutants than
in other domain mutants. As we know, finger and thumb domains both may control
processivity (43). However, the relaxed interaction between thumb domain and DNA
could account for the notably low processivity of polymerase � (41). Similarly, reduced
processivity during transcription was observed in a T7 RNA polymerase mutation with
a deletion of the thumb subdomain (44). In contrast, there are fewer reports about the
finger domain having a similar impact, indicating that thumb was the main domain to
control processivity. Thus, thumb domain mutants A181D and N188S significantly
increased processivity. Among five finger domain mutants, only E63K resulted in
increased processivity, whereas the LF domain I248Y mutant showed only a minor
improvement.

The present findings indicate that the A181D mutant is more suitable than others for
molecular signal recording. Dpo4 was shown to be appropriate for signals recording as
an error-prone polymerase and a far better sensor for Mn2� concentration, especially
in the presence of the T template (45). The statistical feasibility of molecular signal
recording depends on several biochemical parameters, including the single-base elon-
gation time (�c), average pause time (�p), and pause probability (P) (13). The �c

parameter depends on replication velocity, which was modulated by the polymerase’s
affinity for DNA and its processivity (46, 47). A key problem for a signal recording
machine is that polymerases do not incorporate nucleotides at a constant rate, which
is attributed to pausing at specific sites on the DNA (48). An ideal situation for molecular
signal recording is represented by lack of pausing, thus preventing dissociation of the
polymerase (49). Pausing can be avoided by the TLS polymerase through translesion
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and low fidelity (50). In our study, three mutants, E63K, A181D, and I248Y, prefer to
incorporate wrong nucleotides into the T template compared to wtDpo4 in Mg2�

(Table 1), supporting a more sensitive tool to record signal, as the misincorporation
could be further affected with Mn2� (51). These mutants showed increased processivity
and affinity of the polymerase for DNA (Fig. 2; Table S2), resulting in shorter single-base
elongation times, particularly by the A181D mutant. In addition, the A181D mutant
presented higher translesion ability than wtDpo4 (Tables 3 and 4), suggesting that
A181D decreases pause time and pause probability. It is postulated that the shorter the
elongation and pausing times, the higher the resolution and accuracy of molecular
signal recording.

MATERIALS AND METHODS
Protein expression and purification. The gene encoding Dpo4 was synthesized by Synbio-tech

(Suzhou, China) and then cloned in the expression plasmid pET28a. Dpo4 was expressed in E. coli BL-21
and purified to electrophoretic homogeneity as described previously (52).

Mutation site identification and homology modeling. A Dpo4 crystal structure (PDB code 3QZ7)
was selected as a model of the binary complex of polymerase and substrate and analyzed with PyMOL
(www.pymol.org). Amino acids located within 6 Å of the DNA substrates were identified as potential
mutation sites. Homologous proteins with sequence identity over 40% were identified by BLAST searches
against the Dpo4 sequence template (NCBI). Multiple-sequence alignment was conducted to determine
the nonconserved residues in the candidates mentioned above. Moreover, mutated Dpo4 structures
were constructed with SWISS-MODEL (http://swissmodel.expasy.org), and the binary complex of mutated
Dpo4 and substrate was generated with PyMOL.

Molecular dynamics and binding energy calculation. Molecular dynamics (MD) simulations were
performed with the GROMACS 4.5.5 toolkit by following three previously described steps: energy
minimization, system equilibration, and production protocols (53, 54). The binary complex of polymerase
and DNA was prepared by adding the GROMOS 9643a1 force field, placing it in a cubic box, and filling
the box with atomistic TIP3P water. A two-step energy minimization process then was performed; this
included the steepest descent method with an optimization of 800 steps and the conjugate gradient
method with an optimization of 1,200 steps with solute molecule constraint. A further energy minimi-
zation step was performed during the steepest descent method, switching to a conjugate gradient every
800 steps for a total of 4,000 steps without any constraint. Simulation equilibration was conducted at a
target pressure of 1 � 105 pascals and 300 K. After the two equilibration phases, a 500-ps simulation with
a time step of 2 fs with solute molecule constraint and a 5-ns simulation without solute molecule
constraint were performed. Samples were collected at 2,500-step intervals. Particle mesh Ewald sum-
mation was applied to compute long-range coulombic interactions, and the linear constraint solver
method was used to constrain all covalent bonds in the MD simulation. The molecular mechanics
Poisson-Boltzmann surface area method was used to predict the binding affinities of polymerase and
DNA with the trajectory of MD (55).

Template-primer DNA preparation. All oligonucleotides used in this work were synthesized by
Synbio-tech and purified by high-performance liquid chromatography (Table 5). The primers used for this

TABLE 5 DNA sequences used in this study

Oligonucleotide Sequence (5=–3=)a

15-mer primer 5=-Cy3-CGTACTCGTAGGCAT-3=
16-mer primer 5=-Cy3-CGTACTCGTAGGCATC-3=
16-mer primer 5=-Cy3-CGTACTCGTAGGCATA-3=
36-mer primer 5=-Cy3-ACGCCTGTAGCATTCCACAGACAACCCTCATAGTTA-3=

2AP-DNA 5=-CCGTGCCTACCTGAACAGCTaTaCGCaCTAATGCCTACGA-3=
3=-GGCACGGATGGACTTGTCGaTaTGCGTGATTACGGATGCT-5=

Unlabeled DNA 5=-CCGTGCCTACCTGAACAGCTATACGCACTAATGCCTACGA-3=
3=-GGCACGGATGGACTTGTCGATATGCGTGATTACGGATGCT-5=

TG 5=-TCCTACCGTGCCTACCTGAACAGCTGGTCACACTGATGCCTACGAGTACG-3=
TA 5=-TCCTACCGTGCCTACCTGAACAGCTGGTCACACTAATGCCTACGAGTACG-3=
TC 5=-TCCTACCGTGCCTACCTGAACAGCTGGTCACACTCATGCCTACGAGTACG-3=
TT 5=-TCCTACCGTGCCTACCTGAACAGCTGGTCACACTTATGCCTACGAGTACG-3=
TG*b 5=-TCCTACCGTGCCTACCTGAACAGCTGGTCACACTG*ATGCCTACGAGTACG-3=
aIn sequences, the boldface letters show the template differences in the same experiment (“C” and “A” in
16-mer primers for steady-state kinetic analysis of the next base insertion after 8-oxoG:C or 8-oxoG:A,
respectively; “A” and “a” for normal and modified bases for the binding affinity determination, respectively;
“G”, “A”, “C”, “T”, and “G*” in the different templates for the fidelity analysis and determination of nucleotide
incorporation efficiency).

bTG*, template with damaged 8-oxoG base.
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study were synthesized with a cyanine (Cy3) label for fluorescence visualization. Circular single-stranded
M13mp18 DNA (ssDNA), used in the processivity assay, was purchased from Bayou Biolabs (Harahan, LA).
Primers were annealed to the template in a 1:1.5 ratio in buffer containing 10 mM HEPES-NaOH (pH 7.4),
1 mM dithiothreitol (DTT), 50 mM NaCl, 100 �g/ml bovine serum albumin, and 0.10% Triton X-100.
The annealed complex was heated at 95°C for 5 min, cooled to 60°C at a rate of 0.1°C/s, incubated
at 60°C for 10 min, cooled again slowly to 5°C, and then stored at �20°C until use, when it was
thawed on ice.

Determination of binding affinity to DNA for wild-type and mutated Dpo4. Fluorescence
titrations were performed to determine the equilibrium dissociation constant (Kd) of Dpo4 and its
mutants as previously described (56, 57). A constant amount of 2-aminopurine DNA (2AP-DNA) (10 nM)
was titrated against an increasing concentration of wtDpo4 or mutated Dpo4 (0 to 200 nM) in the
reaction buffer [50 mM Tris acetate, pH 7.5, 50 mM sodium acetate (NaOAc), 10 mM Mg(OAc)2, 5 mM DTT,
0.05% Tween 20] at 25°C. A control experiment was carried out under identical conditions with unlabeled
DNA (Table 5). Changes in fluorescence corresponding to the control experiments were subtracted from
the data obtained with 2AP-DNA, and the corrected values were plotted against the corresponding
polymerase concentration. The dissociation constant was calculated using the equation F � (Fmax �
[polymerase])/(Kd � [polymerase]), where F is the relative fluorescence intensity and Fmax is the maximum
value.

Processivity assay. The processivity assay was performed in the presence of a trap to prevent
rebinding (16, 58). When the concentration of enzyme was lower than that of the substrate, no extension
band could be detected. Hence, constant doses (10 nM) of Cy3-labeled primer/template (36-mer/
M13mp18) and Dpo4 (100 nM) were added to the reaction buffer [25 mM Tris-HCl, pH 8.0, 1 mM DTT,
0.1 mM (NH4)2SO2, 2.5 mM MgCl2]. Constant amounts of dNTPs (1 mM) and trap (200-fold excess of
ssDNA) were added to initiate DNA synthesis at 37°C for 5 min (11); reactions were terminated by
addition of 10 �l stop solution (80% formamide, 1 mg/ml xylene C, 1 mg/ml bromophenol blue, and 20
mM EDTA) followed by incubation at 95°C for 2 min. The mixture was immediately transferred on ice for
10 min and was subsequently loaded onto a 20% polyacrylamide gel containing 8 M urea and 1�
Tris-borate-EDTA buffer; gels were visualized on a Typhoon Trio scanner (GE Healthcare) (59).

Fidelity analysis. Primer extension assays to detect fidelity of wild-type and mutated enzymes were
carried out as described previously (59, 60). DNA substrates were prepared using a 15-mer primer (Table
5) with each of the four templates (TA, TT, TG, and TC); these were designed to present four different
nucleotides, A, T, G, and C, respectively, at the same position. The reaction mixture (20 �l) consisted of
5 mM dNTPs, 20 nM DNA substrate, 0.1 mM (NH4)2SO2, 2.5 mM MgCl2, assay buffer (25 mM Tris-HCl, pH
8.0, 1 mM DTT), and 10 nM Dpo4 (wild type or mutated). The mixture was incubated at 37°C for 2 h, after
which the reaction was terminated and loaded onto a 20% polyacrylamide gel as mentioned above. The
bands were visualized and recorded using a Typhoon Trio, and their intensities were quantified using
ImageQuant TL 1D analysis software (GE Healthcare). Nucleotide incorporation was calculated using the
equation percent incorporation � Is/(Is � Ip), where Is is the intensity of the extension band and Ip is the
intensity of the primer band in the same lane. All assays were repeated thrice, and the results were
reproducible.

Determination of nucleotide incorporation efficiency. Wild-type or mutated (120 nM) Dpo4 and
DNA substrate (15-mer/TG*, 30 nM) in the reaction buffer mentioned above were mixed with increasing
concentrations of dCTP (0 to 400 �M) (61). The reactions were terminated after various times (0 to
720 s) using 10 �l stop solution. Reaction products were analyzed by denaturing polyacrylamide gel
electrophoresis and quantified with a Typhoon Trio. The time course of product formation at each dCTP
concentration was fit to a single exponential equation (equation 1).

�Product� � A�1 � exp��kobst�� (1)

Here, kobs is the observed reaction rate constant, A is the reaction amplitude, and t is time. The plot
of kobs versus dCTP concentration was fit to a hyperbolic equation (equation 2).

kobs � kp�dNTP� ⁄ ��dNTP� � Kd,dNTP� (2)

Here, kp is the maximum dNTP incorporation rate and Kd,dNTP is the equilibrium dissociation constant
for the ternary complex (Dpo4-DNA-dNTP). Nucleotide incorporation efficiency (kp/Kd) then was calcu-
lated.

Steady-state kinetic analysis of bypassing 8-oxoG. Steady-state experiments of single-base in-
corporation and one-base extension were performed by adding a single dNTP at various concentrations.
The molar ratio of Dpo4 to DNA was 1:10 (2 nM polymerase and 20 nM DNA) (62, 63). For steady-state
single-base incorporation, wild-type or A181D mutated Dpo4 and DNA were mixed in the buffer
mentioned for the fidelity assay. dCTP (0 to 20 �M) or dATP (0 to 200 �M) was added to initiate the
reaction for 5 min at 37°C, and primer conversion to product was maintained at less than 20%. The
one-base extension reaction was analogous to the single-base incorporation one, except that dNTP
consisted of only dATP (0 to 200 �M). Reactions were quenched and products were analyzed and
quantified. Plots of incorporation rates versus dNTP concentration were fit to a hyperbolic Michaelis-
Menten equation (equation 3) to yield kcat and Km values using nonlinear regression in GraphPad Prism
version 3.0 (GraphPad, San Diego, CA).

v �
kcat 	 �E� 	 �D�

Km��D� (3)
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Here, 
 is the initial rate, [D] is the dNTP concentration, [E] is the enzyme concentration, kcat is the
turnover rate, and Km is the primer-template concentration at which half of the maximum activity is
achieved. kcat/Km is the incorporation frequency.
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