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ABSTRACT: DNA polymerases use either a bulky active site residue or a backbone segment to select against
ribonucleotides in order to faithfully replicate cellular genomes. Here, we demonstrated that an active site
mutation (Y 12A) within Sulfolobus solfataricus DNA polymerase IV (Dpo4) caused an average increase of
220-fold in matched ribonucleotide incorporation efficiency and an average decrease of 9-fold in correct
deoxyribonucleotide incorporation efficiency, leading to an average reduction of 2000-fold in sugar
selectivity. Thus, the bulky side chain of Tyrl2 is important for both ribonucleotide discrimination and
efficient deoxyribonucleotide incorporation. Other than synthesizing DNA as the wild-type Dpo4, the Y12A
Dpo4 mutant incorporated more than 20 consecutive ribonucleotides into primer/template (DNA/DNA)
duplexes, suggesting that this mutant protein possesses both a DNA-dependent DNA polymerase activity and
a DNA-dependent RNA polymerase activity. Moreover, the binary and ternary crystal structures of Dpo4
have revealed that this DNA lesion bypass polymerase can bind up to eight base pairs of double-stranded
DNA which is entirely in B-type. Thus, the DNA binding cleft of Dpo4 is flexible and can accommodate both
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A- and B-type oligodeoxyribonucleotide duplexes as well as damaged DNA.

DNA polymerases play critical roles in genomic replication,
DNA damage repair, and DNA lesion bypass in vivo. To main-
tain genomic stability, cellular DNA polymerases are required to
select correct deoxynucleotides (ANTPs)! and to discriminate
against both incorrect dNTPs and ribonucleotides (rNTPs)
during DNA synthesis. Incorporations of rNTPs lead to DNA
strand breakage, genetic mutation, and cell death while INTP
misincorporations result in mutation. Since the cellular concen-
tration of rNTPs is at least 10-fold higher than that of dNTPs
(1—3), DNA polymerases, which are phylogenetically grouped
into A, B, C, D, X, Y, and reverse transcriptase (RT) families (4),
possess efficient mechanisms to limit rNTP binding and incor-
poration during DNA polymerization. For example, most DNA
polymerases and reverse transcriptases (RTs) discriminate
against rNTPs by using the steric clash between a bulky side
chain of an active site amino acid residue and the ribose 2'-OH of
an incoming rNTP (5). Through site-directed mutagenesis and
kinetic studies, the bulky active site amino acid residue, or “steric
gate”, has been identified to be either Glu for the A-family
polymerases (6, 7) or Tyr (or Phe) for the B-, Y-, and RT-family
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members (7—14). Consistently, X-ray crystal structures of the
ternary complexes (E-DNA-dNTP) of several DNA poly-
merases have revealed that the side chain of the “steric gate”
residue and the ribose 2’ position of an incoming dNTP are too
close to each other and cannot tolerate the presence of a 2'-OH
moiety (/15— 17). If the incoming dNTP were replaced by an rNTP
in those structures, the 2’-OH of the rNTP would clash with
the side chain, or backbone, of the “steric gate” residue. This
structural prediction is supported by the fact that a DNA
polymerase can incorporate rNTPs into DNA as efficiently as
dNTPs after the “steric gate” residue is mutated to a residue with
a small side chain, e.g., Ala or Gly (6, 8, 9, 13, 18). Unfortunately,
the E-DNA-rNTP ternary structures of any DNA polymerases
and their “steric gate” mutants have not been solved yet. Thus,
the structural basis for INTP discrimination by a DNA poly-
merase has not been unambiguously established.

In this paper, we chose to investigate the sugar selectivity of
Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4), a model
Y-family DNA polymerase. The Y-family DNA polymerases,
which have been identified in all three domains of life (19), bypass
DNA lesions in an error-prone or error-free manner, lack
intrinsic proofreading exonuclease activities, and catalyze DNA
synthesis with low fidelity and poor processivity (20—26). Struc-
turally, each Y-family enzyme contains the typical finger, thumb,
and palm domains found in all structurally known DNA poly-
merases (17, 27—32). Interestingly, a fourth domain, designated as
the “little finger” domain, is tethered to the small thumb domain
via a linker and is only present in the Y-family enzymes (/6). In
Dpo4, the little finger and thumb domains bind to DNA and fit
into its major and minor grooves, respectively. The palm domain
contains three highly conserved carboxylate residues that bind two
Mg*" ions at the active site. The small finger domain contacts an
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Table 1: DNA Substrates

D-1 5'-CGCAGCCGTCCAACCAACTCA-3
3-GCGTCGGCAGGTTGGTTGAGTAGCAGCTA-
GGTTACGGCAGG-5
D-6 5-CGCAGCCGTCCAACCAACTCA-3
3-GCGTCGGCAGGTTGGTTGAGTGGCAGCTA-
GGTTACGGCAGG-5
D-7 5'-CGCAGCCGTCCAACCAACTCA-%
3-GCGTCGGCAGGTTGGTTGAGTTGCAGCTA-
GGTTACGGCAGG-5
D-8 5'-CGCAGCCGTCCAACCAACTCA-3
3-GCGTCGGCAGGTTGGTTGAGTCGCAGCTA-
GGTTACGGCAGG-5
D-1’ 5'-CGCAGCCGTCCAACCAACTCA-¥
3-GCGTCGGCAGGTTGGTTGAGTAACAGCTA-
GGTTACGGCAGG-5
BE2 5-TTGAGTTGCAACTCAA-3¥
3'-AACTCAACGTTGAGTT-5

incoming ANTP but lacks the O and O, helices which perform
fidelity checking in the high-fidelity DNA polymerases (33). The
side chains surrounding the nascent base pair are small and
hydrophobic, rather than the large and positively charged side
chains present in other DNA polymerases. The active site of Dpo4
is relatively loose and solvent accessible when compared to the
active sites of replicative DNA polymerases in the presence of
DNA and a nucleotide (/6). These structural features help Dpo4 to
accommodate bulky DNA lesions but contribute to its low fidelity
when replicating both undamaged and damaged DNA (20—26).
Thus, it is possible that unfaithful Dpo4 could incorporate rNTPs
efficiently. Here we utilized protein engineering and kinetic
methods to investigate the sugar selectivity of Dpo4. Our results
showed that Dpo4, like other Y-family members, uses a “steric
gate” residue to discriminate against rNTPs.

MATERIALS AND METHODS

Materials. Reagents were purchased from the following com-
panies: OptiKinase from USB; [y-**PJATP from MP Biomedicals;
rNTPs and dNTPs from GE Healthcare.

Protein Preparation. The mutation Y12A was introduced
into the plasmid containing the full-length wild-type Dpo4 via
QuikChange site-directed mutagenesis kit (Stratagene). The full-
length wild-type Dpo4 and the Y12A Dpo4 mutant were expressed
in Escherichia coli and purified as previously described (20).

Synthetic Oligonucleotides. The DNA substrates listed in
Table 1 were purchased from Integrated DNA Technologies. All
DNA substrates were purified by denaturing polyacrylamide gel
electrophoresis (PAGE). The concentration of each DNA oligo-
mer was determined by the UV absorbance at 260 nm. Each
primer was 5'-**P-labeled by incubating it with OptiKinase and
[y-**PJATP for 3 h at 37 °C. The 5'-**P-labeled primer was an-
nealed to an unlabeled DNA template at a molar ratio of 1.00:1.15.
This mixture was first heat denatured at 95 °C for 2 min and
then cooled slowly to room temperature over several hours.

Buffers. All pre-steady-state kinetic assays, if not specified,
were performed in optimized reaction buffer R (50 mM HEPES,
pH 7.5 at 37 °C, 5 mM MgCl,, 50 mM NaCl, 0.1 mM EDTA,
5mM DTT, 10% glycerol, and 0.1 mg/mL BSA) (20). All given
concentrations were final after mixing all solutions.

Primer Extension Assays. The 5-**P-labeled DNA sub-
strate D-1 (30 nM) was preincubated with either the wild-type
Dpo4 or the Y12A Dpo4 mutant (120 nM) and then reacted with
either all four dNTPs or rNTPs (100 uM each) or individual
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dNTPs or rNTPs (100 M) at 37 °C for 2 min (or for various
times during running-start experiments) in buffer R. Reactions
were terminated with 0.37 M EDTA and then analyzed by
denaturing PAGE (17% acrylamide, 8 M urea). The gels were
visualized using a Typhoon TRIO (GE Healthcare).

Measurement of Nucleotide Incorporation Efficiency
and Fidelity. Single-turnover nucleotide incorporation assays
were employed to obtain the k, and K4 ntp as previously
described (20). Briefly, a preincubated solution of enzyme
(120 nM) and 5'-radiolabeled DNA (30 nM) in buffer R was
mixed with increasing concentrations of a single nucleotide. The
reactions were terminated after various reaction times using
0.37 M EDTA. Reaction products were analyzed by denaturing
PAGE (17% acrylamide, 8 M urea) and quantitated with a
Typhoon TRIO (GE Healthcare). The time course of product
formation at each nucleotide concentration was fit to a single-
exponential equation (eq 1):

[product] = A[1 —exp(— kobs?)] (1)

where k., 18 the observed reaction rate constant and A is the
reaction amplitude. Next, the plot of the ks versus the nucleo-
tide concentration was fit to a hyperbolic equation (eq 2):

kobs = kp[NTP]/{[NTP] + Ky, n1p } (2)

where kj, is the maximum nucleotide incorporation rate constant
and the Ky nrp is the equilibrium dissociation constant for the
ternary complex (Dpo4-DNA - NTP). From these kinetic param-
eters, the ribonucleotide incorporation efficiency (k,/K4 np) Was
calculated. The ribonucleotide incorporation fidelity was also
calculated using the following equation (eq 3):

ﬁdelity = (kp/Kd7 NTP)mismatched/[(kP/Kda NTP)mismatched
+ (kP/Kda NTP)matChed} (3)

Determination of Sugar Selectivity. The sugar selectivity
for a specific DNA substrate was determined for both the wild-
type Dpo4 and the Y12A mutant using a nucleotide incorpora-
tion efficiency ratio (eq 4):

sugar selectivity = (kp/Ka)qnrp/ (kp/Ka)nrp (4)

where (k,/Kg)antp is the ANTP incorporation efficiency and (kp/
Kg)rnrp is the rNTP incorporation efficiency (/4).

RESULTS

Reduced rNTP Discrimination by the Y12A Dpo4 Mutant.
Sequence alignment of the Y-family DNA polymerases shows
that Dpo4 possesses a potential “steric gate” residue Tyrl2
(Supporting Information Figure 1). This putative “steric gate”
residue was mutated to Ala through site-directed mutagenesis,
and the single residue mutant protein was expressed and purified
as described for the wild-type Dpo4 (Materials and Methods)
(20). To test the impact of the Y12A mutation on the ability of
Dpo4 to discriminate against INTPs, running start assays using a
DNA substrate D-1 (Table 1) were individually performed with
the wild-type Dpo4 and its Y 12A mutant at 37 °C. In the presence
of four dNTPs, the wild-type Dpo4 extended primer 21-mer to
the 5'-end of DNA template 41-mer before 0.6 min (Figure 1).
The Y12A Dpo4 mutant also synthesized full-length products
before 4 min, suggesting that the efficiency of dNTP incorpora-
tion was reduced by about 7-fold (4 min divided by
0.6 min) relative to the dNTP incorporation efficiency of the
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FIGURE 1: Running start assays for the wild-type Dpo4 and the Y12A Dpo4 mutant at 37 °C. A preincubated solution of enzyme (120 nM) and
5'-radiolabeled DNA substrate D-1 (30 nM) was rapidly mixed with all four rINTPs or dNTPs (100 #M each) for various reaction times before
being quenched with 0.37 M EDTA. Sizes of important products are denoted on the right side of each image.
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FiGURE 2: Single nucleotide incorporation assays at 37 °C. A preincubated solution of enzyme (120 nM) and 5'-radiolabeled DNA D-1 (30 nM)
was rapidly reacted with the indicated nucleotide (100 #M) for 2 min before being quenched with 0.37 M EDTA. Some reactions were catalyzed by
the Y12A Dpo4 mutant in the presence of an rNTP (A) or a dNTP (B) while others were catalyzed by the wild-type Dpo4 in the presence of an
rNTP (C) or a dNTP (D). “*B” denotes that no enzyme was added to the reaction. The primer’s size is on the right side of each image.

wild-type Dpo4 (Figure 1). In contrast to dNTP incorporation,
the wild-type Dpo4 incorporated only approximately five INTPs
after 4 min with no full-length product observed within 1 h
and was thus highly discriminatory against incoming rNTPs
(Figure 1). Interestingly, the Y12A Dpo4 mutant was able to
incorporate all four rNTPs and extended the DNA primer
21-mer to full-length products within 20 min (Figure 1). More-
over, the DNA—RNA hybrid products were reduced to the DNA
primer 21-mer after alkaline degradation (Supporting Informa-
tion Figure 2). Thus, the Y12A mutation caused Dpo4 to lose
most of its ability to discriminate against rNTPs and synthesized
20- and 21-nucleotide RNA oligomers with a reasonable velocity.
Overall, the Y12A Dpo4 mutant was approximately 5-fold
(20 min divided by 4 min) less efficient when incorporating
rNTPs over dNTPs to form full-length products (Figure 1). The
42-mer products in Figure 1 were likely derived from blunt-end
addition (25). To examine if the wild-type Dpo4 and the Y12A
mutant preferentially incorporated a matched or a mismatched
rNTP opposite a DNA template base, single nucleotide incor-
poration assays were performed for 2 min at 37 °C in the presence
of D-1 (Table 1). The resulting gel images are shown in Figure 2.
Clearly, the Y12A Dpo4 mutant preferred to incorporate matched
UTP or correct dTTP opposite the templating base dA with

minimal incorporations of mismatched rNTPs or incorrect ANTPs
(Figure 2). In comparison, the wild-type Dpo4 incorporated very
small amounts of UTP and rGTP but incorporated all four dNTPs
with a preference for correct dTTP. The latter observation is
consistent with our previous kinetic results where Dpo4 displays
low fidelity (107 to 10™%) when incorporating dNTPs into
undamaged DNA at 37 °C (20).

Sugar Selectivity of the Wild-Type Dpo4 and the Y12A
Dpo4 Mutant. To quantitatively analyze the sugar selectivity of
a DNA polymerase, the incorporation efficiencies of each ANTP
and its corresponding rNTP were determined. Under single-
turnover reaction conditions, we have previously determined
the incorporation efficiency of each of the four correct ANTP
incorporations into the corresponding D-1, D-6, D-7, or D-8
DNA substrate (Table 1) catalyzed by the wild-type Dpo4 at
37°C (20). By employing the same kinetic assays, we individually
determined the rNTP incorporation efficiencies with the wild-
type Dpo4 as well as ANTP or rNTP incorporation efficiencies
with the Y12A Dpo4 mutant. For example, a preincubated
solution of the Y12A Dpo4 mutant (120 nM) and 5'-radiolabeled
D-7 (Table 1) was rapidly mixed with rATP (50—1200 uM),
and these reactions were quenched by 0.37 M EDTA after
various reaction times. The gel image of a time course of rATP
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F1GURE 3: Matched rATP incorporation into DNA substrate D-7
(Table 1) catalyzed by the Y12A Dpo4 mutant at 37 °C. A pre-
incubated solution of the Y12A Dpo4 mutant (120 nM) and
5'-radiolabeled D-7 (30 nM) was rapidly mixed with increasing
concentrations of rATP before being quenched by 0.37 M EDTA at
various reaction times. (A) Gel image of the time course of the
incorporation of 50 uM rATP. (B) Plots of product concentration
versus reaction time at specific rATP concentrations (50 uM, @;
100 uM, O; 200 uM, ¥; 400 M, <; 600 uM, A; 800 uM, A; 1200 uM, H).
Each time course was fit to eq | to obtain k.,s (Materials and
Methods). (C) Plot of kops values as a function of rATP concentra-
tions. The data were fit to eq 2 (Materials and Methods) to obtain a
kpof 0.51 +0.04 s 'and a K4 ratp of 400 & 70 uM (Table 2).

incorporation is shown in Figure 3A. At each rATP concentra-
tion, the plot of product formation as a function of time was fit
to eq 1 (Materials and Methods) to obtain the k., values
(Figure 3B). Next, the ks was plotted against the corresponding
rATP concentration (Figure 3C), and the plot was fit to eq 2
(Materials and Methods) to obtain the maximum nucleotide
incorporation rate (k, = 0.51 £ 0.04 s~!) and the equilibrium
dissociation constant (Ky atp = 400 £ 70 uM) for rATP (Table 2
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and Figure 3C). Recently, K. A. Johnson and co-workers have
used stopped-flow and computer simulation methods to investi-
gate dNTP incorporation catalyzed by T7 phage DNA poly-
merase and found that the Ky 4ntp value obtained from single-
turnover kinetic assays does not represent the true nucleotide
ground state binding affinity due to protein conformational
changes prior to catalysis (34). By monitoring real-time fluores-
cence resonance energy transfer signal changes, we have discov-
ered that the four domains in Dpo4 undergo synchronized
conformational changes induced by correct ANTP binding (35).
If TNTP binding induces similar protein conformational changes
in Dpo4 as ANTP (35), the above measured Kqap Will be
considered an apparent Ky Ap-

Using the measured k,, and Kq atp values, we then calculated
rATP incorporation efficiency (ky/Kqatp = 1.3 X 107 uM ™57
and sugar selectivity ((kp/Kq)aate/(kp/Ka)eaTp = 3) for the
Y12A Dpo4 mutant (Table 2). Opposite template bases dA, dG,
and dC, the sugar selectivity values were measured under the
same single-turnover reaction conditions and were determined to
be 30, 12, and 4, respectively. In comparison, the sugar selectivity
values for the wild-type Dpo4 were also determined, and they are
20500, 18333, 13448, and 5500 (Table 2) for dTTP/UTP, dGTP/
rGTP, dATP/rATP, and dCTP/rCTP, respectively. Comparing
these sugar selectivity values in Table 2, the Y12A mutation
significantly decreased the sugar selectivity of Dpo4 (Figure 4).
The extremely low rNTP incorporation efficiencies relative to
those of correct dNTPs with the wild-type Dpo4 (Table 2)
are consistent with the product formation patterns observed in
Figure 1: incorporation of rNTPs catalyzed by the wild-type
Dpo4 was extremely inefficient while ANTPs were rapidly incor-
porated. When comparing the kinetic parameters (Table 2) of
the wild-type Dpo4 and its Y12A mutant, the mutation caused
moderate to significant changes in both kj, and K4 gnrp values
for dNTP incorporation, which led to 3-, 32-, 10-, and 19-fold
decreases in dTTP, dGTP, dCTP, and dATP incorporation
efficiencies, respectively. The difference in dNTP incorpora-
tion efficiencies correlated well to the slower formation of the full-
length DNA products synthesized by the Y12A mutant than by the
wild-type Dpo4 (Figure 1). In addition, the Y12A Dpo4 mutant
incorporated rNTPs and dNTPs with very different kinetic param-
eters. Relative to dNTP incorporation, the k;, values decreased by
~9-fold for all matched rNTP incorporations, the Ky,ntp values
increased by ~2-fold for pyrimidine nucleotides (i.c., UTP/dTTP,
tCTP/dCTP), and the K ,np values decreased by about 2-fold for
purine nucleotides (i.e., _IGTP/dGTP, rATP/dATP). These changes
in the kinetic parameters led to rNTP incorporation with 3—30-fold
lower efficiencies than the corresponding dNTP incorporation
(Table 2), resulting in the slower DNA primer extension in the
presence of rNTPs relative to dNTPs (Figure 1).

Fidelity of DNA-Dependent RNA Polymerase Activity
of the Y12A Dpo4 Mutant. Figure 1 shows that the Y12A
Dpo4 mutant possesses a DNA-dependent RNA polymerase
activity in addition to the DNA-dependent DNA polymerase
activity. To determine the fidelity of this DNA-dependent RNA
polymerase activity, the kinetic parameters (Table 3) of mis-
matched rNTP incorporations into DNA substrate D-1, e.g.,
rATP incorporation (Supporting Information Figure 3), were
determined under single-turnover reaction conditions. Opposite
templating base dA, both k, and k,/ Ky ,nrp values of mismatched
rNTPs are 2—3 orders of magnitude lower than those of matched
UTP while the difference in Ky nrp values is within 2-fold
(Table 3). The calculated fidelity for the DNA-dependent RNA
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Table 2: Kinetic Parameters of Matched rNTP or dNTP Incorporation into DNA Catalyzed by the Wild-Type Dpo4 or Its Y12A Mutant at 37 °C

Dpo4 DNA substrate nucleotide ky ) Ky (uM) kp/Kq @M s sugar selectivity”
wild type D-1 dTTP? 944023 230417 4.1x1072
D-1 UTP (4.0+1.0)x 1073 2158 £ 779 20x107° 20500
D-8 dGTP® 9.4+02 171+15 55%1072
D-8 rGTP (2940.2) x 1073 980 + 166 3.0x107° 18333
D-6 dCTP? 7.6 +£0.2 7048 L1x107!
D-6 rCTP (6.4 £0.6) x 1072 31114419 20x107° 5500
D-7 dATP? 16 £0.9 206 + 46 7.8%1072
D-7 rATP (8.1£0.6) x 1073 1405+ 172 58x107° 13448
Y12A D-1 dTTP 45405 300 490 1.5%x1072
D-1 UTP (33+£04) x 107" 600 =+ 200 55x107* 30
D-8 dGTP (94409 x 107! 540 £ 100 1.7x1073
D-8 tGTP (1.1£0.1) x 107! 270 +40 41x1073 4
D-6 dCTP 49402 460 + 45 1.1x1072
D-6 rCTP 0.740.1 800 =+ 300 8.8x 1074 12
D-7 dATP 37405 900 + 200 41x1073
D-7 rATP (5.1+£0.4) x 107! 400 470 1.3x1073 3

“Calculated as (kp/Ka)ante/(kp/Ka)entp- bKinetic parameters are from ref 20.
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FIGURE 4: Comparison of sugar selectivity values (Table 2) between
the wild-type Dpo4 (gray bar) and the Y12A Dpo4 mutant (black
bar).

polymerase activity of the Y12A Dpo4 mutant is in the range
of 1073 to 10™* (Table 3). Notably, the YI2A Dpo4 mutant
misincorporated rCTP 14- and 3-fold more efficiently than rATP
and rGTP, respectively (Table 3). Since the 5'-base from the
templating base dA in D-1 is dG (Table 1), the enhanced
misincorporation of rCTP was probably due to rNTP-stabilized
misalignment as observed with dNTP misincorporation cata-
lyzed by the wild-type Dpo4 (20). This hypothesis was proven to
be correct based on the fact that rCTP misincorporation effi-
ciency (1.1 x 1077 uM ™" s ') is 21-fold lower when the 5'-base
dG (D-1) from the templating base dA was changed to dA (D-1")
(Table 3).

Blunt-End rNTP Addition Catalyzed by the Y12A Dpo4
Mutant. The 42-mer products in Figure 1 indicate that the Y12A
Dpo4 mutant was able to catalyze a blunt-end rNTP addition
onto an RNA/DNA duplex 41/41-mer as it incorporated a ANTP
onto the blunt-end DNA/DNA duplex 41/41-mer. To examine
how slow the blunt-end addition activity is, we measured the rate
constant for rNTP incorporation onto BE2 (Table 1) catalyzed
by the Y12A Dpo4 mutant. This mutant was able to incorporate
a small amount of rATP (~2 nM) after 2 h (Figure 5A). The ks
was determined to be (2.9 & 0.4) x 107> s~ when the rATP
concentration was 600 uM (Figure 5B). This value is 120—

207-fold lower than the k, values (3.5-6 x 107 s7") for the
blunt-end dATP addition catalyzed by the wild-type Dpo4 (25).
Under the same reaction conditions as in Figure 5A, there were
no detectable blunt-end additions of either rCTP, rGTP, or UTP
(data not shown). Thus, blunt-end rNTP additions onto a DNA/
DNA duplex are much less efficient than the corresponding blunt-
end ANTP additions, and rATP, like dJATP, was the preferred
nucleotide for this activity due to strong intrahelical base stacking
interactions between nucleobase adenine and blunt-end DNA (25).

DISCUSSION

Kinetic Basis for Sugar Selectivity of Dpo4. Sequence
alignment of the Y-family DNA polymerases (Supporting
Information Figure 1) indicates a conserved Tyr or Phe residue
which likely serves as the “steric gate” in the discrimination
against rNTPs. Mutation of Phel2 of Sulfolobus acidocaldarius
Dbh to Ala, which possesses a much smaller side chain than Phe,
decreases the sugar selectivity ((kp/Kq)agre/(kp/Ka)rgrp) of this
Y-family member from 3400 to 4 for rtGTP/dGTP (9). Similarly,
the mutation of Phel3 of E. coli DinB to slightly less bulky Val
has a modest effect on its sugar selectivity which drops from 10°
to 10° (36). Since Dpo4 belongs to the same DinB subfamily, one
can predict that the Y12A mutation will likely relax Dpo4’s
discrimination against rNTPs. This prediction was confirmed by
the product formation patterns in Figure 2 which directly
demonstrate when opposite the templating base dA, UTP was
as good a nucleotide substrate as dTTP to the Y12A Dpo4
mutant and a much better substrate to the Y12A mutant than to
the wild-type Dpo4. This prediction was also confirmed by our
kinetically determined sugar selectivity values which show that
the sugar selectivity decreased from the range of 5500—20500 for
the wild-type Dpo4 to 3—30 for the YI2A Dpo4 mutant,
depending on the identity of a nascent base pair (Table 2 and
Figure 4). The kinetic basis for the significant decrease in sugar
selectivity is that the Y12A mutation dramatically enhanced
rNTP incorporation efficiency ((kp/Kq)mnrp) by an average of 221-
fold while decreasing correct dNTP incorporation efficiency
((kp/Kg)anp) by an average of 9-fold, leading to a calculated reduc-
tion of sugar selectivity by 1989-fold. Moreover, the difference
between the average efficiency for ANTP (8.0 x 107> uM ™' s7")
and rNTP incorporation (1.7 x 1072 uM~" s7") for the
Y 12A Dpo4 mutant is only 5-fold while it is 9200-fold for the
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Table 3: Kinetic Parameters of Mismatched rNTP Incorporation into a DNA Substrate with 5'-dG (D-1) or 5-dA (D-1’) from the Templating Base dA

(Table 1) Catalyzed by the Y12A Dpo4 Mutant at 37 °C

rNTP kp sh Kq~ntp (UM) kp/ K rnp (,qu1 sh rNTP incorporation fidelity”

DNA substrate D-1

UTP* (334+04) x 107! 600 + 200 55%107%

rATP (22+0.1)x 107* 1292 + 154 1.7x1077 31 x 107

rCTP (11.0 £ 0.4) x 107* 489+ 33 23%107° 42 %1073

rGTP (53405 x 107* 793 +152 6.7x1077 12x1073
DNA substrate D-1

rCTP (98+19)x107° 903 £+ 344 1.1x1077 undetermined

“Kinetic parameters for matched UTP are from Table 2. bCalculated as (kp/ Ka)mismatched rNTP/[(Kp/Ka)matched iNTP + (Kp/Kd)mismatched rNTP]-

A, - _17

B e

002505 1 2 4 8 15 30 45 90120

Reaction Time (min)

[Product] (nM)

0 5x10° 1x10° 15x10* 2x10°

Reaction Time (s)

FIGURE 5: Blunt-end rATP additions onto DNA substrate BE2
(Table 1) catalyzed by the Y12A Dpo4 mutant at 37 °C. (A) Gel
image of the time course of rATP (600 M) incorporation. (B) Plot of
product concentrations in (A) as a function of reaction times. The
time course was fit to eq 1 (Materials and Methods) to yield a ks of
29+04) x 1075 ",

wild-type Dpo4. Thus, the small side chain of Alal2 allowed
Dpo4 to incorporate NTPs almost as efficiently as dANTPs. The
5-fold difference between dNTP and rNTP incorporation effi-
ciency for the Y12A Dpo4 mutant was mainly contributed by
the difference in k,, values (9-fold) (Table 2). In contrast, the average
ky, value difference between dNTP and rNTP incorporations
catalyzed by the wild-type Dpo4 was 1925-fold while the
average Ky difference is only 17-fold (Table 2). These kinetic
data suggested that the Y12A mutation of Dpo4 mainly
affected catalysis (k,,), rather than the nucleotide binding
step (Kq). The kinetic insights into the sugar selectivity
of Dpo4 may shed light on how human Y-family DNA
polymerases discriminate against ribonucleotides in vivo,
especially when dNTP pools are low and rNTP pools are
high (14), as their proposed “steric gate” residues are either
Phe or Tyr (Supporting Information Figure 1).

To obtain a structural sense on how Dpo4 discriminates
against an incoming rNTP, we modeled rATP into the binding
site of dATP by swapping the ribose rings between Dpo4-bound
dATP (PDB 2AGQ) and an N°-CAIR synthetase-bound rATP

(PDB 3ETH) (Supporting Information Figure 4) (37, 38). The
adenine base and the triphosphate were not modified. The C1’,
C4', and C3 atoms of the rATP (PDB 3ETH) occupied the same
positions as those corresponding atoms in the Dpo4-bound
dATP (PDB 2AGQ). Unfortunately, the 02" of the incoming
rATP and the side chain of Tyr12 are at least 0.7 A too close to
avoid a steric clash based on van der Waals atomic radii
(Supporting Information Figure 4B). In solution, the side chain
of Tyr12 must move away from an incoming rATP in order for
Dpo4 to bind and incorporate this rATP. This movement will
require more energy and may explain why the matched rNTP
incorporation efficiencies with the wild-type Dpo4 were signifi-
cantly lower than the matched rNTP incorporation efficiencies
with the Y12A Dpo4 mutant (Table 2).

DNA-Dependent RNA Polymerase Activity of the Y12A
Dpo4 Mutant. In addition to an intrinsic DNA-dependent
DNA polymerase activity, the Y12A Dpo4 mutant was able to
incorporate at least 20 consecutive rNTPs into the DNA
substrate D-1 21/41-mer (Figure 1) and displayed a DNA-
dependent RNA polymerase activity. Interestingly, this activity
did not reach its upper limit since longer RNA polymers were
synthesized by the Y12A Dpo4 mutant with shorter DNA
primers (data not shown). In comparison, the binary and ternary
crystal structures of Dpo4 have shown that the DNA binding
cleft of Dpo4 is about eight base pairs in length, and the bound
DNA/DNA duplex is completely in the B-type conforma-
tion (16, 31). Thus, the DNA binding cleft of the Y12A Dpo4
mutant can accommodate both DNA/DNA (B-type) and RNA/
DNA (A-type) helices during polymerization. Similarly, the
F12A Dbh mutant has been found to be capable of performing
at least 10 successive rNTP insertions into a DNA/DNA duplex
13/23-mer (9), suggesting that Dbh, like its Y-family homologue
Dpo4, can readily bind both A- and B-type helices at its flexible
DNA binding cleft. This is not surprising considering that the
Y-family DNA polymerases are known to accommodate DNA
containing bulky and helix-distorting lesions during translesion
DNA synthesis. The ternary crystal structures of both
Dpo4 (16, 31) and Dbh (30) demonstrate that the DNA binding
cleft of either Y-family enzyme is formed by a polymerase core
(palm, thumb, and finger domains) and a little finger domain;
their physical connection is through a 14 amino acid residue
linker. This linker likely increases the flexibility of the DNA
binding cleft by facilitating the repositioning of the little finger
domain relative to the polymerase core, depending on the
conformation of bound DNA helix (A- or B-type). This hypoth-
esis is supported by the modeling result revealed in Supporting
Information Figure 5: only a portion (five base pairs) of the
B-type DNA/DNA duplex (eight base pairs) in the ternary
structure of Dpo4 can be replaced by the same sized A-type
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RNA/DNA duplex without steric hindrance of the little finger
domain. Interestingly, unlike the Y-family enzymes Dpo4 and
Dbh, DNA polymerases from other families do not possess the
little finger domain and the linker; therefore, their DNA binding
clefts are predicted to be relatively stringent. A stringent DNA
cleft may not tolerate pure A-type helices and may limit the
polymerase to synthesize a long RNA polymer opposite a DNA
template. Consistently, the “steric gate” mutants of those non-Y-
family DNA polymerases have been found to only add approxi-
mately four to six rINTPs to a DNA/DNA duplex (6, 8, 39—42).
In addition, these studies also indicate that the DNA binding
clefts of those non-Y-family DNA polymerase mutants can
simultaneously tolerate a stretch (four to six base pairs) of
RNA/DNA helix from the primer 3'-terminus and a stretch of
DNA/DNA helix near the primer 5'-terminus. Interestingly, this
covalently linked A-type and B-type duplex conformation has
been observed in the ternary crystal structures of those non-
Y-family DNA polymerases in complex with DNA and dNTP
which show that a portion (about four base pairs) of the double-
stranded DNA duplex next to the primer 3'-terminus is in an
A-like conformation while the rest of the DNA duplex is in the
B-type conformation (33, 43—45).

Interestingly, the fidelity of INTP incorporation into D-1
(Table 1) catalyzed by the Y12A Dpo4 mutant was measured to
be in the range of 10~ to 10~* (Table 3), which is identical to the
fidelity range for the DNA-dependent DNA polymerase activity
of the wild-type Dpo4 (20). This suggests that the DNA-dependent
RNA polymerase activity of the Y12A Dpo4 mutant is as error
prone as its intrinsic DNA-dependent DNA polymerase activity.
Although slow, the DNA-dependent RNA polymerase activity
of the Y12A Dpo4 mutant catalyzed blunt-end rNTP and dNTP
additions (Figure 1), and the predominant blunt-end rNTP addi-
tion event is single rATP incorporation (Figure 5). These
observations mirror what we have observed with the blunt-end
dNTP additions catalyzed by the wild-type Dpo4 (25). Taken
together, we conclude that the DNA-dependent RNA polymerase
activity and DNA-dependent DNA polymerase activity of the
Y12A Dpo4 mutant are mechanistically similar.

SUPPORTING INFORMATION AVAILABLE

Amino acid sequence alignment (Figure 1), alkaline degrada-
tion of full-length RNA extension product catalyzed by the Y12A
Dpo4 mutant (Figure 2), kinetic plots of the mismatched rATP
incorporation at 37 °C catalyzed by the Y12A Dpo4 mutant
(Figure 3), active site model comparison of the wild-type Dpo4
with dATP or rATP (Figure 4), and model of the Y12A Dpo4
mutant in complex with RNA primer/DNA template hybrid and
rATP (Figure 5). This material is available free of charge via the
Internet at http://pubs.acs.org.
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