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ABSTRACT: We have biochemically and kinetically char-
acterized the polymerase and exonuclease activities of the third
B-family polymerase (Dpo3) from the hyperthermophilic
Crenarchaeon, Sulfolobus solfataricus (Sso). We have established
through mutagenesis that despite incomplete sequence con-
servation, the polymerase and exonuclease active sites are
functionally conserved in Dpo3. Using pre-steady-state kinetics,
we can measure the fidelity of nucleotide incorporation by
Dpo3 from the polymerase active site alone to be 10°—10* at
37 °C. The functional exonuclease proofreading active site will
increase fidelity by at least 10% making Dpo3 comparable to
other DNA polymerases in this family. Additionally, Dpo3's exo-
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nuclease activity is modulated by temperature, where a loss of promiscuous degradation activity can be attributed to a reorganization
of the exonuclease domain when it is bound to primer—template DNA at high temperatures. Unexpectedly, the DNA binding
affinity is weak compared with those of other DNA polymerases of this family. A comparison of the fidelity, polymerization kinetics,
and associated functional exonuclease domain with those previously reported for other Sso polymerases (Dpol and Dpo4) illustrates
that Dpo3 is a potential player in the proper maintenance of the archaeal genome.

ver the past 20 years, many additional DNA polymerases

have been discovered within the genome of most
organisms. This raises the question of how multiple DNA poly-
merases are regulated with regard to their individual functions for
the maintenance of the organism’s genetic materiall. DNA
polymerases have been divided into six main families (A, B, C,
D, X, and Y)."” It is clear that B-family DNA polymerases provide
the bulk of DNA synthesis during replication and that X- and
Y-family DNA polymerases act only under special circumstances in
various DNA repair pathways.” In addition to the 12 other DNA
polymerases in humans, there are three B-family DNA poly-
merases that act in both the initiation and the elongation phases of
DNA replication.*

DNA polymerases from the B-family are generally robust and
accurate enzymes with inherent nucleotide specificities aug-
mented further by exonuclease proofreading domains that give
nucleotide fidelities of >10%, or one error every 10° bases incor-
porated.” They become processive for >10000 bases after com-
plexation with their respective processivity factors or clamps.®
The leading (&) and lagging (5) strand polymerases’ as well as
the pol-a primase complex® are the three B-family polymerases
found in humans. There are few significant mechanistic differ-
ences in enzymatic activities between € and J, except for their
strand specificities that are not fully understood.” Pol-a primase,
on the other hand, is able to synthesize short oligoribonucleotide
primers that can be extended further through incorporation
of deoxyribonucleotides on both strands to initiate replication
elongation.'""
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The DNA processing enzymes in archaea have been shown
to be more similar to those of eukaryotes than bacteria and
serve as a simplified model for understanding more complex
eukaryotic activities.">™'> Of the two main phyla in archaea,
Euryarchaea have both B-family and D-family (unique to this
archaeal phyla) DNA polymerases,'® whereas Crenarchaea have
B-family and Y-family DNA polymerases.'”'® Crenarchaea have
a more conserved arsenal of eukaryotic-like DNA polymerases;
however, the metal binding domain of eukaryotic polymerases
(¢ and &) may have evolved from the Euryarchaeal D-family
polymerases instead.'” The Crenarchaeon Sulfolobus solfataricus
(Sso) has within its genome three B-family polymerases (Dpol,
Dpo2, and Dpo3), similar in number to the main analogous
DNA polymerases (a, §, and ¢) found in humans. Both the
proposed DNA replication polymerase, Dpol, and the lesion
bypass polymerase, Dpo4, have been well characterized with
regard to their nucleotide incorporation mechanisms,**!
fidelities,”>** and structures.”*** Dpo2 and Dpo3 have been
identified by sequence homologies,zs’27 and until very recently,
their activities had not been biochemically characterized.”®

Here, we have characterized the mechanism and kinetics of
polymerization, exonuclease proofreading, and DNA binding
activities of the third B-family DNA polymerase from S.
solfataricus, Dpo3. We have identified and mutated conserved
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amino acids in both the polymerization and exonuclease do-
mains to confirm conservation and quantify their respective
activities. Surprisingly and unlike other DNA polymerases,
Dpo3 binds weakly to DNA requiring higher concentrations of
enzyme for efficient nucleotide incorporation. This weak bind-
ing can be attributed to a mutation in the universally conserved
Pol I motif. We have also quantified the selectivity of nucleotide
incorporation for all 16 possible combinations into undamaged
DNA templates using pre-steady-state kinetics. Circular di-
chroism analyses suggest that Dpo3 is a stable enzyme with a
T, of >94 °C, although the thermostability of the specific exo-
nuclease domain may be regulated by substrate binding and
temperature. The nucleotide incorporation rates, fidelity values,
and exonuclease results are compared to those of the more
thoroughly characterized Sso DNA polymerases (Dpol and
Dpo4) to gain a better understanding of the diversity of DNA
polymerase functions in the cell.

B MATERIALS AND METHODS

Materials. Oligonucleotide substrates were purchased from
Integrated DNA Technologies (IDT, Coralville, IA) and are
listed in Table S1 of the Supporting Information. DNA strands
with more than 28 nucleotides were gel-purified utilizing
denaturing acrylamide gel electrophoresis.”” Radioactive
[y-*P]JATP was purchased from MP Biomedicals (Solon,
OH). Optikinase (USB, Cleveland, OH) was used for S-end
labeling of DNA substrates according to manufacturer's proto-
cols. Radiolabeled primers were added to cold complementary
template strands at a ratio of 1:1.2 to ensure proper annealing.
Annealing was performed by heating the sample to 95 °C for
S min, followed by slow cooling to room temperature for at
least 2 h. Commercial enzymes were from NEB (Ipswich, MA).
All other chemicals were analytical grade or better.

Dpo3 Protein Purification. Dpo3 was amplified from S.
solfataricus P2 genomic DNA (ATCC catalog no. 35092) with
Pfx50 polymerase (Invitrogen, Carlsbad, CA). The gene was
initially subcloned into pGEM-T (Promega, Madison, WI) and
then ligated into pET30a (EMD Chemicals, Gibbstown, NJ)
using the Ndel and Xhol restriction sites included in the primer
sequences (Supporting Information) to allow for expression of a
C-terminal 6XHis tag. The DNA polymerase (D424A, DS42A,
and D424A/D542A) and exonuclease (D226A, D228A, D234A,
and D236A) mutant constructs were created using a standard
QuikChange protocol (Agilent, Santa Clara, CA) with KAPA
HiFi DNA polymerase (KAPA Biosystems, Woburn, MA).

BL21(DE3) Rosetta 2 cells containing the various pET30a-
Dpo3 constructs were grown at 37 °C, and protein expression
was autoinduced as described previously.”® Cell pellets were
resuspended in 50 mM sodium phosphate buffer (pH 7.0),
50 mM NaCl, and 5 mM f-mercaptoethanol. The cells were
lysed by the addition of lysozyme and sonicated. After centri-
fugation, the supernatant was treated with heat at 70 °C for
20 min to precipitate host proteins and centrifuged again. The
supernatant containing Dpo3 was purified using a Ni** column
(Thermo Fisher, Waltham, MA) and eluted with a step gradient
of 500 mM imidazole. Further purification was performed using
an ATKA Prime FPLC system with HiTrap DEAE and heparin
columns (GE Healthcare, Piscataway, NJ) and elution with a
linear gradient to 1 M NaCl. Separation of a major degradation
product can be performed using a pH gradient from 8.5 to
7.9 and a MonoQ _column (GE Healthcare). Final cleanup and
sizing were performed with a Superdex 200 26/60 column
(GE Healthcare). The extinction coefficient for Dpo3 was
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determined to be 117893 M~ cm™.*" Typical yields of purified
protein were >3 mg/L of cells.

Polymerase Activity Assays. Standard assays were per-
formed in polymerization buffer [20 mM Tris-acetate (pH 7.5),
100 mM potassium acetate, and 10 mM magnesium acetate]
containing 36 nM primer—template DNA (ptDNA) and vari-
ous concentrations of Dpo3 as indicated. Prior to initiation by
addition of dNTPs, the reaction components were incubated
for S min at the reaction temperature. Experiments were con-
ducted at the temperatures, polymerase concentrations, ANTP
concentrations, and times indicated in each figure legend.
Reactions were terminated by the addition of an equal volume
of a formamide quench (100 mM EDTA, 0.1% SDS, and 79%
formamide). To examine the products for short templates, we
used denaturing gels [20% acrylamide, 8 M urea, and TBE
buffer (45 mM Tris-borate and 1 mM EDTA)]. Phosphor
screens were then exposed to the gels for a minimum of 4 h,
imaged with a Storm 820 Phosphorimager (GE Healthcare),
and quantified using ImageQuant version 5.0.

Divalent Cation Optimization. Optimization of divalent
cations was performed under polymerase activity assay reaction
conditions as detailed above; however, the concentration of the
divalent metal, M** (Mg** or Mn*"), was varied. Reactions were
quenched and analyzed as described above for standard poly-
merase reactions. Data obtained from M?** titration reactions
were fit to a Michaelis—Menten equation with a cooperativity
(n) parameter:

2+
ax M-TT"

Kmn + [M2+:|n

Vv
[product] =

(1)

where V., is the maximal rate, K, is the Michaelis constant,
and [M?*] is the concentration of the divalent cation included
in the reaction. For those reactions where inhibition was ob-
served at higher concentrations of M?*, an inhibition reaction
equation was used instead:

2
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[product] =
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where K; is the inhibition constant.

Polymerase Fidelity. Fidelity assays were performed as
detailed above for polymerase reactions; however, each pre-
incubated reaction mixture contained 9.6 nM DNA and 2 yuM
Dpo3 (D236A), and each reaction was initiated with varying
concentrations of dNTPs. Samples were removed and placed in
a 1:1 ratio into quench at the time points indicated in each
figure legend. The time course of product formation was fit to a
single-exponential equation for each concentration of dNTP:

[product] = A(1 — e_kObSt) (3)
where A represents the reaction amplitude, ky, is the observed
polymerase rate, and ¢t is the time in seconds. The observed
rates extracted from the time courses of product formation for
each ANTP concentration were then plotted versus their re-
spective ANTP concentrations and fit to a hyperbolic equation:

kobs = kp[dNTP]/([dNTP] + Kgq) *)
where k, is the maximal rate of INTP incorporation and Kj is
the dissociation constant for the incoming nucleotide.
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Fluorescence Anisotropy DNA Binding Assays. Aniso-
tropy assays were performed in polymerization buffer, in the
absence of ANTPs with 1 nM ssDNA or ptDNA, where a Cy3
fluorescent label was placed on the 5-end of the single strand
or template strand, respectively, and varying concentrations of
Dpo3 (D236A) as depicted. Anisotropy values were obtained
using a Fluoromax-3 fluorimeter with automated polarizers
(HORIBA Jobin Yvon, Edison, NJ). Cy3 was excited at 550 nm
during 1 s integration times, and data points represent averages
of five consecutive readings. The reported anisotropy values are
the average and standard error from three independent
titrations. The absolute fluorescence emission (565 nm) was
unchanged during the course of the titration, eliminating the
possibility that Dpo3 binds directly to Cy3. The fluorescence
anisotropy (r) was calculated using the following equation:

Iyy — Glyyg

Iyy + 2lyy (s)

where I is the polarization intensity and the subscripts V and H
denote vertically and horizontally polarized light, respectively.
G is a correction factor for any differences in the intensity of
horizontally and vertically polarized light and is calculated
automatically by FluorEssence version 2.5.2.0.

The change in anisotropy was fit to a single binding equation:

A[Dpo3]

T Kq + [Dpo3] (6)

where A is the reaction amplitude and Kj is the dissociation
constant for the interaction between Dpo3 and DNA.
Exonuclease Assays. Standard exonuclease assays were
performed in polymerization reaction buffer containing 18 nM
ptDNA and 2 yM Dpo3. Prior to initiation by addition of
DNA, the reaction components were incubated for 5 min at
55 °C, unless otherwise indicated. Experiments were performed
for the times indicated in each figure legend. Reactions were
quenched and analyzed as described for polymerase reactions.
Circular Dichroism (CD) Denaturing Measurements.
Circular dichroism (CD) experiments for monitoring con-
formational changes of either polymerase alone or polymerase
bound to DNA were performed using a DSM 17 instrument
(Olis Inc.,, Bogart, GA) using a 1 mm path length cell. The
experiments were conducted either in the presence or in the
absence of DNA hairpin (2 uM) and Dpo3 (4 uM). The molar
ellipticity (®) at 222 nm was monitored over a temperature
range from 20 to 95 °C in 2 °C intervals controlled by a Peltier
temperature controller. The spectra from at least three separate
scans were averaged and analyzed as described previously.**
Homology Modeling and Alignment. Local and global
sequence alignments were performed using ClustalW2 analysis
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi). The
homology model of Dpo3 was created by threading the global
alignment of Dpo3 with Dpol onto the structure of Dpol [Protein
Data Bank (PDB) entry 1S5]]* using SWISS-MODEL.* The
DNA and incoming nucleotide were modeled into the active site of
the homology model of Dpo3 by aligning the polymerase active
site of the RB69 gp43—DNA—dTTP ternary complex (PDB entry
11G9)** with the homology model of Dpo3 using PyMol (http://

www.pmol.org).

B RESULTS

Conditions for Optimal Polymerase Activity of Dpo3.
After purification of wild-type (WT) Dpo3 to homogeneity
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(Figure 1A), we characterized the buffer conditions required
for maximal polymerase activity in 100 mM NaCl at 60 °C.
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Figure 1. (A) Purified Dpo3 on a Coomassie-stained sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gel: lane 1, protein
markers; lane 2, Dpo3 (88 kDa). (B) Optimization of dNTP
concentrations on total DNA product produced by 2 uM Dpo3 on
ptDNA in Tris (pH 7.5) and 10 mM Mg** at 70 °C. The K,, for
dNTPs (36 = S uM) was determined from the average of three
independent experiments fit to eq 1. (C) Effect of Dpo3 concentration
on the total amount of DNA product produced using a long ptDNA
template. Reactions were performed in Tris (pH 7.5), 200 uM dNTPs,
and 10 mM Mg** at 70 °C for 10 min. The apparent dissociation
constant (Ky') for Dpo3 activity (1.2 + 0.1 uM) was determined from
the average of three independent experiments fit to eq 1. The
cooperativitiy parameter (n) was equal to 4.4 + 1.1.

Purification with a gel-filtration column for size selection was
required for maximal polymerase activity, although no sig-
nificant shift in molecule size was noted in the chromatogram.
Neither HEPES nor Tris buffers nor varying the pH over a
limited physiological range (6.0—8.5) produced a significant
change in the polymerase activity of Dpo3 (Figure S1A of the
Supporting Information). Maximal activity was observed with
20 mM Tris between pH 7 and 8.5, so a pH of 7.5 was used in
all subsequent reactions. A comparison of the polymerization
ability in our buffer compared with that used previously®®
showed no significant difference in the rate of incorporation
(data not shown).

The importance of divalent cations in the nucleotide in-
corporation process has been well characterized, where the
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quantity of product extension is known to be dependent on
metal concentration.>® We performed polymerase reactions
while varying the concentration of Mg>* (Figure SIB of the
Supporting Information) and fit the data to eq 1 with an
observed K, of 1.43 + 0.08 mM. Identical experiments with
Mn?* showed an inhibition at concentrations of >0.5 mM. On
the basis of these results, we chose to include 10 mM Mg** in the
reaction buffer. Similarly, the optimal concentration of ANTPs was
monitored (Figure 1B), where the K for incoming nucleotides
was determined to be 36 + 5 uM. dNTPs (200 uM) were in-
cluded in all subsequent polymerase reactions unless indicated
otherwise. As a note, the exonuclease activity present in WT Dpo3
reduced the detected amount of fully extended product slightly
from the theoretical maximum.

Having established appropriate reaction buffer conditions, we
titrated Dpo3 to determine the optimal concentration for maxi-
mal activity (Figure 1C). Interestingly, very low activity levels
were observed until a reaction concentration of 750 nM was
reached. The data required a cooperativity coefficient for an
appropriate fit to extract the apparent dissociation constant
(Ky) equal to 1.2 = 0.1 uM. The sigmoidal shape of the curve
indicates that the concentration of the polymerase is critical for
binding and associated activity. Further kinetic assays were
performed at 2 yM Dpo3 determined to provide for maximal
activity unless indicated otherwise.

Thermostability of Dpo3. The optimal reaction temper-
ature was determined by examining the total amount of product
synthesized from ptDNA at temperatures varying from 37 to
70 °C in a 10 min reaction (Figure 2A). We observed maximal
polymerase product formation at 65 °C. Reactions in the
absence of ANTPs monitored the exonuclease activity and were
maximal at 55 °C, and their rates decreased as the temperature
was increased further. The purification protocol included a
70 °C incubation step that typically eliminates any background
nuclease activity. The exonuclease activity of any contaminating
nucleases from Escherichia coli should be maximal around 37 °C
and decrease above 45 °C. The parallel increases in both poly-
merase and exonuclease activities from 37 to 55 °C show that
the observed exonuclease activity is intrinsic to the polymerase.

Although the polymerization activity of Dpo3 is maximal
above 65 °C, to assay the thermostability of the Dpo3 protein
structure, we preincubated the WT polymerase at 70 °C for
various times and then initiated the reaction by adding dNTPs
or DNA to monitor polymerase or exonuclease activity, re-
spectively (Figure 2B). Extension to the full-length product
from the primer—template form was used to evaluate any loss
of polymerization activity. Even after incubation at 70 °C for
55 min, the loss of DNA polymerase activity was minimal. The
reduction in exonuclease activity was slightly greater, but 55%
of the activity remained after the 55 min high-temperature in-
cubation period.

To gain a more direct measure of protein structure thermo-
stability, we used circular dichroism (CD) to monitor the change
in molar ellipticity at 222 nm as a function of temperature in the
absence and presence of hairpin DNA (Figure 2C). The protein
structure of Dpo3 is highly thermostable with an estimated melt-
ing temperature (T,,) of >94 °C. The data could not be quanti-
fied accurately because the maximum of the denatured curve was
not apparent at 100 °C. We also note a small but reproducible
unfolding event that occurs at 63 °C. This may be localized
unfolding of a small thermally unstable domain within Dpo3. In
the presence of ptDNA, the T, for Dpo3 shifts slightly higher
(~96 °C) and the local unfolding event at 63 °C disappears.
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Figure 2. (A) Temperature dependence of 2 M Dpo3 (WT) in SO
mM Tris (pH 7.5), 10 mM Mg**, and 200 uM dNTPs on polymerase
(gray) and exonuclease (black) activities on ptDNA (36 nM) in a 10
min reaction. The reported values and errors are the average of three
independent experiments. (B) Thermostability of 2 yuM Dpo3 (WT)
after preincubation at 70 °C for the indicated time points.
Quantification of product formation for polymerase activity (gray)
after the addition of dNTPs and exonuclease activity (black) after the
addition of ptDNA, in a 10 min reaction at 70 °C (polymerase
activity) or 55 °C (exonuclease activity). The error bars represent the
standard error from at least three independent experiments. (C)
Thermal melting of Dpo3 alone (gray dashed line) or bound (black
solid line) to hairpin DNA monitored by circular dichroism at 222 nm
(2 °C increments).

Conserved Mutations in the Polymerase Active Site
Disrupt Activity. There is a conserved aspartic acid residue
(D424) within the polymerase VI (Pol VI) domain and a single
aspartic acid (D542) within the polymerase 1 (Pol I) domain of
Dpo3 (Figure 3A). It has been previously shown that mutation
of the conserved active site aspartates in homologous DNA
polymerases abolishes nucleotide incorporation ability.**~*°
Interestingly, Dpo3 lacks the first aspartate in the highly con-
served DTD motif in the Pol I domain (Figure 3A) known to
be important for coordinating Mg>* and contributing to trans-
location.”” To determine if the polymerase active site of Dpo3
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Figure 3. (A) Amino acid alignment of DNA polymerase domains VI and I using CLUSTAL W2 (http://www.ebi.ac.uk/Tools/clustalw2) for
common members within the B-family of DNA replication polymerases. Slightly (yellow), mostly (red), and absolutely (purple) conserved residues
are denoted. The secondary structure elements are derived from the crystal structure of Dpol (cyan) (PDB entry 1SS5]) or RB69 gp43 (purple)
(PDB entry 1CLQ). Species are identified with three-letter codes: Sso, S. solfataricus; Pfu, Pyrococcus furiosus; Hsa, Homo sapiens; Eco, E. coli. Arrows
denote the residues in Dpo3 that were mutated and constitute the active site aspartates. (B) Effect of Dpo3 single (D424A or DS42A) or double
(D424A/D542A) mutants on the extension of template (T)G at 60 °C for the indicated times under optimal buffer conditions. The average rates in
picomoles per second from multiple independent experiments are listed below the corresponding lanes of the gel.

is functionally conserved in the absence of a conserved Pol I
domain, we constructed three mutants: two single mutants
(D424A and D542A) and one double mutant (D424A/D542A).
We then examined the polymerase activity of the mutants com-
pared to that of WT Dpo3 at 60 °C (Figure 3B). The poly-
merase activity for the synthesis of full-length products for the
D424A mutant was reduced more than 30-fold (0.010 +
0.003 pmol/s) from the WT value (0.34 pmol/s), while that of
the DS42A mutant was reduced more than 50-fold (0.007 +
0.002 pmol/s). The activity of the double mutant (D424A/
D542A) was reduced to just above background levels and re-
quired much longer times for detection of any product.
Conserved Mutations in the Exonuclease Active Site
Disrupt Activity. The exonuclease domain of polymerases can
be organized into three motifs (Exo I, Exo II, and Exo III).
Aspartates within each domain have been implicated in the
proofreading function in different polymerases. Dpo3 has a
conserved aspartate (D172) in the exonuclease I domain shown
to be important for E. coli Pol II* and pol &,*' but mutation to
alanine had no effect on exonuclease activity (data not shown).
Examination of the exonuclease II motif (Exo II) showed no
universally conserved aspartate or glutamate**~** for Dpo3, but
it did contain four potential catalytic aspartates (Figure 4A).
We individually mutated each aspartate (D226A, D228A,
D234A, and D236A) in Exo II and examined their effect on the
exonuclease activity levels on three DNA substrates (ssDNA,
ptDNA, and dsDNA). As proof that D236 is involved in proof-
reading, the D236A mutant incorporates nucleotides fully to
the end of the template unlike WT, which stops one base prior
from the end (—1) in this time frame (Figure 4B). D236A had
the lowest exonuclease activity and therefore produced the
greatest perturbation (Figure 4C,D) of the four mutants.
D234A/D236A produced no further reduction in exonuclease
activity over the D236A single mutant (data not shown). The
rate for formation of the exonuclease product for WT was
0.031 + 0.001 pmol/s, while the rate for D236A was reduced
approximately 7-fold to 0.0046 + 0.0003 pmol/s, implicating
this aspartate in the proofreading mechanism (Figure 4E).
DNA Binding Affinity of Dpo3 Monitored by
Fluorescence Anisotropy. DNA binding of B-family poly-
merases is typically robust and shows a preference for ptDNA
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over ssDNA.** To determine if the relatively high concen-
trations of Dpo3 required for activity are a result of a weak
binding affinity, we measured the DNA binding properties
using fluorescence anisotropy. Fluorescence anisotropy mea-
sures the rotational diffusion rates of molecules, where a
decrease in these rates using fluorescently labeled DNA occurs
upon formation of a protein—DNA complex. The result-
ing increase in anisotropy (r) can be plotted to determine the
binding coefficient (K;). Both ssDNA and ptDNA were used as
the substrate with a fluorescent dye, Cy3, located at the 5-end
of the template or single strand. Anisotropy values were
measured as the Dpo3 concentration was increased. The K for
the interaction between Dpo3 and ssDNA was 1.10 + 0.08 uM,
while the Kj for the interaction between ptDNA was tighter at
0.81 + 0.06 uM (Figure S).

Correct Nucleotide Specificity. We analyzed the pre-
steady-state AN'TP incorporation rate of the Dpo3 exonuclease
mutant (D236A) for correctly paired nucleotides across from
all four different template bases. These reactions could be per-
formed accurately by hand at 37 °C because of a decreased rate
of synthesis at lower temperatures. Previously, Suo and co-
workers established that fidelity reactions with Dpol and Dpo4
performed at lower temperatures did not have values sig-
nificantly different from those for reactions performed at higher
temperatures.””** Single-turnover reactions were performed
in which the enzyme concentration (2 M) was held well
above the DNA concentration (9.6 nM) as required based on
the affinities and activities measured above. The quantified
products for different concentrations of dCTP incorporated
onto template G were plotted as a function of the reaction
times to obtain the apparent rate constants (k) according to
eq 3 (Figure 6A). These single-turnover rates were plotted as a
function of the concentration of dCTP and fit to eq 4 to yield
the second-order polymerization rate (k,) (0.045 + 0.007 s™')
and dissociation constant for dCTP (Ky) (61 + 25 uM)
(Figure 6B and Table 1). The measure of substrate specificity
(k,/K4) was calculated to be 7.4 X 107> uM™" s™". If Dpo3 is
able to bind nucleotides nonspecifically in the absence of DNA,
high concentrations of enzyme could affect the K; value mea-
sured if the concentration of enzyme was similar in magnitude. In
our experiments, a large excess of enzyme was required to promote
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Figure 4. (A) Amino acid alignment of exonuclease domain II using CLUSTAL W2 (http: //www.ebi.ac.uk/Tools/clustalw2) for common members
within the B-family of DNA replication polymerases. Slightly (yellow), mostly (red), and absolutely (purple) conserved residues are denoted. The
secondary structure elements are derived from the crystal structure of Dpol (cyan) (PDB entry 1SS5J) or RB69 gp43 (purple) (PDB entry 1CLQ).
Species are identified with three-letter codes: Sso, S. solfataricus; Pfu, P. furiosus; Hsa, H. sapiens; Eco, E. coli. Arrows denote the residues in Dpo3 that
were mutated. (B) Polymerase reactions comparing formation of the full-length product from WT and D236A Dpo3 on template T at 70 °C for 3
min, showing major products (29 base, blunt, 0) or (28 base, recessed, —1) for D236A or WT Dpo3, respectively. (C) Exonuclease experiment with
single-stranded (ssDNA), primer—template (ptDNA), and double-stranded (dsDNA) DNA for both WT and D236A Dpo3 at SS °C for 10 min.
(D) Quantification of exonuclease cleavage products for WT Dpo3 and each prospective exonuclease mutant (D226A, D228A, D234A, and D236A),
on all three DNA conformations [ssDNA (blue), ptDNA (red), and dsDNA (orange)] at 55 °C for 10 min. (E) Quantification of the steady-state
rate of exonuclease products produced from ptDNA by WT (0.031 + 0.001 pmol/s) or D236A (0.0046 + 0.0003 pmol/s) Dpo3 from at least two
independent experiments. The error bars represent the standard error of the reaction.
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Figure 5. Change in fluorescence anisotropy upon binding of Dpo3
(D236A) to either Cy3-labeled ssDNA (Cy3DNA) (gray dashed line)
or ptDNA (black solid line). Data points were fit to eq 4 to extract a
K; of binding for ssDNA (1.10 + 0.08 #M) and ptDNA (0.81 + 0.06
uM). The error bars represent the standard error from at least three
independent experiments.

DNA binding, but this concentration is still at least S—100 times
lower than the experimental concentration of dCTP.
Single-turnover experiments for other correct nucleotide in-
corporations (dTTP on template A, dGTP on template C, and
dATP on template T) were also performed similarly (Figure S3
of the Supporting Information). The kinetic parameters (k,, Kg,
and kP/Kd) are listed in Table 1. Interesting observations from
this analysis include the fact incorporation of dATP on template
T was roughly 3-fold faster (0.12 + 0.01 s™') than the re-
verse incorporation (dTTP on template A) (0.038 + 0.002 s™*).
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Also, the Ky for binding dATP was 3-fold tighter than for bind-
ing dCTP or dTTP on their respective correctly base paired
templates.

Incorrect Nucleotide Specificity. Pre-steady-state incor-
poration rates for incorrect nucleotides opposite all four tem-
plates were also analyzed similarly as described above. As an
example, single-nucleotide misincorporation of dT'TP at various
concentrations onto template T is shown in Figure 7A, yielding
kops- These observed rates were plotted versus the dTTP con-
centration and fit to eq 4 to give k, (0.0015 + 0.0001 s™'), K,
(0.39 + 0.08 mM), and k,/Ky (3.7 X 107° uM~" s7") values
(Figure 7B and Table 1). Misincorporation of dTTP on
template T was roughly 100-fold slower and had a 20-fold
weaker Ky than correct incorporation of dATP. This results in a
misincorporation frequency for incorrect dNTPs of 5.4 X 107*
(Table 1) or 1 error every 2000 bases with polymerase active
site selection alone.

In some cases, inhibition was noted at high concentrations of
incorrect nucleotides. Incorporation of dGTP on template T
was inhibited at concentrations greater than 2 mM, and in-
corporation of dGTP on template G was inhibited at concen-
trations greater than 1 mM. Nucleotide selection seems to be
the most discriminative for template C and template T
provided by a concomitant decrease in both the polymerization
rate and the affinity.

For the most part, incorrect nucleotide incorporations are
20—100 times slower than correct incorporations with Ky
values 4—30 times weaker (Table 1). One exception seems to
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Figure 6. Concentration dependence of the pre-steady-state rate of
correct nucleotide incorporation. (A) A preincubated solution contain-
ing 2 uM Dpo3 and template G (9.6 nM) was mixed with increasing
concentrations of dCTP (from 10 to 200 uM) for the indicated time
points. The data were fit to eq 3 to determine the single-exponential rate
(kops)- (B) kyp, values were plotted as a function of dCTP concentration
and fit with eq 4 to yield k, (0.045 + 0.008 s™') and K (61 + 26 uM).

be that the Ky values of dGTP and dCTP are identical on tem-
plate G. The 40-fold slower rate of incorporation for dGTP on
that template is the only factor that provides for the selectivity
in this case, leading to a weaker fidelity value of 2.77 X 1072

For template G, the preceding base (—1) in the template is
cytosine, which allows for the possibility that the strong binding
of dGTP on template G noted above is the result of a looping
mechanism that base pairs the incoming nucleotide at position
—1 in the template. To test this, we changed the base at posi-
tion —1 in the template strand to T to create template (T)G.
When single-nucleotide misincorporation assays were per-
formed with dGTP on this template, there was a significant
increase in the K to 0.69 + 0.20 mM (Table 1). This resulted
in a decrease in k,/Ky (31 x 107% yM™! s7!) and misin-
corporation frequency (4.4 X 107°) more consistent with the
rest of Table 1. Except for dGTP on template G, the error
frequencies for Dpo3 range from 107 to 107™* and are in line
with those of other polymerases in this family.***’

B DISCUSSION

We have biochemically characterized both the DNA polymer-
ization and exonuclease activities of the third B-family DNA
polymerase in S. solfataricus and verified that it is an active
enzyme. Although Dpo3 is characterized as a B-family DNA
polymerase, the Pol I motif in the active site is not absolutely
conserved, prompting speculation that it may be inactive.*
Dpo3 was groposed to have evolved thorough a gene duplica-
tion event,”® which eventually became the precursor for the
human DNA polymerase & implicated in leading strand DNA
replication in eukaryotes.”'” To improve our understanding of
the role of Dpo3 in chromosomal maintenance in archaea, we
investigated the polymerase and exonuclease activities, fidelity,
and thermostability of this polymerase.

Dpo3 is an accurate B-family DNA polymerase whose fidelity
is increased further with the inclusion of an active exonuclease
domain. Dpo3 has high thermostability that is increased slightly
in the presence of DNA. Surprisingly, Dpo3 binds DNA weakly
compared with other B-family polymerases,”**** and the
exonuclease and polymerase activities are maximal at different

Table 1. Pre-Steady-State Kinetic Parameters of Dpo3

ky/Ky (uM™' s71) misincorporation frequency”

dNTP k, (s7H)° K; (mM)“*

template A

dATP 0.0010 + 0.0002 0.23 + 0.02

dCTP 0.0016 =+ 0.0002 2.0+ 0.6

dGTP 0.0017 £ 0.0004 1.7 x 1.1

dTTP 0.038 + 0.002 0.057 + 0.008
template C

dATP 0.0006S =+ 0.00005 0.74 + 0.20

dCTP* - -

dGTP 0.069 + 0.00S 0.024 + 0.007

dTTP 0.0013 + 0.0001 043 + 0.16
template G

dATP 0.0025 + 0.000S 19 £ 09

dCTP 0.045 + 0.008 0.061 + 0.025

dGTp? 0.0011 + 0.0001 0.056 + 0.017

dTTP 0.0016 =+ 0.0001 0.30 + 0.08
template (T)G

dGTP 0.0021 + 0.0002 0.69 + 0.20
template T

dATP 0.12 £ 0.01 0.018 + 0.006

dCTP 0.0009 =+ 0.0001 0.79 + 0.34

dGTP® 0.0025 + 0.0001 0.41 + 0.03

dTTP 0.001S + 0.0001 0.39 + 0.08

“Calculated from the fit to eq 4 of the second-order plot. bCalculated as (ko/Kg)incomect/ (Kp/ Ki) correct- “Was not incorporated appreciably above

45 % 107¢ 6.7 x 1073
7.9 x 1077 12 x 1073
9.6 X 1077 1.5 x 1073
6.6 x 107*

89 x 1077 3.0x 107
29 %1073

3.1x 107 1.1 x 1073
1.3 x 107° 1.9 x 1073
7.4 x 1074

2.0 % 107° 2.8 X 1072
53 % 107 7.6 X 1073
3.1x 107 44 x 1073
6.8 x 1073

1.1 x 107¢ 1.6 x 107+
6.0 x 107¢ 87 x 107*
3.7 x107¢ 54 x 1074

background and could not be quantified. “Inhibition at >1 mM dGTP. “Inhibition at >2 mM dGTP.
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Figure 7. Concentration dependence of the pre-steady-state rate of
incorrect nucleotide incorporation. (A) A preincubated solution con-
taining 2 uM Dpo3 and template T (9.6 nM) was mixed with increasing
concentrations of dTTP (from 250 uM to 4 mM) for the indicated time
points. The data were fit to eq 3 to determine the single-exponential rate
(kops)- (B) kgp, values were plotted as a function of dTTP concentra-
tion and fit with eq 4 to yield k, (0.0015 =+ 0.0001 s71) and K, (0.39 =
0.08 mM).

temperatures. While our manuscript was being prepared, a
recent report also characterized the in vitro activity of Dpo3,>®
and although there are some similarities such as weak DNA
binding, we have measured significant differences in the kinetic
and thermodynamic parameters as well as verified and com-
pared the importance of the catalytic residues in the polymerase
and exonuclease active sites. In spite of the nonconserved active
site motifs, Dpo3 has been confirmed to be a B-family DNA
polymerase with enzymatic activities that allow participation in

coupled DNA replication or repair activities in archaea. The roles
and activities of multiple DNA polymerases in this organism
provide a model for understanding and characterizing DNA poly-
merase specificities in higher organisms.

Nonconserved Polymerase Motifs Reduce DNA Bind-
ing and Enzymatic Activity. Although Dpo3 is considered to
be a B-family DNA polymerase, the most conserved Pol I
domain contained in all DNA polymerases is mutated. This
conserved YGDTD sequence is used to coordinate Mg>* where
the tyrosine and both aspartates are thought to be essential for
polymerase activity.”*** In Dpo3, the homologous sequence
is LAN-D, where rather than a pair of aspartic acids residues
coordinating Mg>* and contributing to translocation, a single
aspartic acid residue is important for catalytic activity. Crystal
structures of RB69 gp43>* and yeast pol 5°° highlight the im-
portance of the second aspartate (Pol I) in metal coordination
and catalysis, which is consistent with a similar role for D542 in
Dpo3.

Conversely, the first aspartate in the Pol I motif is generally
orientated away and toward the minor groove at the site of
insertion.>"? Although this first aspartate is conserved, the
actual role of this residue is elusive. Mutation of the first
aspartate (Pol I) in Phi29 DNA polymerase disrupted the trans-
location step between catalysis steps and resulted in a lower
processivity, possibly representing a looser grip on DNA.*’
Interestingly, high concentrations of Dpo3 (>750 nM) were
required for stable binding and efficient DNA extension as also
noted previously™ and could be the consequence of the missing
first aspartate. Mutation of the homologous first aspartate in
human polymerase a required Mn** for restoration of the wild-
type activity.®® Our metal-dependent studies of Dpo3 may
actually be similar in that at metal concentrations of <1 mM,
Mn®* provides the optimal activity. At higher concentrations,
Mn®" is inhibitory and Mg** provides for optimal activity similar
to the D1002N mutant of human pol .*

The other catalytic aspartate contained in the Pol VI motif
and known to be involved in Mg** coordination is conserved in
Dpo3 (D424), but residues adjacent to this residue have also
been shown to affect catalysis. Previous work by Kennedy et al.
implicated a conserved ALY motif within the Pol VI domain of
the P. furiosus B-family polymerase in a stacking interaction
with the ribose of the incoming nucleotide.>* A408S and L409V

A)

Exonuclease
Active Site

B)

Fidelity
/(kp/Kd)incorrect

-
o
=

correct

(k/K,)

102

102 10 102

Rate (k) (s") at 37 °C

Figure 8. (A) Homology model of the ternary complex of Dpo3 bound to DNA (black and gray) with incoming dTTP (orange) highlighting the
aspartates in the polymerase (D424 and D542, yellow) and exonuclease (D236, pink) active sites. NS41 (green) is also shown oriented toward the
minor groove of the dsDNA template. (B) Graphical representation of the fidelity [(kP/Kd)mmct/ (kp/I<d)incorrect] as a function of the rate (kpol)

comparing Dpol, Dpo3, and Dpo4.
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mutations in Pfu Pol both result in a decrease in the catalytic
efficiency (k./K,)- It seems that increased side chain volume
interacting at the back of the incoming nucleotide negatively
affects catalysis and fidelity. The homologous wild-type seque-
nce in Dpo3 is 427-SVY and may also contribute to Dpo3's
slower incorporation rates and reduced fidelity.

To highlight the two active site aspartates primarily re-
sponsible for metal binding and catalysis, we created a ternary
homology model of Dpo3 bound to DNA with an incoming
dTTP (Figure 8A). In this model, it is clear that D424 and
D542 are oriented properly for binding metals in the active site
required for catalysis and incoming ANTP stabilization. Inter-
estingly, N541 seems to adopt a conformational position similar
to that of the first aspartate in the Pol I motif of other poly-
merases. The absence of a negative charge at this position in
Dpo3 would disrupt native interactions with Mg** and the
DNA template, possibly explaining the reduced affinity of
binding.

Dpo3 Has Moderate Polymerase Activity. We have
shown through detailed kinetic analysis that the catalytic
activity of Dpo3 is moderate, although the rate of nucleotide in-
corporation is significantly faster than those previously
published.*® During the purification of Dpo3, it became clear
that inclusion of a gelfiltration column for size selection and
cleanup was required for maximal activity. A comparison of the
reaction conditions used in our study with those from the pre-
vious report™® noted no significant differences in extension rates
using our purified protein. Polymerization reactions for Dpo3
at 37 or 50 °C converted more than 50—70% of the substrate to
full-length product in 10 min (Figure 2A) compared with little
full-length product formed at these temperatures in a 30 min
reaction described previously.”® The kinetic rate constants are
difficult to compare between the studies, because we used
pre-steady-state analysis monitoring the fastest rate of single-
nucleotide incorporation for Dpo3, while the previous study
used steady-state analysis. Pre-steady-state analysis has been
shown to be more accurate for measuring the kinetic and
thermodynamic basis for the fidelity of nucleotide incorpora-
tion.>> Moreover, we have verified that Dpo3 has an active
exonuclease proofreading domain that would make steady-
state analysis of polymerase fidelity with the wild-type enzyme
difficult.

The fidelities of nucleotide incorporation for the Dpo3 poly-
merase active site alone are generally 10°—10°. One exception
where the fidelity is lower occurs when the incoming base is in-
corporated on the basis of complementarity to the preceding
—1 template base (dGTP on template G). In this case, in-
corporation would require destabilization of the terminal base
pair and looping out of the last base in the primer strand.
Incorporation would then proceed opposite the —1 base in the
template. An analogous looping out mechanism has been noted
previously for Dpo4,°*” although the looped-out base occurs
in the template strand instead, in favor of nucleotide in-
corporation opposite position +1. We can rule out a similar
mechanism for Dpo3 as incorporation of dATP in template G
(where the +1 base is T) has the weakest Ky value of the group.

In general, the pre-steady-state kinetics of Dpo3 are reduced
compared with those of the other two well-characterized DNA
polymerases (Dpol and Dpo4) in Sso (Table 2). We compared
the nucleotide binding, kinetic incorporation rate, and fidelity
differences of Dpo3 with those of Dpol and Dpo4. Dpo3 pos-
sesses nucleotide selectivity (K difference) values more similar
to that of the Y-family DNA polymerase, Dpo4. The ratio of the
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maximal rate of incorporation (kp) for correct versus incorrect
nucleotides for Dpo3 is more similar to the selectivity provided
by Dpol, although the absolute rate of catalysis is roughly 100-
fold slower. Therefore, the fidelity of Dpo3 is primarily driven
by a reduced rate of incorporation for incorrect nucleotides
rather than selectivity in nucleotide binding. The fidelity values
for Dpo3 are comparable to those for Dpo4 but lower than
those for Dpol (Table 2). The exonuclease domain contained

Table 2. S. solfataricus DNA Polymerase Comparison

fidelity K, difference k, difference

(kp/Kd)correct/ (I<d)incorrect/ (kp)conecl/

polymerase (kp/ K )incorrect d) correct p)incorrect

Dpo3“ 1.5 X 10* to 4-4S5 17-140
6.3 x 10°

Dpolb 1.6 X 10° to 110—-920 4-580
29 x 10°

Dpo4© 3.1 X 10 to 1-18 99—1600
6.7 x 10°

@At 37 °C (from this work). At 37 °C;** data do not include the
fidelity contribution from the 3'—5" exonuclease activity. “At 37 °C.>>

within Dpo3 will increase the fidelity value further, approaching
that required for accurate DNA synthesis making this poly-
merase more accurate than Dpo4 (Figure 8B).

Variable Thermostabilities of the Polymerase and
Exonuclease Domains. Interestingly, the temperatures at
which the polymerase and exonuclease activities are maximal
are different. The maximal exonuclease activity occurs at 55 °C,
which is below the physiological temperature, while the maxi-
mal polymerase activity occurs above 65 °C. The thermosta-
bility of the entire Dpo3 structure is high with a T, of >94 °C,
which is increased slightly in the presence of DNA. This is in
direct contrast to a previous report that showed that pre-
incubation for 20 min at 60 °C completely abolished activity.*®
Conversely, we can show that preincubation at 70 °C for
55 min only minimally reduces polymerase activity, and the
exonuclease domain retains more than half of the original
activity. Thermostabilites for Dpol and Dpo4 have been mea-
sured previously’>*® and are similar to that found for Dpo3.

Looking closely at the CD spectra, we have noticed a re-
producible but slight deviation around 63 °C, suggesting that a
local reversible unfolding event may be possible. This spectral
change is not observed when DNA is included in the experi-
ment, suggesting that a more stable protein complex exists in
the presence of DNA, possibly representing the closed con-
formation. On the basis of the decrease in promiscuous exo-
nuclease activity above 55 °C and the change in the CD spectra
at 63 °C, we conclude that the exonuclease domain is stabilized
in a proofreading conformation in the presence of DNA at high
temperatures.

When dNTPs are included, the role of the exonuclease
activity is to increase the fidelity by monitoring correct base in-
corporations. Clearly, there is a cycle between nucleotide in-
corporation and exonuclease proofreading that occurs with the
wild-type enzyme similar to that in other B-family DNA poly-
merases. The exonuclease activity is controlled by the kinetics
of the forward rate constant for nucleotide incorporation.
When dNTPs are absent or present at low levels, the kinetic
rate of incorporation is low and causes the slightly slower exo-
nuclease rate to proceed instead. For Dpo3, the exonuclease
activity is somewhat temperature-dependent. The change in
the CD spectrum coupled with the slower kinetics at higher

dx.doi.org/10.1021/bi201799a | Biochemistry 2012, 51, 1996—2007



Biochemistry

temperatures suggests that the DNA binding specificity
(ssDNA or ptDNA) may be modulated by temperature. This
may also help explain the lower exonuclease activity on ssDNA
versus ptDNA at higher temperatures in spite of somewhat
similar affinities. Even so, the recognition or proofreading of
misincorporated bases opposite damaged templates (hypoxan-
thine, 8-0x0G, and cyclobutane dimers) may be less restrictive
in some cases depending on the geometry as Dpo3 has been
shown recently to be able to bypass these lesions.”®

Role of Multiple B-Family DNA Polymerases in
Archaea. The DNA replication system from Sulfolobus is now
an even more enticing model system with the discovery that
there are multiple active B-family DNA polymerases along with a
single Y-family lesion bypass polymerase. This is similar to the
cases in other organisms that have multiple DNA replication
polymerases at the replication fork.”®® The measured in vitro
activity of Dpo3 is absolutely slower than that of the proposed
DNA replication polymerase, Dpol (Figure 8B). Therefore, it
seems that Dpol will provide the major replicative activity during
replication. Of course, we cannot rule out an increase in activity
for Dpo3 with additional accessory factors in vivo. The included
active exonuclease proofreading domain of Dpo3 would suggest
that it has a role in faithful DNA replication and not necessarily
repair or lesion bypass. Of course, genetic knockouts of this
polymerase could provide some further information about the
proposed role in genomic maintenance.

DNA binding and recognition of the DNA template will be
difficult for Dpo3 because of its weaker affinity. We have shown
previously that Dpol can form a trimeric complex in a similar
concentration range.*” It was noted recently that the protein
expression levels of Dpo3 are similar to those of Dpol and
much greater than those of Dpo4,”® suggesting that the cellular
concentrations and thermodynamics may favor formation of a
Dpo3—DNA complex. Therefore, the local concentrations of
polymerases around the replication fork will strongly influence
associations.

On the basis of the enzymatic properties described here,
Dpo3 could be involved in initiating DNA replication, in
extension of Okazaki fragments on the lagging strand,6l orin a
more directed role of synthesis across specific lesions.”® The
initiation of DNA replication after RNA priming is performed
by DNA polymerase @ in humans. There is no direct homo-
logue in archaea, and the polymerase responsible for extending
the RNA grimer to initiate DNA replication has not been
identified.”> The measured in vitro synthesis rate of Dpo3
extrapolated at 75 °C is roughly 150 s™', based on the rate
increase measured with temperature for Dpo1.%* This is slightly
faster than that required (92 s™") for bidirectional synthesis of
the leading strand at three origins63 on the Sso genome (2.99 X
10° bases)®* over a 90 min S-phase.®® It is equally possible that
synthesis of the short 100—150-base Okazaki fragments®® could
be performed by Dpo3 in parallel to provide the necessary
speed for genomic replication. Probably just as likely though,
Dpo3 could be confined to a specialized role in DNA repair,
although with the identification of an active exonuclease
domain, the specific lesions that are processed remain to be
determined. Identification of protein partners interacting with
Dpo3 may be able to better reveal a potential role for this poly-
merase in vivo. Clearly, there are multiple kinetic and
thermodynamic association events that occur with DNA in an
organism with multiple DNA polymerases. The regulation of
each DNA polymerase’s individual activity will be dynamically
controlled by cellular concentrations and interactions with
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other accessory proteins that direct binding along with their
individual kinetics to maintain the genome.
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DNA substrates (Table S1), DNA primers (Table S2), buffer
and metal optimization (Figure S1), example gels of the time
course of incorporation for polymerase active site mutants
(Figure S2), and additional pre-steady-state correct incorpo-
ration second-order plots (Figure S3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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