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Avariety of DNA polymerases play individual roles in DNA
replication and repair in all domains of life, to maintain the

genomic integrity of the cell. In most respects, B-family DNA
replication polymerases require a template to direct synthesis and
incorporation of nucleotides into a growing strand. The stability
of a primer on a template substrate allows for the faithful copying
of the complementary strand. When DNA damage is encoun-
tered on the template strand, specialized Y-family lesion bypass
DNA polymerases are recruited to transverse the damage.1,2

Even these lesion bypass polymerases absolutely require the
presence of a template strand to direct synthesis in a potentially
mutagenic manner.1 SomeDNA polymerases, most notably Taq,
can incorporate a single adenine base on the end of a double-
stranded DNA (dsDNA) product in a single template-indepen-
dent terminal transferase step that creates an A-tail.3

Within the DNA polymerase superfamily, a unique enzyme
termed terminal deoxynucleotidyl transferase (TdT) that can
extend single-strandedDNA (ssDNA) in a template-independent
manner also exists.4 Essentially, TdT can incorporate dNTPs
onto the 30-end of DNA indiscriminately. TdT was first identified
in mammals5 and is thought to play a role in the diversification of
the vertebrate immune system through V(D)J recombination6 or
in specific aspects of DNA double-strand break repair.7 V(D)J
recombination is the rearrangement of antigen receptors to create
unique antibody specificities to thwart biological attacks on the
immune system.8,9 Rearrangement requires the creation of double-
strand breaks within immunoglobulin (Ig) genes, TdT activity
to extend ssDNA, followed by reannealing of random gene
regions to propagate immune diversity.10,11 Eukaryotic X-family
DNA polymerases (including TdT, pol μ, and pol λ) have
also been shown to participate in nonhomologous end joining

(NHEJ) by extending ssDNA at double-strand breaks as a
template for annealing.12

Archaea are single-cell prokaryotic organisms and are not
thought to need a V(D)J recombination system for diversification
of the immune system, but growth at high temperatures would
likely lead to accelerated DNA damage, including double-strand
breaks (DSBs).13 Interestingly, it has been noted that the muta-
tional frequencies in the genome are equal to or lower than those
found in mesophilc organisms, suggesting a highly active DNA
repair system.14 Homologous recombination (HR), not NHEJ, is
thought to be the preferred mode for the repair of double-strand
breaks in archaea.15,16 The need for an X-family polymerase with
TdT activity may not be necessary in archaea in light of the
discovery that the eukaryotic-like primase (PriSL) has terminal
transferase activity.17 Interestingly, a crystal structure of the
Pyrococcus PriS subunit has revealed unexpected structural homol-
ogy with X-family DNA polymerases, prompting the authors to
predict an unrecognized role for archaeal DNA primases in DNA
repair.17�19 Although archaea lack a putative X-family DNA
polymerase, they have both a B-family DNA replication poly-
merase and a repair Y-family lesion bypass polymerase.20,21 The
genetic role, if any, for terminal transferase activity in archaea
remains uncharacterized.

DNA replication and repair at high temperatures create
significant thermodynamic problems for maintaining annealed
double-stranded DNA templates. In fact, the small RNA primer
required for initiation of DNA replication on both the leading
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ABSTRACT: DNA replication polymerases have the inherent ability to faithfully and rapidly
copy a DNA template according to precise Watson�Crick base pairing. The primary B-family
DNA replication polymerase (Dpo1) in the hyperthermophilic archaeon, Sulfolobus solfataricus,
is shown here to possess a remarkable DNA stabilizing ability for maintaining weak base pairing
interactions to facilitate primer extension. This thermal stabilization by Dpo1 allowed for
template-directed synthesis at temperatures more than 30 �C above the melting temperature of
naked DNA. Surprisingly, Dpo1 also displays a competing terminal deoxynucleotide transferase
(TdT) activity unlike any other B-family DNA polymerase. Dpo1 is shown to elongate single-
stranded DNA in template-dependent and template-independent manners. Experiments with
different homopolymeric templates indicate that initial deoxyribonucleotide incorporation is
complementary to the template. Rate-limiting steps that include looping back and annealing to the template allow for a unique
template-dependent terminal transferase activity. Themultiple activities of this unique B-family DNA polymerase make this enzyme
an essential component for DNA replication and DNA repair for the maintenance of the archaeal genome at high temperatures.
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and lagging strand cannot be stably associated with the template
at those high temperatures through thermodynamic interactions
alone and would require help from other proteins to remain
annealed.22 It has been proposed previously that single-strand
binding protein (SSB) or the processivity factor (PCNA) might
stabilize short RNA primers before being captured by the DNA
polymerase.23,24 Enzymes such as topoisomerase25 and the
HEL112 helicase26 in Sso have been shown to have strand
annealing activities necessary for their respective functions in
genomic maintenance, but they are not thought to stabilize RNA
primers during DNA replication.

Classical B-family polymerases involved in DNA replication have
been well characterized kinetically and structurally in Sso.27�29

Recently, we have reported that the primary DNA polymerase in
Sso (Dpo1) can form a trimer that activates the template-directed
polymerization ability of the enzyme.30Wenow show thatDpo1has
a remarkable ability to stabilize weak base pairing interactions to
replicate a template strand at high temperatures. This annealing
activity is not recognized for eitherThermus aquaticus pol I (Taq) or
Pyrococcus furiosus B-family DNA polymerase (Pfu-Pol). In addition
to stabilizing DNA templates, Dpo1 has a robust and unique
terminal deoxynucleotidyl transferase activity that can extend
ssDNA into extremely long products at high temperatures. We
have confirmed that Dpo1’s TdT activity can proceed by two
mechanisms with differing kinetics: a traditional template-indepen-
dent or a more unique template-dependent looping. The implica-
tions of strand annealing and terminal transferase activities for this
multifaceted B-family DNApolymerase are discussed with regard to
initiation of DNA replication and repair for the maintenance of the
genome in archaea.

’MATERIALS AND METHODS

Materials. [γ-32P]ATP was purchased from MP Biomedicals
(Solon, OH). Unlabeled deoxyribonucleotides and ribonucleo-
tides were purchased from Invitrogen (Carlsbad, CA). All single-
stranded DNA (ssDNA) was ordered from IDT (Coralville, IA)
and gel purified as described previously.30 DNA substrates are
listed in Table 1 and the Supporting Information. Optikinase was
purchased from USB (Cleveland, OH). Taq DNA polymerase
was from Bioline (Taunton, MA), and PfuTurbo DNA polymer-
ase was from Stratagene (Santa Clara, CA). Wild-type (WT)

Dpo1 and exonuclease deficient (exo�) Dpo1 (D231A/D318A)
were purified as described previously.30 Restriction enzymes
were purchased from New England Biolabs (Ipswich, MA). All
other reagents were analytical grade or better.
Determination of Melting Temperatures. DNA melting

temperature measurements were conducted on a Varian Cary
100 Bio UV�visible spectrophotometer. The UV absorbance at
260 nm was measured for 1.5 μMDNA with or without 1.5 μM
Dpo1 exo� in assay buffer [50 mM glycine (pH 8) and 5 mM
Mg(CH3COO)2] at every integral temperature point from 4 to
90 �C programmed at a rate of 1 �C/min. The melting
temperature was determined from a plot of the UV absorbance
versus temperature for multiple replicates and analyzed using the
included software.
Strand Annealing and Terminal Transferase Assays. Un-

less specified otherwise, 1.5 μM Dpo1 (WT or exo�) was
incubated with approximately 80 nM 32P 50-end-labeled DNA
and 100 μM specified nucleotides in glycine buffer [50 mM
glycine (pH 8.0) and 5 mMMg(CH3COO)2] in 10 μL reaction
volumes at 70 �C for 60 min. 32P 50-end labeling was performed
using Optikinase according to the manufacturer’s directions. The
reaction was stopped via addition of an equal volume of the
quench solution (88% formamide, 10 mM EDTA, 1 mg/mL
bromophenol blue, and 0.1% SDS). The quenched reaction
samples were separated on a 20% denaturing polyacrylamide
gel or a 0.8% alkaline agarose gel, imaged overnight, and scanned
using a phosphorimager (Storm 20, GE Healthsciences). Quan-
tification of the band intensities and lengths was performed using
ImageQuant (version 5.0) compared with a 32P-50-end-labeled
1 kb ladder (Invitrogen).
Restriction Digest Assays. Dpo1 exo� (1.0 μM) was incu-

bated with 100 μM dNTPs and approximately 280 nM 32P 50-
end-labeled DNA with a restriction site close to the 50-end in
assay buffer for 60 min at 70 �C. Three microliters of the reaction
mixture was used in a 10 μL restriction digest reaction mixture
containing 0 or 25 units of the restriction enzyme and the specific
buffer. Digestion reactions were conducted at optimal tempera-
tures as specified by the manufacturer for 2 h. The reactions were
stopped and analyzed by denaturing polyacrylamide gel electro-
phoresis as described above.
DNA Polymerase and Transferase Kinetics.Time courses for

transferase and polymerase assays were analyzed by calculating the

Table 1. DNA Sequences and Melting Temperatures

1 Experimentally determined. 2Not determined.
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fraction of product (þ1,þ2,þ3, or total) to substrate. Data from
reactions with (dT)20AAA were fit to a single-exponential equa-
tion using Kaleidagraph (Synergy Software) according to eq 1:

½product� ¼ A½1� expð � kobstÞ� ð1Þ
where A represents the amplitude and kobs is the observed rate
constant. Data from reactions with (dT)20 were fit and modeled
according to the minimal kinetic scheme outlined in Figure 8E
using a kinetic simulation with Berkeley Madonna (University of
California, Berkeley, CA) (see the Supporting Information for a
full description of the parameters).

’RESULTS

Thermal Stabilization andAnnealing Activity of Dpo1.We
designed four hairpin DNA substrates (named according to their
melting temperatures, TM) with different TM values that place
the annealed bases at the 30-end, leaving 10 thymine bases in the
template strand. A stretch of thymidines in the template region
was included to limit any hairpin formation to the designed site.
The TM values of the DNA substrates without and with Dpo1
were experimentally measured as described in Materials and
Methods (Table 1). In all cases, addition of Dpo1 increased the
TM and stabilized weak base pairing interactions for the DNA
hairpins. There was an average increase of 5.5 �C in the hairpin
TM when Dpo1 was included.
Remarkably, we have also found that Dpo1 is able to rapidly

incorporate 10 bases onto the 30-end of DNA39 at a temperature
(60 �C) 25�30 �C higher than theTM (Figure 1A). Although we
primarily used trimeric concentrations of Dpo1 (1 μM),30 lower
monomeric concentrations (150 nM) had very similar activity
(data not shown). We compared these associated annealing and
polymerase activities of Dpo1 to those of other thermophilic
polymerases, Taq and Pfu-Pol, and found that this DNA stabi-
lization and annealing activity is unique to Dpo1. At 40 �C, Dpo1
and Taq can polymerize DNA39, but only Dpo1 can function at
60 �C (Figure 1B). At 60 �C, there is no polymerase product seen
for Taq, while Pfu has only DNA exonuclease activity. As a
positive control, all three polymerases can rapidly polymerize
DNA88 at 60 �C (Figure 1C).
To further explore the DNA annealing activity, we monitored a

time course for polymerase activity of Dpo1 on DNA32, DNA37,
and DNA39 at 50 �C (Figure 2). Dpo1 has polymerization activity

on all three DNA hairpins, although the rate is much faster on
DNA37 and DNA39 (Figure 2D). At longer times, there are
polymerase products when using DNA32, but the low TM of this
substrate limits Dpo1’s activity. We also examined the annealing
activity for Dpo1 at two other temperatures (30 and 60 �C) for
each DNA substrate (Figure S1 of the Supporting Information).
At 30 �C, the rate of synthesis is more equivalent for the three
DNA substrates. The results at 60 �C are more similar to those at
50 �C where polymerization on DNA37 and DNA39 is signifi-
cantly faster than on DNA32. Therefore, the efficiency of exten-
sion by Dpo1 is dependent on the reaction temperature and TM of
the DNA substrate. Surprising still is Dpo1’s ability to polymerize
any product at a temperature that is 30 �C above the melting
temperature of the DNA primer/template.
Template Specific Terminal Transferase Activities.Notice-

ably, Dpo1 begins to incorporate additional bases to the 30-end of
the fully polymerized hairpin at higher temperatures (Figure 1
and Figure S1F,G of the Supporting Information). All of the
DNA hairpins used included 10 thymidines in the template to
limit hairpin formation to a single site. It is possible that template
fluidity in these regions and resulting polymerase slippage could
account for longer products. To test this, we monitored poly-
merase products using either a DNA template with a homo-
polymeric 50-overhang (DNA39) or a template that contained
three interspaced cytosines in the 50-overhang (DNA39C)
(Figure 3). Reactions with DNA39 resulted in fast extension to
a 36- or 37-base product. This is consistent with the addition of
one or two extra bases to the end of the template in a terminal
transferase reaction or the result of template-dependent poly-
merase slippage. When DNA39C was used instead at 60 �C, the
major product included 35 bases with a significant decrease in the
level of longer products. At 70 �C though, a limited amount of
longer products was detected with DNA39C. Therefore, the
composition of the template sequence and the reaction tempera-
ture may result in the insertion of additional bases during DNA
replication by Dpo1 in a polymerase slipping mechanism.
To verify whether direct terminal transferase activity is

also possible for Dpo1, we switched to linear homopolymeric
DNA substrates [(dT)20, (dC)20, (dA)20, and (dG)20] to remove
any possible interfering Dpo1-directed annealing or hairpin
formation. Homopolymeric DNA substrates with >10 bases
were required for detectable TdT activity (data not shown).

Figure 1. (A) Dpo1 (D1) and 50-end-labeled DNA39 were incubated in a standard polymerase reaction mixture as described inMaterials andMethods
at 60 �C for the indicated times. (B)Dpo1 (1 μM),TaqDNApolymerase (2.5 units), or PfuTurboDNA polymerase (1.25 units) was incubated with 32P
50-end-labeled DNA39 at 40 or 60 �C for the indicated times. (C) A thermally stable hairpin, DNA88, was used as a positive control for each DNA
polymerase under standard reaction conditions for 1 min at 60 �C.
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Similar to the DNA hairpins described above, the terminal trans-
ferase activity on (dT)20 not only increased with temperature

but also seemed to be activated at physiological temperatures
greater than 60 �C (Figure S2 of the Supporting Information).
Dpo1 was incubated at 70 �C with each homopolymer labeled at
the 50-end with 32P for the indicated times (Figure 4). Dpo1
shows strong TdT activity on both (dT)20 and (dA)20 but very
weak activity on (dG)20 and (dC)20. We have noticed that at
times greater than 60 min, there is a decrease in the amount of
product that remains in the wells. We attribute this loss to
precipitation or the inability of extremely large DNA molecules
to enter an acrylamide gel. TdT activity is detected for both wild-
type and exonuclease mutant (Dpo1 exo�) forms of Dpo1
of (dT)20, although the rate is accelerated roughly 2-fold for
Dpo1 exo� (Figure S4 of the Supporting Information). To
eliminate any competing nuclease proofreading activity and
to more accurately measure transferase activity, we used Dpo1
exo� in all subsequent experiments.
To better visualize longer TdT products, we analyzed the

reactions on denaturing agarose gels. After a significant lag phase
of >10 min, abundant TdT products with more than several
thousand bases are seen (Figure 5). There is a wide distribution
of product length during the reaction times. The average rate of
transferase activity over 20�40 min on (dT)20 was 115 ( 4
bases/min, while the maximal rate was 310 ( 27 bases/min.
Nucleotide Specificity for TdT Activity. We then examined

the incorporation of individual nucleotides on (dT)20, (dA)20,
(dC)20, and (dG)20. Dpo1 transferase reaction mixtures were
incubated with individual nucleotides and the reactions
quenched after 60 min. Dpo1 was unable to incorporate ribo-
nucleotides (rNTPs) into anyDNA substrate we tested (data not
shown). No visible elongation of (dT)20 was observed with
dGTP or dCTP (Figure 6A). dAMP was clearly incorporated
repetitively on the 30-end of (dT)20 to create long terminal
transferase products. Reduced TdT activity was also noted with
dTTP on a (dT)20 substrate. A time course of this reaction
showed a slow increase in product length with time (data not
shown).When only dATP is used as the substrate, there is a faster
addition of three bases followed by a slower extension of the
template. This is indicated in lanes 2, 6, 8, and 9 in Figure 6A,
where there is a buildup of the þ1, þ2, and þ3 products (also
seen in Figure S4A of the Supporting Information). Experiments
with dual combinations of each dNTP and constant dATP
indicate that inclusion of dTTP stimulates the transferase rate
equivalent to that when all dNTPs are utilized (Figure 6A). There
is a disappearance in the þ1, þ2, and þ3 products indicating that
subsequent steps are no longer rate-limiting when dTTP is included
with dATP. Inclusion of dGTPor dCTPwith dATPdid not increase
the transferase activity over that of dATP alone.
In contrast, dTTP is required to efficiently elongate (dA)20 by

Dpo1, while dATP alone resulted in a slow extension of TdT
products. Neither dGTP nor dCTP resulted in any detectable
products over the time course. Again, there is a buildup of theþ1,
þ2, and þ3 products with dTTP, indicating an initial fast
addition followed by slower extension to generate products
greater than þ4. Inclusion of dATP with dTTP or all dNTPs
elevates the terminal transferase activity to a value similar to a rate
seen with (dT)20 above (Figure 6B). Interestingly, although the
extent of incorporation of dNTPs onto (dC)20 or (dG)20 is
greatly reduced, the preference is for the complementary base to
the template to be added to the 30-end (data not shown) similar
to that detected for (dT)20 and (dA)20.
Loop-Back Annealing Model for Transferase Activity.

The efficient incorporation of complementary bases into the

Figure 2. Time course for polymerase activity on DNA hairpin
substrates (A) DNA32, (B) DNA37, and (C) DNA39 at 50 �C.
Concentrations of Dpo1 and DNA were held constant at 1 μM and
80 nM, respectively. The size of the polymerase products is shown to the
right of the gel figures. (D) Rate of polymerase activity quantified and
compared for DNA32 (b), DNA37 (9), and DNA39 (2) at 50 �C. The
rates are 0.6 ( 0.1, 8.9 ( 0.1, and 12.4 ( 0.1 fmol/min for DNA32,
DNA37, and DNA39, respectively.
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homopolymeric templates suggests that Dpo1 is promoting
annealing as a mechanism to extend a ssDNA template. To test
this, we designed four ssDNA substrates that included restriction
sequences near the 50-end. The templates had at least 15 thymi-
dines at the 30-end determined to be an optimal template for
Dpo1’s TdT activity. If after addition of a few complementary
bases to the 30-end Dpo1 utilized the ssDNA as a template for
a loop-back polymerization reaction, then dsDNA would be
synthesized across the restriction site, and subsequent restriction
digestion would liberate a small 32P-labeled ssDNA product
(Figure 7A). Terminal transferase reactions were performed as
described above at 70 �C with each of the four DNA templates
containing distinct restriction sites. After the TdT reactions, each
of the four restriction enzymes was added and incubated under
standard conditions. The appearance of a seven- to nine-base
product after restriction digestion (Figure 7B, lanes 4, 8, 12, and
16) is indicative of looping back and synthesizing DNA in a
template-dependent manner across the restriction site. Templates
with restriction sites, EcoRV and SwaI, resulted in eight-bases
products, while the HindIII and ApaI templates resulted in seven-
and nine-base products, respectively. Control reactions with no
restriction enzyme added did not exhibit any degradation
(Figure 7B, lanes, 3, 7, 11, and 15). Interestingly, not all of the
transferase products were digested even after reaction for 2 h.
These products can be attributed to either a template-independent

transferase activity or severe template-dependent slippage pre-
cluding replication across the restriction site.
Kinetic Mechanism for TdT Activity. Kinetic TdT assays

were performed at 70 �C on (dT)20 or (dT)20AAA with either
dATP or dATP/dTTP as a function of time at 70 �C. The kinetic
time course with (dT)20 involved a lag phase followed by robust
TdT activity with either dATP or dATP/dTTP (Figure 8A,C and
Figure S4 of the Supporting Information). During this lag, there
is an obvious buildup of þ1 to þ3 products with (dT)20 and
dATP. The lag phase can be reproduced at different tempera-
tures and combinations of nucleotides. Preincubation of enzyme
with the (dT)20 template at 70 �C and initiation with dNTPs
show the same lag as when the reaction is initiated by the addition
of enzyme (data not shown). Although the lag persists, the þ2
andþ3 products disappear when dTTP is included (Figure 8C),
indicating that formation ofþ2 orþ3 products is no longer rate-
limiting. Therefore, the lag is most likely due to a slow step in the
rearrangement of Dpo1 and/or the DNA template into the
correct conformation for rapid template-dependent extension
at the 30-OH end.
Because the incorporation of dNTPs on the 30-end seemed to

be most active when the complementary base was used
(Figure 6) and we noted the buildup of a þ3 product, we also
tested TdT activity on (dT)20AAA with either dATP or dATP/
dTTP (Figure 8B,D). Interestingly, the lag phase and any þ2 or

Figure 3. Evidence of a polymerase slippage mechanism on hairpin DNA39. (A) The reactions were conducted as described in Materials and Methods
with the indicated temperatures, DNA substrates, and time periods. Lanes 8 and 9 show that insertion of three cytosines on the 50-overhang or template
(DNA39C) of the hairpin reduces the level of production of long products (>36 bases) observed for theDNA39 hairpin that only includes 10 thymidines
in the 50-overhang (lanes 2�7). Lanes 1 and 7 show DNA only for DNA39 and DNA39C, respectively. (B) Proposed model for the slippage of a DNA
template during polymerization by Dpo1.
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þ3 products disappeared, and the results fit easily to a single-
exponential equation consistent with a single observed rate
constant with dATP (0.027 ( 0.003 min�1) or dATP/dTTP
(0.090 ( 0.005 min�1). The observed rate with dATP/dTTP is
3-fold faster than that with dATP alone most likely because of
the ability to perform template-directed synthesis equally across
from template thymidines and adenines or newly incorporated
bases complementary to the template (dT)20AAA. The addi-
tion of three adenines at the 30-end of the ssDNA template
also allows for the possible preorganization of the loop-back
annealing, eliminating the lag and resulting in faster template-
dependent transferase activity than with (dT)20 alone. Interest-
ingly, these reactions are performed at 70 �C, which is well
above the melting temperature for formation of a hairpin

with (dT)20AAA, so Dpo1 again is able to stabilize weak base
pairing interactions for rapid extension in a template-dependent
manner.
Kinetic modeling of the data from panels C and D of Figure 8

with the minimal reaction scheme shown Figure 8E resulted in
the fit of rate constants for each of the competing steps. The
observed rate constant for template-independent base additions
(k1) was modeled from the average of the data from Figure 6A
(lane 3) and Figure 6B (lane 2) and a kinetic time course (data
not shown) following the incorporation of dT or dA on a (dT)20
or (dA)20 template, respectively, where no base pairing is
possible. In the presence of all nucleotides, terminal transferase

Figure 4. (A) Terminal transferase activity of Dpo1 measured using
homopolymeric oligos (dT)20, (dC)20, (dA)20, and (dG)20 tested in
standard assay reactions for 30 or 60 min. (B) Quantification of the
transferase rates of 10.2( 0.2 fmol/min for (dT)20, 5.3( 0.3 fmol/min
for (dA)20, 1.2( 0.3 fmol/min for (dC)20, and 0.9( 0.7 fmol/min for
(dG)20.

Figure 5. (A) Product size distribution of TdT activity on (dT)20 at
70 �C by Dpo1 over a 40 min time course resolved using a 0.8%
alkaline agaose gel. The 32P-labeled DNA size markers are indicated
on the left of the gel. (B) Maximal size (black) and average size
(gray) of the TdT product at each time point calculated from the
DNA size markers for at least three independent experiments using
ImageQuant.
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activity for the first few base additions is slightly faster (k2). On
the basis of the results from Figure 6, this initial transferase
activity is dependent on the formation of a quasi-stable state that
incorporates nucelotides complementary to the template but not
stable enough to iteratively incorporate nucleotides opposite the
ssDNA template without melting.
The rate constants for annealing (k3 and k�3) were derived

from a fit of the data in Figure 8C for (dT)20 and dATP/dTTP
while independently modeling each rate constant (k1, k2, and k4)
based on initial values described above (see the Supporting
Information for details). Inclusion of the slower quasi-stable step
for þ1 to þ3 additions (k2) was necessary to improve the fit of
the simulation. On the basis of the simulation results, a reversible
step of annealing was fit with a forward rate constant (k3) of
0.16 min�1 and a reverse rate constant (k�3) of 0.03 min�1 for
annealing of the þ3 product. The rate constant for this equilib-
rium step is modeled from data using (dT)20 and will likely
increase if more thermodynamically stable annealing intermedi-
ates are available (either ka or kb). The rate constant for rapid
extension (k4) was fit to 0.11 min�1 and compares well with the
observed rate constant for extension of (dT)20AAA (Figure 8D).
On the basis of our results described above for a template of this
type, Dpo1 is most likely extending ssDNA in a template-
dependent manner that involves slippage of the synthesized
polyA strand on a polyT template. Therefore, k4 includes
individual components of template-dependent DNA synthesis
and DNA template slippage. Inclusion and simulation of reverse
rate constants for k1, k2, and k4 did not improve the fits and were
removed for the sake of simplicity. As the rate constant for
template-dependent synthesis for Dpo1 was measured pre-
viously to be 189 s�1 at 56 �C,27 k4 most likely represents the
slower polymerization slippage rate.

’DISCUSSION

DNA-dependent DNA polymerases coordinate the position-
ing of the incoming nucleotide with the template strand for
optimal catalysis. Upon completion of polymerization opposite a
template, further nucleotide addition is disfavored when no
templating base is available. Some DNA polymerases that lack
a proofreading exonuclease domain can inefficiently incorporate
a single (þ1) nucleotide addition.31�33 Other polymerases from
the X-family such as calf thymus TdT, Pol μ, and Pol λ have the
surprising ability to incorporate successive nucleotide additions
in a template-independent manner. Only X-family DNA poly-
merases have been shown to have consecutive nucleotide addi-
tions on single-stranded DNA,7,12,34 and Pol μ and Pol λ are the
only DNA polymerase known to possess both template-depen-
dent and -independent activities.35,36 Neither of these X-family
DNA polymerases has a proofreading exonuclease domain that
can limit the terminal transferase activity.

Sulfolobus solfataricus is a hyperthermophilic aerobic archaeon
that optimally grows at 80 �C. How this organism survives and
propagates under such extreme conditions is not fully under-
stood. Severe destabilizing thermodynamic forces that persist at
high temperatures would make maintaining annealed dsDNA
templates difficult. It is thought dsDNA is stabilized by specific
DNA binding proteins, which is necessary to protect the integrity
of the genome at high temperatures. SsoDpo1 is classified as a
model B-family DNA polymerase because of sequence and
functional homology.37 It has rapid polymerization kinetics,27

efficient exonuclease proofreading,38 high processivity when
bound to PCNA,39 and structural homology to other B-family
members.28 In this study, we provide evidence that Dpo1 has the
inherent ability to stabilize thermodynamically weak base pairing

Figure 6. Test of individual deoxyribonucleotides or a combination of them on the terminal transferase activity of (A) (dT)20 and (B) (dA)20 in
standard assay reactions for 60 min at 70 �C as described in Materials and Methods. Various combinations of dNTPs were used in the reaction as
indicated. N represents the inclusion of all dNTPs. Concentrations of dNTPs were held constant at 0.1 μM. þ1, þ2, and þ3 note the location of
individual TdT products.
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interactions to facilitate template-dependent DNA polymeriza-
tion. Surprisingly, this B-family DNA polymerase (Dpo1) is also
found to have robust terminal transferase activity that proceeds
by two independent mechanisms: a loop-back annealing tem-
plate-dependent polymerase activity and a slower template-
independent TdT activity. These annealing and transferase
activities have not been noted for any other DNA replication
polymerase within this family and may provide a mechanism for
efficient replication and repair at high temperatures.
Role of DNA Polymerase Strand Annealing and Stabiliza-

tion in DNA Replication. During the initiation of DNA replica-
tion, a small RNA primer is synthesized by a DNA primase
as a template for the DNA polymerase. The length of this
RNA primer ranges from 4 to 14 nucleotides depending on the

species.22,40,41 The stability of the primer/template in hy-
perthermophilic organisms such as archaea is a significant
thermodynamic issue that is thought to be overcome primarily
through protein binding and stabilization. Even mesophilic
organisms require the stabilization of this short RNA primer
before a DNA polymerase can be loaded at the priming site.
In Escherichia coli and bacteriophage T4, this is accomplished
through interactions and stabilization by SSB and PCNA.23,24

In this report, we can show that the B-family DNA polymerase
in Sso (Dpo1) is able to stabilize weak base pairing interactions
of a primer/template to extend the primer in a template-
dependent manner. This activity may be required to efficiently
extend a short RNA primer during DNA replication at high
temperatures.

Figure 7. (A) Model of hairpin DNA with a restriction site close to the 50-end. A loop-back mechanism that involves template-dependent
polymerization would create a competent restriction site. Cleavage of the resulting product with a specific restriction enzyme would liberate a short
(seven- to nine-base) 32P-labeled ssDNA at the 50-end. (B) Restriction digestion analysis of Dpo1 transferase products. Lanes 1, 5, 9, and 13 are blanks
consisting of DNA only for transferase reactions of lanes 2, 6, 10, and 14 that include Dpo1. Lanes 3, 7, 11, and 15 are control reactions for restriction
digestion that do not include restriction enzymes. Lanes 4, 8, 12, and 16 are the restriction-digested products from the Dpo1 transferase assays incubated
with specific restriction enzymes resulting in eight-, seven-, nine-, and eight-base products, respectively.
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We have been able to directly measure this increase in the level
of stabilization in DNA melting temperature assays that include
Dpo1. Although there is a significant increase in the Tm when
Dpo1 is included, the value does not approach the reaction
temperature. Therefore, there is still a dynamic equilibrium

between the annealed hairpin and free DNA at 70 �C. Dpo1
must capture the annealed conformation and in the presence of
dNTPs extend the hairpin in a template-dependent manner.
Unlike Dpo1, neither Taq nor Pfu-Pol could extend primers at
20 �C above the TM of the DNA. The polymerization of DNA

Figure 8. Comparison of time courses for (dT)20 and (dT)20AAA using (A and B) dATP and (C and D) dATP/dTTP as the nucleotide substrate. The
reactions were conducted as described in Materials and Methods. All values of data points forþ1,þ2,þ3, >1, >3, and total were averaged from at least
three independent experiments. The data points (>1 and total) for (dT)20AAAwere fit to a single-exponential equation (eq 1) described inMaterials and
Methods to extract observed rate constants for dATP (0.031( 0.001 min�1) and dATP/dTTP (0.089( 0.006 min�1). (E) Kinetic reaction pathway
simulated and modeled on the basis of the experimental data from panels B and D as well as Figure 6 as described in Materials and Methods and the
Supporting Information. k1 is an upper estimate of the template-independent transferase rate. k2 represents the initial formation of þ1, þ2, and þ3
products required for stable loop-back annealing. k2 may or may not be necessary and will depend on the sequence of the DNA and available probability
of hairpin formation [(dT)20 vs (dT)20AAA]. k3 and k�3 represent the loop-back step required for the template-dependent transferase mechanism
resulting in a starred (*) ssDNA(þ3)/Dpo1* species. k4 represents the rate constant for template-dependent terminal transferase activity calculated
from the fit of the data for (T20)AAA and in panel D. ka and kb represent subsequent annealing equilibrium steps for longer terminal transferase products
dependent on DNA sequence and temperature.
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with this template (to 35 bases) does not result in a thermo-
dynamically stable duplex at 70 �C even with Dpo1 bound, and
an equilibrium between melted and annealed hairpin products
would persist. Therefore, there is a balance between the stability
of the primer template (TM) and the reaction temperature that
determines the efficiency of extension for Dpo1.
Both Template-Independent and -Dependent Terminal

Transferase Activities. Terminal transferase activity is charac-
terized by the incorporation of nucleotides onto the 30-end of a
single-stranded DNA in a template-independent manner. Bio-
chemical studies have shown that calf thymus TdT requires
ssDNA as an initiator that is at least three nucleotides long.42 The
elongation of a homopolymer by calf thymus TdT requires at
least six nucleotides for poly(dA) and five nucleotides for poly-
(dT).42 Dpo1 requires a slightly longer homopolymeric template
(10�15 bases) for efficient TdT activity. This is most likely due
to the larger site size of Dpo1 for binding DNA30 compared with
that of calf thymus TdT.
Dpo1 is able to preferentially extend (dT)20 and (dA)20 versus

(dG)20 and (dC)20. From a molecular point of view, this
variation of TdT efficiency on different ssDNA initiators may
be the result of optimal DNA conformations or favorable
interactions between the template and the active site amino
acids that direct the ssDNA elongation. This mechanism may
resemble that shown by Pol μ in which a conservedHis orients an
incoming nucleotide toward a productive complex in the absence
of a templating base for TdT activity.12 Additionally, both (dG)20
and (dC)20 have increased propensities to form significant
secondary structures, including quartets and quadraplexes,43 that
would preclude Dpo1 binding and terminal transferase activity.
The studies on nucleotide selections of TdT enzymes have

exhibited diverse rules. Other DNA polymerases have been
shown to place an adenine opposite an abasic site during DNA
translesion repair 44 or at the end of a polymerized product in the
þ1 position.3 The short isoform of murine TdT was reported to
indiscriminately incorporate both dNTPs and rNTPs onto the
30-end of a (dA)10 initiator with a higher efficiency for dNTPs
resulting in longer products (∼18 bases added to the initiator).45

The preference to incorporate complementary bases to the end
of the homopolymer DNA initiators by Dpo1 has similarities to
the selection by human polymerase λ. Pol λ was found to
incorporate nucleotides on the 30-end either independently,
resulting in þ1 or þ2 products, or following a loop-back model
that utilized the template strand to initiate elongation resulting
in longerþ15 toþ17 products.36 Interestingly, Pol λ is classified
as a terminal transferase enzyme even though the primary
mechanism for extension is template-dependent.
Even though addition of a complementary base is favorable,

Dpo1 can incorporate nucleotides identical to the homopolymeric
template at a slower rate in a template-independent manner. For
example, incorporation of dA on (dA)20 and dT on (dT)20 is
clearly seen. This template-independent terminal transferase ac-
tivity has not been detected for any other B-family DNA poly-
merase. Therefore, Dpo1 has the unique ability to extend ssDNA
with at least two terminal transferase mechanisms.
Looping Back as a Mechanism for Terminal Transferase

Activity. The transferase activity of Dpo1 is optimal at higher
temperatures (>50 �C), resulting in extremely long products.
Using homo-oligomeric DNA substrates, we detect a lag phase in
which Dpo1 extends and rearranges the ssDNA template into a
productive complex before template-dependent terminal trans-
ferase activity of Dpo1 is activated. This lag phase can be reduced

with DNA substrates that include three residues on the end
[(dT)20AAA] that can participate in the formation of a weakly
stable hairpin. Because of this result, we speculate that Dpo1
can facilitate the looping back and stabilization of weak base
pairing interactions to extend ssDNA in a template-dependent
manner.
Upon modeling and simulation of the kinetics of terminal

transferase activity for Dpo1, it is clear that there are multiple
kinetic routes. The preferred pathway involves the stabilization of
weak base pairing by Dpo1 to form a hairpin where extension
occurs in a template-dependent manner. The rate-limiting step
for this pathway involves the template-independent extension of
ssDNA to produce a favorable loop-back annealing intermediate.
The annealing step is reversible and will be dependent on the
thermodynamics of the resultant DNA hairpin. If a short
complementary sequence can be readily stabilized by Dpo1,
then template-dependent terminal transferase is the preferred
mechanism. If no complementary region can be stabilized, then
Dpo1 can extend DNA in a template-independent manner at
a much reduced rate before possible switching to a template-
dependent mechanism.
When dATP/dTTP was included in a reaction with either

(dT)20 or (dA)20, the rate of transferase activity was significantly
increased over that with the single nucleotide. This extension rate
with dATP/dTTP is equivalent to that for the case in which all
nucleotides are included. This provides evidence of an increas-
ingly complicated loop-back mechanism for transferase activity.
When only dATP is available, looping back occurs and slippage is
restricted to the (dT)20 region because dATP is the only available
substrate complementary to the T template. However, when
both dATP and dTTP are available, the slippage reaction is
expanded from the (dT)20 region to the newly synthesized
poly(dA) region. Homopolymeric stretches or repeats of DNA
sequence are typically difficult to replicate accurately without
template slipping that results in errors, including insertions or
deletions,46�48 and are even associated with a variety of diseases.49

The ability of one strand to slide relative to the other in these
stretches of DNA is improved at higher temperatures. The
availability of both complementary nucleotides would eliminate
any restrictions on slippage and increase the transferase rate and
product length. For (dT)20 when dATP is used, initial comple-
mentary extension is preferred, resulting in a buildup of þ1, þ2,
and þ3 products. Our results suggest that initial þ3 extension
exists in a quasi-stable state that fluctuates between annealed and
melted states. Once three bases of complementarity are available,
rapid template-dependent extension occurs as indicated by the
results with (dT)20AAA.
The length of terminal transferase products synthesized by

Dpo1 routinely exceeds 5000 bases. These extreme TdT product
lengths synthesized byDpo1 aremuch greater than the lengths of
10�20 bases of TdT products produced by any other DNA
polymerase (pol μ, TdT, or pol λ). Interestingly, analysis of the
crystal structure identified a small extra R-helical region within
Dpo1 that is not homologous to other polymerase members
within the B-family.28 This region makes contact with the fingers
domain that undergoes large conformational changes during
nucleotide selection. The uniqueness of this region may provide
for the conformational transition required for the synthesis of
TdT products by Dpo1.
Role of Terminal Transferase Activity in Archaea. In addi-

tion to the suggested DNA priming role of archaeal PriSL, this
enzyme also has a promiscuous terminal nucleotidyl transferase
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activity.17 In contrast to Dpo1, the terminal transferase activity of
PriSL was greater for incorporation of NTPs versus dNTPs on a
DNA template. PriSL also displayed complex template and
nucleotide specificities that gave products ranging from 2 to
7000 bases. Interestingly, the optimal temperature for PriSL
transferase activity (∼50 �C) was lower than the physiological
temperature for Sso, while the RNA primer products (2�14
bases) were more abundant at 70 �C. Dpo1, on the other hand,
has an absolute preference for dNTPs and is active at physiolo-
gical temperatures. It is conceivable that the terminal transferase
activity of PriSL is vestigial and therefore active only at lower
temperatures, and its primary role is DNA priming in Sso.
Terminal transferase activity has been shown to be required

for both V(D)J recombination and NHEJ repair in eukaryotes.
As there is no obvious need for V(D)J recombination in archaea,
the terminal transferase activity of Dpo1 would most likely
participate in the repair of double-strand breaks. There are two
pathways of double-strand break (DSB) repair in eukaryotes.
Homologous recombination (HR) is the more conserved and
precise method for repairing DSBs. Within P. furiosus, four HR
genes have been identified and reconstituted biochemically to
efficiently process the DNA for homologous strand exchange in
vitro.50 Further experiments have examined the transcriptional
response to double-strand breaks in archaea and have deter-
mined that the homologous recombination genes, RadA and
associated HR genes, were upregulated.13 Although HR seems to
be the preferred pathway for double-strand break repair in
archaea, a 30-phosphoesterase module within the NHEJ DNA
ligase that performs 30-healing reactions at DSBs has been shown
to be conserved in some archaeal species, giving some credence
to this mode of repair as well.51 Further genomic and biochemical
characterizations will be needed to determine if NHEJ is a
functional repair pathway in archaea, and if the terminal transfer-
ase activity of Dpo1 shown here is involved.
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