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We discovered a thermostable enzyme from the archaeon Pyrococcus
furiosus (Pfu), which increases yields of PCR product amplified with
Pfu DNA polymerase. A high molecular mass (>250 kDa) complex
with PCR-enhancing activity was purified from Pfu extracts. The
complex is a multimer of two discrete proteins, P45 and P50, with
significant similarity to bacterial dCTP deaminase�dUTPase and DNA
flavoprotein, respectively. When tested in PCR, only recombinant P45
exhibited enhancing activity. P45 was shown to function as a
dUTPase, converting dUTP to dUMP and inorganic pyrophosphate.
Pfu dUTPase improves the yield of products amplified with Pfu DNA
polymerase by preventing dUTP incorporation and subsequent inhi-
bition of the polymerase by dU-containing DNA. dUTP was found to
accumulate during PCR through dCTP deamination and to limit the
efficiency of PCRs carried out with archaeal DNA polymerases. In the
absence of dUTP inhibition, the combination of cloned Pfu DNA
polymerase and Pfu dUTPase (PfuTurbo DNA polymerase) can amplify
longer targets in higher yield than Taq DNA polymerase. In vivo,
archaeal dUTPases may play an essential role in preventing dUTP
incorporation and inhibition of DNA synthesis by family B DNA
polymerases.

The use of high-fidelity DNA polymerases in the polymerase
chain reaction (PCR) is important for minimizing amplification

errors in products that will be cloned, sequenced, and expressed.
Several archaeal DNA polymerases with 3�- to 5�-exonuclease-
dependent proofreading activity have been commercialized for
high-fidelity PCR amplification. Of the enzymes characterized to
date, Pyrococcus furiosus (Pfu) DNA polymerase exhibits the
highest fidelity, with an average error rate estimated to be 2- to
60-fold lower than other proofreading enzymes and 6- to 100-fold
lower than Taq DNA polymerase (1–4), which lacks proofreading
activity.

Although inherent high fidelity and other unique biochemical
properties of Pfu DNA polymerase have been exploited in numer-
ous molecular biology procedures, including blunt-end cloning (5),
amplification of GC-rich targets (6), mutation detection (7), liga-
tion-independent cloning (8), site-directed mutagenesis (9), geno-
typing (10), and trinucleotide repeat analyses (11), it has been
reported that proofreading DNA polymerases tend to perform less
reliably than Taq DNA polymerase (4, 12). PCRs conducted with
Taq are typically more efficient and require less optimization than
reactions carried out with proofreading DNA polymerases. Lower
product yields with Pfu DNA polymerase have been attributed to
the enzyme’s relatively slow polymerization rate (550 vs. 2,800
nucleotides per min for Taq) and interference from its associated
3�- to 5�-exonuclease activity (13).

Improvements in the performance of Pfu DNA polymerase have
been achieved by increasing PCR extension times (2 min�kb of
target; Stratagene Pfu DNA polymerase manual), incorporating
additives such as DMSO (6, 14), and mixing Pfu with Taq DNA
polymerase (4). Although DNA polymerase mixtures synthesize
higher yields of product and allow amplification of longer templates
than is possible with single-enzyme formulations (4), long-range
blends exhibit lower fidelity than Pfu DNA polymerase because of
the relatively high proportion of Taq used (1).

In addition to Taq, there are other proteins that might be
expected to enhance the performance of Pfu DNA polymerase. For
example, polymerase accessory proteins have been shown to dra-
matically increase the processivity of replicative DNA polymerases
from eukaryotes, Escherichia coli, and bacteriophages (15–17). The
discovery of thermostable polymerase accessory factors has been
reported in thermophilic bacteria (18) and archaea (19), but with
the exception of single-stranded DNA binding protein (20, 21), the
potential effect of such proteins on PCR amplification is presently
unknown. In addition, proteins that remove inhibitors would also be
expected to serve as PCR enhancers. For example, pyrophos-
phatase facilitates DNA polymerase-catalyzed reactions by elimi-
nating inorganic pyrophosphate (PPi) generated during incorpora-
tion of nucleoside triphosphates (22).

In an effort to further improve the performance of Pfu DNA
polymerase, we screened Pfu extracts for factors or proteins with
PCR-enhancing activity. We report our success in identifying and
cloning a dUTPase that increases yields of product amplified with
Pfu DNA polymerase. As we will show, Pfu dUTPase enhances
PCRs by preventing incorporation of dUTP, which arises from
dCTP deamination during temperature cycling.

Materials and Methods
Reagents. All molecular biology reagents were from Stratagene,
unless otherwise noted. VentR and Deep VentR DNA polymerases
were purchased from New England Biolabs. Individual dNTPs
were obtained from Amersham Pharmacia, whereas dNDPs and
dNMPs were from Sigma.

PCR Assays. Pfu extracts or purified proteins were added to ampli-
fications of 5- to 8-kb genomic targets conducted with cloned Pfu
DNA polymerase, using enzyme concentrations (�2.5 units�100
�l) and�or extension times (�1 min�kb of target), which were
insufficient for significant product synthesis. Polymerase-enhancing
activity was identified by a visible increase in product yield.

Purification�Analysis of Native PCR-Enhancing Activity. Polymerase-
enhancing activity was isolated from Pfu extracts by sequential
purification over Q, SP, and heparin Sepharose columns, followed
by a Sephacryl S-200 gel filtration column. Fractions were analyzed
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by SDS�PAGE, and 45 kDa and 50 kDa bands were subject to
N-terminal and internal sequence analysis.

Cloning and Preparation of Recombinant Proteins. To isolate DNA
sequences encoding Pfu P50 and P45, a Pfu genomic library was
constructed in the Lambda ZAP II vector and screened by hybrid-
ization. Probes were prepared by Vectorette technology (P45;
Genosys Biotechnologies) or by PCR using degenerate primers
designed from chemically determined N-terminal and internal
sequences (P50). Positives were excised and inserts were analyzed
by DNA sequencing. Coding regions were subcloned into the
pCAL-n-EK vector (Affinity Protein Expression and Purification
System), which contains an upstream, in-frame calmodulin-binding
peptide (CBP) tag for purifying fusion proteins with calmodulin-
agarose.

A fragment encoding human dUTPase (GenBank accession no.
U62891) was amplified from reverse-transcribed placental RNA
(cDNA), purified, and cloned into the pCAL-n-EK vector. Positives
were analyzed by DNA sequencing. Human dUTPase (CBP-fusion
protein) was purified and assayed for dUTPase activity (see below).

HPLC Analysis of P45 Reaction Products. P45 samples were incubated
with 10 mM dNTP in 1� cloned Pfu buffer (as defined by
Stratagene). The reaction products were chromatographed (Tri-
Link BioTechnologies, San Diego) on a Waters Delta-pak C-18
column (3.9 � 250 cm; 300 Å�15 �m), equilibrated with 50 mM
triethylammonium acetate, pH 7.0 (A). Products were eluted (2
ml�min) with acetonitrile (B) using the gradient 0% B for 5 min,
0–10% B for 20 min. Absorbance at 260 nm was monitored with a
photodiode array detector, and peak areas were integrated. Nucle-
otide standards were prepared and chromatographed in a similar
fashion.

dUTPase Assay. PPi production was quantified by using the enzy-
matic determination kit from Sigma.

Results
PCR-Enhancing Activity. We tested Pfu fractions for the presence of
PCR-enhancing activity. Samples were added to amplifications of
relatively long (5–8 kb) targets, carried out with cloned Pfu DNA
polymerase under limiting conditions, such that product synthesis
was barely detectable. The addition of active fractions brought
about significant increases in PCR product yield, irrespective of the
primers and template used (Fig. 1). Increased product synthesis was
not due to adding contaminating DNA template or native Pfu DNA
polymerase, as PCR-enhancing fractions failed to generate product
when added to reactions lacking exogenous DNA template or
cloned Pfu DNA polymerase (Fig. 1A, lanes 1–4). Titration exper-

iments with Sephacryl S-200-purified protein indicated that optimal
enhancement was achieved by using a fairly broad (�200-fold)
range of protein amounts (Fig. 1B).

Composition of Purified PCR-Enhancing Activity. Peak PCR-
enhancing activity eluted from a Sephacryl S-200 column within the
void volume (�250-kDa cut-off; data not shown). SDS�PAGE
analysis revealed that the active pool consisted of two discrete
proteins with apparent molecular masses of 50 kDa and 45 kDa
(data not shown), which will be referred to here as P50 and P45.
Further analysis showed that P45 migrates with an apparent mo-
lecular mass of 18 kDa when the complex is denatured with heat
and trichloroacetic acid, suggesting that P45 is a dimer or trimer of
18-kDa subunits or simply migrates anomalously when incom-
pletely denatured. The molar ratio of P50 to P45 in the native
complex could not be estimated from SDS�PAGE gels because of
differential staining with various protein stains (data not shown).

PCR-Enhancing Activity of Recombinant Proteins. As a first step
toward elucidating the mechanism of action of the Pfu PCR-
enhancing complex, we cloned the genes encoding P50 and P45
(GenBank accession nos. AY066005 and AY066006). Recombi-
nant proteins were expressed and purified as N-terminal CBP
fusions. When tested in PCR, only recombinant P45 exhibited
polymerase-enhancing activity (data not shown). In contrast, re-
combinant P50 had no effect on PCR product yields when added
alone or used in conjunction with various amounts of P45. We
concluded that P45 was the active component of the native PCR-
enhancing complex.

Identification of Proteins Related to P45. The calculated molecular
mass (18.6 kDa) of the translated amino acid sequence of the p45
clone agrees with its apparent molecular mass (18 kDa) under
acidic denaturation conditions. A BLASTX search conducted in
multiple databases revealed that the P45 sequence exhibited the
greatest similarity to bacterial dCTP deaminase (dcd gene) and to
dUTPases (dut genes) (data not shown).

The biochemical properties of dCTP deaminase have been
extensively studied in bacteria, where dCTP deaminase is a ho-
motetramer that catalyzes the conversion of dCTP to dUTP and
NH3 (23). DNA sequences exhibiting similarity to the E. coli dcd
gene have also been identified in archaea, but dCTP deaminase is
not thought to be present in eukaryotes (24, 25). dUTPase, on the
other hand, is a ubiquitous enzyme, found in bacteria, eukaryotes,
eukaryotic viruses, and archaea, that converts dUTP to dUMP and
PPi (25–28). The initial description of an archaeal dUTPase was an
enzyme cloned from Sulfolobus islandicus virus (SIRV) (25). Like
Pfu P45, SIRV dUTPase exhibited striking sequence similarity to

Fig. 1. PCR-enhancing activity from Pfu. Fractions eluted from heparin-Sepharose (A) or Sephacryl S-200 (B) columns were added to PCRs using Pfu DNA polymerase.
(A) A 6.6-kb (lanes 1–8) or 5.2-kb (lanes 9–10) genomic target was amplified in the presence (�) of the following amount of eluate: lanes 1, 3, and 9, none (�); lanes
2, 4, 5, and 10, 1 �l of undiluted; lane 6, 1 �l of diluted 10�1; lane 7, 1 �l of diluted 10�3; and lane 8, 1 �l of diluted 10�5. As negative controls, either Pfu DNA polymerase
(A, lanes 1 and 2) or genomic DNA (A, lanes 3 and 4) was omitted. The 6.6-kb PCR system produces a second nonspecific band (lower band in lanes 5 and 6) irrespective
of Pfu P45 addition. (B) The following amount (ng) of S-200-purified protein was added (�) to amplifications of an 8-kb genomic target: lane 1, none (�); lane 2, 0.1;
lane 3, 0.2; lane 4, 0.5; lane 5, 1; lane 6, 5; lane 7, 25; lane 8, 100; or lane 9, 200.
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bacterial dCTP deaminase and to dUTPases. However, enzyme
activity studies showed that recombinant SIRV dUTPase hydro-
lyzes dUTP to dUMP and lacks detectable dCTP deaminase
activity (25).

Identification of Proteins Related to P50. A BLASTX search revealed
that the P50 sequence exhibited very strong homology to the DNA
flavoprotein (Dfp), implicated in DNA synthesis and pantothenate
metabolism in E. coli (29, 30). In vitro, E. coli Dfp promotes
decarboxylation of the terminal cysteine moiety of R-4�-phospho-
N-pantothenoylcysteine to R-4�-phosphopantetheine in CoA bio-
synthesis (31). Sequences related to E. coli Dfp have been identified
previously in archaea (24), but the properties of archaeal homologs
have not been studied.

HPLC Analysis of P45 Substrates. Sequence similarity of P45 to dCTP
deaminase and dUTPase prompted us to test whether dCTP and
dUTP were substrates of P45. The native PCR-enhancing complex
was incubated with various nucleotides at 72°C, and reaction
products were analyzed by reverse-phase HPLC. Under these
conditions, native P45 used both dCTP and dUTP as substrates
(data not shown). Based on retention times relative to standards
and �max (272 nm), the dCTP reaction product was identified as
dCMP, rather than dUTP as expected for a dCTP deaminase. In
addition, the P45 � dUTP reaction product was identified as
dUMP, based on retention time, �max (263 nm), and mass spec-
troscopy (data not shown). Additional studies showed that UTP,
UMP, dNMPs, dNDPs, dATP, TTP, and dGTP do not serve as
substrates for P45 (data not shown).

Recombinant P45 was found to use the same substrates as native
P45, converting dUTP to dUMP and dCTP to dCMP (data not
shown). dUTP was the preferred substrate for both native and
recombinant P45. Under the same conditions that result in 100%
conversion of dUTP to dUMP, native P45 converted only 16.6% of
dCTP to dCMP. Moreover, when dCTP and dUTP were incubated
together with native P45, dUMP was the only product detected
(data not shown).

P45 Produces PPi. We confirmed that PPi is generated as a byproduct
of dUTP to dUMP and dCTP to dCMP conversion. PPi formation
was detected in reactions of native (Fig. 2) and recombinant (data
not shown) P45 with dUTP and dCTP. At 85°C, the amount of PPi

produced from dUTP was 10- to 20-fold higher than the amount of
PPi generated from dCTP for both native and recombinant P45. No
PPi was detected in control reactions lacking enzyme or containing
dATP instead of dUTP.

Inhibition of PCR with dUTP. Inherent dUTPase activity suggested
that Pfu P45 enhances PCR amplifications by eliminating dUTP
(through conversion to dUMP) and preventing incorporation of dU
into PCR products. Lasken et al. (32) have shown that archaeal
DNA polymerases are inhibited by dU-containing DNA. Although
dUTP is not intentionally added to PCR amplification reactions, it
is possible that low levels of dUTP are present in commercial
nucleotide preparations or are generated by dCTP deamination
during PCR.

To address the possibility that P45 enhances PCR by eliminating
dUTP, we measured the effects of dUTP on PCRs using Pfu DNA
polymerase and P45. In Fig. 3, amplification of a 10-kb target was
almost completely inhibited by as little as 0.02 �M dUTP (0.01%
TTP � dUTP pool). dUTP inhibition also has been observed when
amplifying other primer-template systems with Pfu DNA polymer-
ase (ref. 33 and data not shown). The dUTP concentration that
completely inhibited PCR varied with each amplification system,
such that those using long or low-copy-number targets appeared to
be the most sensitive to the lowest amounts (0.02–0.2 �M) of dUTP
tested (data not shown). Unlike dUTP, the dUMP byproduct had
no effect on PCR product yields (data not shown).

No inhibition was observed in PCR mixtures containing P45. In
the example shown, 1 ng of native P45 was sufficient to prevent
inhibition caused by 2 �M dUTP (1% TTP pool) (Fig. 3, lane 6).
In other PCR systems, similar amounts of native and recombinant
P45 overcame the inhibitory effects of up to 20 �M dUTP (data not
shown). Additional experiments showed that P45 was ineffective in
preventing the inhibition of PCRs by dU-oligonucleotides (con-
ducted as in ref. 32; data not shown). Thus, P45 can significantly
increase PCR product yields in cases in which inhibitory concen-
trations of dUTP, but not dU-DNA (incorporated dUTP), are
present.

dUTP Accumulation During PCR. The potent inhibitory effects of
dUTP, coupled with the discovery that dUTPase exhibits PCR-
enhancing activity, imply that dUTP is present during PCR cycling.
We looked for evidence that sufficient dUTP is generated as a
by-product of dCTP deamination (34) during temperature cycling
to inhibit Pfu DNA polymerase. dCTP solutions were heated at
95°C (PCR denaturation temperature) or subject to PCR cycling in
the presence of cloned Pfu buffer. Heat-generated products were
analyzed by HPLC and identified on the basis of retention time and
�max relative to standards.

Heating 10 mM dCTP solutions (1 h, 95°C) produced 25%
dCDP, 3.5% dCMP, and 0.1% dUTP (Table 1). Cycling dCTP with
or without Pfu DNA polymerase produced 0.064% dUTP under
the same PCR conditions used in Fig. 3 (30 cycles, 10.5-min
extension time). Assuming similar deamination rates for 10 mM and
0.2 mM dCTP solutions (Table 1 legend), the percentage of dCTP

Fig. 2. PPi formation by native P45. The indicated amounts of native P45 (700
ng��l) were incubated with 10 mM dUTP or dCTP for 1 h at 85°C. PPi production
was quantified as described in Material and Methods.

Fig. 3. P45 prevents inhibition of PCR by dUTP. A 10-kb target was amplified
from � phage DNA by using 2.5 units of Pfu DNA polymerase in the absence (�,
lanes 1–4) or presence (�, lanes 5–8) of native P45 (1 ng). dUTP was present in the
amounts indicated (percentage TTP � dUTP pool) in reactions run in lanes 2–4
and6–8.M,HindIII-digested�phageDNAandHaeIII-digested�X174phageDNA
markers.
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converted to dUTP during temperature cycling (0.06% accumu-
lated after 30 cycles; Table 1) is within the range of dUTP
concentrations found to inhibit amplification of long targets
(�0.01–0.1%; Fig. 3). When dCTP is cycled in the presence of
native P45, dUTP accumulation is not detected (Table 1). This
result is consistent with the proposal that P45 eliminates (by
conversion to dUMP) the small amount of dUTP that arises during
thermal cycling.

Cytosine nucleotide levels are also affected by cycling dCTP in
the presence of P45. In Table 1, dCTP and dCMP concentrations
were 5% lower and 6% higher, respectively, in cycled dCTP � P45
samples as compared with dCTP samples. These data indicate that
the dCTPase activity associated with P45 can further reduce dCTP
levels during PCR cycling, albeit slightly. The small drop in dCTP
levels (5%) is not expected to reduce product yield or polymerase
fidelity when relatively low P45 concentrations are used. In fact, we
found no difference in fidelity when the error rate of Pfu DNA
polymerase was measured (1) in the presence of P45, at the same
[P45]�[nucleotide] ratios used in Table 1 (data not shown).

In addition to dUTP arising from dCTP deamination, dUTP also
may be present in PCRs as a contaminant of commercial nucleotide
preparations. The nucleotide mixes used here were produced from
dCTP lots lacking detectable dUTP (�0.01% dUTP by HPLC).

Human dUTPase Has PCR-Enhancing Activity. We ruled out the
possibility that factors other than inherent dUTPase activity were
responsible for, or at least contributed to, the PCR-enhancing
activity of P45. For example, P45 may interact directly with Pfu
DNA polymerase and simply enhance polymerase stability during
temperature cycling. Alternatively, archaeal dCTP deaminase�
dUTPase homologs may possess additional enzymatic activities
that have not yet been identified.

To eliminate these possibilities, we tested whether a distantly
related dUTPase could also enhance PCRs carried out with Pfu
DNA polymerase. For this study, we chose human dUTPase (34%
amino acid identity to P45) because, unlike Pfu P45, it is relatively
thermolabile and more closely related to dUTPases than to dCTP
deaminase. Aliquots of CBP-tagged human dUTPase were added
manually at each annealing step (58°C) of a 30-cycle PCR. Enzyme
assays showed that human dUTPase retained detectable activity at
58°C for at least 2 min (data not shown). In the presence of human
dUTPase, Pfu DNA polymerase successfully amplified a 5.2-kb
genomic target, which was too difficult for the enzyme to amplify
alone (Fig. 4).

P45 Enhances Other Archaeal DNA Polymerases. Because dU-DNA
inhibition appears to be a property of all archaeal family B DNA
polymerases (32), we tested whether Pfu P45 could improve PCRs
by using enzymes other than Pfu DNA polymerase. As shown in Fig.

5, PCR product yields were improved by adding P45 to reactions
conducted with VentR and Deep VentR (from the archaea Ther-
mococcus litoralis and Pyrococcus sp. GB-D, respectively). Addi-
tional studies showed that P45 also increases the yield of products
amplified with Pwo (identical to Pfu DNA polymerase; ref. 35) and
KOD DNA polymerases (data not shown). In contrast, P45 had no
effect on PCRs performed with Taq (from the eubacterium Ther-
mus aquaticus) (Fig. 5), consistent with the relative insensitivity of
eubacterial DNA polymerases to dU-DNA (32).

P45 Improves Long PCR. The amount of dUTP produced by dCTP
deamination during PCR should increase with cycle number and
extension time (typically 1 min�kb of target). Thus, dUTP poison-
ing is expected to significantly limit Pfu DNA polymerase reactions
that use extended cycling times (e.g., PCRs of long targets) or reach
exponential phase in later cycles when dUTP levels are highest (e.g.,
PCRs of low-copy-number targets). Although dU-DNA sensitivity
is likely to impair amplification of long or complex targets when Pfu
DNA polymerase is used, insensitivity to dU-DNA may contribute
to the reliability of Taq (4, 12).

To assess the contribution of dUTP poisoning to PCR perfor-
mance, we amplified a series of long targets by using Taq or Pfu
DNA polymerase, with and without P45 (Fig. 6). The mixture of Pfu
DNA polymerase and P45 used in these studies has a composition
similar to PfuTurbo DNA polymerase (Stratagene). As expected,
P45 dramatically improved amplification of long targets when Pfu
DNA polymerase was used. In the absence of P45, Pfu DNA
polymerase failed to amplify targets �1 kb in length when using 1
min�kb extension times (2 min�kb recommended by Stratagene). In
the presence of P45, Pfu DNA polymerase successfully amplified

Table 1. Products generated by heating�cycling dCTP

Reaction conditions

Product yield, %

dCTP (8.1–8.7 min; 272 nm) dCDP (5.1–5.3 min; 272 nm) dCMP (3.3 min; 272 nm) dUTP (11.9–12.2 min; 263 nm)

dCTP (� Pfu)
None 99.0 1.0 0 0
Cycled* 79.0 (79.0) 19.1 (19.2) 1.8 (1.7) 0.064 (0.065)
95°C�1 h 71.6 (71.4) 24.6 (24.8) 3.5 (3.6) 0.104 (0.081)
95°C�2.5 h 48.5 (47.6) 37.7 (38.3) 13.5 (13.9) 0.115 (0.133)

dCTP � P45
Cycled* 73.7 18.7 7.9 0
95°C�1 h 70.0 24.6 5.3 0
95°C�2.5 h 45.7 37.3 16.9 0

The retention times and �max are given in parentheses for each nucleotide. The 50� PCR conditions are as follows: 10 mM dCTP heated�cycled alone or with
0.125 unit��l Pfu DNA polymerase (dCTP � Pfu DNA polymerase product yields in parentheses) or 0.5 ng��l native P45.
*Thirty cycles: 95°C for 1 min, 60°C for 1 min, 72°C for 10.5 min.

Fig. 4. Human dUTPase exhibits PCR-enhancing activity. A 5.2-kb target was
amplified with 5 units of Pfu DNA polymerase. At each annealing step (58°C), 0.5
�l of the following was added: buffer (lane 1) or human dUTPase preparation,
undiluted (lanes 2 and 3), or diluted 10�1 (lanes 4 and 5).
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0.9- to 8-kb genomic targets and a 14-kb � DNA target (Fig. 6). In
comparison, Taq exhibited difficulty amplifying genomic targets �2
kb in length (Fig. 6). Therefore, in the absence of dUTP poisoning,
Pfu DNA polymerase exhibits greater target-length capability com-
pared with Taq DNA polymerase.

Discussion
We have demonstrated that dUTPase enhances the performance
of Pfu DNA polymerase in PCR. During the course of these
experiments, we identified dUTP as a potent proinhibitor (pre-
cursor to dU-DNA) of PCRs carried out with Pfu DNA poly-
merase (Fig. 3) and related archaeal DNA polymerases (Fig. 5).
dUTP was shown previously to inhibit PCRs using Pfu and Vent
DNA polymerases under conditions in which TTP was com-
pletely replaced by dUTP (33). We found that when amplifying
relatively long targets, product yields can be significantly re-
duced by as little as 0.02 �M dUTP. Pfu P45 was shown to
prevent the inhibitory effects of added dUTP (Fig. 3) by
converting dUTP to dUMP and PPi.

The discovery that dUTPases exhibit PCR-enhancing activity,
and that dUTP is a potent inhibitor of PCRs using archaeal DNA
polymerases, implies that dUTP is present during PCR amplifica-
tion. We identified hydrolytic deamination of dCTP as a source of
dUTP in PCRs. In a mock PCR, we found that the amount of dUTP
produced from dCTP (�0.06% dUTP, 30 cycles) was within the
range that inhibited amplification of a 10-kb target (�0.01%
dUTP) when added before cycling.

The deleterious effect of dUTP is presumably related to the
strong inhibition of archaeal DNA polymerases by single- and
double-stranded dU-containing DNA. Unlike eubacterial, eukary-
otic, and bacteriophage DNA polymerases, archaeal family B DNA
polymerases (Pfu, Vent, Deep Vent) exhibit the unique property of
tightly binding dU-containing oligonucleotides (32). Greagg et al.
(36) have shown that archaeal DNA polymerases recognize dU
residues in the template strand and stall DNA synthesis. This
read-ahead function may represent the first step in a pathway to
repair premutagenic lesions caused by cytosine deamination in
archaeal DNA (36). During PCR, cytosine deamination could lead
to dU-DNA formation�inhibition through a combination of two
mechanisms: (i) dCTP deamination to dUTP, followed by incor-
poration (identified in this study), and (ii) dC deamination in DNA.
Deamination rates, measured under PCR-like conditions (95°C, pH
7.4), indicate that cytosine residues in single-stranded DNA (e.g.,
primers, denatured template, or PCR products) are deaminated
only 15% slower than dCMP (2.6 � 10�7 s�1; dCTP deamination
not measured; ref. 34). Further studies are needed to address the
potential contribution of dC-DNA deamination (dU-DNA forma-
tion) to the efficiency of PCRs carried out with archaeal DNA
polymerases.

Relatively little is known about dU-DNA repair in archaea. In
bacteria and eukaryotes, uracil is recognized and excised from
DNA through a base excision repair pathway initiated by uracil
DNA glycosylase or dU�T�dG-mismatch-specific DNA glycosylases
(37–39). Similar processes for dU-DNA repair are likely to be used
in archaea based on the recent discoveries of a uracil DNA

Fig. 5. Pfu P45 enhances PCRs using archaeal DNA polymerases. Native P45 (0, 1, 5, or 10 ng) was added to amplifications of 0.9-kb and 1.9-kb genomic targets. PCRs
were carried out with 2.5 units of Pfu DNA polymerase or 1 unit of VentR, Deep VentR, or Taq DNA polymerase in each enzyme’s optimal PCR buffer.

Fig. 6. Pfu P45 improves amplification of long targets by Pfu DNA polymerase. PCRs were performed with Taq or Pfu DNA polymerase, in the absence or presence
of P45, in each enzyme’s recommended buffer. The following PCR products were amplified: lanes 1–4, 7–10, and 13–16, 0.9- to 5.2-kb fragments of the human
�-1-antitrypsin gene; lanes 5, 11, and 17, 8-kb fragment from mouse genomic DNA; and lanes 6, 12, and 18, 14-kb fragment from � phage DNA. PCR amplifications were
conducted by using 2.5 units (lanes 4, 10, and 16) or 5 units of each enzyme and an extension time of 1 min�kb of target.
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glycosylase homolog in Archaeoglobus fulgidus (40) and dU�T�dG-
mismatch-specific DNA glycosylases in Methanobacterium and Py-
robaculum species (41, 42).

In addition to dU-DNA repair enzymes, dUTPases play an
essential role in preventing dUTP incorporation by maintaining low
dUTP levels (26, 27). In bacteria and yeast lacking dUTPase, uracil
DNA glycosylase and other components of the cellular excision
repair process act upon dU-DNA, leading to DNA fragmentation
and cell death. The discovery of dUTPases in Pfu and SIRV (25)
suggests that archaea also rely on dUTPases to minimize dUTP
incorporation and prevent initiating dU-DNA repair processes.

In bacteria, dUTP is generated by dCTP deaminase in the
biosynthetic pathway for thymidine nucleotides (23). In contrast,
eukaryotes appear to lack dCTP deaminase, and instead, produce
dUMP (thymidylate synthetase substrate) primarily through deami-
nation of dCMP by dCMP deaminase (43). dCTP deaminase�
dUTPase homologs have been identified in the genomes of several
archaea. Interestingly, two homologs were identified in the whole
genome sequences of Methanococcus jannaschii (24) and Meth-
anobacterium thermoautotrophicum (44), whereas only one ho-
molog has been identified in BLAST searches of SIRV, Desulfurolo-
bus ambivalens, Pfu, and Pyrococcus horikoshii genomes (ref. 25 and
data not shown). In cases in which there are two homologs, it is not
yet known whether one functions as a dUTPase and the other as a
dCTP deaminase. Lack of an apparent dCTP deaminase in Pfu
indicates that dUTP arises from other sources, such as hydrolytic
deamination of dCTP at high temperatures or reduction of UTP by
ribonucleotide reductase (45).

E. coli dUTPase exhibits a trimeric structure (50). The subunit
composition of Pfu dUTPase is unknown, although both native and

recombinant P45 migrate as apparent aggregates in nondenaturing
SDS�PAGE (data not shown). In this study, native Pfu dUTPase
was isolated in association with Dfp, migrating as an apparent
complex in SDS�PAGE and gel filtration. Curiously, the genes
encoding dUTPase and Dfp are located next to each other in the
E. coli genome, although there has been no evidence of linked gene
expression or biochemical association in bacteria (29, 30). The dfp
and dut genes do not appear to be located near each other in the
genomes of Pfu and other archaea (data not shown). The discovery
of Dfp in archaea, and its possible biochemical association with
dUTPase, has not further elucidated the physiological role of Dfp,
which was shown previously to play an essential but unknown role
in DNA replication and pantothenate metabolism in E. coli (29, 30).

The PCR-enhancing activity of Pfu dUTPase has obvious com-
mercial applications. Stratagene has made available a more robust
version of Pfu DNA polymerase containing Pfu dUTPase (Pfu-
Turbo DNA polymerase), which allows high-fidelity amplification
of a much broader range of target lengths and complexities.
Moreover, dUTP poisoning has consequences for long-range PCR
performed with Taq blends containing an archaeal DNA polymer-
ase (e.g., Pfu) as the minor proofreading component (4). dUTP
poisoning is expected to limit the contribution of archaeal proof-
reading enzymes to the fidelity and performance of blends, espe-
cially in later cycles when dUTP concentrations are highest. dU-
DNA inhibition may help explain the reduced fidelity (3- to 6-fold)
exhibited by Taq-based blends compared to Pfu DNA polymerase
(1) and the observed restrictions on the percentage of Pfu DNA
polymerase in blends (4).

We thank Frances Bai for technical assistance.
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