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ABSTRACT

Mechanisms that allow replicative DNA polymerases
to attain high processivity are often speci®c to a
given polymerase and cannot be generalized to
others. Here we report a protein engineering-based
approach to signi®cantly improve the processivity
of DNA polymerases by covalently linking the
polymerase domain to a sequence non-speci®c
dsDNA binding protein. Using Sso7d from
Sulfolobus solfataricus as the DNA binding protein,
we demonstrate that the processivity of both family
A and family B polymerases can be signi®cantly
enhanced. By introducing point mutations in Sso7d,
we show that the dsDNA binding property of Sso7d
is essential for the enhancement. We present evid-
ence supporting two novel conclusions. First, the
fusion of a heterologous dsDNA binding protein to a
polymerase can increase processivity without com-
promising catalytic activity and enzyme stability.
Second, polymerase processivity is limiting for the
ef®ciency of PCR, such that the fusion enzymes
exhibit profound advantages over unmodi®ed
enzymes in PCR applications. This technology has
the potential to broadly improve the performance of
nucleic acid modifying enzymes.

INTRODUCTION

The template-directed synthesis activity of DNA polymerases
is essential to the survival of all species. In most cells, multiple
classes of DNA polymerases exist to accomplish distinct tasks.
The predominant role of DNA polymerases in vivo is to
replicate the genome during each cell cycle to preserve the
genetic information. This task is accomplished by a class of
highly processive replicative DNA polymerases that are
capable of incorporating thousands of nucleotides without
dissociating from the template DNA (1,2). The non-replicative
polymerases, which serve to ®ll in gaps created during DNA
replication, recombination and damage repair, need not be,
and usually are not, very processive (3).

Nature has developed several ways of maintaining a high
processivity for the replicative DNA polymerases in vivo.
With the exception of certain phage (e.g. F29) DNA
polymerases (4±7), most replicative polymerases rely on
accessory proteins to achieve high processivity. For example,
T7 DNA polymerase forms a stable complex with an
Escherichia coli protein, thioredoxin, to achieve processive
DNA synthesis (2,8). In a more complex system, E.coli polIII,
T4 DNA polymerase (gp43) as well as eukaryotic replicative
polymerases rely on a ring-shaped multimeric `DNA sliding
clamp' to maintain high processivity (9±14). For herpes
simplex virus (HSV) DNA polymerase, speci®c association
with a DNA binding protein, UL42, is necessary for
processive DNA synthesis (15,16). In these examples, speci®c
protein±protein interactions are essential for recruiting the
processivity factor to its polymerase. Therefore, each
processivity factor is limited to working with one or a small
set of polymerases.

DNA polymerases are widely used in in vitro applications.
In particular, use of thermostable polymerase Taq from
Thermus aquaticus in PCR has revolutionized modern
molecular biology (17). Evolved as a non-replicative poly-
merase, the DNA synthesis ef®ciency of Taq as well as other
enzymes used in PCR is signi®cantly lower than replicative
polymerases. Increasing the processivity of this class of
polymerases could lead to an improvement in their
performance in vitro.

Approaches taken towards this goal have included the
generation of a chimeric protein containing a heterologous
motif or domain for binding to a known processivity factor,
such as thioredoxin (18,19) or PCNA (20). Although improve-
ment in processivity was observed when the chimeric protein
and the corresponding processivity factor were used together,
the application of this method to improve PCR has not
been established. In a different approach, a replication
complex composed of multiple polypeptides isolated from
T.thermophilus was reassembled in vitro. Although processive
DNA synthesis from single-stranded (ss)DNA template was
observed, again, utility in PCR was not con®rmed (21).
Recently, after the publication of a patent application (22)
disclosing the technology described in this report, it was
reported that fusion of multiple helix±hairpin±helix motifs
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identi®ed in DNA topoisomerase V to thermostable poly-
merases led to a signi®cant increase in processivity (23).
However, no bene®t in PCR was demonstrated. Thus, a
generalizable method to improve the processivity of DNA
polymerases to bene®t in vitro applications has remained
elusive.

Here we report a novel and generalizable strategy to
enhance the processivity of a non-replicative DNA polymer-
ase by fusion to a sequence non-speci®c double-stranded
(ds)DNA binding protein. We demonstrate that the pro-
cessivity of both family A and family B DNA polymerases can
be signi®cantly enhanced by this approach. We provide
evidence that the catalytic activity of the polymerase in
nucleotide incorporation and the thermal stability of the
enzyme are not affected by fusion to Sso7d. We demonstrate
practical bene®ts of enhancing the processivity of
polymerases in PCR applications.

MATERIALS AND METHODS

General reagents and equipment

Restriction enzymes and DNA ligase were purchased
from New England Biolabs. Oligonucleotides were from
Operon Technologies, Sigma-Genosys or Integrated DNA
Technologies. DNA Engine Thermal Cyclers (MJ Research)
were used for PCR. AÈ KTAprime (Amersham Pharmacia
Biotech) was used for protein puri®cation.

Construction of Sso7d fusions

Construction of the Sso7d gene. Overlapping oligonucleotides
(Table 1) with codons optimized for E.coli expression were
used to reconstruct the Sso7d gene based on the published
amino acid sequence (24). Oligonucleotides Sso-W1, Sso-W2,
Sso-C1, Sso-C2 and Sso-C3 were annealed at 10 mM each in

the presence of 100 mM KOAc. The annealing mix was then
added to a ligation mix to ligate Sso-C1, Sso-C2 and Sso-C3
with the aid of the bridging oligonucleotides Sso-W1 and Sso-
W2. Oligonucleotides Sso-R1 and Sso-Xba were used to
amplify the full-length ligated product in a PCR. The
ampli®ed DNA encodes the Sso7d gene juxtaposed by the
appropriate restriction sites for the subsequent steps.

S-Taq(D289) fusion. Plasmid pUTAQ was generated by
inserting the DNA fragment containing the T.aquaticus PolI
gene into vector pUC18 at the polylinker site. The PCR
fragment containing the synthetic gene for Sso7d was cloned
into pUTAQ to replace the region encoding the ®rst 289 amino
acids of Taq polymerase. The resulting construct, pYW1,
overexpresses the S-Taq(D289) gene from lacI promoter upon
induction with IPTG.

S-Taq fusion. A PCR fragment encoding the ®rst 289 amino
acids of Taq polymerase was ampli®ed and inserted back into
plasmid pYW1 (see above) at the junction between Sso7d and
Taq(D289). The resulting plasmid, pYW2, allows the expres-
sion of a polypeptide (S-Taq) containing the Sso7d protein
fused to the N-terminus of full-length Taq.

Mutant Sso7d fusions. An oligonucleotide containing a
degenerate codon (GNG) at the position corresponding to
Trp24 in Sso7d (Fig. 1A) was used to introduce point
mutations via two-step sequential PCR. The ®nal PCR
fragment encoding the Sso7d gene with the degenerate
codon at position 24 was inserted into pYW1 to replace the
wild-type Sso7d gene. The resulting plasmids encode one of
the following four amino acids, Gly (GGG), Val (GTG), Glu
(GAG) or Ala (GCG), at the position corresponding to Trp24
in the wild-type Sso7d protein.

Table 1. Oligonucleotides used

Oligo name Oligo sequence

Reconstruction of the Sso7d gene
Sso-W1 5¢-GTATGGCGTGTGGGCAAGATGAT-3¢
Sso-W2 5¢-GAAAAGGACGCGCCGAAGGAGCTG-3¢
Sso-C1 5¢-CACACGCCATACTTTCTTGATCTTGGAGATGTCTACCTCTTTTTCTTCGCCTTTGTACTTGAACTTTACGGTTGC-3¢
Sso-C2 5¢-GCGCGTCCTTTTCGCTTACCGCACCGCGGCCGGTCTTGCCACCGCCCTCGTCGTAGGTGAAGGAGATCATCTTGCC-3¢
Sso-C3 5¢-GATTAATCCAGTGCCTTGGGACTAGTGCCACCGCCGCCCTTTTTCTGCTTCTCCAGCATCTGCAGCAGCTCCTTCG-3¢
Sso-R1 5¢-ACGAATTCGAGCGCAACCGTAAAGTTCAAG-3¢
Sso-Xba 5¢-GCGCTCTAGATTAATCTTTTTCTGCTTCTCCAGCAT-3¢

Primers used for activity and processivity assays
±47M13L 5¢-CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCC-3¢
±40M13LFF 5¢-FAM-GTTTTCCCAGTCACGACGTTGTAAAACGACGGCC-3¢

Primers used for extension ef®ciency assay
L30350F 5¢-CCTGCTCTGCCGCTTCACGC-3¢
L71-0.5R (0.5 kb) 5¢-TCCGGATAAAAACGTCGATGACATTTGC-3¢
L71-1R (1 kb) 5¢-GATGACGCATCCTCACGATAATATCCGG-3¢
L72-2R (2 kb) 5¢-CCATGATTCAGTGTGCCCGTCTGG-3¢
L72-5R (5 kb) 5¢-CGAACGTCGCGCAGAGAAACAGG-3¢
L72-8R (8 kb) 5¢-GCCTCGTTGCGTTTGTTTGCACG-3¢
L71-10R (10 kb) 5¢-GCACAGAAGCTATTATGCGTCCCCAGG-3¢
L71-12R (12 kb) 5¢-TCTTCCTCGTGCATCGAGCTATTCGG-3¢
L71-15R (15 kb) 5¢-CTTGTTCCTTTGCCGCGAGAATGG-3¢

Primers used for salt dependence PCR assay
L30350F 5¢-CCTGCTCTGCCGCTTCACGC-3¢
L31240R 5¢-GCACAGCGGCTGGCTGAGGA-3¢
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All Taq-based Sso7d fusion proteins contained a 6-His
af®nity tag at the C-terminus to facilitate protein puri®cation.

Pfu-S fusion. A plasmid (pETPFU) carrying the Pfu DNA
polymerase gene under the control of the T7 promoter was
modi®ed so that unique restriction sites were introduced at the
3¢ end of the Pfu gene. The resulting plasmid (pPFKS)
expresses a Pfu polymerase (Pfks) with three additional amino
acids (Gly-Thr-His) at its C-terminus. No functional differ-
ence was observed between Pfks and commercial Pfu
polymerase (Stratagene). The Sso7d gene was PCR ampli®ed
and inserted into the pPFKS plasmid. The resulting plasmid,
pPFS, overexpresses a single polypeptide (Pfu-S) containing
Sso7d protein fused to the C-terminus of Pfu polymerase. The
identity of the overexpressed protein was determined by both
the apparent molecular weight on SDS±PAGE and its
cross-reactivity with anti-Sso7d antibodies.

Expression and puri®cation of Sso7d fusion proteins

Plasmid DNAs encoding the Taq-based Sso7d fusion proteins
were transformed into E.coli strain BL21 (Stratagene) and
grown in 500 ml of 23 YT medium in the presence of
carbenicillin to an OD600 of 0.3. IPTG was added to 1 mM to
induce expression from the lac promoter. Cells were harvested
3±4 h later. Cleared lysate was prepared as reported previously
(25). Solid ammonium sulfate was added to 70% (w/v, 4°C) to
precipitate the majority of the soluble proteins in the lysate.

The ammonium sulfate pellet was dissolved in Ni±NTA
binding buffer NiB (20 mM Tris±HCl pH 7.9, 5 mM imidazole
pH 7.5, 5 mM 2-mercaptoethanol, 0.1% NP40 and 500 mM
KCl) and loaded onto a pre-equilibrated Ni±NTA (Qiagen)
column (1 ml). The bound protein was step eluted using buffer
IM-150 (NiB buffer with 150 mM imidazole). The fractions
were pooled and puri®ed on a heparin±agarose column by
binding in buffer HP-100 (20 mM Tris-HCl pH 7.9, 0.1%
NP40 and 100 mM KCl) and eluting with buffer HP-500 (HP-
100 with 500 mM NaCl). The peak fractions were pooled and
concentrated via a second Ni±NTA column before dialyzing

(Slidelyzer; Pierce) against a pre-storage buffer (50 mM Tris±
HCl pH 7.9, 250 mM KCl, 0.25 mM EDTA, 2.5 mM DTT,
0.1% NP40 and 0.1% Tween 20). Glycerol, NP40 and Tween
20 were added to the dialyzed sample so that the ®nal storage
buffer contained 20 mM Tris±HCl (pH 7.9), 100 mM KCl,
0.1 mM EDTA, 1 mM DTT, 0.5% NP40, 0.5% Tween 20 and
50% glycerol.

Expression of Pfu-S was performed similarly as described
above using strain BL21(LysS). Both carbenicillin and
chloroamphenicol were added to the growth media. The
ammonium sulfate precipitate was resuspended and dialyzed
against buffer Q-50 (20 mM Tris±HCl pH 7.0, 50 mM NaCl
and 5 mM 2-mercaptoethanol) before loading onto a 1 ml
HiTrapQ column (Amersham Pharmacia Biotech). The ¯ow-
through was collected and puri®ed on a 1 ml P11
phosphocellulose column (Whatman). The bound protein
was eluted with Q-350 buffer (Q-50 buffer with 350 mM
NaCl). The peak fractions were dialyzed against Q-50 buffer
before loading onto a 1 ml HiTrapSP column (Amersham
Pharmacia Biotech). The polymerase was eluted with a 50±
800 mM NaCl gradient. The peak fractions, which corres-
ponded to elution with 240±320 mM NaCl, were pooled and
dialyzed against a pre-storage buffer (125 mM Tris±HCl
pH 8.2, 0.25 mM EDTA, 2.5 mM DTT, 0.1% NP40, and 0.1%
Tween 20). Glycerol, NP40 and Tween 20 were added to the
dialyzed sample so that the ®nal storage buffer contained
50 mM Tris±HCl pH 8.2, 0.1 mM EDTA, 1 mM DTT, 0.5%
NP40, 0.5% Tween 20 and 50% glycerol.

Polymerase activity assay

An oligonucleotide (±47M13L, Table 1) at 0.8 mM was pre-
annealed to ssM13mp18 DNA (40 nM) (Bayou Biolab) in a
2.53 reaction buffer (25 mM Tris±HCl pH 8.8, 125 mM KCl
and 0.25% Triton X-100) before mixing with dNTPs and DNA
polymerase. MgCl2 was added to initiate DNA synthesis at
72°C. The ®nal reaction contained 10 mM Tris±HCl (pH 8.8),
50 mM KCl, 2 mM MgCl2, 200 mM dNTPs, 0.1% Triton
X-100 and 16 nM primed template. Samples were taken at
various time points and added to a 1:200 dilution of PicoGreen
(Molecular Probes) in TE (10 mM Tris±HCl pH 8.0 and
1.0 mM EDTA pH 8.0). The amount of DNA synthesized was
quanti®ed using a ¯uorescence plate reader (BioTek
Instruments). The unit activity of the DNA polymerase of
interest was determined by comparing its initial rate with that
of a control DNA polymerase (e.g. AmpliTaq, from Applied
Biosystems). For S-Taq(D289), Taq, S-Taq, Pfu-S and the
mutant Sso7d fusion proteins, the unit activity determined by
this method agreed well (within 2-fold) with that determined
by the conventional radioactive unit de®nition assay (26;
T. Tenkanen and T. Soininen, personal communication).
When signi®cant differences were observed for Taq(D289)
and Pfu between the two assays, units were de®ned using the
conventional method.

Processivity assay

A 5¢ FAM-labeled primer (50 nM) (±40M13LFF, Table 1) was
added to ssM13mp18 DNA (100 nM) in the presence of 10 mM
Tris±HCl pH 8.8, 50 mM KCl, 2.5 mM MgCl2, 250 mM
dNTPs and 0.1% Triton X-100, unless otherwise indicated.
Primer annealing to the DNA template was achieved by
heating at 90°C for 5 min, cooling to 72°C at 0.1°C/s,

Figure 1. (A) Amino acid sequence of Sso7d protein. (B) Schematic repre-
sentation of the domain organization of Taq polymerase and the Sso7d
fusion proteins.
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incubating at 72°C for 10 min, cooling again to 4°C at 0.1°C/s,
using a DNA Engine thermal cycler (MJ Research). Then 4 ml
of DNA polymerase (diluted in 10 mM Tris±HCl pH 8.8,
50 mM KCl and 0.1% Triton X-100) was then added to 16 ml
of primed template at a molar ratio of 1:500±1:10 000 to
initiate DNA synthesis at 72°C. Samples were diluted in gel
loading dye and analyzed on a MJ BaseStation Sequencer (MJ
Research). To ensure that no multiple binding/extension
occurs on any primer±template complexes, both the poly-
merase concentration and the reaction time were varied, and
the median product length was determined for each reaction.
The median product length is de®ned as the length of the
product at which the total ¯uorescence intensity of all products
up to that length equals 50% of the sum ¯uorescence intensity
of all detectable products. In general, a higher ratio of primer±
template to polymerase concentration is necessary to achieve
processive conditions for low processivity enzymes, whereas
for high processivity enzymes a lower ratio is needed to detect
longer primer extension products under processive conditions
(see corresponding ®gure legends). When the median product
length no longer changes with an increase in reaction time or a
decrease in polymerase concentration, the traces of those
samples were used to determine the processivity using the
analysis method described by von Hippel et al. (27). Each
peak with a signal level signi®cantly above the background
was integrated to obtain the intensity at each position (nI) and
the total peak intensity (nT) of all detectable products. The
integration data were plotted as log(nI/nT) versus n ± 1, where
n is the number of nucleotide residues incorporated, and ®tted
to the following equation:

log(nI/nT) = (n ± 1)logPI + log(1 ± PI)

where PI represents the probability of not terminating at
position I and is de®ned as the `microscopic processivity
parameter' for this position. The average primer extension
length was determined from 1/(1 ± PI).

Steady-state kinetic analyses

Steady-state kinetic analyses were performed using the
polymerase activity assay described above with the following
modi®cations. Each reaction contained 1.2 nM enzyme. The
molar concentration of the enzyme was determined using a
combination of the Bradford assay (Bio-Rad) and SDS±PAGE
analysis. The pre-annealed primed ssM13 template was used
at 1±12 nM for S-Taq(D289), Taq and S-Taq, 5±30 nM for
Taq(D289 and 0.2±6 nM for Pfu and Pfu-S. Buffers with
two different salt concentrations were used. For Taq(D289),
S-Taq(D289), Pfu and Pfu-S the buffer contained 10 mM Tris±
HCl (pH 8.8), 10 mM KCl, 2 mM MgCl2 and 0.1% Triton
X-100. For Taq and S-Taq the buffer contained 50 mM KCl
and was otherwise identical to the ®rst buffer. Then, dNTPs
were added at 200 mM each. The initial rate of each reaction
was plotted against primer±template concentration and ®tted
to the following equation:

V = kcat 3 [E] 3 [D]/(Km (DNA) + [D])

where V is the initial rate, [D] is the primer±template
concentration, [E] is the enzyme concentration, kcat is the
turnover rate and Km (DNA) is the primer±template concentra-
tion at which half of the maximum activity is achieved.

Thermal stability assay

Each enzyme (aliquoted in 30 ml at 40 U/ml) was ®rst
incubated at 97.5°C for varied periods of time in the presence
of the corresponding optimal reaction buffer as indicated in
the ®gure legends. At each time point, the heated sample was
transferred to a 72°C thermal block and allowed to equilibrate
for 1 min. Then, 20 ml of the sample was mixed with an equal
volume of 23 polymerase activity assay reaction mix pre-
heated to 72°C (see above). The remaining activity was
plotted versus time spent at 97.5°C. The data were ®tted to the
following equation:

ln(A) = ln(A0) ± kt

where A represents the remaining activity at time t, A0 is the
activity at t = 0 and k is the rate constant for enzyme
inactivation. The half-life (t1/2) was determined from the
following equation:

t1/2 = (ln2)/k

PCR ef®ciency assay

l DNA (130 pg/ml) was used as the template to assess the
relative ef®ciency of each polymerase in a PCR. For extension
ef®ciency comparison, a set of primers (see Table 1) was used
to amplify amplicons of 0.5, 1, 2, 5, 8, 10, 12 and 15 kb in size
from the template in a 20 ml reaction. For the salt dependence
comparison experiment, a single pair of primers (see Table 1)
that ampli®es a 0.9 kb amplicon was used for all reactions. The
amount of enzyme, the reaction buffer for each enzyme and
the cycling protocol used are indicated in the corresponding
®gure legends. It was necessary to use a higher amount of the
low ef®ciency polymerases [e.g. Taq(D289) and Pfu] so that a
suf®cient amount of DNA could be generated to allow
comparison. Upon completion of the PCR, 5 ml of the PCR
was mixed with loading dye and loaded onto a 1% agarose gel.
The gel was stained with ethidium bromide. A Kodak gel
documentation system was used to photograph the gel.

RESULTS

Strategy to improve the processivity of Taq polymerase

Taq polymerase consists of two distinct structural and
functional domains, the 5¢®3¢ exonuclease domain and the
polymerase domain. Mutant Taq lacking the exonuclease
domain is signi®cantly less processive than full-length Taq
(26,28), suggesting that the exonuclease domain must be
involved in maintaining processivity. Previous structural
studies of a Taq±DNA complex have revealed possible
interactions between the exonuclease domain and the DNA
template (29). The reduced processivity of truncated Taq
could be the result of losing such interactions. We hypothe-
sized that replacing the exonuclease domain with a dsDNA
binding protein might recover the lost processivity of the
truncated Taq. The dsDNA binding protein must be thermo-
stable and bind to dsDNA without sequence preference in
order to function together with the polymerase domain. We
identi®ed Sso7d (Fig. 1A), an abundant 7 kDa protein from
hyperthermophilic archaeabacteria Sulfolobus solfataricus
(30), as a candidate to replace the Taq exonuclease domain.
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Sso7d belongs to a family of proteins thought to play the role
of stabilizing genomic DNA in hyperthermophilic archaea.
This protein binds to dsDNA as a monomer without marked
sequence preference (24,31,32). Based on our hypothesis,
when covalently linked (or fused) to DNA polymerase,
Sso7d could provide additional contact with dsDNA and,
consequently, enhance processivity.

To test this hypothesis, we ®rst fused Sso7d to the N-
terminus of Taq(D289) to replace the 5¢®3¢ exonuclease
domain (Fig. 1B). Sso7d was also fused to the N-terminus of
full-length Taq (Fig. 1B) to investigate whether the proces-
sivity of full-length Taq can be further improved. Both fusion
proteins as well as their non-fusion counterparts were puri®ed
to homogeneity and their identities were con®rmed using both
anti-Taq and anti-Sso7d antibodies (data not shown).

Sso7d fusion increases the processivity of both
Taq(D289) and full-length Taq

A ¯uorescence-based highly sensitive processivity assay
(Materials and Methods) was used to determine the proces-
sivity of Taq(D289), S-Taq(D289), Taq and S-Taq. Reaction
conditions were varied to identify processive conditions for
each polymerase under which the median product length was
independent of both enzyme concentration and reaction time.
Figure 2A and B show the electropherogram traces for
Taq(D289) and S-Taq(D289) and for Taq and S-Taq, respect-
ively, obtained under processive conditions. In von Hippel
et al. (27), the processivity of a DNA polymerase is de®ned as
the probability (PI) of the polymerase not terminating at a
speci®c position of the template. The processivity parameter
(PI) and the average primer extension length [1/(1 ± PI)] for
each enzyme were determined (see Materials and Methods)
and are summarized in Table 2. The processivity for
Taq(D289) is 0.64, which correlates to an average primer
extension length of 2.9 nt. In contrast, the processivity of
S-Taq(D289) fusion protein is 0.98, correlating to an average
primer extension length of 51 nt, which is signi®cantly higher
than that of Taq(D289). The processivity of full-length Taq is
signi®cantly higher than that of Taq(D289). Fusion to Sso7d
further increased its processivity, leading to an increase in the
average primer extension length from 22 nt for Taq to ~104 nt
for S-Taq. These results demonstrate that for both Taq(D289)
and full-length Taq polymerases the fusion of Sso7d can
signi®cantly enhance the processivity of the polymerase.

Binding of Sso7d to dsDNA is important for enhancing
processivity

The interactions between Sso7d and dsDNA have been studied
extensively (31,32). One of the key residues in Sso7d, Trp24,
was found to play multiple roles in binding to dsDNA (24), but
not in the overall thermal stability of Sso7d (33). If the binding
interaction between Sso7d and dsDNA is important for the
observed enhancement of processivity, mutating the Trp24
residue should reduce the binding af®nity of Sso7d for dsDNA
and in turn reduce its ability to enhance the processivity of
DNA polymerases. To investigate the correlation between the
binding of Sso7d to dsDNA and processivity, three mutant
fusion proteins were generated, S(V)-Taq(D289), S(G)-
Taq(D289) and S(E)-Taq(D289), which contain Val, Gly or
Glu, respectively, in place of Trp24 in Sso7d. The processivity
of each mutant protein was determined (Table 2). Mutant

fusion proteins containing either a Val or a Gly substitution
showed a signi®cant reduction in processivity compared to
fusion protein containing wild-type Sso7d [S-Taq(D289)], but
still maintained a higher processivity than Taq(D289). The
average primer extension lengths for S(V)-Taq(D289) and
S(G)-Taq(D289) are 12 and 11 nt, respectively, which are three
to four times longer than that of S-Taq(D289). In the case of the
Glu substitution, which is the most different from the wild-type
residue, the processivity of the mutant fusion protein is further
reduced. The average primer extension length of S(E)-
Taq(D289) is ~7 nt. These results indicate that mutations in
the dsDNA binding motif of Sso7d alters its ability to enhance
processivity and establishes a strong correlation between the
binding of Sso7d to dsDNA and the enhancement of the
processivity of polymerases when fused to Sso7d.

Sso7d fusion increases the processivity of Pfu
polymerase

DNA polymerases have been classi®ed into four major
families, A, B, C and D, based on alignment of amino acid
sequences (34±36). Different families of polymerases have

Figure 2. Processivity analyses of Taq-based polymerases. Each trace repre-
sents one lane from a sequencing gel and each peak represents a single
primer extension product. Reaction time was 5 min for each enzyme.
(A) Electropherogram traces of Taq(D289) (10 pM) and S-Taq(D289)
(16 pM). The size marker lane is shown at the bottom and the corresponding
primer extension product length is indicated on the x-axis. (B) Electro-
pherogram traces of Taq (4 pM) and S-Taq (20 pM). The labels on the
x-axis indicate the primer extension product length, which is determined
based on size markers run on the same gel (trace not shown).
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distinct structural and functional properties. Having demon-
strated that Sso7d fusion enhances the processivity of Taq, a
family A DNA polymerase, we investigated whether the same
strategy can be applied to polymerases from other families.
We chose the family B polymerase from Pyroccocus furiosis,
Pfu polymerase, which is commonly used for high ®delity
PCR applications. Based on structural information for a Pfu
homolog (37), Sso7d was fused to the C-terminus of Pfu
polymerase (Pfu-S) (Fig. 1A) to allow both the polymerase
and the Sso7d domain to interact with the primer±template
DNA appropriately. Puri®ed Pfu-S was compared with
commercial Pfu polymerase (Cloned Pfu from Stratagene) in
a processivity assay (Fig. 3). Pfu alone exhibits a processivity
of 0.84, which correlates to an average primer extension
length of 6 nt (Table 2). In contrast, the fusion protein Pfu-S
exhibits signi®cantly higher processivity with a PI of 0.98 and
an average extension length of 55 nt. This demonstrates that
enhancement of processivity by Sso7d fusion is not limited to
one type of polymerase; it can be generally applied to bene®t
at least both family A and family B DNA polymerases.

Sso7d fusion does not negatively affect catalytic activity

It is conceivable that increasing the processivity by effectively
tethering a polymerase to DNA template might be achieved at

the expense of decreased catalytic activity. Naturally existing
processivity factors, such as sliding clamps, use a mechanism
(11,13) that enhances the processivity without hindering the
elongation rate of the polymerase. To investigate whether the
fusion of Sso7d to DNA polymerase alters the catalytic rate of
nucleotide incorporation, a steady-state kinetic analysis was
performed. The rate of primer extension was measured at
different primer±template concentrations in the presence of a
saturating amount of dNTPs to allow determination of the kcat

of nucleotide incorporation with a saturating amount of
primer±template (Table 3). Both S-Taq and S-Taq(D289)
fusion enzymes have nearly identical turnover rates (kcat) in
nucleotide incorporation compared to their unmodi®ed
counterparts, Taq and Taq(D289), respectively. Interestingly,
both S-Taq and S-Taq(D289) have signi®cantly lower (~4- to
8-fold) Km (DNA) compared with the corresponding unmodi®ed
enzymes (Table 3). Although Km(DNA) is not a direct
measurement of the equilibrium binding of these enzymes to
the DNA, the difference observed is consistent with the notion
that Sso7d fusion has a stabilizing effect on the interactions
between the polymerase domain and the DNA template. While
the Km (DNA) values cannot be accurately determined for Pfu
and Pfu-S due to the very high binding af®nity of these
enzymes to the primer±template, no decrease in kcat is
observed with the fusion protein. The results from the
steady-state kinetics analyses demonstrate that, while the
fusion of Sso7d increases polymerase processivity signi®-
cantly, it exhibits no negative affect on the catalytic activity of
the polymerase domain.

Sso7d fusion does not change polymerase stability

To allow practical application of Sso7d-modi®ed polymerases
in PCR, it is essential that the fusion enzymes maintain their
original thermal stability. A thermal stability assay based on
primer extension activity was used to compare the thermal
stability of S-Taq(D289) with that of Taq(D289) and Pfu-S
with that of Pfu (see Materials and Methods). As shown in
Figure 4, the effect of incubation at 97.5°C on the remaining
primer extension activity is nearly identical for each pair of
modi®ed and unmodi®ed polymerases tested. The calculated
half-life at 97.5°C for S-Taq(D289) and Taq(D289) are 35
and 39 min, respectively (Table 4). As expected, Pfu is
signi®cantly more stable than the Taq-based enzymes.
Nonetheless, the Pfu-S fusion protein showed a nearly
identical thermal stability pro®le to Pfu, with both having a
half-life at 97.5°C of the order of 10 h. These results
demonstrate that the fusion of Sso7d to polymerases has no
negative impact on the thermal stability of the polymerase
domain.

Table 2. Summary of processivity analyses

Enzyme Microscopic
processivity (PI)

a
Average primer
extension length (nt)
[1/(1 ± PI)]a

Taq(D289) 0.64 6 0.09 2.9 6 0.7
S-Taq(D289) 0.980 6 0.002 51 6 6
Taq 0.95 6 0.01 22 6 3
S-Taq 0.99 6 0.02 104 6 17
S(G)-Taq(D289) 0.91 6 0.01 11 6 1
S(V)-Taq(D289) 0.92 6 0.01 12 6 2
S(E)-Taq(D289) 0.85 6 0.04 7 6 2
Pfu 0.84 6 0.01 6.4 6 0.5
Pfu-S 0.982 6 0.001 55 6 3

aData were analyzed as described in Materials and Methods. The standard
deviation was calculated based on results from multiple sets of data.

Figure 3. Electropherogram traces of Pfu and Pfu-S for the processivity
analysis. Size markers and the corresponding primer extension product
length are shown at the bottom. The polymerase concentrations were 16 pM
for Pfu and 80 pM for Pfu-S. The reaction buffer for both enzymes con-
tained 20 mM Tris±HCl (pH 8.8), 10 mM KCl, 10 mM (NH4)2SO4, 0.1%
Triton X-100 and 100 mg/ml BSA. The reaction time was 5 min.

Table 3. Summary of the steady-state kinetics analyses

Enzyme kcat (s±1) Km(DNA) (nM)

Taq(D289) 18 6 2 32 6 10
S-Taq(D289) 20 6 1 3.9 6 0.6
Taq 21 6 1 9.6 6 0.6
S-Taq 20 6 1 2.2 6 0.2
Pfu 3.2 6 0.1 <1.0
Pfu-S 5.7 6 0.2 <1.0
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Sso7d fusion proteins are signi®cantly more ef®cient in
PCR ampli®cations

The ultimate goal of improving the processivity of thermo-
stable DNA polymerases is to improve their performance
in vitro, such as in PCR or cycle sequencing applications. As
an increase in processivity allows the polymerase to incor-
porate more nucleotides per binding event, it should allow a
more ef®cient in vitro replication of the template strand during
each PCR cycle. Consequently, shorter extension time may be
required to amplify the same target or a much longer target
could be ampli®ed with the same extension time. In this
experiment, bacteriophage l targets (0.5±15 kb) were amp-
li®ed using a range of extension times to compare the
ef®ciency of the fusion proteins with non-fusion cognates
(Fig. 5). With 80 U/ml Taq(D289), a 2 min/cycle extension
time was required to amplify a 1 kb target. When 20 U/ml Taq
polymerase was used, a 1 min/cycle extension time was
suf®cient for the same target. With the fusion protein S-
Taq(D289), 20 U/ml enzyme and a 1 min/cycle extension time
ampli®ed a 5 kb target, outperforming both its unmodi®ed
counterpart, Taq(D289), and full-length Taq.

Although Taq polymerase is the most widely used PCR
enzyme, its application is limited by a lack of proofreading
activity. Pfu polymerase, with a 3¢®5¢ proofreading exo-
nuclease activity, is a preferred enzyme when high ®delity
ampli®cation is required. However, Pfu is rather inef®cient in
amplifying DNA, which is likely due, at least in part, to its
very low processivity. The use of Pfu polymerase in PCR

requires high enzyme concentrations and long extension times
and often results in low product yields of long amplicons. To
assess whether the signi®cant enhancement of the processivity
of Pfu by Sso7d fusion could lead to an improvement in its
performance in PCR, the same l targets described above were
used to compare the ef®ciency of Pfu and Pfu-S (Fig. 6). When
80 U/ml Pfu was used, a 2 min/cycle extension time was
necessary to amplify a 5 kb target, and no product longer than
5 kb was detected. In contrast, when 10 U/ml Pfu-S was used,
the same 5 kb target can be ampli®ed with a 30 s/cycle
extension time. When a 2 min/cycle extension time was used,

Figure 4. Thermal stability analyses of fusion and non-fusion proteins using
primer extension assay. See Materials and Methods for detailed description
of reaction conditions and data analyses. The buffers used during the
97.5°C incubation were 10 mM Tris±HCl pH 8.8, 50 mM KCl, 2 mM
MgCl2 and 0.1% Triton X-100 for Taq(D289) (open circles) and S-
Taq(D289) (solid circles), 20 mM Tris±HCl (pH 8.8), 10 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgCl2, 0.1% Triton X-100 and 100 mg/ml BSA for Pfu
(open squares) and Pfu buffer with 60 mM KCl for Pfu-S (solid squares).

Table 4. Summary of thermal stability analyses results

Enzyme k (min±1) t1/2 (min)

Taq(D289) 0.018 39
S-Taq(D289) 0.020 35
Pfu 0.00095 730
Pfu-S 0.00088 789

Figure 5. Comparison of PCR ef®ciency of Taq, Taq(D289) and S-
Taq(D289). l DNA (130 pg/ml) was used as the template and the sizes of
the amplicons are indicated at the bottom. The PCR buffer contained 10 mM
Tris±HCl pH 8.8, 2 mM MgCl2, 200 mM each dNTPs and 0.1% Triton-100
with 10 mM KCl for Taq(D289) and 50 mM KCl for S-Taq(D289) and Taq.
The cycling protocol was: 95°C for 20 s; 20 cycles of 94°C for 5 s and
72°C for 30 s (A) or for 60 s (B) or for 2 min (C); 72°C for 7 min.

Figure 6. Comparison of PCR ef®ciency of Pfu and Pfu-S. l DNA
(130 pg/ml) was used as the template and the sizes of the amplicons are
indicated at the bottom. M indicates molecular weight marker. PCR buffer
contained 20 mM Tris±HCl pH 8.8, 10 mM (NH4)2SO4, 0.1% Triton-100,
2 mM MgCl2 and 200 mM each dNTPs with 10 mM KCl for Pfu and 60 mM
KCl for Pfu-S. The cycling protocol was 95°C for 20 s; 20 cycles of 94°C
for 5 s and 72°C for 30 s (A) or for 60 s (B) or for 2 min (C); 72°C for
7 min.

Nucleic Acids Research, 2004, Vol. 32, No. 3 1203

 by guest on D
ecem

ber 26, 2013
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/


products as long as 15 kb were clearly detected with Pfu-S.
These ®ndings establish that the low processivity of a
polymerase can be a limiting factor in PCR. By increasing
the processivity, Sso7d fusion proteins are signi®cantly more
ef®cient in DNA ampli®cation using PCR, especially for long
targets.

Sso7d fusion proteins have higher and broader salt
tolerances in PCR

Impurities in DNA samples, such as salt, could lead to
inhibition of PCR ampli®cation. Different thermostable
polymerases function optimally under speci®c salt and buffer
conditions. The optimal buffer for the less processive
polymerases such as Taq(D289) and Pfu contains <10 mM
KCl, whereas the more processive Taq polymerase uses
50 mM KCl. There is a general correlation between the use of
low salt buffer and a low processivity polymerase, likely due
to the in¯uence of ionic strength on the binding interactions
between polymerase and DNA template. The enhancement of
polymerase processivity by Sso7d fusion may lead to higher
tolerance of these enzymes to salt inhibition in PCR. To test
this, a 0.9 kb l target was used to compare the sensitivity of
fusion and non-fusion proteins to KCl concentration in PCR
(Fig. 7). As expected, both Pfu and Taq(D289) preferred low
KCl concentrations (<30 mM). In contrast, when Pfu-S and
S-Taq(D289) were used, ef®cient ampli®cations were obser-
ved over a broad range of KCl concentrations, and a
signi®cant amount of product is observed with as high as
120 mM KCl for both fusion proteins. For Taq polymerase,
which alone has a higher tolerance to KCl (10±60 mM) than
Pfu and Taq(D289), the Sso7d fusion (S-Taq) further
broadened the range to 10±120 mM KCl. These results
con®rm that an increase in processivity by Sso7d fusion leads
to an increased tolerance to salt in PCR and allows PCR to
succeed in a variety of buffers.

DISCUSSION

Use of a sequence non-speci®c dsDNA binding protein to
enhance processivity

The processivity of a DNA polymerase re¯ects its ability to
remain bound to the template during DNA synthesis. The
studies reported here demonstrate that covalently linking a
sequence non-speci®c dsDNA binding protein to a non-
replicative DNA polymerase can signi®cantly enhance the
processivity of the polymerase. The dsDNA binding protein
we used here is Sso7d, which belongs to a family of proteins
that are highly conserved both in sequence and in size (30,38).
This family of proteins exists in abundance in hyperthermo-
philic archaea and is thought to play the role of stabilizing
genomic DNA. To date, there have been no reports of any
direct involvement of this family of proteins on DNA
replication in vivo.

The Sso7d-based approach to enhancing processivity is
novel in its simplicity and generalizability. The naturally
existing mechanisms of enhancing processivity often require
speci®c protein factors, such as the `DNA sliding clamp',
thioredoxin and UL42, to be recruited by the polymerase
(18,39,40). With Sso7d fusion, there is no limitation of
speci®c protein±protein interactions between the DNA bind-
ing domain and the polymerase. We have demonstrated that
the processivity of both family A and family B types of DNA
polymerases can be enhanced effectively by Sso7d. Due to its
small size and high thermal stability (41), Sso7d is unlikely to
perturb the structural integrity of a fusion partner, which is
con®rmed by the results of the thermal stability analyses. Most
importantly, the presence of Sso7d in cis does not appear to
hinder the rate of nucleotide incorporation by the polymerase,
as similar kcat values are observed for each pair of fusion and
non-fusion proteins.

Figure 7. Comparison of the salt tolerance of Sso7d fusions and the unmodi®ed enzymes in PCR. l DNA (130 pg/ml) was used as the template and a 0.9 kb
amplicon was ampli®ed in PCR buffer with increasing KCl concentrations. Lanes 1±12: 10, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160 and 180 mM KCl. For
Pfu and Pfu-S the PCR buffer contained 20 mM Tris±HCl pH 8.8, 10 mM (NH4)2SO4, 2 mM MgCl2, 0.1% Triton-100, 100 mg/ml BSA and 200 mM each
dNTPs. For the other enzymes the PCR buffer contained 10 mM Tris±HCl pH 8.8, 2 mM MgCl2, 0.1% Triton-100 and 200 mM each dNTPs. The cycling
protocol was 95°C for 20 s; 20 cycles of 94°C for 5 s and 72°C for 60 s; 72°C for 10 min. M indicates molecular weight marker.
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It is intriguing that the increase in processivity with Sso7d
fusion is not achieved at the expense of catalytic activity in
nucleotide incorporation. This suggests that the Sso7d portion
of the fusion enzyme must have the ability to slide along the
template with the DNA polymerase. Neither `DNA sliding
clamps' nor thioredoxin, the processivity factor for T7
polymerase, exhibits appreciable af®nity for dsDNA (42±
45). These processivity factors are thought to enhance
processivity by `mechanically' preventing the polymerase
from dissociating from its DNA template (13,46). In contrast,
UL42, the processivity factor for HSV DNA polymerase,
binds directly to dsDNA with a high af®nity (Kd = 2 nM) to
prevent the polymerase from dissociating (47). In comparison,
Sso7d binds weakly to dsDNA with a Kd of 1±2 mM (31),
which is 1000-fold weaker than the af®nity of Taq polymerase
for DNA template (48). Although such a weak interaction is
not suf®cient to permanently tether the polymerase to its DNA
template, it could serve to reduce the probability of complete
dissociation of the polymerase from DNA, and in turn increase
the processivity of the polymerase. In fact, the weaker af®nity
of Sso7d for DNA is likely to be bene®cial by allowing it to
move with the DNA polymerase along the DNA strand
without having a negative impact on catalysis. Use of a DNA
binding protein with a much higher af®nity for dsDNA could
be detrimental to the catalytic activity of the polymerase;
conversely, use of a DNA binding protein with an even lower
af®nity for dsDNA may not signi®cantly enhance the
processivity of the polymerase. This is consistent with our
®nding that mutational changes of a key residue (i.e. Trp24) in
Sso7d signi®cantly reduces its effectiveness in enhancing
processivity. Further studies are needed to identify the optimal
range of af®nities of the dsDNA binding protein to achieve the
ultimate balance between processivity and catalysis.

Enhancement of processivity bene®ts PCR applications

As PCR has become an indispensable part of modern
molecular biology and molecular medicine, the improvement
of thermostable DNA polymerase performance has been an
ongoing quest for many researchers. The PCR ampli®cation
process can be divided into early and late phases. During the
early phase, especially when the starting template concentra-
tion is low and the target is long, it is crucial to complete
replication of the template strands to allow subsequent rounds
of exponential ampli®cation. During the late phase, as more
DNA template is generated, the molar amount of template
exceeds that of the polymerase and the ability of the
polymerase to replicate multiple templates in a single cycle
is key to achieving a high ampli®cation yield. A polymerase
with high processivity is preferred for the early phase.
However, a polymerase with excessively high processivity is
expected to be less ef®cient in the late phase, due to its
inability to recycle among DNA templates. Therefore, in order
to amplify a longer DNA target ef®ciently, a polymerase with
a moderate processivity is preferred.

In our study, when Sso7d is fused to a DNA polymerase, a
signi®cant enhancement of processivity is achieved regardless
of the starting processivity of the enzyme. When the fusion
enzymes are tested in PCR ampli®cations, a clear advantage
over the unmodi®ed enzymes is observed. Not only is much
less enzyme required, but a much shorter extension time can
be used. The improvement becomes more apparent when long

targets are ampli®ed. When both enzyme concentration and
reaction time are considered, a combined 16-fold increase in
ef®ciency is observed with S-Taq(D289) over Taq(D289) and
a 32-fold increase with Pfu-S over Pfu. Therefore, a
polymerase with a processivity (PI) of 0.98 and an average
primer extension length of ~50 nt is suf®ciently processive for
replicating long targets (e.g. 15 kb) ef®ciently in the early
cycles of PCR and does not have compromised performance in
the late cycles.

Interestingly, even though S-Taq(D289) and Pfu-S have
comparable processivity, the latter is signi®cantly more
ef®cient in amplifying longer targets. With a 2 min extension
time, the longest target ampli®ed by S-Taq(D289) was 5 kb,
whereas a 15 kb target was ampli®ed by Pfu-S. This is likely
due to the difference in the proofreading ability of the two
enzymes. Pfu polymerase has a 3¢®5¢ exonuclease activity
that corrects misincorporated nucleotides before continuing
DNA synthesis (49). S-Taq(D289), on the other hand, is
inhibited by a misincorporated nucleotide (30). S-Taq, which
has the highest processivity, also shows a limited ability in
amplifying long targets (data not shown). Our ®ndings support
the notion that both processivity and the ability to proofread
are important in achieving ef®cient ampli®cation of long
targets. Most commercial long PCR systems rely on an
enzyme mixture containing a high level of non-proofreading
polymerase (such as Taq) mixed with a very low level of
proofreading enzyme such as Pfu (50,51). Although DNA
targets as long as 40 kb have been ampli®ed using this
approach, a major downside of using such an enzyme mixture
is the ®delity of ampli®cation. While the error frequency of
such mixtures is lower than that of non-proofreading
polymerase alone, it is still signi®cantly higher than that of
the proofreading polymerase alone (52). It has been reported
previously that the processivity of a polymerase may be
inversely correlated with its accuracy in nucleotide incorpor-
ation (53). Fidelity analyses show that Pfu-S maintains the
same ®delity as Pfu in PCR (T. Tenkanen et al., unpublished
data). Thus, by fusing Sso7d to Pfu, we have generated a
unique one enzyme system with both high processivity and
high ®delity to allow highly ef®cient and highly accurate
ampli®cation of DNA targets using PCR.

Although the native host of Sso7d, S.solfataricus, has an
optimal growth temperature of 86°C, Sso7d is capable of
interacting with dsDNA at ambient temperature (31,38). The
strategy of enhancing polymerase processivity by Sso7d
should be suitable for non-thermostable polymerases as well.
In addition, binding to DNA substrates is key to the function of
many DNA modifying enzymes. The Sso7d fusion strategy
described here has the potential of broadly improving the
performance of other types of DNA modifying enzymes, such
as DNA ligases, DNA methylases, exonucleases, etc.
Furthermore, useful dsDNA binding proteins are not limited
to Sso7d, as we have observed that other members of the
Sso7d family can serve the same purpose (22). The use of
other types of dsDNA binding proteins in place of Sso7d is an
interesting possibility that remains to be explored.
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